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Key Points

o Polar ice sheets, land fringes and oceans host vast carbon reserves (>10,000 billion tonnes, Gt), but with
high uncertainty

e Polar ice sheets and their surrounding oceans are likely net sinks for CO; and small sources for CHa4

e Future climate-driven changes in the polar regions have the potential to influence CO, and CHj4 fluxes to

the atmosphere.

Abstract

The polar ice sheets, their surrounding land fringes and oceans (68 x 10° km?; 13% of Earth’s surface) are hot
spots for carbon cycle perturbation under future climate change due to glacier retreat, rising meltwater fluxes,
reduced sea ice, thawing permafrost, warming land-surfaces and increased precipitation. Here we assess carbon
stored and exchanged with the atmosphere across an expansive bi-polar ice-to-ocean domain. We show that
the polar regions harbour large reserves of carbon stored in sediments, rocks and the ocean which differ in
their reactivity and turnover times: 5300-22,200 PgC of organic carbon and 5600-8600 PgC of inorganic
carbon. These carbon reservoirs include potential reserves of marine and subglacial methane hydrate (80-570
PgC) which could become destabilised under future warming scenarios. Oceans (270-360 PgC) and ice sheets
(14-96 PgC Greenland, 5000-21,000 PgC Antarctica) dominate organic carbon stores, with smaller (but
regionally important) stocks found in ice sheet land fringes (13-58 PgC). Estimates of natural CO, and CH4
fluxes from these polar regions to the atmosphere present high uncertainty but highlight oceanic CO; sinks in
Greenland (-110 to -49 TgC-CO; a') and in the ICE and SPSS biomes of the Southern Ocean (-480 to 55 Tg
C-CO, a™), with potential CHy4 sources associated with the Greenland Ice Sheet. Such high uncertainty in polar
carbon reservoirs and fluxes is important to resolve if future feedbacks between the polar regions, Earth’s

carbon cycle and climate are to be conclusively determined.

Plain language summary

Around 13% of the Earth’s surface is covered by ice sheets, their neighbouring land fringes, fjords and oceans
in the polar regions. These environments are undergoing unprecedented rapid change due to warming of the
atmosphere and oceans, but there is poor understanding of the amount of carbon that is stored and how it is
exchanged with the atmosphere as greenhouse gases (GHGs). Our study quantifies for the first time the stores
and fluxes of carbon beneath, in and around polar ice sheets, and speculates on how they might change with
21 century warming. We show vast stores of inorganic and organic carbon (>10,000 billion tonnes), and
active emissions of greenhouse gases to and from the atmosphere. These regions are likely small sources of
methane gas to the atmosphere and overall sinks for atmospheric CO,. Narrowing uncertainty in these
greenhouse gas emissions is important given forecast climate-driven changes in the polar regions, which have

the potential to dramatically shift greenhouse gas emissions to the atmosphere.
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1. Introduction: Current knowledge gaps in polar ice to ocean carbon cycles

Polar regions are hot spots for future change; amplified Arctic warming, almost four times the global
mean since 1979 [M Rantanen et al., 2022], is driving today’s permafrost warming and thaw [AMAP, 2021;
M Meredith et al., 2019], vegetation shifts [AMAP, 2021; M Meredith et al., 2019], formation and growth of
ice-marginal lakes [P How et al., 2021] and rising freshwater fluxes from the Greenland Ice Sheet (GrIS) [J
Bamber et al., 2018; K D Mankoff et al., 2020]. While climate warming in Antarctica has been largely limited
to the Peninsular and West Antarctic region [K 4 Hughes et al., 2021], there are reports of glacier shrinkage
and rising meltwater export [4 J Cook et al., 2016], permafrost thaw and increased biological productivity in
tundra environments [M J Amesbury et al., 2017; J Bockheim et al., 2013; T A Day et al., 2008], which are
likely to intensify and widen to other regions later this century. Furthermore, changes in ocean circulation
around both ice sheets are responsible for the intrusion of warm ocean waters close to marine-terminating
glaciers, driving enhanced iceberg calving, ice acceleration and thinning in Greenland, West Antarctica and
some East Antarctic sectors [T Slater et al., 2021].

Central to polar change are the Greenland (GrlS) and Antarctic Ice Sheets (AIS) which are an
important driver of polar ocean and atmospheric circulation, energy budgets and biogeochemical cycles, via
their influence on surface albedo, freshwater fluxes to oceans and land-cover types in ice-marginal areas [M
Meredith et al., 2019]. Despite their climate sensitivity, polar ice sheets have been excluded from global carbon
cycle assessments [P Friedlingstein et al., 2021]. This partly reflects a long-held belief that ice sheets do not
host biologically-active stores of carbon and have negligible GHG fluxes. This view has since evolved, and
ice sheets are now known to be biologically active [4 M Anesio and J Laybourn-Parry, 2012; M Stibal et al.,
2012a], host sizeable stores of organic carbon [E Hood et al., 2015; J L Wadham et al., 2008; K A Weitemeyer
and B A Buffett, 2006; N Zeng, 2003], and are physically and biogeochemically dynamic [B J Davison et al.,
2019; M J Siegert et al., 2016]. In addition, deep subglacial sedimentary basins [4 R Aitken et al., 2022; A
Baranov et al., 2021; G J G Paxman et al., 2021] are linked to groundwater discharge at ice margins [W
DeFoor et al., 2011; C D Gustafson et al., 2022; L C Liljedahl et al., 2021; M J Siegert et al., 2018]. These
combined factors have the potential to instigate a swath of regional to global carbon cycle feedbacks,
implicating land fringes, fjords and oceans, which are sensitive to change in a warming climate [M Meredith
etal.,2019].

While the role of ice sheets in polar and global carbon cycles has been highlighted [J L Wadham et
al., 2019], it has never been placed within a wider comparative assessment of other major polar carbon pools,
GHG fluxes and sensitivity to future change. This makes it challenging to evaluate the impact of polar change
on the global carbon budget. Here, we quantify for the first time, stores of carbon over expansive ice-to-ocean
domains of Greenland and Antarctica, including extensive land fringes, fjords and oceans. These represent
what can be termed a ‘boundless continuum’ of environments, meaning they are intimately connected over
large temporal and spatial scales and need to be treated as a continuum when assessing polar warming impacts
on Earth’s carbon cycle. We then quantify the present-day natural fluxes of carbon dioxide (CO;) and methane
(CHa) to the atmosphere, evaluate current uncertainties and the potential climate-sensitivity in the 21* century.

We do not account for anthropogenic (fossil) emissions in our calculations. Our assessment is a contribution
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to the Global Carbon Project’s second REgional Carbon Cycle Assessment and Processes study (RECCAP2),
which aimed to quantify greenhouse-gas budgets, trends and drivers for 10 land, 5 ocean regions and other

special regions of interest for the period 2010-2019 (land) and 1985-2018 (oceans).

2. Materials and Methods

2.1 Study area, carbon stocks and fluxes

This study covers a total area of 68 x 10° km? at both poles (c. 13% of the Earth’s surface at 510 x 10° km?),
and specifically: 1. Ice sheets; 2. Non-glaciated land fringes; 3. Fjords (Greenland only); and 4. Surrounding
oceans (Figure 1). Ice sheets are delimited according to their present-day areas, following previous
classifications. For the Southern Ocean, we considered two biomes located south of the Polar Front, between
45 and 50 °S [J Hauck et al., 2023]. The Ice Biome (ICE, also referred to as the Antarctic Zone) includes
>50% sea ice for part of the year and average sea surface temperatures (SSTs) of <4 °C. The Subpolar
Seasonally Stratified Biome (SPSS, also termed the Polar Frontal Zone) has SSTs of <8 °C, divergent surface
flow-driven upwelling around the Antarctic Polar Front, and typically has higher chlorophyll-a concentrations
due to nutrient supply [4 R Fay and G A McKinley, 2014]. For Greenland oceans, the RECCAP2 ICE-3 region
[A R Fay and G A McKinley, 2014] was employed, and supplemented to include southern Greenland using the
RECCAP2 COAST mask [G G Laruelle et al., 2017] between 55 to 75 °N/10 to 60 °W, but excluding the
shelf from south of 60 °N and east of 10 °W. Both of our ocean domains are influenced by the presence of ice
sheets to some degree; glacial freshwater discharge influences the Southern Ocean up to latitudes north of 50
°S via iceberg drift, particularly along the Antarctic Peninsular and Ross Sea regions [W A Dickens et al.,
2019], and by meltwater influences on ocean circulation [J-J Chen et al., 2023] and; Greenland runoff can
reach 100s of kilometres offshore, e.g. Baffin Bay and the Labrador Sea [K R Arrigo et al.,2017; H Luo et al.,
2016] and towards Iceland via the sub-polar gyre [K Perner et al., 2019].

We estimated present-day carbon stocks, as organic carbon (OC) and inorganic carbon (IC) in
particulate and dissolved forms, i.e. POC or SOC (Soil Organic Carbon, permafrost only) and DOC; PIC and
DIC respectively. We report the summation of these data (Table 1) as: shallow OC (<1m, Equation 1); total
OC (Equation 2); and total IC (Equation 3). These pools of carbon have different reactivities and are mobilized
on different temporal and spatial scales, summarized in Table 1. We go on to estimate fluxes of CO; and CH4
to the atmosphere across our ice-to-ocean continuum (where data was available), including OC budgets for
Greenland fjords. We largely employed bottom up, data-driven estimates, since top-down estimates (e.g. via
inversion models) are limited by scarcity of data in polar regions. We summarise methodologies employed to
compile carbon stocks and fluxes in each of our sectors in the following sections, with full details, including

uncertainty in Text S1-10.

Table 1 Equations for inorganic and organic carbon stocks in this assessment, stock descriptions and

potential reactivity. GR=Greenland, ANT=Antarctica.

