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Sediments beneath glaciers and ice sheets 
harbour carbon reserves that, under 
certain conditions, can be converted to 

methane, a potent greenhouse gas. However, 
the formation and release of such methane is an 
unquantified component of the Arctic meth-
ane budget. On page 73, Lamarche-Gagnon 
et al.1 present direct measurements of dis-
solved methane in water discharged from a 
land-terminating glacier of the Greenland Ice 
Sheet during the summer. This water, which 
is known as proglacial discharge (Fig. 1), was 
supersaturated with methane, and the amount 
of methane released to the atmosphere from 
this discharge rivals that from other terres-
trial rivers. The findings suggest that the form 
and evolution of subglacial hydrological sys-
tems contribute to the control of the Arctic 
methane cycle.

Atmospheric methane concentrations 
varied substantially in the past, and it has been 
hypothesized2 that large reserves of methane 
can form and be trapped under ice sheets and 
glaciers when there is a favourable combina-
tion of carbon-rich sediments, high subglacial 
pressures, oxygen-poor conditions and low 
temperatures. Rapid release of this methane 
during glacial retreat might trigger rapid 
warming3, but whether large-scale release of 
such glacial methane could occur in the future 
is disputed4.

Field observations provide equivocal evi-
dence for whether subglacial sediments act as 
a source or sink of methane. Ice-core drilling 
operations in West Antarctica detected meth-
ane-producing microbes in proglacial and 
subglacial sediments5, but analyses of Antarc-
tic subglacial lake sediments6 and proglacial 

sediments7 indicate that bacterial oxidation 
consumes almost all the methane produced, 
preventing its release to the atmosphere. This 
bacterial methane cycling suggests that the 
subglacial hydrological system could serve as 
a methane sink.

Lamarche-Gagnon et al. show that sub-
glacial microbial oxidation of methane is 
not sufficient to mitigate the gas’s release to 
the atmosphere within a well-characterized 
subglacial catchment (an area within which 
subglacial water collects and drains out of 
a common outlet) in Greenland. Subglacial 
sediments can therefore act as a local source 
of methane, corroborating the results of 
other recent studies of subglacial methane8,9. 
Lamarche-Gagnon et al. go further by dem-
onstrating that the continuous flux of methane 
from the Greenland subglacial environment 
varies with the efficiency of subglacial 
meltwater drainage.

Near the margins of the Greenland Ice Sheet, 
the glacial hydrological system seems to be well 

suited to exporting methane. During winter, 
some meltwater from previous summers is 
stored in the inactive subglacial hydrological 
system10. Lamarche-Gagnon et al. hypoth-
esize that this winter storage allows meltwater 
to become enriched with methane through 
interaction with sediments in an oxygen-free 
environment. 

In the spring, the subglacial hydrological  
system reactivates when it is flooded by 
the drainage of surface meltwater through 
crevasses and moulins (vertical conduits that 
allow meltwater to flow from the glacier sur-
face to the bed beneath the ice sheet). This 
flooding causes an increase in ice motion11, 
and Lamarche-Gagnon and colleagues show 
that this flushes the methane-enriched, sub-
glacial water to the ice margin. The authors 
observed multiple distinct flushing events 
after the activation of the subglacial hydro-
logical system, suggesting that various types 
of meltwater pulse — drainage of lakes on the 
ice surface through moulins, rapid surface 
melting during warm spells, and upstream 
expansion of active subglacial water systems — 
can liberate subglacial methane.

The observations indicate that methane 
concentrations tend to peak following sed-
iment-rich proglacial discharge. The slight 
delay between peak methane export and 
proglacial discharge suggests that drainage of 
methane-rich water occurs just after the lateral 
flow of water that is associated with the great-
est ice motion, and during times when dif-
ferences in water pressure allow the drainage 
of normally isolated regions of the ice-sheet 
bed into enlarged subglacial channels12,13. 

Figure 1 | Sediment-rich meltwater released from Russell Glacier, Greenland.  Lamarche-Gagnon et al.1 
report that such discharge contains concentrations of methane equal to those of many terrestrial rivers.

components of the trispecific antibody were 
used. The era of multi-specific target engage-
ment by engineered antibodies has begun, and 
might lead to new countermeasures to protect 
human health. ■
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G L A C I O L O G Y

Greenland’s subglacial 
methane released 
Methane produced in sediments beneath the Greenland Ice Sheet is released 
to the atmosphere by meltwater in the summer. This suggests that glacial melt 
could be an important global source of this greenhouse gas. See Letter p.73
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C O N D E N S E D - M AT T E R  P H Y S I C S 

Topological properties 
controlled by light
In materials called Weyl semimetals, electrons form structures that have distinct 
topological properties. The discovery of an ultrafast switch between two of these 
structures could have many practical applications. See Letter p.61

Y O U N G - W O O  S O N

When electrons flow through arrays 
of atoms in certain solids, they 
behave as quantum-mechanical 

particles that have extremely high speeds. 
Graphene — an atomically thin sheet of car-
bon — is an example of a material in which 
such behaviour occurs in two dimensions1. In 
the past decade, there have been worldwide 
efforts to study solids called Weyl semimetals, 
which exhibit similar intriguing properties of 
electrons in three dimensions2. In Weyl semi-
metals, electrons form structures that have 
peculiar topological properties, resulting in 
many fascinating characteristics of matter2. 
On-demand control of the electronic prop-
erties of a Weyl semimetal would therefore 
enable ultrafast manipulation of the material’s 
properties. On page 61, Sie et al.3 report that 
terahertz-frequency light can provide such 
control in a particular Weyl semimetal.

