
communications earth & environment Article
A Nature Portfolio journal

https://doi.org/10.1038/s43247-025-02404-z

Glacial retreat converts exposed
landscapes from net carbon sinks to
sources

Check for updates

A. J. Pain 1,3 , J. B. Martin 2,3, E. E. Martin 2, J. T. Salinas-Reyes 2 & C. Bennett2

Retreat of continental ice sheets exposes comminuted sediment in disequilibrium with non-glacial
conditions. Weathering of this sediment may create climate feedbacks by altering exchange of
greenhouse gases between atmosphere and landscapes. Here we show in a partially deglaciated
watershed in southwest Greenland that glacial meltwater contains low concentrations of reactive
dissolved organic carbon that enhances weathering of freshly comminuted sediment causing net
sequestration of carbon dioxide. In contrast, soil water reactions enhance methanogenesis and
carbondioxideproduction and create greenhouse gas sources as organic carbon is remineralized.We
suggest that a change from greenhouse gas sinks in glacial meltwater to greenhouse gas sources in
soil water creates a switch from a negative to positive warming feedback during glacial-interglacial
transitions, but a negative warming feedback may return with future anthropogenic warming, glacial
retreat, and increased meltwater production. We anticipate changing weathering reactions following
exposure also alter nutrient and radiogenic isotope exports.

Since the Pleistocene, continental ice sheets have periodically covered and
retreated from ~30% of Earth’s land surface with well-known effects on sea
level1 and global isostatic adjustments. In addition, retreating ice sheets
expose fine-grained comminuted glacial sediment out of chemical equili-
brium with environmental conditions that develop following deglaciation2,
a concept similar to geomorphic disequilibrium of glacial sediment
deposited in proglacial and paraglacial landscapes3–5. Chemical dis-
equilibrium drives weathering reactions, which are intensified by global
warming during glacial-interglacial transitions and more recently with
anthropogenic climate change6–8. Recent anthropogenic warming has also
increased glacial meltwater runoff 9,10, which may impact solute and gas
fluxes to the oceans and atmosphere. The potential impacts have led to
multiple studies of the relationship between accelerated ice melt and glacial
meltwater stream chemistry11–16. Although these studies reflect the role of
glacial meltwater in global solute and greenhouse gas cycling, little is known
of how disequilibrium and associated mineral weathering reactions alter
solute and gas budgets following glacial retreat and exposure of deglaciated
landscapes, i.e., those that were previously glaciated but are now exposed
without hydrologic connections to ice sheet meltwater drainages2,17.

Streams draining deglaciated landscapes have received less attention
than glacial meltwater streams in part because they have lower instanta-
neous discharge comparedwithmeltwater streams.However, a comparison
of discharge of the proglacial AkuliarusiarsuupRiver which drains a portion

of theGreenland Ice Sheet across a landscapewithdry desert like conditions
with a nearby deglaciated coastal watershed with humid conditions indi-
cates they have similar specific discharge (discharge normalized to drainage
areas). Although the similarity in discharge of the two distinct streams
results from a regional precipitation gradient, it implies deglaciated water-
sheds can represent sources of solutes to receiving waters such as the coastal
ocean of similar importance to proglacial systems18. Vast regions of ter-
restrial landscapes are exposed during the loss of ice sheets, resulting in
deglaciated watersheds exporting large volumes of water and solutes to the
global ocean. For example, the Arctic Ocean, which contains ~1% of total
ocean volume, receives ~10% of Earth’s freshwater, mostly from streams
draining Canadian and Siberian deglaciated watersheds19. Nutrient sources
fromdeglaciated watersheds support approximately a third of Arctic Ocean
productivity20,21. Consequently, the evolution of solute chemistry as
weathering reactions approach equilibrium following exposure could play
an important role in changing solutefluxes. Similarly, changes inweathering
reactions as systems approach chemical equilibrium may also impact
greenhouse gas exports, particularly CO2 and CH4, thereby altering their
effects on climate change.

How weathering reactions impact the global carbon cycle, and speci-
fically their effects onatmosphericCO2 concentrations, dependsonboth the
mineral phases involved in the reactions and the acid causing theweathering
(Supplementary Table 1)22,23. Associated changes in the global carbon cycle
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provide a key control on global temperatures over geological timescales24,25

and possibly shorter glacial-interglacial cycles22. While mineral weathering
is an important sink of CO2, biogeochemical processes can produce both
CO2 and CH4 through aerobic and anaerobic organic carbon (OC) remi-
neralization reactions. Although CO2 and CH4 both contribute to green-
housewarming, CH4 is amore potent greenhouse gaswith roughly 25 times
thewarming potential of CO2 over 100-year timescales and thus contributes
disproportionately to greenhouse warming. For this reason, CH4 fluxes are
often reported in CO2-equivalents, whichmultiplies the flux of CH4 by 25

26.
The amount of OC that can be remineralized, and thus the magnitude of
CO2 and/or CH4 produced, depends on the quantity and quality of carbon
substrates that govern the rate of gas production. Remineralization of these
substrates is known to vary as a function of landscape exposure age fol-
lowing ice retreat. For instance, recently deglaciated landscapes have been
shown to be dominated by relatively low amounts of microbially produced
labile OC substrates that transition to more abundant stable humic and
tannic OC substrates with ecosystem succession and soil development27–29.
The transition in concentrations and qualities of soil OC also impacts OC
delivery to streams and the ocean creating differences in stream30,31 and
coastal32 ecosystem metabolism33,34 as ice retreats.

Comparisons of exports from multiple deglaciated watersheds with
distinct environmental characteristics have suggested that continued che-
mical weathering and soil development following exposure change solute
and greenhouse gas production and consumption17,35. However, environ-
mental characteristics, such as OC substrate concentrations and lability,
vegetation communities, bedrock lithology, precipitation amounts, mean
annual temperature, and temperature range, differ between the compared
watersheds and confound interpretations of effects related to time since
exposure by impacting weathering reactions and weathering products, OC
remineralization, and carbon cycling. No previous study has compared
greenhouse gas budgets in glacial and deglaciated portions of a single
watershed characterized by consistent environmental conditions. Evaluat-
ing changes in stream chemistry in a single watershed, as done here, alle-
viates the complications related to variations in environmental
characteristics between watersheds and thus would provide information
about how greenhouse gas production and consumption, and linked fluxes
between landscapes and atmosphere, will change with evolving

biogeochemical and weathering reactions due to exposure age. Initial bio-
geochemical reactions following exposure should enhance carbon fixation,
increase microbial production of reactive nitrogen36–38, and release phos-
phorus and micronutrients from mineral reservoirs18,39 while continued
aging of the landscape should result in a shift towards OC remineralization
that would produce CO2 and CH4.