Equations used to calculate summed stocks




(1) Shallow OC (< 1m) = 0CBy<ym + OCBrecym + 0Csg<im + OCrrcim

(2) Total OC = OCBy<yy + OCPy + My + OCBjcym + OCPy + DOCyci + POCicr + 0Csocim+ 0Cseoim + Msg + OChpcam + OCsgaim + OChy
+HC

(3) Total IC = ICBy<ym + ICBpaypm + ICPy + ICPs + ICs;_rocks<im + ICspeim + ICpL

Term Description ‘ Region ‘ Potential reactivity and impact on the atmosphere

Polar Ice Sheets

0Cs6<1m | POC in subglacial sediments | GR, Sensitive to physical erosion and biogeochemical alteration, with potential for export to
<Im (incl OCsGr<im) ANT fjords and GHG emission to the atmosphere [T Cowton et al., 2012;J L Wadham et al.,2012].
0Csgre1m | OC/IC in subglacial rocks GR We note that OCsg<1m also includes estimated subglacial OC contributions from rocks. Thus,

ICscpeim | <Im when calculating Shallow and Total OC, we exclude the OCscr<im stock (Equations 1/2).
0Cs6-1m | POC in subglacial sediments | GR, Likely of low reactivity, with limited potential for export beyond the ice margin, but may be

>lm ANT cycled to methane and stored as hydrate + free gas (see Msq).
DOCicr, | DOC/POC in ice sheets GR, Released in glacial meltwaters, and often highly bioavailable. Cycled in land fringes, fjords
POC;cg ANT and coasts, with turnover times of days [E Hood et al., 2015; E Hood et al., 2009].
Land Fringes
0Csgpe1m | OC/IC in surficial land GR, Both oxidation of exposed rock OC and sulphide oxidation/carbonate dissolution release
and fringe rocks <lm ANT CO», while silicate mineral weathering may act as a long term sink for CO: [R G Hilton and
ICspeim A J West, 2020; J R Zondervan et al., 2023].
OCppesm | SOC in permafrost <3m GR Soil Organic Carbon (SOC) in permafrost is sensitive to cycling by abiotic and biotic
OCppeym | SOC in permafrost <Im GR, processes [G Hugelius et al., 2014; K A St. Pierre et al., 2019; S Zolkos et al., 2018], with
ANT potential emissions of COz and CHs to the atmosphere.
0Cp,, DOC/DIC in proglacial lakes | GR DOC is sensitive to cycling by abiotic (e.g. photochemical, solubility changes) and biotic
ICpy, processes (e.g. vegetation changes, microbial cycling) [J E Saros et al., 2015], with potential
release of GHGs. DIC is linked to lake-air CO; exchange [K 4 St. Pierre et al., 2019].
Deep Hydrocarbons

HC OC (oil and gas) GR, Mobilised via seeps and faults [K Andreassen et al., 2017; G E Kleber et al., 2023; P Serov

ANT et al., 2017; K M Walter Anthony et al., 2012] and by extraction (i.e. oil and gas) [FF G
Christiansen, 2021], with potential for CO2/CHs release to the atmosphere.

Mg Subglacial methane hydrate ANT Sensitive to changes in pressure and temperature, with potential to influence atmospheric
+ free gas GHGs if oxidative losses are <100% [J L Wadham et al., 2012].
M, Methane hydrate in oceans GR, Sensitive to changes in sea level/temperature, with potential to result in net CHs fluxes to the

ANT atmosphere, depending on oxidative losses in the ocean [C D Ruppel and J D Kessler,2017].

Oceans and Fjords

0CB, Benthic POC in <1m of GR, Accumulates over years (glacially influenced fjords) to 100s-1000s of years and is a long-
ocean sediments ANT term sink for CO2. While traditionally assumed to be unreactive, coastal POC is sensitive to
OCBy Benthic POC in <1m fjord GR disturbance and can be remineralised to CO», e.g. by mining, habitat degradation [7' B Atwood
sediments et al., 2020] and OCB can be microbially degraded [M Ruben et al., 2023]..
0CP, Pelagic DOC in oceans GR, DOC comprises a vast diversity of molecules of differing bioavailability, cycled microbially
ANT at widely varying rates (hours to 10,000s years) [D 4 Hansell and C A Carlson, 1998; C
OCPg Pelagic DOC+POC in fjords | GR Lonborg et al., 2020] with potential for CO. fluxes to the atmosphere [C Lonborg et al.,
2020]. Can be influenced by DOC/POC fluxes from ice sheets [E Hood et al., 2015].
ICB, Benthic IC in <lm ocean GR, Potential for dissolution dependent on carbonate saturation and influenced by changes in
sediments as PIC ANT ocean chemistry and biological activity, e.g. acidification, organic matter remineralisation
ICBg Benthic PIC/DIC in <Im GR [F' S Freitas et al., 2022; J Hauck et al., 2012]. This alters the ocean’s buffering capacity
fjord sediments over 10s to 1000s of years [T Delries, 2022].
ICP, Pelagic DIC in oceans GR, Directly linked to ocean air-sea CO2 exchange [D Carroll et al., 2022; F-J W Parmentier et
ANT al., 2017], and influenced by temperature, evaporation/precipitation, ocean circulation and
ICPg Pelagic DIC in fjords GR biological activity (e.g. nutrient supply from ice sheets [J L Wadham et al., 2019]).

2.2 Polar ice sheets

2.2.1 Carbon stores We employed previous estimates of POC and DOC in both ice sheets [E Hood et al.,
2015]. OC reserves beneath the present-day GrlS were estimated from POC measured in silty/diamicton layers
of ice cores [P R Bierman et al., 2014; A J Christ et al., 2021], marginal basal ice [J 4 Graly et al., 2018; M
Stibal et al., 2012b; J C Yde et al., 2010] and suspended sediments of glaciers in southwestern Greenland [M
P Bhatia et al., 2013; T Kohler et al., 2017; G Lamarche-Gagnon et al., 2022b; E C Lawson et al., 2014; K
Vrbicka et al., 2022], as well as estimates of subglacial rock OC (OCsgr<im, Section 2.3.2). Shallow POC pools
(<1 m) were estimated for different sectors of the GrIS, based on expected thermal regime [J 4 MacGregor et
al., 2016], erosive behaviour [N Maier et al., 2021], and using the median and interquartile range (IQR) of
POC measurements. We limited our estimates of deeper sedimentary carbon stores to the palacofluvial and
impact-crater basins near Camp Century, northwest Greenland [G J G Paxman et al., 2021] and warm-based

sectors of the GrIS that have been estimated as “soft” [N Maier et al., 2021], conservatively assuming
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maximum depths of 80 m and 50 m depth respectively, which were combined with subglacial POC data (Text
S1). In Antarctica, we use data from previous studies to estimate minimum/maximum estimates of the POC

(<1lm and > 1m) in sedimentary basins [J L Wadham et al., 2019; J L Wadham et al., 2012] (Text S1).

2.2.2 Carbon Fluxes Lateral OC fluxes from the GrIS employed previously reported DOC [M G Andrews
etal.,2018; M P Bhatia et al., 2013; K A Cameron et al., 2017; A Z Csank et al., 2019; J R Hawkings et al.,
2021; A M Kellerman et al., 2021; G Lamarche-Gagnon et al., 2022a; E Lawson et al., 2014; A J Pain et al.,
2020] and POC concentrations in glacial runoff [M P Bhatia et al., 2013; T Kohler et al., 2017; G Lamarche-
Gagnon et al., 2022b; E C Lawson et al., 2014; K Vrbicka et al., 2022]. The GrIS-wide DOC flux was
calculated from the product of discharge-weighted mean DOC concentrations (and standard deviations) and
the 2007-2016 mean Greenland annual runoff [J Bamber et al., 2018]. DOC fluxes from non-glacial rivers
were taken from the literature [4 J Pain et al., 2020] applied to the Greenland land fringe area, or from DOC
concentrations [4 Z Csank et al., 2019]) multiplied by the 2007-2016 annual Greenland non-glaciated runoff
[J Bamber et al., 2018]. For POC, we applied the median and IQR of POC concentrations (Figure S1 and S2)
to the estimated GrIS suspended sediment flux [/ Overeem et al., 2017] (Text S2). Due to limited data, we
assumed POC fluxes from non-glacial rivers were zero. We also include previously published DOC and POC
fluxes associated with GrlIS iceberg discharge [J L Wadham et al., 2019] (Dataset S2), which were compared
with OC fluxes in Greenland fjords (Dataset S2). DOC and POC fluxes associated with subglacial and iceberg
discharge in Antarctica are derived from [J L Wadham et al., 2019] (Dataset S2).

We calculated potential atmospheric fluxes of CH4 and CO; associated with Greenland runoff arising
from biogeochemical cycling at the ice sheet bed. Due to the lack of scalable measurements of CH4 emissions
from the GrIS [J R Christiansen and C J Jorgensen, 2018; M Dieser et al., 2014; G Lamarche-Gagnon et al.,
2019; A J Pain et al., 2021], we estimated a range of potential emissions from subglacial settings based on
methane seep emissions from glacier-fed ice-marginal lakes as a “thought experiment”[L S Brosius et al.,
2024]), applied to 10-100% of Greenland’s ablation zone (zone of net mass loss) (Text S2). For CO; fluxes
associated with GrIS rivers, we used seasonal compilations of major ion and pH data from two well-studied
catchments in western Greenland [E A Bagshaw et al., 2021]), which were used to model the DIC
concentrations and pCO> in runoff using the PHREEQC interactive model [D Parkhurst and C A J Appelo,
2013; L Potter et al., 2021] (Text S2, Figure S3). This allowed us to thus estimate the potential drawdown of
CO; (i.e. ACOy) into these waters as they re-equilibrate with the atmosphere proglacially. To scale our
catchment estimates of ACO; to the entire GrIS and assess potential CO, drawdown, we used 2007-2016 GrIS
runoff estimates [J Bamber et al., 2018] and ACO, data from land-terminating catchments of different size
from both high and low melt years (Text S2). These estimations also allowed us to calculate potential DIC

fluxes from the GrIS (Figure S3). An absence of data precluded these calculations for the AIS.

