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First observation of direct methane 
emission to the atmosphere from 
the subglacial domain of the 
Greenland Ice Sheet
Jesper Riis Christiansen  1 & Christian Juncher Jørgensen1,2

During a 2016 field expedition to the West Greenland Ice Sheet, a striking observation of significantly 
elevated CH4 concentrations of up to 15 times the background atmospheric concentration were 
measured directly in the air expelled with meltwater at a subglacial discharge point from the Greenland 
Ice Sheet. The range of hourly subglacial CH4 flux rate through the discharge point was estimated to be 
3.1 to 134 g CH4 hr−1. These measurements are the first observations of direct emissions of CH4 from 
the subglacial environment under the Greenlandic Ice Sheet to the atmosphere and indicate a novel 
emission pathway of CH4 that is currently a non-quantified component of the Arctic CH4 budget.

Permafrost and glaciers have been hypothesized to function as important caps of methane (CH4) – a green-
house gas 25–30 times more powerful than carbon dioxide (CO2)1 due to its higher energy absorption properties. 
Disintegration of these cryospheric caps could lead to large increases in CH4 emissions in the Arctic with a signif-
icant feedback to the global climate system2,3. Direct evidence of the occurrence, magnitude and temporal extent 
of cryospheric CH4 emissions are currently derived from Arctic wetlands4, lakes5,6 and sub-marine CH4 sources7. 
Subglacial sediments and glacial meltwater have been shown to hold the potential for CH4 production and emis-
sion8–11, due to anaerobic decomposition of organic carbon2,10,12 by methanogenic archaea. This subglacial CH4 
may subsequently be oxidized by methanotrophs facilitated by atmospheric oxygen (O2) or O2 release from basal 
ice melting11. Reservoirs of CH4 hydrates have been found beneath ice sheets1,13–15 of which the future stability 
may change due to accelerated melting and marginal thinning of the ice sheet leading to potential emissions of 
CH4 to the atmosphere. These studies suggest that subglacial environments could be active components of the 
Earth’s CH4 cycle. However, observations of direct emissions of subglacial CH4 have so far not been documented 
and the importance of subglacial CH4 for cryospheric CH4 release in the Arctic thus remains unknown.

Results
In the period between the 23rd and 27th of August 2016, CH4 and CO2 concentrations (Fig. 1A–D) were periodi-
cally measured in the air streaming out of one subglacial cavity connected to a lateral subglacial discharge point 
on the southern flank of the Isunnguata Sermia Glacier on the western Greenland Ice Sheet (Fig. 2). The meas-
ured subglacial CH4 concentrations were consistently higher than the atmospheric background concentration (at 
1.9 ppm) and varied between 5.4 and 31.7 ppm (Fig. 1A–D). Subglacial CO2 concentrations varied around the 
atmospheric CO2 level (391 ppm) from 380 to 450 ppm. CO2 concentrations above the ambient level occurred 
with the highest CH4 concentrations on August 25th and 26th (Fig. 1C,D). High-frequency fluctuations in the 
subglacial air stream CH4 (range 0.12–0.75 ppm) and CO2 (range 0.21–1.49 ppm) concentrations were observed 
(Fig. 1A–D) during the measurements in the subglacial cave and the magnitude of the fluctuations increased with 
the subglacial CH4 and CO2 concentrations (Fig. 1A–D). The fluctuations were higher (except for CO2 on August 
23rd and 24th) than the natural fluctuations of the atmospheric background level CH4 and CO2 measured on site 
with a portable CH4 and CO2 analyzer (see Materials and Methods). The fluctuations indicate that the subglacial 
CH4 and CO2 is mixed by air with lower concentrations, which likely is atmospheric air entering the subglacial 
system via surface moulins or other pathways which connects the subglacial system to the atmosphere. A net 
emission of CH4 from the subglacial meltwater to atmosphere was also measured directly (Fig. 1B) showing that 
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Erosion