We hypothesize that magnitudes and pathways of CO2 sequestration
will diminish and CH4 production will increase with the loss of glaciers as
exposed comminuted sediments approach chemical equilibrium. We test
this hypothesis with observations from a partially glaciated ~32 km2

watershed that drains varying proportions of glacial meltwater and soil
water in the active layer to Kobbefjord in southwest Greenland. Dominant
water sources switch between glacialmeltwater and soil water depending on
temperature-controlled melting of the glaciers relative to continual seepage
of soil water. We find that glacial meltwater is characterized by low OC
concentrations with fluorescence characteristics suggesting elevated lability.
In contrast, soil water has elevated OC concentrations comprised of more
recalcitrant carbon. The more labile meltwater carbon is associated with
rapid weathering of freshly comminuted glacial sediment. Weathering
reaction mechanisms are identified through mass balance modeling of
solute compositions that indicate net sequestration of CO2 and CO2

equivalents in glacial meltwater. In contrast, remineralization of more
recalcitrant soil organic carbon under anaerobic conditions limits weath-
ering loss of CO2 and leads to a net source of CO2 equivalents through CH4

production. We discuss how these changes in reactions and the effects on
solute and greenhouse gas concentrations may impact climate.

Results and discussion
Study location
We sampled streams draining toKobbefjord, Greenland (Fig. 1) during two
periods in July 2019. Sampled streams drain glacial meltwater and lake
outlets, plus soil water sources that were collected from small seep-fed
tributaries to the mainstream channels that lack any glacial meltwater
(herein “seep-fed streams”; Supplementary Fig. 1). The underlying lithology
of the Kobbefjord watershed is part of the Archean Block and is comprised
of glacial sediments derived from underlying Eoarchean and Neoarchean
terrains40. The climate of Kobbefjord is characterized as low-arctic polar

Fig. 1 | Map of field site. Discrimination of the
various source waters is based on stable isotope
values of the water and location of sampling site in
the landscape.
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tundra41. TheKobbefjordwatershedwas ice covereduntil ~10.7 ky ago,with
more intense regional deglaciation between 9.1 and 7.9 ka, leaving small
mountain glaciers covering ~1.7% of the watershed (Fig. 1)40,42,43. The cur-
rent glaciers in the region are actively retreating and are predicted to last
between 30–90 years based on current melt rates44. Current land cover
consists of barren ground (32%), dry heath and grassland (29%), abrasion
surfaces (19%), wet heath (17%), fen (2%), and copse and tall shrubs (1%)43.
The glacial drainage flows through three lakes prior to being discharged to
the fjord. Stream discharge during our study period was taken from the
Greenland Ecosystem Monitoring database (https://data.g-e-m.dk/) as
measured ~500m upstream of the outlet to Kobbefjord and downstream of
all lakes. On an annual average basis, ~8% of the watershed discharge
originates as glacial meltwater but the magnitudes of water from various
sources, including glaciers, soil water, lakes, and precipitation vary
seasonally45. Peak outlet discharge lags peak snow and ice melt by ~8 h45.

Inorganic mineral weathering reactions
Glacial meltwater mixes with seep-fed stream water as the primary streams
flow through the tundra and lakes in the Kobbefjord watershed (Fig. 1).
These two stream water sources can be separated based on their δ18OH2O

and δDH2O values (Fig. 2), which vary systematically with their sampling
locations. Isotope ratios are lowest in the headwater locations, where their
dominate source is glacial meltwater. Isotope ratios are elevated in the seep-
fed streams and exhibit enrichment in δ18O values comparedwith δDvalues
relative to the meteoric water line, suggesting evaporative fractionation.
Intermediate isotope values occur in lake outlet samples and in the down-
stream portions of the main channel, indicating mixing between the two
endmembers. The δ18O values also show differing values and temporal
patterns during two periods of high-resolution sampling at the watershed
outlet (WSout; Fig. 3). Period 1 has significantly (p < 0.05) lower δ18OH2O

values than Period 2 (Fig. 4a) and exhibits diurnal variations that are lacking
in Period 2 (Fig. 3). The low δ18OH2O values indicate a greater fraction of
glacial meltwater in Period 1 compared with Period 2 and the diurnal
variations correspond with diurnal variations in temperature and solar
insolation leading to increasedmelting and glacialmeltwater discharge. The
increase in the source from seep fed streamwater in Period 2 corresponds to
significantly (p < 0.05) less insolation, less variable and lower daily max-
imum temperature, and lower discharge than in Period 1 (Fig. 4b–d),
consistentwith lower glacialmeltwater generation in Period 2 relative to soil
and lake water sources. These differences, combined with water chemistry
data and the results of mass balance estimates of mineral weathering, allow
assessmentsof howglacial versus soilwater sourcesmay change riverine and
landscape carbon dynamics. We proposed these changes serve as a micro-
cosm of changes that occur during the loss of glacial ice from Arctic land-
scapes during glacial-interglacial transitions.

Offsets between co-occurring dissolved and bedload Sr isotopes
(Δ87Sr/86Sr) arise during initial weathering processes in streams draining
glacial landscapes because of preferential leaching of loosely bound