2.3 Land Fringes

2.3.1 Permafrost region stocks and fluxes



Greenland SOC stocks were taken from the Northern Circumpolar Soil Carbon Database version 2 (NCSCDv2
[G Hugelius et al., 2013a; G Hugelius et al., 2013b] (Text S3). Antarctic permafrost SOC stocks (0-1 m) were
estimated using SOC measurements from the literature, scaled up using the areal extent of different soil orders
and adjusted using estimated ice-free areas for each region [4 Burton-Johnson et al., 2016]. The synthesis by
[J G Bockheim and N W Haus, 2014] was used as a basis and updated with more recent SOC measurements
[C Colesie et al., 2014; D W Hopkins et al., 2021; C V Pires et al., 2017; A Thomazini et al., 2015]. We report
permafrost SOC stocks derived from the median and IQR of SOC contents in <1 m of permafrost for both
poles, and also for <3 m of Greenland permafrost. We also provide new DOC and DIC stock estimates for
Greenland proglacial lakes (Text S3, [J R Hawkings and S B Garcia-Yoa, 2022]), extracting Greenland lake
surface data through QGreenland [T Moon et al., 2021] with a high-resolution digital elevation model [C Porter
et al., 2018] to estimate lake volumes following [M L Messager et al., 2016] and [A4 J Heathcote et al., 2015].
DOC stocks were derived using the lake volume and mean, median and full range of DOC and DIC
concentrations in Greenland lakes [N J Anderson et al., 2019; L Stolpmann et al., 2021] (Text S3).

CO; and CH4 emissions for Greenland land fringes were estimated using a data-driven synthesis for
all Arctic permafrost regions in RECCAP2 (2000-2020) [J Ramage et al., 2024], applied only to ice-free
Greenland areas. Areas were extracted from the Boreal Arctic Wetlands and Lakes Dataset (BAWLD). Briefly,
average CO», CH4 daily fluxes of the major permafrost ecosystem classes were scaled-up to their respective
Greenland areal cover in BAWLD (Text S4). A similar approach was used for aquatic fluxes, with lake and
river surface areas extracted from the BAWLD aquatic ecosystem dataset, and CH4 fluxes derived from the
same dataset and classified based on classes and sizes [J Ramage et al., 2024]. For Greenland rivers, we used
the mean-annual CO; flux reported for the Arctic [S Liu et al., 2022], and the global mean CH4 flux [E H
Stanley et al., 2016]. We compared the former with our estimates of CO, fluxes compiled using GrIS runoff
data (Section 2.2.2). We report the mean and 95% confidence interval. Due to the small amount of permafrost

and associated carbon in Antarctica, we do not calculate fluxes.

2.3.2  Surficial rock carbon stocks and fluxes

We combined rock geochemical data (USGS Rock Geochemical Database, [USGS, 2008]), existing global
maps of surface lithology (GLiM, [J Hartmann and N Moosdorf, 2012], continental scale rock type abundance
[P Amiotte Suchet et al., 2003], and rock density data [G E Manger, 1963; S Peng and J Zhang, 2007] to
project average rock OC and IC concentrations and stocks for the first Im of bedrock in land fringes of both
ice sheets (OC/ICsr<im, Text S3, Table S1) and in subglacial Greenland (OC/ICsgr<im, Section 2.2.1) following
the approach of [J R Zondervan et al., 2023]. We report the median and IQR of these surface rock OC and IC
stocks. In terms of potential release of CO» from these areas, we estimated a plausible range of rock weathering
rates using data from other world regions (Text S4). We compiled estimates of CO» release rates from previous
catchment studies, considering both oxidation of petrogenic OC in rocks and sulphide oxidation of carbonate
minerals as potential CO, release mechanisms [R G Hilton and A J West, 2020]. We then selected an upper
and lower bound carbon oxidation yield for both petrogenic OC oxidation and sulphide weathering/carbonate

dissolution (in tC km™ a) from the compiled estimates for each major rock type in ice sheet land fringes



(Table S1). Our estimates of silicate weathering rates derived from riverine ion fluxes for two catchments with

the most similar climates to Greenland and Antarctica [S Moon et al., 2014].

24 Deep hydrocarbon stocks and fluxes

We estimated deep oil and gas reserves in Greenland and Antarctica (Text S5), employing a methodology
based on the IPCC energy assessment outlined in [/PCC, 2006] to convert barrels of oil/gas equivalent to a
mass of carbon. A maximum estimate of Greenland deep oil and gas resources in on and offshore basins was
sourced from [D L Gautier et al., 2009], and we report the mean, 5™ and 95™ percentiles of data. A single
minimum estimate was derived from the Greenland Resource Assessment (oil only) [G R A D Portal, 2022]
(Table S2). For Antarctica, we employed [J Kingston, 1992] as a minimum estimate of barrels of oil
equivalents in 21 geological provinces on continental and offshore areas, reporting the most likely hydrocarbon
stock, and the 5™ and 95™ percentiles. A single maximum estimate was generated by the USGS assessment of
undiscovered oil and gas resources in 13 Antarctic basins [B St John, 1986] (Table S3).

In addition, we report published model results for biogenically produced methane hydrate in East
Antarctica and thermogenically-produced hydrate+free gas in West Antarctica [J L Wadham et al., 2012] (See
Text S5). No methane hydrate estimates exist for the GrIS. Methane hydrates stocks in polar oceans were
sourced from [K Kretschmer et al., 2015], estimated by extrapolation for the areas around Greenland and
Antarctica, and checked against [R H James et al., 2016] for the Arctic.

We estimated methane fluxes from potential onshore seepages sites in Greenland using minimum [G
Etiope et al., 2019] and maximum [G E Kleber et al., 2023] estimates of methane fluxes from individual Arctic
seeps, and multiplying them by 130 seepage sites in the GEUS petroleum seeps and stains database [F
Christiansen and J Bojesen-Koefoed, 2021] (Text S6). Insufficient data is available to allow this in Antarctica.
We also calculated the potential methane flux from Greenland offshore seeps, by scaling estimates of sea-to-
atmosphere transfer of methane from the western Svalbard margin [S Mau et al., 2017]) to the combined area
of Greenland's deep oil and gas geological reservoirs [G R A D Portal, 2022], yielding 0.008 Tg CH4 a™' (Text
S6). We do not include this value in summed CHj4 fluxes from hydrocarbon seeps, due to the uncertain fate of

CH,4 emission at the seafloor.

2.5 Fjords carbon stocks and fluxes
Since fjord areas around the AIS are limited, we focussed on Greenland fjords (Text S7 and S8). The total
fjord surface area, water volume, and latitudinal distribution was estimated from BedMachine Greenland v3
bathymetric data [M Morlighem et al., 2017]. A Greenland fjord mask was created by subtracting the extended
MARgins and CATchments Segmentation (MARCATS, [G G Laruelle et al., 2017]) regional Greenland mask
from the ocean mask of the BedMachine data to separate the open ocean from the fjord bathymetry.

Fjord pelagic POC stocks were estimated based on latitudinal estimates of POC export, taking into
account the sea ice-free period at each grid point [H L Serensen et al., 2015] (text S7 and S8). The gridded
POC fluxes were then converted to POC flux profiles using the Martin curve based on the relationship

constructed for Scoresby Sund, east Greenland [M Seifert et al., 2019]. The resulting POC flux profiles were



then converted to POC stocks by multiplying the flux with a representative particle settling rate, integrating
over the respective water column depth at each grid point and scaling by area. Fjord pelagic DIC and DOC
stocks were estimated by multiplying the fjord volume with the median and IQR of observed fjord DIC/DOC
concentrations [H C Henson et al., 2023; M J Hopwood et al., 2016; T Horikawa et al., 2022; M L Paulsen et
al., 2017]. Limited data precluded fjord pelagic PIC stock estimations.

Fjord benthic POC stocks were derived by analytically solving the steady-state, one-dimensional
conservation equation for POC in porous media under steady state conditions. The solution was parametrized
and forced with representative Greenland values of surface sediment OC content, sedimentation rate,
bioturbation intensity parameters, porosity and sediment density (Table S4). The analytical solution was then
integrated over the first 1 m of bioturbated and non-bioturbated sediment to derive benthic POC stocks.

Fjord benthic PIC stocks were estimated from observed PIC surface sediment contents, sedimentation
rate, porosity and sediment densities, and integrating the surface sediment PIC content over 1 m. The benthic
DIC stock was estimated by analytically solving the steady-state, one-dimensional conservation equation for
DIC in porous media, and integrating the analytical solution of the equation over the first meter of bioturbated
and non-bioturbated sediment.

CO; and CH4 exchange fluxes between fjord waters and the atmosphere at the present day were
estimated by multiplying the median and IQR of areal CO, exchange rates for fjords from the RECCAP2 North
America Region [J 4 Rosentreter et al., 2023] with the surface area of Greenland fjords (Text S8, Table S6).
In addition, we calculated primary productivity (PP) and POC burial in Greenland fjords by two methods: 1.
using empirically-derived relationships between these fluxes and ice free periods (“ice-free period method”)
[H L Sorensen et al.,2015] and 2. using the product of the area of marine terminating glacier (MTG)-influenced
fjords and non-MTG influenced fjords (calculated from our bathmetrically-based fjord areas) and mean and
standard deviation PP rates from MTG and non MTG-influenced fjords [M J Hopwood et al., 2020] (“MTG
method”). POC deposition fluxes and POC burial fluxes to deep fjord sediments (>1m sediment depth) were

derived using a one-dimensional benthic reaction transport model (Text S7).