pumping ended, ice began to close progressively on the
step, as indicated by the increasing mean stress on it,
followed by the abrupt reconnection of the ice with the flat
part of the panel upstream about 2.5 hours later.
[35] Results of PT2a and PT2b were quite different

because gaps around the panel had become sealed with
sediment, so water could not easily drain through the panel
into the shaft. As a result, high water pressure was attained
rapidly, pumping could be sustained only briefly, and water
pressure decayed more slowly after pumping than in PT1
(Figure 6b). Owing to the short pumping duration, ice-bed
separation was less than in PT1, with no major reductions in
stress on the step or the panel upstream that would indicate
ice-bed separation. Also, no ice-bed separation could be
detected with the point gauge (Figure 6b), restricting

Figure 8. Location of AE events in the plane parallel to
ice flow during (a) PT1, (b) between PT1 and PT2, and
(c) PT2a,b. Each square indicates an event captured by all
eight sensors. Shading indicates timing of event. Outlines of
granite step, panel, preexisting crack, and fracture made
during the experiment are also shown.

Figure 9. Step at end of experiment with quarried lee
surface.

Figure 10. Schematic representations of cavity shape at
various stages during PT1. (a) End of pumping, (b) after
closure of stoss-side cavity, and (c) during later stage of lee-
side cavity closure. Arrows indicate stress that ice or water
exerts normal to the step surface.
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Erosion by subglacial 
water flow: 
Often acknowledged 
but seldom studied.
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Total load-erosion ėtot = C wi,e↵ cb Fe

Impact 
velocity⌧⇤ =

⌧b
(⇢s � ⇢w)gD

If                    , motion initiated.⌧⇤/⌧⇤c � 1

Glacio-fluvial processes



ICE

Lamb et al. (2008), JGR
Total load-erosion ėtot = C wi,e↵ cb Fe
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system
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system

Melting

{

Creep

{

R-channels:
Qc = f(S,r c)

@S

@t
= vopen � vclose

Sheet:
qs = f(hs,r s)

At equilibrium:

Röthlisberger (1972), J. Glac. 

rpc = f(Q�1
c )

rps = f(qs)
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ė a

l = 1

0

0.5

1
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ėtot = f(⌧⇤/⌧⇤c , qs, D)

qtc = f(⌧⇤/⌧⇤c , D)

Imposed and 
fixed

10
00

 m

50 kmBeaud et al. (2016, ESurf; 2018, ESPL)



Glacio-fluvial processes

Melt season (120 days)
Flood (20 days)

Seasonal volume x 10
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10 Introduction: Global glacier monitoring

Figure 1.4. Worldwide glacier monitoring. The global distribution of ice on the land surface (blue) is shown with
locations of glacier front variation (black circles) and mass balance measurements (red triangles: direct glaciologic;
yellow squares: geodetic). Data sources: locations of glacier observations provided by the WGMS, Zurich, Switzer-
land; background glacier cover is based on the glacier layer of the Digital Chart of theWorld, provided by theNSIDC,
Boulder, U.S.A. Figure also available as Online Supplement 1.2.

Figure 1.5. Global distribution of inventoried glaciers. The global distribution of surface land ice (blue) is overlain
with the location of glaciers with available digital outlines collected within the GLIMS initiative (red) and the
locations of the point coordinates of glaciers with detailed information of the WGI (WGMS green). Data sources:
WGI data provided by the WGMS, Zurich, Switzerland; glacier layers of GLIMS data and of the Digital Chart of the
World provided by NSIDC/GLIMS, Boulder, U.S.A. GLIMS Inventory date: January 2014. Figure also available as
high-resolution Online Supplement 1.3.

Book: Global Land Ice Measurement from Space, 2014, J. S. Kargel, G. J. Leonard, M. P. Bishop, Andreas Kääb, B. H. 
Raup, Chap. 1, Fig. 1.5  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