radiogenic 87Sr from Rb-richminerals, such as interlayer sites in biotite that
is newly comminuted by glacial processes46. Previous work has demon-
strated that preferential weathering of 87Sr produces elevated Δ87Sr/86Sr in
recently exposed watersheds with dry climates compared to Δ87Sr/86Sr near
equilibrium ( = ~0) in humid watersheds with older exposure ages,
reflecting weathering of major rock-forming minerals that is approaching
equilibrium17,35. In the small Kobbefjord watershed, where precipitation is
spatially uniform, Δ87Sr/86Sr values will depend only on the time since
mineral weathering began and the weathering environment, namely whe-
ther in soils (long weathering time) or draining from subglacial systems
(short weathering time). Along with differences in time since exposure,
differences occur between environments in the type of weathering acid
(carbonic vs. sulfuric, Supplementary Table 1) and intensity of acid gen-
eration driving weathering. The significant (p < 0.01) inverse relationship
betweenΔ87Sr/86Sr and δ18OH2O values indicates weathering of 87Sr is closest
to equilibrium in seep-fed streams (Fig. 5). The highest Δ87Sr/86Sr value
occurs in a headwater sample of a glacial meltwater stream (QSTS) that also
contains abundant fine grained, glacial rock flour (Supplementary Fig. 1a).
The glacial meltwater streams also exhibit the greatest variability in
Δ87Sr/86Sr with lower values in the cobble filledmountain stream (QSin) and
lake outlet stream (QSout) that had insufficient fine-grained material to
sample (Supplementary Fig. 1d). The Δ87Sr/86Sr values of mixed water
samples fall between the turbidmeltwater stream sample and all of the seep-
fed streams. Changes in weathering environment defined by Δ87Sr/86Sr and
δ18OH2O values correspond to exposure age, which for seep-fed stream
sediment was ~10.7 ky ago, while glacial meltwater largely reacts with
freshly exposed sediment.

While a regression between δ18O and Δ87Sr/86Sr values indicates a
significant (p < 0.01) linear relationship that reflects changes in mineral
weathering extent across the watershed, systematic variations suggest that
lakes may enhance mineral weathering. Additional in-lake weathering is
indicated byΔ87Sr/86Sr values that plot above the regression line for samples
collected at lake outlet sites (Fig. 5). The elevatedΔ87Sr/86Sr values are similar
to the QSTS stream where weathering reactions are farther out of equili-
brium with respect to bedload sediments than the less turbid glacial melt-
water stream (QSin) or the outlet of the proglacial lake (QSout). These
deviations from the regression line suggest that mineral weathering is
enhanced and produces higher values of Δ87Sr/86Sr in lake water where long
residence times and strong acids produced by lake bottom sediments
intensify mineral weathering reactions, including weathering of radiogenic
micas thatmay become concentrated in lake sediment from settling in non-
flowingwater.Offsets from the trend inFig. 5 reflect the important role lakes
have in generation of reaction products from weathering processes.

Major solute concentrations and reaction stoichiometry (Supple-
mentary Table 1), estimated from mass balance calculations (see Methods
section), indicate relative amounts of inorganic weathering reaction
mechanisms vary between glacial meltwater, seep-fed streams, and mixed
waters anddrive differences inCO2 sequestrationdue tomineralweathering

Fig. 2 | Stable isotopic composition of water
samples. Samples are color coded by their putative
sources including glacial meltwater streams (light
blue), seep-fed streams (yellow), and mixtures of
these two sources (dark blue). The dashed line
represents the Global Meteoric Waters Line
(GMWL) showing evaporative enrichments of
δDH2O values in some of the seep-fed stream water.
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(Fig. 6). Seep-fed streamwater hasmore carbonic acid weathering of silicate
minerals (CAsil) thanmixed or glacialmeltwater in contrast with glacial and
mixed waters, which have more carbonic acid weathering of carbonate
minerals (CAcarb) than seep-fed stream water (Fig. 6a, b). Mixed water at
lakeoutletshasmore sulfuric acidweatheringof both carbonate (SAcarb) and
silicate minerals (SAsil) than glacial and seep-fed stream water (Fig. 6c, d).
The elevated weathering by sulfuric acid in lakes suggests production of
sulfuric acid as sulfide diffuses from reducing lake sediment to oxic lake
water, indicating one process whereby lakes impact watershed biogeo-
chemical reactions47–49.

Thedistributionof reactionmechanisms shown inFig. 6 andvariations
in Δ87Sr/86Sr values shown in Fig. 5 indicate weathering in glacial meltwater
is dominated by reactive minerals such as carbonate and biotite in freshly
comminuted sediment. In contrast, the greater faction of silicate mineral
weathering in seep-fed streams, and low Δ87Sr/86Sr values, reflects loss of
reactive phases during weathering over longer exposure times following
deglaciation and by additional weathering with sulfuric acid.Weathering of
more recalcitrant, major rock-forming minerals is also limited in glacial
meltwater by its short residence time in stream channels (~8 h) but could
occur over long periods in soil water that source seep-fed streams. Glacial
meltwater has colder temperature than soil water which increases solubility
and weathering of carbonate minerals, enhancing its weathering. The dis-
tribution of distinct weathering reactions among the primary source waters
and weathering environments suggests varying impacts on net CO2 and
CH4 production and consumption.

Organiccarbon remineralizationandgreenhousegasproduction
Organic carbon remineralization is a primary reaction mechanism for
production of CO2 and CH4, although subsequent CO2 hydration to car-
bonic acid drives mineral weathering reactions that sequester CO2 as
bicarbonate. Remineralization rates, and thus CO2 and CH4 production,
depend on OC sources and reactivity. In the Kobbefjord watershed, OC
quantity and quality depend on water source as reflected in the significant
linear relationships between δ18O values and DOC concentrations
(p < 0.001), OC quality fluorescent and absorbance indices (p < 0.01), and
C/N ratios (p < 0.05) (Fig. 7).Althoughglacialmeltwater streamshave lower
DOC concentrations than seep-fed streams, the C/N ratios and spectro-
scopic indices (low SUVA254, high BIX, and low HIX values) indicate the
DOC ismore reactive than nonglacial water sources (Fig. 7b–e). In contrast,
seep fed streams have elevated DOC concentrations and C/N ratios, and
quality indices (high SUVA-254, low BIX and highHIX values) that indicate
high concentrations of recalcitrant structuralmolecules, suchas lignin, from
soil or terrestrial vegetation sources46,50. Thus, DOC associated with glacial
meltwater is likely more bioavailable and readily remineralized to CO2 and/
or CH4, which would enhance weathering regardless of its lower con-
centrations than nonglacial sources.