2.6 Ocean carbon stocks and fluxes

Pelagic DOC and DIC stocks were based on the GLODAP (Global Ocean Data Analysis Project) v2 2021
database [S K Lauvset et al., 2021]. There was insufficient data coverage to calculate pelagic POC and PIC.
Mean values of DIC and DOC were calculated over all locations, depths and times within the specified regions
for the Southern Ocean and Greenland. The means and standard deviations (and median and IQR) of all
measurements were then multiplied by total ocean volumes (based on the GEBCO 1-minute grid) to estimate
stocks (Text S9). For ocean POC and PIC stocks, we employed published data of the sedimentary POC (as Mg
C km™) and PIC (carbonate as %) contents of the upper 1 m of marine sediments (Table S5 and [T B Atwood
et al., 2020]). PIC % contents were converted to mass in the top 1m following [T B Atwood et al., 2020] (Text
S9). We then employed median, and IQR estimates of gridded (Greenland/Antarctic POC, Antarctic PIC) or
individual datasets (Greenland PIC), and summed over the relevant areas [4 R Fay and G A McKinley, 2014]

at both poles to generate stock estimates and uncertainty.



We derived estimates of air-sea CO» fluxes for oceans around Greenland and Antarctica (Text S10). For
Greenland, we employed pCO; flux estimates from two surface ocean observation-based pCO- products and
14 Global Ocean Biogeochemistry Models (GOBMs) from the RECCAP2 Arctic Ocean assessment [S
Yasunaka et al., 2023] for 1985-2018 (Table S6). For the Antarctic ICE and SPSS biomes, we drew upon
estimates of air-sea exchange of CO, from 11 observation-based pCO; products and 13 GOBMs from the
RECCAP2 Southern Ocean Assessment, mostly derived for 1985-2018 [J Hauck et al., 2023]. The pCO>
products fill extensive gaps in the sparse ship-based measurements of CO, using statistical interpolation
methods (e.g. artificial neural networks). The GOBMs simulate the cycling of carbon in the ocean through

physical and biogeochemical processes and were forced by atmospheric forcing fields.

3. Carbon stocks in and around ice sheets
Carbon stocks in this assessment (Figure 2, Dataset S1) cover expansive ice-to-ocean domains in Antarctica
and Greenland; 62.5 and 5.8 x 10° km? respectively (Figure 1), around 13% of the Earth’s surface. Total OC
stores are estimated at 5276-22,019 PgC in Antarctica and 61-210 PgC in Greenland (Figure 2), where the
higher Antarctic OC stock reflects both the larger study area and the presence of deep subglacial sedimentary
basins which host large OC reserves. We estimate a further 5473-8411 PgC (Antarctica) and 131-197 PgC
(Greenland) of inorganic carbon, dominated by benthic and pelagic sectors of the Southern Ocean (>98% of
the total IC across both poles) (Figure 2). We evaluate the distribution, uncertainty and importance of these

carbon stocks in the following sections, summarised in Figure 2.

3.1 Antarctic carbon stocks

3.1.1 Antarctic Ice Sheet Antarctic subglacial sedimentary basins host the largest OC stores in our assessment
(4952-21,097 Pg(), with small stocks in glacial ice (2.6-12 PgC, [E Hood et al., 2015]) (Figures 2 and 3). The
former has associated high uncertainty due to sparse data on sediment thicknesses and the unknown origin of
sediments beneath the ice sheet, which might include ancient marine organic matter, ground-up rock or mixed
sources [B Gill-Olivas et al., 2021; A B Michaud et al., 2016; J L Wadham et al., 2012]. While deep subglacial
OC stocks might traditionally be assumed to be unreactive and immobile, recent discoveries of active microbial
populations in subglacial lakes [B C Christner et al., 2014; C L Davis et al., 2023], deep groundwater flow to
> 1km depth in Antarctic subglacial sediments [H A Dugan et al., 2022; C D Gustafson et al., 2022; J A
Mikucki et al., 2015] and high geothermal heat fluxes in West Antarctica [W Colgan et al., 2021; C F Maule
et al., 2005] reveal these sedimentary repositories to be biologically, hydrologically and thermally active,

which has implications for carbon transport and formation of methane hydrate (Section 3.1.2).

3.1.2 Deep Hydrocarbons We report significant deep oil and gas reserves in onshore and offshore Antarctic
sedimentary basins (3.7-23 PgC, [J Kingston, 1992; B St John, 1986], Table S3), amounting to 1-6.6% of
global reserves (at 345 PgC [P Friedlingstein et al., 2021]). High hydrocarbon potential is indicated in some
sectors (e.g. Ross and Weddell Seas), but the inaccessibility of ice-covered areas limited accurate assessments.

This is relevant since some sedimentary basins (e.g. Wilkes and Aurora) host thick sediments and sedimentary
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bedrock, including predicted coal beds and marine hydrocarbons [B St John, 1986]. These oil and gas reserves,
together with POC in sedimentary basins (Section 3.1.1), are likely important for methane gas hydrate
formation and deep carbon mobilisation [K Andreassen et al., 2017; J L Wadham et al., 2012].

At present all estimations of subglacial and marine Antarctic methane hydrate reserves rely on model
assessments, and poorly constrained boundary conditions drive high uncertainty (e.g. OC reactivity/content,
sediment properties, geothermal fluxes, fluid migration, Figures 2 and 3). We estimate 42-480 PgC potential
methane hydrate beneath the Antarctic Ice Sheet (for the most likely scenarios). In East Antarctica, where deep
sediments and frozen basal conditions in some basins are likely to favour biogenic methane hydrate formation,
models report highly variable methane hydrate+free gas stocks (33 PgC assuming sediments of 0.2% POC
content/low reactivity and 390 PgC assuming a 1% POC content/reactivity similar to marine organic matter)
[J L Wadham et al., 2012]. In West Antarctica, thermogenic methane hydratetfree gas reserves have been
predicted but with order of magnitude uncertainty [J L Wadham et al., 2012] due to uncertain geothermally
active areas and fluid flow rates (Figure 2). In support of subglacial methane generation are high methane
concentrations in Antarctic subglacial lake sediment porewaters [C L Davis et al., 2023; A B Michaud et al.,
2017] and methane seepage in the Ross Sea [S Seabrook et al., 2025; A R Thurber et al., 2020]. We also
estimate 20-60 PgC methane hydrate in ocean sediments [K Kretschmer et al., 2015], but this is likely to be
an underestimate since thermogenic formation was not considered. This is supported by observations of
methane hydrate offshore in the South Shetland and South Orkney Islands (e.g. Bransfield Strait), Wilkes Land
margin and the Ross Sea [M Giustiniani and U Tinivella, 2021]. The potential marine and subglacial methane
hydrate stock (63-562 PgC) is significant compared to global estimates of 500-3000 PgC [K Kretschmer et al.,
2015] and is important because of its potential to be destabilised by perturbation of pressure and temperature
fields in both ice sheets and oceans (Section 5) [K Andreassen et al., 2017; P Serov et al., 2017; K M Walter
Anthony et al., 2012].

3.1.3 Land Fringes Land fringe permafrost and surficial rocks comprise small standing stocks of OC in
Antarctica (IQR=4.6-39.2 PgC) but have order of magnitude uncertainty due to data limitations (Figure 3).
Our first time estimates of Antarctic permafrost OC stocks, based on [J G Bockheim and N W Haus, 2014],
are very low (median=0.14 PgC) and are exceeded by those in surficial rocks (median=13.8 PgC), a reflection
of the small areal distribution of permafrost ecotypes (Figure 1). Areal stocks for both rock and permafrost OC
(median: 9.4 kg m™ and 5.6 kg m™ respectively, Figure S19, Dataset S1) exceed those in ocean sediments
(medians: 3.7-4.1 kg m?). Surprisingly high but uncertain IC stocks are also found in Antarctic land fringe
rocks (IQR=7-245 PgC, Figure 2) which reflect 78% of the bedrock exposure identified as mixed sedimentary
and metamorphic potentially bearing carbonate minerals (Table S1), which has relevance to potential CO-

fluxes via sulphide weathering.

3.1.4 Oceans Beyond the Antarctic Ice Sheet, the Southern Ocean dominates southern polar carbon stocks
(Figure 2, Dataset S1). IC dominates the marine carbon stock (median = 1417 PgC benthic PIC as marine
carbonates, and 5001 PgC pelagic DIC). Around 70% of benthic PIC falls in the SPSS biome, which is
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consistent with its intersection with the "great calcite belt” [W M Balch et al., 2011] of the polar frontal zone
compared with more siliceous sediments of Antarctic Zone “opal belt” [Z Chase et al., 2015], reflecting
differing planktonic assemblages and export to the deep ocean [K M Krumhardt et al., 2020; O Sachs et al.,
2009]. Higher stocks of DIC in the SPSS biome are consistent with its larger volume (65% of DIC in the SPSS,
for 65% of Southern Ocean volume), but DIC concentrations in upper ocean layers rise polewards (Figure
S16) as has been reported in other studies, reflecting the importance of upwelling and cold temperatures
towards the Antarctic continent [L Gregor and N Gruber,2021; Y Wu et al., 2019; V E Zemskova et al., 2022].

Marine OC stocks are an order of magnitude smaller than IC stocks, with OC in benthic sediments
(medians=77 and 110 PgC for ICE and SPSS biomes respectively) double that stored in the pelagic ocean
(median=31 and 57 PgC for ICE and SPSS biomes respectively), but with low data availability in several
sectors (e.g. Figure S14). We note that our PIC and POC marine stocks exclude marine benthic organisms on
Antarctic and sub-Antarctic shelves, with annual carbon immobilisation estimated at up to 0.16 PgC a™', and
with high potential for change with ice shelf collapse and sea ice retreat [D K 4 Barnes et al., 2018]. As for
DIC, pelagic DOC stocks are consistent with volumetric differences between the SPSS and ICE biomes. DOC
concentrations in the near-surface ocean, which are characteristically low in the Antarctic high latitudes [D 4
Hansell and M V Orellana, 2021], are found in higher concentrations (>50 moles m™) than in deeper waters
(<50 urnolL'l, Figure S16, [P Kdhler et al., 1997; H Ogawa et al., 1999]), where the former comprise higher
fractions of younger reactive material via biological production, compared to deeper, older, more refractory
DOC [D 4 Hansell and C A Carlson, 1998; P Kdhler et al., 1997].

