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Abstract: The melting process and mechanism of the Antarctic ice sheet and its influence on the global sea level
change are the major issues of global concern, and also the hot topic of the recent year dispute. The global warming
theory elegantly accounts for sea level rise due to the CO2 greenhouse effect as a consequence of human activities,
by accelerating the deglaciation in Antarctica. However, observations show that subglacial water such as the Lake
Vostok beneath Antarctic ice sheet as a consequence of basal melting is an important source of water contributing
to the rise in sea levels. Besides, basal melting will reduce the buttressing of ice shelves, which may lead to glacier
thinning, its acceleration and grounding line retreat. Here, we considered that the high heat flux of the rock under
the ice cover may provide an explanation of global sea level rise by leading to the ice melting under the thermal
heated ice sheet. We think that the volcanic action, the high heat flow rifting effect and other geothermal resources
are most of the important causes of the basal ice melting. These recent findings of ice melting beneath Antarctica
highlight the need for better understanding subglacial geothermal sources, their hydrologic interactions with marine
margins, and their possible roles in global climate change.
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AHTapKTU4YecKoe TasiHue: NPUPOAHLIN
WK aHTPOMNOreHHbINW npouecc?

© XyHaH Tan?, Tuantnan YeH®, BuH MoH®

Kutanckuin reonornyeckuin yHueepcuteT (YxaHb), YxaHb, Kutan,
[JansHckuin TexHonornyecku ynusepcuteT, [ansaHe, Kutan,
CeBepo-BocTouHbili yHueepcuteT, LLeHbsiH, Kutan

Pe3tome: I'Ipouecc N MeXaHn3M TadaHUA aHTapKTU4YEeCKOro NeaoBoro wuta u ero BrmaHne Ha rnobanbHoe u3meHe-
HNE YPOBHA MOPA ABNAKTCA OCHOBHbIMU npo6nemaMM, BbI3blBalOLLMMU O6I.I.|,eMVIPOByIO 06€eCnoKOEHHOCTb U ropa-
4yue cnopbl B Te€4eHne nocnegHux ner. Teopvm rno6anbHOro NoTenneHns aneraHTHO 0ObSICHAET MOBbILLEHWE
YPOBHA MOpPA M3-3a NAaPHUKOBOro 3(b(beKTa CO:2 kak crneacTeue YenoBeyeckon AesTeNbHOCTH, YCKOpHIOLU,eVI ne-
rnaunauuio AHTapKTI/IKVI. OpaHako HabnogeHus NokasbiBatoT, YTO NOANeAHNKOBas! Boda, Takas Kak 03epo Boctok
noA aHTapKTU4eCckumM neaaHbiM NOKPOBOM, BO3HUKLLAA BCreACTBUE TasdgHUA rpyHTa, ABNAETCA BaXXHbIM UCTOYHUKOM
BOAbI, CI'IOCO6CTBy}OLIJ.VIM MNOBbILLIEHUIO YPOBHA MOPA. Kpome TOro, NoaneaHnKoBoe TasiHue cnocobHo YMEHbLNTb
onopy negsHbIX IJJeJ'Ib(*)OB, 4YTO MOXET NMpPUBECTU K UCTOHYEHUIO NeJHNKa, ero CoKpalleHUo U OTCTYNNEeHU0 OT
CyLIJ,GCTByI-OIJ.l,GVI JINHUN TPaHULBI. MbI nocunTanu, YTo BbICOKMIM TEMMOBOW NOTOK B FOPHbIX NopoAdax noA NeaHuKo-
BbIM LLUATOM NPUBOAUT K €ro TepMMUYECKOMY Harpesy U TadgHUIO U TEM CaMbIM MOXeT 06bACHNTL rmobansHoe no-
BbllLlEHNe YpOBHA MOpS. Mbl cumtaem, 4To Hanbonee BaXHbIMM npUYnHamMn TadaHnA 6as3anbHOro nbaa ABNATCS
BYyrnKaHU4eckune BO30EMCTBUS BCNEACTBUE Sd)(*)eKTa pVIQ)TI/IHra, BbICOKMI TEMNMOBOW MOTOK U apyrue reotepmarib-
Hbl€ pPeCypChbl. OTV HeJaBHME HAXOOKN TasiHWS Nbaa noa AHTapKTVI,D,OVI nogyepknearoT HeobxoaumocTb Bonee rny-
©0KOro NOHMMaHWs NoANeaHNKOBbIX reotTepmalbHbIX NICTOYHUKOB, UX TMOPOJSIOrNYeCcKoro B3aUMOAEVCTBUSA C MOp-
CKUMU OKpanHamMmun n BO3MOXHOW ponn B rno6ansHOM M3MEHEHUM KnumMaTa.