Water sources have distinct CO2 and CH4 concentrations that vary
systematically with their δ18OH2O values (Fig. 6e, f). Seep-fed streamwater
has CO2 and CH4 concentrations that are orders of magnitude greater
than expected from equilibration with the atmosphere because of remi-
neralization of organic-carbon rich soils. In contrast, both glacial melt-
water andmixed samples are near equilibriumwith atmospheric CO2 and

Fig. 3 | Discharge, stable isotopes of water, and
hydroclimatic variables over time. Time series
variations include stream discharge (black line), air
temperature (blue line), and insolation (orange line)
measured at 15 min intervals at Site BSout. Discharge
and temperature data are from the GEM database
(https://g-e-m.dk/); insolation values were mea-
sured during this project. δ18OH2O values (green
symbols) for water samples were collected at three-
hour frequency from theWSout site during Periods 1
and 2. Insolation values, peak temperatures, and
discharge are higher in Period 1 than Period 2.
During Period 1, δ18O values show diurnal periodi-
city with elevated values corresponding to peak
temperatures, indicating meltwater production with
an ~8 h lag in discharge from glacier to watershed
outlet identified by Abermann et al. (2021). During
Period 2, δ18O values are higher, and although
variable, do not show a systematic diurnal periodi-
city indicating smaller contributions of glacial
meltwater compared with Period 1.

Fig. 4 | Box plots of discharge, stable isotopes of water, and hydroclimatic vari-
ables between sampling periods. Box and whisker plots of time series data from
WSout during sampling Periods 1 (P1) and 2 (P2) and include a) δ18OH2O values b)
air temperature, c) insolation, and d) discharge, with the bars representing mean
values. The data show a significant decrease in mean temperature, insolation, and
discharge values from Period 1 to Period 2, and a significant increase in the d18OH2O

values from Period 1 to Period 2. In addition, the range of both insolation and
temperature is larger in Period 1 than Period 2.
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slightly elevated above equilibriumwith atmospheric CH4. Although CH4

sources occur in some subglacial settings47,51 and may act as an atmo-
spheric source, distributions of CO2 and CH4 concentrations across the
Kobbefjord watershed indicate that greenhouse gas fluxes to the atmo-
sphere are greater in the seep-fed than glacial meltwater streams.
Although soil water provides both baseflow water and dissolved gases to
streams in deglaciated watersheds48,49,52,53, gas concentrations near atmo-
spheric equilibrium in some Kobbefjord seep-fed streams and all mixed
samples indicate some of the produced greenhouse gas evades to the
atmosphere prior to discharge to streams. Our estimates of whole
watershed gas exports described below and based on concentrations at the

watershed outlet, do not include this evasion and thus underestimate
whole watershed greenhouse gas fluxes.

Watershed solute and dissolved gas exports
Time series sampling at the watershed outlet shows significantly (p < 0.05
forCO2; p < 0.0001 forCH4) lowerCO2 andCH4 concentrations inPeriod 1
compared with Period 2 (Fig. 8a, b). These lower gas concentrations result
from a larger fraction of CO2- and CH4-depleted glacial meltwater during
Period 1 (Fig. 4a). During Period 1, sulfuric acid weathering of carbonate
minerals (SAcarb) produces more CO2 and carbonic acid weathering of
carbonate minerals (CAcarb) consumes more CO2 compared with Period 2

Fig. 6 | Absolute values of CO2 consumption or
production by distinct mineral weathering reac-
tions versus δ18OH2O.Mineral weathering reactions
include (a) CAsil, (b) CAcarb, (c) SAcarb, (d) SAsil and
variations in greenhouse gas concentrations include
(e) CO2, and (f) CH4. Atmospheric equilibrium
concentrations of CO2 is given by dashed grey lines
(~14 µM), while this value is below 1 µM for CH4.
SAcarb, CAsil, and CAcarb are expressed in terms of
the absolute value of the impact on CO2 while SAsil,
which has no impact on CO2, is expressed in moles
of reaction2. Source waters include glacial meltwater
streams (light blue), seep-fed streams (yellow), and
mixtures of these two sources (dark blue).

Fig. 5 | δ18OH2O of samples versus the difference
between paired stream water and fine-grained
bedload sediment 87Sr/86Sr (δ87Sr/86Sr). Due to a
lack of fine-grained sediment at QSin, LSout, and
WSout (Supplementary Fig. 2d), Δ87Sr/86Sr was cal-
culated using 87Sr/86Sr values from proximal bedload
samples. The dashed line is a linear regression
showing a significant inverse relationship inter-
preted to reflect preferential weathering of
radiogenic 87Sr in glacial meltwater compared with
weathering closer to equilibrium (Δ87Sr/86Sr ratio
approaching zero) in the seep-fed streams. Bedrock
lithologies vary across the watershed, but stream
waters interacts with moraine sediments homo-
genized by glacial processes alleviated bedrock age
differences. In addition, the interpretation of
weathering extent is based on the offset between
stream water and bedload 87Sr/86Sr rather than
absolute values.
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(Fig. 8c, e). In contrast, during Period 2, carbonic acid weathering of silicate
minerals (CAsil) consumes more CO2 than in Period 1 (Fig. 8d). Increased
weathering consumption of CO2 from Period 1 to Period 2 is shown by a
smaller increase inmean CO2 concentrations (10% greater) compared with
the increase in CH4 concentrations (415% greater), although both gases are
derived from organic carbon remineralization (Fig. 8a, b).

Despite variation in DOC concentrations between glacier meltwater,
lake outlet, and seep-fed stream sources (Fig. 7a), the watershed outlet
sampled during Periods 1 and 2 shows no significant changes in DOC
concentration between periods (Fig. 8f), regardless of shifts in the primary
source water of the time-series samples. The similarity in outlet DOC
concentrations between sample periods implies DOC concentrations are
altered by in-stream biogeochemical processes that overprint variations in
source water DOC concentrations. These processes would depend on
delivery of both reactive OC and nutrients to the stream, which would
simultaneously fuel primary productivity and heterotrophic remineraliza-
tion, thereby altering both the total pool and reactivity of the stream
water DOC.