Overall, marine benthic IC and OC stocks account for 28% and 8% of the estimated global <Im
benthic PIC (5000 PgC [R E Zeebe, 2012]) and <1m benthic POC pools respectively (2322 PgC [T B Atwood
et al., 2020]), for a 13% contribution to a global ocean area of 361 x 10° km? [B W Eakins and G F Sharman,
2010]. This suggests higher burial of PIC but lower OC burial rates in our sectors of the Southern Ocean
compared to other world oceans. However, both these estimates may also be influenced by low data
availability. DIC and DOC stocks account for 13% of total ocean stocks (at 662 Pg DOC [D A Hansell, 2013]
and 37,200 Pg DIC [L Keppler et al., 2020]), which is in line with our Antarctic oceanic region being 13% of
global ocean volume (1335 x 10° km?, [B W Eakins and G F Sharman, 2010]).

3.2 Greenland carbon stocks

There are several fundamental differences in Greenland and Antarctic ice-to-ocean domains, which impact
carbon stocks. The total area considered in Greenland is approximately ten times smaller than Antarctica
(Figure 1), but Greenland hosts more extensive permafrost (0.4 x 10° km?, compared with 0.03 x 10° km? in
Antarctica), greater proglacial lake coverage (>12,000 km? versus <1000 km? in Antarctica, [L Gerrish et al.,
2020]), extensive fjords, and more productive coastal oceans, as indicated by higher surface DOC
concentrations (up to 180 pmolL™" versus 60 umolL" in Antarctica, Figure S16 and 17). While extensive
Antarctic subglacial sedimentary basins have been reported, detection of deep sediments beneath the GrIS is

patchy and there is uncertainty as to sediment depths and properties [4 D Booth et al., 2020; K Christianson
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etal.,2014; S Franke et al., 2020; C Hofstede et al., 2018; B Kulessa et al., 2017; G J G Paxman et al., 2021;
F Walter et al., 2014].

3.2.1 Greenland Ice Sheet As in Antarctica, OC associated with subglacial sediments (14-95 PgC) is a
significant proportion of total OC stocks in the region (23-45%), equal to up to c. 10% of Arctic permafrost
<3m stocks ([G Hugelius et al., 2014]). However, the origin of OC beneath the GrlS is poorly constrained, and
particularly the degree to which ancient soil organic matter from past phases of ice sheet growth or re-advance
is still preserved beneath the ice. Ice cores from cold-based regions support the presence of pre-glacial soil
organic matter and vegetation beneath inland ice (millions of years, Figure S1) [P R Bierman et al., 2014] and
younger material (1000s years) in basal ice, at ice sheet margins and in runoff from small glacial outlets [M P
Bhatia et al., 2013; E C Lawson et al., 2014; E C O'Donnell et al., 2016; J C Yde et al., 2010]. However, the
low POC content of suspended particulate matter (Figure S1) in runoff from large Greenlandic outlet glaciers
[E C Lawson et al., 2014], despite its bioavailability and mixed age [T Kohler et al., 2017; E C Lawson et al.,
2014], seems consistent with a predominantly lithogenic source. The uncertainty in subglacial sediment POC
contents drives order of magnitude uncertainty in <lm subglacial OC stocks and overlapping estimates of OC
beneath the GrIS from rock sources (IQR=1.9-14.5 PgC) and subglacial sediments which also include rock
sources (IQR=4.3-20 PgC) (Figures 2 and S19). This uncertainty rises when deeper sediments are included in
subglacial OC stock estimates (IQR=10-75 PgC) and reflects their unknown origin (Figure 3). The reported
uncertainty in subglacial POC stocks is important, since the reactivity of subglacial OC influences its potential
to be microbially cycled to methane [M Dieser et al., 2014; G Lamarche-Gagnon et al., 2019] or to be exported
as bioavailable DOC [M P Bhatia et al., 2013; A M Kellerman et al., 2021; E C Lawson et al., 2014; A J Pain
et al., 2020]. Our calculations also reveal important IC in the form of carbonate in <lm subglacial (median=22
Pg(C) and land fringe rocks (median=14.9 PgC). These rock carbonates have the potential to be weathered in
wet-based sectors of the GrIS or in recently exposed proglacial landscapes by acidity generated by sulphide

oxidation, which may result in a source of CO; to the atmosphere.

3.2.2 Deep Hydrocarbons Deep hydrocarbon reserves in Greenland, as for Antarctica, are poorly constrained.
Assessments of oil and gas in offshore Greenland report similar estimates (mean=4.7 PgC [D L Gautier et al.,
2009] and 3.2 PgC [G R A D Portal, 2022]), despite the former excluding areas south of the Arctic circle.
Some sectors (e.g. the northwest Greenland rifted margin and north Greenland shelf) fall at the high end of
estimates for the whole Arctic, which contains around 13% of global undiscovered oil and gas reserves [D L
Gautier et al., 2009] and some western Greenland reserves have become sites of targeted exploration in recent
decades [F' G Christiansen, 2021].

We highlight the potential for deep sedimentary hydrocarbon reserves to extend beneath the ice and
to be associated with mobile gas hydrates. Offshore in Greenland, we estimate 18-30 PgC of methane hydrate
[K Kretschmer et al., 2015], consistent with discoveries of methane hydrate and gas/fluid related features
associated with deep petroleum systems via geophysical surveys in northwest, west and northeast Greenland

[D R Cox et al., 2020; D R Cox et al., 2021; T Nielsen et al., 2014; P Reynolds et al., 2017]. Given high
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geothermal fluxes in parts of Greenland, such as the northeast [W Colgan et al., 2021; P Reynolds et al., 2017,
S Rysgaard et al., 2018] and the presence of sedimentary rocks and/or soil organic matter in thick subglacial
sediments [4 J Christ et al., 2021], it seems probable that methane hydrate exists beneath the GrIS. This is
consistent with recent modelling studies [G Lamarche-Gagnon et al., 2019], but requires field validation and

detailed mechanistic modelling where boundary conditions are well constrained.

3.2.3 Land Fringes Smaller, but regionally important, stores of OC exist in Greenland land fringes: 8.7 PgC
(median, as <3m permafrost = 0.01 % for the entire Arctic, [G Hugelius et al., 2014]) and 3.2 PgC (median)
in surficial rocks; but direct samples of these outcrops are lacking (Figure 3, Dataset S1). Greenland permafrost
SOC content rises from low values in southern Greenland in isolated and sporadic permafrost zones (<10 kg
m?) to higher values in northly continuous and discontinuous permafrost zones (generally 10-25 kg m?) [G
Hugelius et al., 2013b]. Surficial rock OC follows a similar spatial pattern, which may be linked (even though
rock was excluded from our permafrost estimates), with higher OC contents for sedimentary rock outcrops in
northern Greenland (Figure S7). Greenland lakes display OC stocks which are orders of magnitude smaller
than other land fringe components (4.1 x 10 to 3.6 x 102 PgC OC and 6.0 x 10™ to 6.6 x 10 PgC IC), but
are regionally important since they are hot spots for biological productivity [N J Anderson et al., 2019].

3.2.4 Fjords and oceans Greenland fjords host OC and IC stocks which are orders of magnitude smaller than
other components of our assessment (Figure 2, Dataset S1), but are important because of their links to
productive fjord foodwebs and carbon burial [L Meire et al., 2017; R W Smith et al., 2015]. Fjord benthic OC
stocks (median=0.38 PgC) are similar to those in Greenland oceans when normalised by area (Figure S19),
but fjord PIC stocks (median= 0.10 PgC) are lower, likely due to dilution of pelagic carbonate by terrestrial
material, and high carbonate dissolution rates associated with OC degradation [C Kierdorf, 2006]. Thus,
pelagic DIC (median=0.33 PgC) dominates the total fjord IC stock, while benthic OC stocks exceed those for
pelagic DOC (median=0.01 PgC).

Northern polar ocean IC stocks account for 76% of the total Greenland IC reservoir, and as for fjords, host
higher contributions of DIC compared to benthic PIC (DIC median =104 PgC, PIC median =13.2 PgC). OC
stocks are an order of magnitude smaller at 23 PgC POC (median) and 2.9 PgC DOC (median), and thus marine
OC comprises just 22-33% of total Greenland OC stocks. Greenland benthic POC stocks are significant
compared with those reported for Arctic shelf seas (82.3 PgC POC, which excluded most of the Greenland
shelf area [J E Vonk et al., 2025]) and DOC concentrations in Greenland oceans are often higher than those in
Antarctica (Figures S16 and S17), consistent with more productive waters in Greenland coastal regions which
comprise a greater fraction of the ocean area here compared to Antarctica. Thus, total Greenland ocean POC
and DOC stocks are 8 times and 30 times smaller respectively than those in Antarctica, compared to ocean
areas and volumes which are 13 and 45 times smaller respectively. Overall, oceans around Greenland host:
1% and 0.3% of global ocean benthic POC [T B Atwood et al., 2020] and PIC [R E Zeebe, 2012] respectively;
around 0.4% of DOC [D 4 Hansell, 2013]; and 0.3% of DIC [L Keppler et al., 2020] for a contribution to
global ocean area and volume of 1% and 0.3% respectively [B W Eakins and G F Sharman, 2010]. This
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signifies their similar importance as OC and DIC stores compared with other major world ocean basins, but
with lower PIC storage. We note that we do not consider sub-sea permafrost, which could be an important

carbon store in the northern polar oceans [P P Overduin et al., 2019].

4. Methane and Carbon dioxide fluxes in Greenland and Antarctica
Fluxes of CH4 and CO; across Greenland and Antarctica’s ice to ocean domain have historically been poorly
constrained and have yet to be considered comparatively. In the following sections we discuss these fluxes,
which are summarised in Dataset S2, Figures 4 and S12 (we note that Antarctic terrestrial CO, fluxes are not

presented in Figure 4 but provided in Dataset S2).