In the late 1920s, the physicist Paul Dirac 
discovered an equation that governs the behav-
iour of relativistic (high-speed) particles, and 
that combines quantum mechanics and Ein-
stein’s special theory of relativity4. Following 
this monumental work, the mathematician 
and theoretical physicist Hermann Weyl sug-
gested a simplified version of Dirac’s equation5, 
describing massless particles — known as Weyl 
fermions — that have a chirality (handedness) 
of −1 or +1. In a Weyl semimetal, the dynamics 
of low-energy electrons are governed by Weyl’s 
equation.

The quantum state of an electron is 
characterized by the particle’s energy, momen-
tum and spin (intrinsic angular momentum). 
In a solid, these quantum states are dictated 
by symmetries of the material’s atomic lattice. 

Under time-reversal symmetry, the physical 
properties of a material are unchanged when 
the direction of time is reversed. Under inver-
sion symmetry, the physical properties are 
retained when the spatial coordinates are 
flipped. If both of these symmetries are pre-
served, there are always two quantum states 
of electrons that have the same energy and 
momentum.

However, if one of these symmetries is 
broken, it is still possible to have quantum 
states of equal energy and momentum at par-
ticular points in phase space — the space of 
all possible energy and momentum values2,6. 
In the vicinity of these points, electrons are 
described by Weyl’s equation. As a result, the 
elementary excitations of electrons in such 
solids behave as Weyl fermions, and the asso-
ciated chiralities can be assigned to states near 
the points. By analogy with particles of oppo-
site electric charge, states of opposite chirality 
can be produced in pairs, and annihilate each 
other when they meet.

Among the handful of Weyl semimetals that 
have been discovered, molybdenum ditelluride 
and tungsten ditelluride (MoTe2 and WTe2, 
respectively) are of particular scientific inter-
est2,7. These compounds contain 2D structures 
that stack through a weak attractive force — the 
van der Waals interaction — to form layered 3D 
crystals. Depending on the stacking geometry, 
different crystal symmetries can be realized.

It has been known for more than four 
decades that, as temperature increases, 
MoTe2 changes from one crystal structure 
(orthorhombic) to another (monoclinic), 
whereas WTe2 does not8. Inversion symmetry 
is broken in the orthorhombic structure, so 
that the associated compounds can exhibit the 
Weyl-semimetal phase2,7 (Fig. 1). By contrast, 

Lamarche-Gagnon et al. posit that the 
formation and growth of subglacial channels 
permits the rapid evacuation of stored meth-
ane-rich meltwater, limiting the amount of 
time that it is exposed to the oxygen-rich sub-
glacial hydrological system in which bacterial 
oxidation occurs.

The effect on the atmosphere of the export of 
subglacially produced methane — and of any 
future growth in this methane release associated 
with ice-sheet retreat — will depend on several 
as-yet-unconstrained factors. The potential 
increase of methane production and export in 
Greenland might be limited by the area of liquid 
water that can form at the ice-sheet bed14. The 
extent of carbon-rich sediments beneath ice 
sheets and glaciers is also unknown, particu-
larly in Greenland, where both sediments15 and 
hard beds16 have been observed.

Any increase in the proglacial methane 
flux from either Greenland or Antarctica 
will probably require a long-term expansion 
of subglacial hydrological systems that can 
efficiently evacuate stored meltwater. In 
Greenland, efficient subglacial drainage typi-
cally extends about 40 kilometres from the ice-
sheet edge. Surface meltwater production in 
Greenland will continue to expand17, but the 
surface and basal topography of the ice sheet 
might limit the extent of efficient subglacial 
drainage18, and the nature of the ice flow could 
limit surface-to-bed connections19.

Antarctica has extensive regions of subglacial 
sediments and liquid water. Increased surface 
meltwater and surface-to-bed connections 
in the future might encourage more-efficient 
subglacial drainage in regions where methane 
is produced and stored. However, any increase 
in subglacial methane mobilization could be 
mitigated if water flow is slow or if subglacial 
basins are large, thus allowing more-complete 
bacterial oxidation of methane to occur. In such 
scenarios, subglacial methane export might be 
limited to regions near the ice terminus. 

Lamarche-Gagnon and colleagues’ study 
provides an example of how our planet’s icy 
domains can interact with the surrounding 
Earth system in unexpected and potentially 
important ways. Modelling and observational 
studies that characterize the ability of subgla-
cial sediments to convert and store methane, 
and the ability of the subglacial hydrological 
system to export this methane to the atmos-
phere, will be key steps towards improving our 
knowledge of the sources and sinks of Arctic 
methane — and better constraining estimates 
of their future changes. ■
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