We further evaluate possible in-stream processes leading to homo-
genization ofDOCby estimating its export and quality during the two time-
series sampling periods. We determine the DOC mass discharge at the
stream outlet and average DOC exports during both sampling periods by
multiplying instantaneous stream discharge with the corresponding DOC
concentrations (Fig. 9). In addition, we use DOC quality indices to evaluate

reactivity, and thus putative in-stream modification of the exported DOC.
Although glacial meltwater has DOC concentrations that are ~2 to 3 times
lower than the nonglacial water sources (Fig. 7a), the higher discharge in
Period 1 than Period 2 causes significantly (p < 0.05) greater export of DOC
in Period 1 compared with Period 2 (Fig. 9a). However, most DOC quality
indiceswere not significantly different betweenPeriod 1 andPeriod 2 except
for significantly lower BIX values (p < 0.05) in Period 1 (Supplementary
Fig. 2). Contrary to expectations, this difference in BIX values suggests that
DOC exported during Period 2 has a more autochthonous signal and thus
may be more labile than the DOC exported during Period 1, reflecting
possible overprinting of in-streamor lake processes of signals expected from
the increase in recalcitrant seep water DOC. In-stream and lake processes
could be fueled by increased contribution of seep-fed streams in Period 2
which would be expected to be enriched in remineralized nutrients that
could fuel metabolism of stream microbial communities and subaquatic
vegetation48. Such in-stream processing of DOC complicates estimates of
glacial and nonglacial DOC exports, the quality of these DOC exports, and
their potential impact on coastal ecosystems27.

To determine the instantaneous CO2 and CH4 mass discharge at the
streamoutlet, wemultiply streamdischarge by dissolved gas concentrations
and moles of each mineral weathering reaction type (CAcarb, CAsil, and
SAcarb) in the time series samples (Fig. 9). We express the CH4 mass dis-
charge in terms of CO2 equivalents (CH4-CO2eq) where 1 mole of CH4 has
25 times the potential warming as 1 mole of CO2. The CAcarb, CAsil, and

Fig. 7 | δ18OH2O values versus dissolved organic
concentrations and quality indices. Included are
(a) dissolved organic carbon (DOC), reflecting
greater DOC concentrations in active layer water
than glacial meltwater and δ18OH2O values versus
dissolved organic matter (DOM) quality indicators
including (b) molar C/N ratios of dissolved organic
matter, (c) SUVA254, (d) BIX, and (e) HIX. The
dashed lines represent in b) approximate C/N values
for terrestrial and algal/microbial DOM, in (d)
approximate BIX boundary separating auto-
chthonous, non-degraded DOM from allochtho-
nous degraded DOM, and in (e) the approximate
values of HIX for soil and fresh DOM (Supple-
mentary Table 2). The significant positive linear
relationships in panels b, c, and e and negative
relationship in panel d reflect the presence of more
labile and less degraded DOM in glacial meltwater
than seep-fed stream water. Orange arrows indicate
the change in values toward more reactive DOC in
panels b, c, d, and e.
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SAcarb values are reported as the molar impact of each reaction on CO2

concentrations at the watershed outlet (Fig. 9d–f). The estimated mass
discharge indicates how riverine greenhouse gas exports shift fromPeriod 1
to Period 2 as proportions of glacial meltwater decrease relative to seepage
water. Although both gases have significantly greater concentrations at the
outlet during Period 2 comparedwith Period 1 (Fig. 8a, b), greater discharge
during Period 1 than Period 2 results in no significant difference in mass
discharge of CO2 (Fig. 9b). In contrast, CH4-CO2eq discharge is 3.5 times
greater during Period 2 than Period 1 (Fig. 9c).

We estimate CO2 equivalent atmospheric exchange (CO2eq(ex)) for
discharge at thewatershedoutlet for bothPeriod1 andPeriod2 according to

CO2eqðexÞ ¼ CO2ðaqÞ þ CH4 � CO2eqðaqÞ þ CAcarb þ CAsil ð1Þ

where CO2(aq) is the hydrologic export based on aqueous CO2 concentra-
tions (positive), CH4-CO2eq(aq) is the hydrologic export based on aqueous
CH4 concentrations stated as CO2 equivalents (positive), and CAcarb and
CAsil represents consumption of CO2 by carbonic acid weathering of car-
bonate and silicate minerals (negative) within the watershed (Fig. 10a). The
CO2 provided by sulfuric acid weathering of carbonate minerals (SAcarb)
within thewatershedmakes up a portion of theCO2(aq) term and thus is not
explicitly included in Eq. 1. Thus, CO2eq(ex) represents the potential inte-
grated atmospheric exchange of CO2 and CH4 estimated from the hydro-
logic export during flow through and weathering within the watershed.

Summing these instantaneous reaction amounts (Fig. 10b) shows Period 1
has an average negative CO2eq(ex) value of −64.5 ± 27.7 mmol CO2(ex) s

−1,
providing a net sink of greenhouse gases. This sink is dominated by silicate
mineral weathering by carbonic acid, which is expected during Period 1
when fine grained, freshly comminuted sediments react rapidly in glacial
source water. Enhancing these weathering reactions is the presence of labile
DOC in glacial sourcewater (Fig. 7) that would rapidly remineralize to CO2

when exposed to atmospheric oxygen and subsequently hydrate to carbonic
acid. In contrast, summing instantaneous reactions shows Period 2 has a
positive average CO2eq(ex) value of 44.0±19.6mmol CO2(ex) s

−1, because of
increased contributionsofCH4 in soil seepwaters frommethanogenesis and
slight decreases in carbonic acid mineral weathering in old, reacted soil
sediments close to chemical equilibrium (Fig. 6f).

We convert our estimates of carbon estimates to mass units on an
annual basis for comparison with previous similar estimates. The conversion
indicates CO2 equivalent atmospheric exchange vary from −22 ± 10Mg
Cyr−1 in Period 1 to +18 ± 7Mg Cyr−1 in Period 2,which are small, but
within the range of riverine CO2 export reported elsewhere54. However,
estimates of yearly exchange are complicated by seasonal variations in
mineral weathering reactions, organic carbon processing, and proportions of
water delivered to the outlet stream from various sources in a partially
glaciated watershed. Especially important, our estimates lack observations
during freshet when snow melt dominates discharge and flushes soil water
that reacted over winter and would be expected to increase the positive
atmospheric exchange. The importance of freshet sampling is highlighted by
a maximum annual discharge rate of 3.5m3 s45, which is more than twice the
highest discharge rate during our sampling. The lack of freshet sampling is a
common problem and remains a critical unknown in evaluating annual
exports from Arctic landscapes55.