4.1 Methane fluxes

We report relatively low fluxes of methane to the atmosphere from Greenland terrestrial areas and fjords (0.07-
7.9 Tg CHa, Figure 4). While permafrost and inland waters have been highlighted as important methane
emitters in polar regions [M A Kuhn et al., 2021; J Ramage et al., 2024], the small land and fjord areas and
carbon stocks (Figure 2) around Greenland (0.4 x 10° km?) result in low emissions at present. Our land fringe
methane fluxes include small emissions from onshore hydrocarbon seeps, at 0.001-0.03 Tg CH. a™!, but with
high uncertainty over the number of onshore seepage sites and only one point measurement of seep CHs
emissions in Greenland (Figures 3 and 4). We note that our minimum flux estimate is of a similar order to
fluxes recently calculated for Svalbard [G E Kleber et al., 2023]. However, given the much higher area of
Greenland land fringes (0.4 x 10° km?) and limited surveys, true methane fluxes could be orders of magnitude
higher than our assessment and require further scrutiny.

An intriguing aspect of our assessment is the potential flux of methane to the atmosphere from
subglacial regions beneath the GrlIS (Figure 4). We report a wide envelope of potential subglacial fluxes from
0.03 Tg CH4 a' for 10 % of the ablation zone but up to 7.7 Tg CHs a™ if methane is produced over the entire
ablation zone at rates similar to glacier-fed ice-marginal lakes (Text S2, Figure 4). Our upper estimate is
notable, given estimated total methane emissions of 9-53 Tg CHy a™' from wetlands between 60 and 90 °N [M
Saunois et al., 2020], 13.8-17.7 Tg CH4 a™' for high latitude lakes (>50 °N) [E Matthews et al., 2020], global
median emissions of 55.8 Tg CH. a' for lakes and median emissions of 1.1 Tg CH4 a™ for rivers between 60
and 90 °N [J 4 Rosentreter et al., 2021]. However, we stress that these fluxes derive from upscaling from
southwest Greenland and exclude factors that could amplify CHs fluxes, e.g. potential thermogenic sources in
northeast Greenland, [S Rysgaard et al., 2018]); and methane hydrate dissociation beneath inland ice, where
methane is flushed by out by seasonal drainage development [D M Chandler et al., 2013].

The source of subglacial methane has previously been inferred to be biological, generated by mixed
sources (e.g. acetate fermentation and Ho/CO» [M Dieser et al., 2014; G Lamarche-Gagnon et al., 2019; A J
Pain et al., 2021]) or via H»/CO; in basal material of the GRIP and GISP2 ice cores [V Miteva et al., 2009; R
Souchez et al., 2006]. Its fast transport to the ice margin via efficient channels likely limits oxidative losses [J
R Christiansen and C J Jorgensen, 2018; G Lamarche-Gagnon et al., 2019]. The overlapping range of our
rock OC and subglacial POC contents, and therefore, stock estimates (Section 3.2), imply that lithogenic
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carbon may be a significant component of OC in inland subglacial regions, which adds further intrigue into
how methane is generated beneath inland ice. One possibility is a mechanism which does not wholly rely on
organic matter, for example, fuelled by hydrogen from rock comminution [J Telling et al., 2015] and CO; from
oxidative processes and/or atmospheric gas ingress to the subglacial drainage system. Another is that methane
is generated in yet to be identified carbon-rich sedimentary basins or is associated with deep hydrocarbon
seepage subglacially and released to the subglacial drainage system by diffusion and fluid flow. Methane fluxes

from the AIS and its land fringes are still unknown due to a sparsity of data and require further study.

4.2 Carbon dioxide fluxes

Overall, Greenland land fringe and fjord sectors are either a small atmospheric sink or source for CO; (-15.5
to 8.7 TgC-CO; a”!, Figure 4, Dataset S2), with negative fluxes from terrestrial permafrost, and positive fluxes
from inland waters (rivers, lakes) and surficial rocks. The latter finding is broadly consistent with the entire
Arctic [J Ramage et al., 2024], however, significant bare rock areas in Greenland contribute further positive
fluxes via the dominant effect of CO, from oxidative processes over CO, drawdown by silicate mineral
weathering. We highlight uncertainty in Greenland land fringe CO; fluxes (-10.6 to 8 TgC-CO, a™') which
reflects assumptions made about Greenland rivers: non-glacial Arctic rivers are net CO, emitters (1.9-3.9 TgC-
CO; a’', Figure 4), while GrIS rivers represent a small short-term atmospheric CO sink (-0.27 to -0.18 TgC-
CO; a’', Figure 4). We expect that the latter is the most likely scenario for Greenland riverine CO, fluxes,
arising from CO, under-saturation with respect to the atmosphere due to silicate and carbonate mineral
dissolution in large ice sheet catchments (Text S2). Our Antarctic land fringe CO, fluxes only include rock
weathering, which is a likely but highly uncertain source of CO, (0.27-17.5 TgC-CO: a™', Dataset S2). These
derive from CO; released via sulphide oxidation/carbonate dissolution and OC oxidation that appear to exceed
estimates of CO, drawdown by silicate mineral weathering, which matches assessments made across river
catchments at lower latitudes where sedimentary rocks are present [J R Zondervan et al., 2023].

Estimated atmospheric CO» fluxes associated with Greenland fjords indicate small negative to positive
fluxes (-5.1 to 0.7 TgC-CO, a'). We expect the negative flux values are more likely, since a net annual
drawdown of CO; is observed in all reported (n=3) glacially-fed Greenland fjords ([L Meire et al., 2015; S
Ruiz-Halpern et al., 2010; S Rysgaard et al., 2012]. The negative flux equates to 19-31% of total estimated
CO, uptake in Greenland's coastal ocean [H C Henson et al., 2024] and is significant given the relatively small
area (0.06 x 10° km?) (Figure 2). Fjord CO, fluxes reflect a balance between processes which drive CO,
undersaturation in surface waters (e.g. net ecosystem metabolism, de-nitrification, input of glacial meltwaters,
surface cooling and anthropogenic emissions) and CO, saturation (e.g. acrobic degradation of riverine POC
and DOC, nitrification, fjord hydrodynamics). Our PP estimates in Greenland fjords are -2.9 and -2.0 (range=-
4.2 to -0.4) TgC a’' via the ice-free period and MTG methods respectively (Section 2.5), where uncertainty
associated with the MTG method underscores high inter-fjord variability and limited observations. In
comparison, median land-fjord lateral fluxes of OC from Greenland are 0.19 TgC DOC and 2.3 TgC POC via
rivers, and 1.1 TgC as POC+DOC via icebergs (Figure S12). These are of a similar order of magnitude to
previous calculations [E Hood et al., 2015], but highlight a significant POC flux of over a quarter of total
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fluxes from Arctic rivers (8.2 TgC, [J E Vonk et al., 2025]). An estimated vertical transport of -8.4 TgC a™ OC
from the upper mixed layer to the fjord benthos suggests a contribution from both autotrophically produced
and laterally transported OC. The POC burial flux is -2.7 TgC a™' (empirical estimate, Figure S12) to -0.5 TgC
a” (modelled estimate over 1m), where the former is equivalent to 15% of global fjord POC burial and similar
to previous global estimates scaled to Greenland fjord areas [R W Smith et al., 2015].

Land-fringe and fjord carbon fluxes are dwarfed by air-sea exchange of CO; in the polar oceans
(Figure 4). These are an important control on atmospheric CO» concentrations, influenced by a complex suite
of physical, chemical and biological processes which play out differently across major ocean basins [T H Peng
and T Takahashi, 1993]. In Antarctica, the Southern Ocean has long been highlighted as a major carbon sink,
which reflects the exchange of natural CO», the uptake of anthropogenic CO,, with additional climate-driven
perturbations arising from changes in ocean circulation and biological productivity [F Bunsen et al., 2024; K
Caldeira and P B Duffy, 2000; T L Frolicher et al., 2015; N Gruber et al., 2019; S E Mikaloff Fletcher et al.,
2007]. The sub-tropical seasonally stratified biome (STSS), while outside of our study region, is the most
significant Southern Ocean net CO» sink (-530 +/- 170 Tg C-CO; (via GBMs) and 620 +/- 50 Tg C-CO, (via
pCO; products), largely due to sinking of waters at the Southern and Northern Tropical Fronts and cooling of
southward moving water from the sub-tropics [N Gruber et al., 2019; J Hauck et al., 2023].

Observation-based pCO, product estimates of air-sea exchange fluxes of CO, from the ICE and SPSS
biomes (mean and standard deviation) indicate modest fluxes into the ocean, but with high uncertainty, with -
47 Tg C-CO; a! +/- 20 Tg C-CO, a™* for the ICE Biome and -70 Tg C-CO; a™* +/- 20 Tg C-CO, a™! for the
SPSS biome. GOBM s report slightly larger fluxes into the ocean, but a larger ensemble spread, at -86 +/- 126
Tg C-COa' (ICE) and -126 +/- 141 Tg C-CO, a™ (SPSS). These net CO» fluxes are smaller than those reported
for the STSS biome, and largely reflect the balance of outgassing of natural CO; and uptake of anthropogenic
COs,. Outgassing of natural CO; occurs in both the ICE and SPSS biomes due to upwelling of deep waters rich
in natural CO,, particularly during winter. However, fluxes of CO» outgassing are partially suppressed by
rising atmospheric CO, from anthropogenic sources, which drives stronger ocean CO, uptake and thus
increases the pCO; in surface ocean waters, particularly in the SPSS [J Hauck et al., 2023]. This exceeds the
opposing effect of climate-driven shifts in wind patterns, which strengthen upwelling and CO, outgassing in
the SPSS [J Hauck et al., 2023]. The large sea-ice extent in the ICE biome acts to reduce winter outgassing,
and in spring and summer melting of the sea ice rapidly stratifies the water column, allowing biological
productivity to draw down the CO, upwelled in the winter months [D C E Bakker et al., 2008; J Hauck et al.,
2023].