Our extrapolations to yearly exports thus have large uncertainties
and emphasize that improved estimates of annual greenhouse gas
exchange require sampling across the range of discharge throughout the
melt season. Nonetheless, our two sampling periods provide insight into
how hydroclimatic shifts ranging from seasonal to glacial-interglacial
timescales may affect riverine greenhouse gas exchange. Our results show
riverine greenhouse gas budgets are sensitive to shifts in water sources
between glacial and seep-fed streams because of environmental differ-
ences in greenhouse gas sources associated with OC remineralization and
inorganic mineral weathering. Even small variations in water sources
change the magnitude and sign of greenhouse gas export within the
Kobbefjord watershed and suggest similar shifts in OC remineralization
and weathering occur as glacial-interglacial transitions expose large areas
of Earth’s land surface.

Implications for weathering feedbacks to warming
The ~30% of the Northern Hemisphere exposed by retreating ice sheets
since the Last Glacial Maximum2 has produced a shift in the proportion of
glacial and proglacial watershed relative to deglaciated drainages56. Our
results indicate that weathering of fresh comminuted sediment would
dominate in glacial meltwater during glacial to interglacial transitions,
resulting in netCO2 sinks, as exemplified byPeriod 1 sampling (Fig. 10b). In
contrast, deglaciated landscapes that form OC rich soils are sites of bio-
geochemical reactionswithmorematureweathering that enhancesCO2and
CH4 production and limits CO2 consumption. These results are consistent
with previous studies of shifts in mineral weathering and impacts to Sr
isotope exports, but which were complicated by differences in environ-
mental conditions across broad study areas. For example, the extent of
weatheringhas been shown to causeΔ87Sr/86Sr values to decrease from~0.05
to ~0 across an ~200 km transect in Southwest Greenland in watersheds
with increasing exposure age (from~7 to 10.4 ka)17. The change inΔ87Sr/86Sr
values acrossmultiplewatersheds is similar to the change in Sr isotope ratios
in this study, althoughwefindΔ87Sr/86Sr ashighas~0.12 inglacialmeltwater
containing suspended sediment that has experienced essentially no prior
weathering. Similarly, watersheds with longer exposure ages that have low
Δ87Sr/86Sr values reflecting increased mineral weathering have elevated

Fig. 8 | Box plots of gas concentrations andmineral weathering products between
sampling periods.Measurements weremade at the watershed outlet stream (WSout)
during Period 1 (P1) and Period 2 (P2). Greenhouse gas concentrations include (a)
CO2 and (b) CH4 concentrations.Weathering reactions include (c) SAcarb, (d) CAsil,
(e) CAcarb, and (f) DOC (Supplementary Table 1). SAcarb, CAsil, and CAcarb are
expressed in terms of the absolute value of the impact on CO2.
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DOCconcentrationswith quality indices indicatingdiminished lability. The
similarity in DOC processing and mineral weathering across multiple
watersheds with varying environmental conditions and within a single
watershed indicate our findings of weathering and greenhouse gas cycling
are applicable to all regions that have experienced loss of glacial ice. Speci-
fically, our results suggest that greenhouse gas evasion from landscapes to
the atmosphere will increase with the loss of glacial ice, such as during
glacial-interglacial transitions, in response to changing reactive suspended
sediment fluxes and biogeochemical processing of organic carbon
substrates.

Changing riverine and soil water biogeochemical reactions should also
impact timing and magnitude of other solute exports during glacial to
interglacial transitions. Solutes that could be impacted include C, N, P, Si,
and micronutrients18,27 as well as the radiogenic isotopes of Nd and Pb.
Changes in these isotope exports, which are suggested by variations in
Δ87Sr/86Sr values, are key in evaluations of changes in weathering during
deglaciations as interpreted from their records in deep sea sediment
deposits57–61. Asweathering reactions approach equilibriumandgreenhouse
gas production is enhanced, our observations suggest greenhouse gas
exports switch from net sequestration to net source. The timescales and
magnitudes of shifts in greenhouse gas exchange depend onmultiple factors
including bedrock lithology of exposed landscapes and thus sediment
reactivity, generation of nutrients and rate of organic soil development, and
biogeochemical and hydrological characteristics that control redox

conditions and carbon cycling in developing soils. Nonetheless, our data
suggest a shift in greenhouse gas exchange produces a change from a
negative to positive feedback associated with global warming during glacial-
interglacial transitions. However, rapid anthropogenic warming may
increase glacial meltwater runoff in the short term, leading to a negative
feedback on global warming.

Methods
Field area and sample sites
Stream water and sediment bedload samples were collected July 18 – 28,
2019 from various locations in a single 32.2 km2 watershed referred to as
Watershed 650 by Abermann et al.51 that drains to Kobbefjord in
southwestern Greenland (Supplementary Fig. 1). Prior to sample col-
lection, in situ physicochemical water parameters were measured with a
handheld meter. Landcover of the Kobbefjord watershed consists of
barren ground (32%), dry heath and grassland (29%), abrasion surfaces
(19%), wet heath (17%), fen (2%), and copse and tall shrubs (1%)43.
Meltwater is supplied by mountain glaciers covering ~1.7% of the
watershed. Glacial meltwater flows through two primary stream chan-
nels, both of which discharge to Badesø, the primary outlet lake (Sup-
plementary Fig. 1c). Two other lakes, Qassisø and Langsø are within sub-
watersheds drained by the two primary stream channels. Glacial melt-
water stream discharge is enhanced by tributaries disconnected from the
ice sheet that drain soil water to seep-fed streams (Supplementary

Fig. 10 | Comparison of equivalent atmospheric
gas exchange (CO2eq(ex)) between sampling peri-
ods. Measurements were made at the watershed
outlet stream (WSout) during Period 1 (P1) and
Period 2 (P2). Included are (a) Gas exchange divided
by processes, (b) Sum of net CO2 exports with
uncertainty given by Eq. 1 showing a net sink of CO2

in P1 and net source of CO2 in P2.

Fig. 9 | Box plots comparing solute export in
watershed outlet stream between sampling peri-
ods. Measurements were made at the watershed
outlet stream (WSout) during Period 1 (P1) and
Period 2 (P2). Included are (a) DOC, (b) CO2, (c)
CH4-CO2eq, (d) SAcarb, (e) CASil, and (f) CAcarb.
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Fig. 1b). Air temperature and insolation values were taken from the
Greenland Ecosystem Monitoring database (https://data.g-e-m.dk/).