We report modest uptake of CO; in Greenland oceans across both observation-based pCO; products
(-81+/-19 Tg C-CO; a-1) and GOBMs (-80 +/-31 Tg C-CO, a™"), with 60% of the fluxes from south Greenland
<65°N (Section 3.2.3, Figures S14 and S17). Our assessment compares with previous estimates for shelf areas
of the northern/southern Greenland and Labrador Seas (-35.3 Tg C-CO; a'l [G G Laruelle et al., 2014)).
However, it spans a larger area, including the North Atlantic, which is a well-known global hot spot for CO»
uptake due to deep water formation, high seasonal winds over low pCO, waters and enhanced primary

productivity [C T A Chen et al., 2013; J Olafsson et al., 2021; F F Pérez et al., 2024; T Takahashi et al., 2002;
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T Takahashi et al., 2009]. Air-sea exchange fluxes of CO, for Greenland’s oceans are 1.5-2.5 times smaller
than the Southern Ocean, over a 13 times smaller area (Figures 1 and 4), and contribute by 4% to global ocean
CO; fluxes for just 1% of ocean area [P Friedlingstein et al., 2021]. However, we note that this is partly a
product of the areas selected and the greater dominance of coastal areas versus open ocean in Greenland versus
Antarctica. The role of biological productivity in contributing to elevated Greenland fluxes (by area) is
consistent with our OC store assessment, which indicates higher marine POC/DOC stocks than in Antarctica
when normalised by area/volume (Dataset S2).

Overall, our data indicate that the Greenlandic region likely has small positive fluxes of methane (0.1-7.9
Tg a' CH4 or 1.6-172 and 0.5-58 TgC CO-equivalent a”' using Global Warming Potentials of 20 years and
100 years respectively, [P Forster et al., 2021] Dataset S2), with the largest potential source from the GrlS.
This equates to roughly 0.01-1% of global emissions (bottom-up estimates, 737 Tg CHs a™ [M Saunois et al.,
2020]) and up to 20% of net methane fluxes from the entire Arctic permafrost region [J Ramage et al., 2024].
The Greenlandic region represents a sink for CO, (-40 to -126 TgC-CO>), dominated by the oceans (Dataset
S2). In Antarctica, there is high uncertainty, but the entire region is most likely to be a modest sink for
atmospheric CO; driven by the oceans (Dataset S2). However, data limitations prevent quantification of
methane fluxes. While these flux estimates are useful, they are associated with high uncertainty (Figure 3)
which is important to narrow given the sensitivity of this region to change under polar warming scenarios

(Section 5).

5. Future change and opportunities for research

Ice Sheets and their surrounding marine and terrestrial environments are highly climatically sensitive and
connected by flows of water, sediments and associated chemical loads which are active over diverse spatial
and temporal scales. Unravelling the future climate impacts on carbon cycles at both poles must, therefore,
consider multiple components of ice-land-ocean-atmosphere systems simultaneously and in an integrated
manner. Both carbon stores and GHG fluxes across our polar domain are associated with order of magnitude
uncertainty (Figure 3 and 5), and many carbon stocks and flux terms are unknown (Figure 5). The high
uncertainty, even at the present day, challenges a robust assessment of the future trajectories of carbon stores
and emissions across our polar domain, and demands a vast improvement in data availability and model
capability. Here we summarise some of the important considerations when assessing future change, and
highlight scientific breakthroughs required to reduce current uncertainties.

There has been radical shift in our view of ice sheets as “zero GHG flux zones” over the past two
decades. The potential for ice sheets to cap substantial hydrocarbon reserves, including methane hydrate [J L
Wadham et al., 2012] is particularly relevant when considering projected ice sheet mass loss. Glaciated settings
are predisposed to focussed release of such geologic carbon due to enhanced erosion of cap rocks, promoting
seal breaching, along with repeated ice loading and unloading which encourages pressurisation of reservoirs
and fluid migration via fault reactivation [K Andreassen et al., 2017; P Serov et al., 2017; K M Walter Anthony
et al., 2012]. An increasing number of studies report methane emissions via seeps and groundwater springs

both in the southern [4 R Thurber et al., 2020] and northern hemispheres [G E Kleber et al., 2023; G E Kleber
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et al., 2024; K M Walter Anthony et al., 2012]. This has been linked to glacier retreat, postulated to drive
unloading of deep subglacial carbon reserves, permafrost degradation at glacier margins and formation of new
proglacial land and shallow sub-sea surfaces, which activate focussed fluid flow between the subglacial and
proglacial or coastal environments, termed the “cryospheric cap” hypothesis [K M Walter Anthony et al.,
2012]. These methane sources are not included in polar methane budgets, despite the sensitivity of sub-cap
carbon stores to ice sheet change [K Andreassen et al., 2017]. Unlike permafrost regions, there are currently
no spatially discretised maps of carbon stores beneath ice sheets and fluxes of methane to the atmosphere can
only be crudely inferred from a few sites, challenging upscaling. Narrowed uncertainty of carbon stores and
fluxes requires ice-sheet wide internationally-coordinated sampling missions, deep-drilling to representative
sedimentary basins, and extensive geophysical studies. It also requires significant improvement in coupled
physical-biogeochemical numerical models which can be applied at ice sheet scales and validated in
representative ice sheet-carbon systems.

While our land fringe carbon stock and GHG flux estimates were relatively small (Figure 5), they are
sensitive to future change via increases in net ecosystem production and above ground biomass in a warming
climate [M J Amesbury et al., 2017; T A Day et al., 2008], along with increased glacial meltwater discharge
and ice-marginal lake formation [P How et al., 2021; G Lamarche-Gagnon et al., 2019; V Masson-Delmotte
et al., 2012]. In addition, deglaciation, warming and permafrost thaw may also expose sulphide minerals and
rock OC [J T Crawford et al., 2019; E V Walsh et al., 2024; S Zolkos et al., 2018] with higher weathering rates
[G Soulet et al., 2021]. Our study highlights a need for better representation of land fringes in regional polar
carbon assessments, including direct measurements of carbon stocks and fluxes, updated soil taxonomy to
better accommodate Antarctic and Greenlandic soils and consideration of glacially-sourced rivers and newly-
formed proglacial lakes as chemically distinct systems compared to non-glaciated regions of the Arctic.

Greenland fjords can be associated with strong CO- sinks (by area), despite the relatively small carbon
pool and have relevance for regional carbon cycles [R W Smith et al., 2015] and coastal ecosystem productivity
(M J Hopwood et al., 2020]. Given the importance of fjord primary and export production in supporting fjord
foodwebs and the viability of fisheries in Greenland [L Meire et al., 2017], narrowing uncertainty is a priority
and requires a wider array of local-based assessments across fjord systems with differing glacial influences
and across all sectors of Greenland, alongside numerical models with strong process representation which
allow future trajectories of fjord productivity and carbon export to be predicted.

Marine carbon stores are sensitive to future changes in ocean productivity, circulation and chemistry,
where shifts in the polar cryosphere are an important contributor [S L Deppeler and A T Davidson, 2017; S F
Henley et al., 2020; G G Laruelle et al., 2014; M H Pinkerton et al., 2021]. However, predicting the future of
carbon cycling in the polar oceans is fraught with uncertainty. For example, a multitude of confounding factors
have the potential to shift air-sea CO, exchange in different directions, which influence marine DIC and DOC
pools, and play out against a backdrop of changing CO» uptake linked to anthropogenic emissions [J Hauck et
al.,2023; J Hauck et al., 2015; P Mongwe et al., 2024].

Sea ice reduction has important physical effects; in Arctic shelf seas it may increase air-sea exchange of

CO; and strengthen uptake by increasing ocean surface area [G G Laruelle et al., 2014; S Yasunaka et al.,
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2023], but in the Southern Ocean it is likely to drive enhanced CO» outgassing in coastal regions [E H Shadwick
et al., 2021] which may only be partially compensated by increased biological productivity [M Gupta et al.,
2020; J Hauck et al., 2015]. In the latter case, removal of the sea-ice lid impacts nutrient and light availability,
strengthening the biological carbon pump by stimulating plankton productivity [S L Deppeler and A T
Davidson, 2017; S F Henley et al., 2020; E F Moller et al., 2022]. Under future high emissions scenarios, polar
regions of the Southern Ocean may shift towards greater CO; uptake as sea-ice melt freshens and stratifies the
upper ocean, reducing winter outgassing and favouring solubility-driven CO, uptake [P Mongwe et al., 2024].

However, the impact of ice sheets is in general understudied in most pan-polar assessments of ocean CO;
exchange. The input of cold freshwaters from ice sheets (and sea ice) has additional contrasting impacts, for
example, by enhancing CO; uptake in some coastal regions due to changes in CO, saturation [S Rysgaard et
al., 2009], but reducing CO, sequestration by dampening deep convection which influences the formation of
Atlantic Deep Water [C W Béning et al., 2016; A Bretones et al., 2022; Q Yang et al., 2016] and Antarctic
Bottom Water [C Nissen et al., 2022]. Direct and indirect glacial meltwater fertilisation of oceans may also
drive CO» uptake via increased biological productivity, as indicated by past observational studies in Greenland
[K R Arrigo et al., 2017; M Oksman et al., 2022; H Oliver et al., 2018; K Perner et al., 2019] and the Southern
Ocean [A4 C Alderkamp et al., 2012; K R Arrigo et al., 2015; L J A Gerringa et al., 2012]. However, model
studies generate order of magnitude differences in glacier fertilisation-driven biological CO, uptake in
Antarctica [R Death et al., 2014; C Lancelot et al., 2009; C Laufkotter et al., 2018; R Person et al., 2019].
Constraining the present and future impacts of cryospheric change on ocean CO; fluxes requires a better
understanding of these complex ice-ocean feedbacks via observations, modelling (e.g. Earth System Models
which include interactive ice sheets, [P Mongwe et al., 2024]), remote sensing and palaco-oceanographic

study.