Samples of water and sediment were collected once from 11 sites
around the watershed. The sample sites include locations assumed to pro-
vide two putative end-member water sources: glacial meltwater and soil
water seeping to streams (Supplementary Fig. 2a, b, d). Additional samples
were collected from lake outlets and fromdownstream portions of themain
channel near the outlet to Kobbefjord (Supplementary Fig. 1c), which were
assumed to contain mixtures of glacier meltwater and soil water seeping to
the streams and lakes. One sample site (WSout), near the watershed outlet to
Kobbefjord, was sampled during two 36-hr time series, providing 29 sam-
ples that were collected at a 3-hr periodicity. The time series samples were
collected on clear days July 20–22, 2019 (Period 1) and during cloudy days
July 26–28, 2019 (Period 2). Bedload sediment was collected by hand using
Ziplock bags at the same locations as the water samples except for three
locations that were underlain by bedrock and/or cobbles and lacked small
grain sized sediment (QSin, LSout, andWSout; Supplementary Fig. 1d). Care
was taken to limit grain size fractionation of the sediment while sampling.

Water sampling methodology
Water samples were collected using flexible PVC tubing placed in the main
flow of the stream. The water was pumped into an overflow cup in which a
YSI ProPlus sonde was installed. The sonde, whichwas calibrated daily, was
used to monitor temperature (T), specific conductivity (SpC; electrical
conductivity normalized to 25 °C), pH, and dissolved oxygen (DO) con-
centration and saturation. The parameters were monitored until they sta-
bilized after which gas and water samples were collected using a variety of
methods, preservatives, and sample bottles.

Gas, including both CO2 and CH4, was separated from water aliquots
using the headspace extraction method62,63. Unfiltered water was pumped
into a 500ml PVC bottle to overflowing. After slowly extracting the tubing
while maintaining a meniscus at the bottle lip, the bottles were capped with
rubber stoppers fittedwith two short pieces of hard PVC tubing penetrating
the stopper, each of which was attached to three-way gas-tight valves. The
valves were used to extract 60ml of water while simultaneously injecting
ultrapure N2 gas to fill the forming headspace. The headspace N2 was
equilibrated with dissolved gases in the sample by vigorous shaking for two
minutes. Following equilibration, the headspace gas was extracted from the
bottle through one of the three-way valves ensuring no atmospheric con-
tamination. The extracted gas was immediately injected with a hypodermic
needle through rubber septa into 60ml glass serum bottles that were
evacuated in the field immediately prior to storing the gas samples. Gas
samples were returned to a US-based laboratory for analyses within
2 months of collection.

After gas sampling, the tubing was fitted with a 0.45 µm high-capacity
trace metal grade canister filter and filtered water was pumped into sample
bottles that had specific characteristics for preservation of each analyte.
Samples for water stable isotope ratios (δDH2O and δ18OH2O) were collected
in 2ml glass vials that were filled to overflowing and sealed with screw cap
lids without preservatives. For solute concentration samples, bottles and
caps were rinsed three times with filtered sample water prior to filling.
Cation and trace metal samples were collected in 20ml prewashed (10%
trace metal grade HNO3) HDPE bottles and preserved with Optima grade
HNO3 to pH < 2. Anion samples were collected with no preservative in
20ml prewashed (18 MOhm DI water) HDPE bottles. Samples for chro-
mophoric dissolved organic matter (CDOM), dissolved organic carbon
(DOC), and total dissolved nitrogen (TDN) concentrations were collected
in amber borosilicate vials that were combusted at 550 °C prior to use. The
DOC and TDN samples were acidified with hydrochloric acid to pH < 2
while no preservative was added to CDOM samples. Samples for dissolved
inorganic nitrogen (DIN), taken as the sum of nitrate + nitrite
(NO3+NO2) and ammonium (NH4), were filtered directly into poly-
propylene vials with no preservative and frozen until analysis. All other
water samples were chilled at 4 °C until analysis in US-based laboratories
within 2 months of collection.

Stream discharge
Stream discharge measurements were collected by Asiaq Greenland Survey
(Nuuk, Greenland) as part of the Greenland Ecosystem Monitoring Pro-
gramme (https://g-e-m.dk/). Details on the stream discharge collection
methods can be found in Abermann et al.45.

Water isotope analyses
Water isotopes (δDH2Oandδ

18OH2O)weremeasuredusing aPicarroL2120-
I cavity ring-down spectrometer coupled with a Picarro A0211 High Pre-
cision Vaporizer and a CTC HTS PAL autosampler. The results were cali-
brated with two internal University of Florida water standards: UW
Antarctic water, with δDH2O and δ

18OH2Ovalues of−289.89 and−36.13‰,
respectively, and Lake Tulane water with δDH2O and δ

18OH2O values of 0.94
and 0.26‰ respectively. Precision was determined on 10 replicate samples
yielding standard deviation of δ18OH2O = 0.09‰ and δDH2O = 0.41‰. All
isotope results are reported in standard delta notation relative to Vienna
Standard Mean Ocean Water (VSMOW).

Sr separation and isotope analyses
For analyses of dissolved Sr isotope ratios, 25–100ml of stream water con-
taining ~200 ng of Sr was dried in acid-washed Teflon beakers. To remove
organic matter, 250 μl concentrated Optima HNO3 was added and dried
twice. The sample was redissolved in 50 μl 1 N Optima HCl and processed
through 0.5ml columns loaded with BioRad AG50W-X8 cation exchange
resin to remove Rb. The Sr fraction from these columns was further purified
using Eichrom Sr-Spec resin according to standard column chemistry
procedures64. For analyses of bedload Sr isotope ratios, a 3 g split of each
bedload sediment sample was crushed with mortar and pestle and heated to
550 °C for 4 h in a muffle furnace to remove organic matter. Weight loss
duringheatingwas<1%.Approximately0.05 gof theorganic-free samplewas
weighed into 6mlTeflon beakers and dissolved on a hotplate in a 3:1mixture
of concentratedOptimaHFandHNO3.Once the sedimentwasdissolved, the
solutions were dried down and sequentially treated and dried in Optima
HNO3 and HCl to breakdown and convert fluorides to chlorides in pre-
paration for column chemistry. Rb and other cations were removed using
primary columns packed with Biorad AG50W-X12 (200-400 mesh) cation
exchange resin. The Sr cut from this columnwas also purified using Eichrom
Sr-Spec resin64. The prepared water and bedload Sr fractions were analyzed
for 87Sr/86Sr ratios using wet plasma and time resolved analysis (TRA65) on a
Nu Plasma multi-collector inductively coupled plasma mass spectrometer
(MC-ICPMS). All analyses used on-peak zeros measured on unspiked 2%
HNO3tocorrect for isobaric interferences fromKr impurities in theArcarrier
gas. Each samplewas corrected formass-bias using 86Sr/88Sr = 0.1194 and 87Sr
was corrected for interference of 87Rb. The NBS 987 standard was measured
every 5-6 samples. The long-term average 87Sr/86Sr value of TRA-
measurements of NBS 987 at UF is 0.710246 ( ± 0.000030, 2σ). Procedural
blanks were less than 100 pg Sr, which is three (waters) to seven (bedload)
orders of magnitude less than sample Sr abundances.