6. Conclusions
Overall, our assessment signifies that ice sheets and their surrounding terrestrial and marine environments are
large carbon stores, hosting around 5300-22,200 PgC of organic carbon and 5600-8600 PgC of inorganic
carbon (Figure 5). However, carbon stores and fluxes across our polar domains have order of magnitude
uncertainty, which reflects sparse data and challenges of remote sensing and modelling in areas which are
remote and perennially or seasonally ice-covered. Both of our polar domains are most likely to be overall sinks
for GHGs, although there is high uncertainty (-125 to 18 and -480 to 72 TgC a”' CO,-equivalent a™' for
Greenland and Antarctica respectively, assuming Global Warming Potentials of 100 years for CHa, Figure 5),
but assessing the future trajectory of GHG fluxes within this complex multi-dimensional ice-to-ocean domain
is impossible with the currently available data. We highlight several important areas for future study. First, are
the carbon stores and fluxes associated with the polar ice sheets, and particularly subglacial CH4 fluxes and
the potential for methane hydrate storage at ice sheet beds, which has the potential to be destabilised by ice
thinning. Second, are carbon stores and fluxes within land-fringes and fjords, which have regional importance
since they support productive polar ecosystems and their services and exhibit sensitivity to climate warming.

Third, are the very large carbon stores associated with polar oceans, which are substantial sinks for CO; though
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with large associated uncertainty. Delimiting the present and future roles of physical/dynamical ocean change
and that of the biological carbon pump on air-sea CO; exchange are critical to resolve and require integrated
modelling-observational study. Dramatic changes are projected across this region, due to polar ice cap
shrinkage, reduced sea ice and physical and biogeochemical changes in land fringes, fjords and oceans. This
makes resolving current uncertainties vital to predict ice sheet-carbon cycle feedbacks in the 21 century and

beyond.
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Figure Captions

Figure 1 Regions considered in this RECCAP2 assessment for a. Greenland and b. Antarctica.

[ 1ce sheet
[ rce sheet [ Land fringes
[ Landfringes [ rcesheives
I Fiords [T ocean (1GE biome)
- Ice sheet impacted ocean D Ocean (SPSS biome)

Area (106 km2) Volume (106 km3)

Greenland Ice Sheet 1.70 2.9
Land Fringes 0.41 =
Fjords 0.06 0.01
Oceans 3.66 3.92
Deep hydrocarbons (oil and gas) 1.058/3.24b -
All sectors (ex. hydrocarbons)c 5.83

Antarctica Ice Sheet 12.0 27.9
Land Fringes (rock/permafrost) 1.48/0.03 -
Southern Ocean (ICE) 18.7 63.3
Southern Ocean (SPSS) 30.3 117.2
Deep hydrocarbons (oil and gas) 8.91d/4.81e -
All sectors (ex. hydrocarbonse 62.5 -

TOTAL All sectors (ex. hydrocarbons)c 68.3 -

a. Gautier et al (2009), b. From The Greenland Resource Assessment (2023).

c. Total areas exclude those for deep hydrocarbons due to overlapping areas with ice sheets.

d. From St John (1986) based on sedimentary basins over which oil and gas reserves were calculated, e. From
Kingston (1992) based on geological provinces with oil and gas potential.
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Figure 2a. Greenland organic (OC) and inorganic (IC) carbon stores for water column, glacial ice and
shallow (<1m) sediments/rock/permafrost in ocean, land fringe, ice sheet, fjord and proglacial lake
environments b. Antarctic OC and IC stores for water column, glacial ice and shallow (<1m)
sediments/rock/permafrost in ocean (SPSS and ICE Biomes), land fringe and ice sheet environments, c.
and d. Deep carbon stores in Greenland and Antarctica respectively, as deep hydrocarbons (oil and gas),
marine/subglacial methane hydrate, and deep subglacial sediments (>1m). Bo/Br = ocean/fjord benthic
pools, Po/Pr = ocean/fjord pelagic pools, PF=permafrost <lm, SR= surficial rocks <1m, DC+PCicg=dissolved
+ particulate carbon in glacial ice, PG= pelagic carbon pools in proglacial lakes, HC= deep hydrocarbons as
oil and gas, Mo/Msg = marine/subglacial methane hydrate, SG>1m = deep (>1m) subglacial sediments. Box
plots = median, IQR, IQR+1.5x IQR, Points = mean/standard deviation, apart from PL (median, max and min)
and HC, where we report data in previous studies (Dataset S1). Connected dashed points = maximum/

minimum, and violin plots represent model data [J L Wadham et al., 2012]).
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Figure 3 Summary of uncertainty and data gaps in polar carbon stores and fluxes (carbon stores include
DOC/POC and DIC/PIC stocks listed in Table 1 for each sector of our polar domain, size= mid-range/median
value, range= min/max and upper/lower respectively in Datasets S1 and S2. NB. for Land Fringes, the
permafrost OC stock employs OCpr<3m and the GrIS OC stock uses OCsg<imt OCsg>1m but not OCsgr. Positive

fluxes of CO, and CH,4 = fluxes into the atmosphere and negative fluxes = fluxes out of the atmosphere).

Size Range Size Range | Data Gaps

Carbon Stores (PgC)

Greenland GrIS . . Limited data on subglacial sediment depths, distribution and
associated carbon content across Greenland.
Land Fringes ‘ . Poor data availability for permafrost soils and limited to a few sectors,
no direct observations of rock IC/OC from outcrops.
Fjords Data derived from a small number of fjords (less than 10 of >150
Greenland fjords in total) challenging scaling to the entire region.
Ocean @ . Data gaps for PIC/POC across multiple ocean sectors, DOC
observations limited to W. Greenland.
Hydrocarbons . . - Zero/limited observations of subglacial/marine (NW, W, NE sectors)
CHa hydrate. Thus, models rely on uncertain boundary conditions.
Antarctic AIS ‘ ? 2? Few (surface only) observations of subglacial sediment properties and
: ) OC contents in sedimentary basins.
Land Fringes . . . Low data availability for Antarctic permafrost and limited direct
measurements of OC/IC in permafrost soils.
Ocean . ‘ Data gaps in multiple sectors, necessitating interpolation between grid
cells for PIC/POC or use of non-gridded data.
Hydrocarbons . . - Inaccessibility of ice-covered areas limits assessments due to lack of
direct observations. Models rely on uncertain boundary conditions.

Stores: ® 0-10 PgC @ 10-100 PgC . 100-1000 PgC . 1000-10,000 PgC Errors: [I| up to 1 order mag. . 2 orders mag. . 3 orders mag.

CO; and CH, Fluxes (TgC-CO, a* and Tg CH, a™)

negative positive

10° | 102 | 10 | 1 1 | 10 | 10 | Data Gaps

Greenland CO, | GriS Insufficient data precludes assessment at present.

Land Fringes ’ Limited measurements from rivers, lakes (most in
: W. Greenland), CH4/CO:> flux data from 1-2 sites.
Fjord : } Data derived from a small number of fjords, driving
high uncertainty in extrapolated fluxes.
Ocean Observational data products limited across several

sectors of the Arctic oceans.
Insufficient data precludes assessment at present.

Antarctic CO, AIS

!

'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

Land Fringes Only rock-sourced fluxes were quantifiable, Lack
! ! of data/no estimates of permafrost/aquatic fluxes.
Ocean More observations needed across multiple sectors

+ improved GOBM process representation.
Data limited to W. Greenland; subglacial estimates
extrapolated from ice-marginal lakes.

Greenland CH, | GriS

margins. Unclear fate of offshore CH4 seepage.
Insufficient data precludes assessment at present.

Antarctic CH, All

'
.
T
'
'
'
'
'
'
'
'
'
'
'

Land Fringes H Limited data from lakes, ice-marginal lakes and
glacier-fed rivers.
Fjord Y Data derived from a small number of fjords,
! challenging scaling to the entire region.
Ocean i Insufficient data precludes assessment at present.
Hydrocarbons CHa fluxes at 1 seep. Limited surveys of Greenland
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Figure 4 Fluxes of a. CO; and b. CH4 from Greenland land fringes, the GrIS and fjords, ¢. CO; from
Greenland oceans and d. CO; from the Southern Ocean using observation-based pCO; products and
Global Biogeochemistry Models (GOBMs) (Petro-OC = petrogenic organic carbon oxidation, seeps =
hydrocarbon seeps). In a./b., we report: the mean/95% confidence interval (permafrost and fjords);
minimum/maximum estimates as bars (rock carbon and GrlS); a single estimate of CH4 fluxes (seeps);
Greenland-wide total CO, fluxes are calculated from summed non-ice sheet fluxes and assuming riverine
fluxes similar to Arctic rivers (upper estimate from summed red bars) or similar to GrlS rivers (lower estimate).
Total CH4 fluxes include summation of GrIS (blue bars) and non-ice sheet CHs fluxes (red bars), with different
assumptions around subglacial CH4 emissions (10-100% of ablation zone) to generate lower/upper estimates.
In b., we also report CH, fluxes as C-CO; equivalent a”' for a GWP100 or GWP20 [P Forster et al., 2021]. The
Southern Ocean refers to the Subpolar Seasonally Stratified (SPSS) and seasonally ice-covered (ICE) biomes
and excludes the Subtropical Seasonally Stratified biome (STSS); with reported mean/standard deviation. See
Dataset S2.
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Figure 5 Conceptual diagram summarising carbon stocks (to 2 sig. figs. or 1-2 d.p.s) and atmospheric
fluxes of CO; and CH4 (TgC-CO; a'and Tg CH4 a) in a. Greenland and b. Antarctica. Stocks are in
PgC, and we report the IQR or the full range. For oil and gas reserves, we report minimum and maximum
estimates, and for Antarctic subglacial methane hydrate+free gas we report the most probable modelled range
[J L Wadham et al., 2012]. For fluxes, we report lower and upper estimates or a single estimate if a range is
unavailable (see Supporting Information, Introduction). Net fluxes to the atmosphere are in TgC-CO;
equivalent a™' for (GWP100 and GWP20). We include estimates of Greenland fjord PP (“ice-free period” and
“MTG” methods), and single value estimates of Greenland fjord POC burial and Greenland/Antarctic
freshwater DOC/POC export via rivers and icebergs (in Tg C a™).
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