CO2 and CH4 analyses
Gas samples were simultaneously measured for their CO2 and CH4 con-
centrations using a Picarro G2201-I cavity ring-down spectrometer. Check
standards were run and accurate to within 10% of reported valued.

Solute analyses
Major anion and cation concentrations were measured on automated
Dionex ICS-2100 and ICS-1600 ion chromatographs, respectively, which
were standardized with commercially available multi-element standards.
Error on replicates was less than 5%. Concentrations of the components
of DIN (NO3+NO2 and NH4) were analyzed on a Seal AA3 Auto-
Analyzer. Ammonium was measured with the alkaline phenate method
with hypochlorite and sodium nitroprusside (aka Berthelot reaction).
The sum of NO3+NO2 were measured following quantitative cadmium
coil reduction of NO3 to NO2 followed by sulfanilamide reaction in the
presence of N-(1-naphthylethylenediamine) dihydrochloride. Errors on
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check standards and replicates were less than 5%. DOC and TDN con-
centrations were analyzed on a Shimadzu TOC- VCSN total organic
carbon analyzer, and the coefficient of variance of samples was less than
2% and check standards were accurate within 5%. Dissolved organic
nitrogen was calculated as TDN –DIN and used to estimate C/N ratios of
the dissolved organic matter.

Organic matter fluorescence measurements
Fluorescence values, used to evaluate potential organic matter sources and
reactivity (Supplementary Table 2), were measured with a Hitachi F-7000
Fluorescence Spectrophotometer to generate 3D Excitation-Emission
Matrices (EEMs). Scans were collected at 700 V and at excitation wave-
lengths ranging from 220–455 nm at 5 nm intervals, and emission wave-
lengths ranging from 230-600 nm at 2-nm intervals. Instrument-specific
effects were corrected for differences in lamp intensity across the excitation-
emissionwavelength range. Innerfilter effects due toorganic carboncontent
were corrected with UV spectra according to methods outlined in Ohno65.
Aliquots of samples collected for CDOM measurements were used to
measure UV absorption at 1 nm intervals from 220-600 nm on a Shimadzu
1800UV Spectrophotometer. The absorption spectra were used to calculate
organic quality parameters including SUVA254, BIX, and HIX following
methods outlined in Birdwell and Engel46. The biological index (BIX) dif-
ferentiates between freshly produced (autochthonous) and detrital
(allochthonous) OM sources and is calculated as the ratio of emission
intensities at λEm = 380 nm to λEm = 430 nm at an excitation wavelength of
λEx = 310 nm. Values of BIX between 0.8–1.0 correspond to predominantly
autochthonous organic matter, while values of BIX < 0.4 correspond to
predominantly allochthonous organicmatter (SupplementaryTable 2). The
humification index (HIX) is positively associated with the age and recalci-
trance of organic matter and is calculated as the sum of emission intensities
between λEm = 435 nm to λEm = 480 nm divided by the sum of emission
intensities between λEm = 300 nm to λEm = 345 nm at an excitation wave-
length of λEx = 254 nm. Values of HIX < 5 are associated with freshly pro-
duced organic matter, while greater values (10-30) are associated with
predominantly soil organicmatter. SUVA254 values indicate the aromaticity
of organic matter by normalizing UV absorbance at 254 nm to the con-
centration of dissolved organic carbon66.

Weathering model estimates of CO2 production and
consumption
Weuse amodifiedmass balancemodel to evaluateweathering reactions and
separate reactions into four categories that include carbonate and silicate
mineral weathering by carbonic and sulfuric acid (Supplementary
Table 1)17,31,66. The model uses major element concentrations of stream
water that were corrected for contributions frommarine aerosol deposition.
The corrections are based on Cl concentrations and assume no mineral
contributions to Cl concentrations, which originate solely from marine
sources, and that the aerosol deposition has seawater major ion/Cl ratios.
The model is based on stoichiometry of four reactions presented in Sup-
plementary Table 1. Separation of carbonate and silicate minerals is based
on Ca/Na andMg/Namolar ratios of bedload sediments, which were taken
to be 0.45 and 0.59 respectively (greenmin.gl).

We use the reaction stoichiometry in Supplementary Table 1 to esti-
mate the molar mass balance of the three weathering reactions that impact
CO2 production or consumption. The reactions include carbonic acid dis-
solution of carbonate and silicate minerals, reported as CAcarb and CAsil,
respectively and sulfuric acid dissolution of carbonate minerals SAcarb.
Sulfuric acid dissolution of silicateminerals (SAsil) is calculated to complete
the mass balance model but has no impact on potential greenhouse gas
budgets (Eq. 1).

The standard deviation for the net atmospheric exchange (CO2eq(ex)) is
given by:

σ net ¼ ffip ðσ21 þ σ22 þ . . .þ σ2nÞ ð2Þ

based on the standard deviations for each average instantaneous watershed
exchange estimate calculated per sampling period, where σ1 through σn
represent the standard deviations of each solute export for each sampling
period, calculated as the standard deviation of instantaneous exports cal-
culated for each sampling time. The standard deviations are shown as error
bars on Fig. 4b.

Statistical evaluations
The differences in stream discharge, hydroclimatic variables, and water
composition between Periods 1 and 2were evaluated using Student’s t-tests.
Assumptions included approximately normal distributions and homo-
geneity of variance. For Period 1, n = 14 and for Period 2 n = 15.

Data availability
Data used for this paper include geochemical compositions of water sam-
ples, stream discharge, hydroclimatic variables, and water and sediment
strontium isotopic ratios. Data can be accessed through the Arctic Data
Center at https://arcticdata.io/catalog/view/doi:10.18739/A2ZK55P2M.
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