Knroyeenle cnoea: TasHue aHTapKTU4ecKoro nbaa, pI/I(bTVIHF, TENNOBOMN NOTOK, YPOBEHb MOpPA

BbnazodapHocmu: BuinonHeHo npu nogaepxke Beayluen rocynapcTBeHHON nabopaTopumn reonorMyeckux npo-
LieCCOB U MUHepanbHbIX pecypcoB, KUTanCKuin reoniormyecknii yHUBEpPCUTET, . YXaHb.
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The stability of the Antarctic ice sheet
is of paramount importance to global sea
level rise. However, climatic models describ-
ing responses of ice-sheet to global change
are still not complete [1]. The global warming
theory elegantly accounts for sea level rise
due to melting ice in Antarctica, which is
thought to be caused by the CO2 green-
house effect as a consequence of human
activities [2]. It is believed that human activ-
ities deliver large amounts of COz to the at-
mosphere, inducing the greenhouse effect,
accelerating the deglaciation in Antarctica,
and resulting in a big rise in sea level as a
consequence of melting ice [2, 3]. However,
this explanation does not appear to explain
areas of unusually profuse subglacial melt-
ing underneath huge ice sheets on the con-
tinental lithosphere [4-12].

Subglacial water beneath Antarctic ice
sheets as a consequence of basal melting is
an important source of water contributing to
the rise in sea levels. Besides, basal melting
will reduce the buttressing of ice shelves,
which may lead to glacier thinning, its accel-
eration and grounding line retreat, and melt-
ing land-ice cover may reduce load from the
crust to activate elastic rebound [13]. Satel-
lite data already revealed that no less than
200 buried lakes beneath Antarctica’s conti-
nental ice sheet exist [9]; among them is the
world’s seventh largest lake, i.e., Lake Vos-
tok (Fig. 1-A) located at the center of the
East Antarctic Ice Sheet (Fig. 1) at approxi-
mately one kilometer deep with fourteen
thousand square kilometers in area (Fig. 1).
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Fig. 1. Antarctica map displaying the main locations mentioned in this paper and the extent
of the West Antarctic Rift System (redraw from Howat et al. [14])
Puc. 1. Kapma AHmapkmuku, noka3blearoujasi OCHO8HbIe Mecma, yroMsiHymabie 8 cmamabe,
u 3anadHo-AHmapkmu4eckyro pughmosyro cucmemy (e3samo u3 Howat et al. [14])
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Because its bed is grounded well to
the continent, the subglacial melting under-
neath the Antarctic ice sheet may depend on
geological controlled conditions at the base
which are independent of climate. During the
past few decades, researchers have recog-
nized the solid Earth as a thermal system
[15] and proposed an independent model of
geothermal anomaly to account for this type
of ice melting: high heat fluxes below sub-
glacial rocks [10]. In recent years, China’s
scientists have made substantial progress in
understanding Antarctic ice melting during
their Antarctic exploration. Their 32nd expe-
dition team detected large-scale “warm ice”
under the sheet, along with a number of sub-
glacial lakes [16]. Their onsite investigation
suggests that geothermal anomalies are
confined to the deep boundaries between
ice and rock, which causes significant basal
ice melting; they also found that many sub-
glacial lakes and currents are intercon-
nected, forming a giant “wetland” beneath
the Antarctic ice. They recognized that such
melting is more compatible with a deep,
warm and distributed source controlled by
the lithosphere, than with a surface effect
controlled by climate warming.

Recently, more observations demon-
strate that strong regional changes of the
geothermal flux greatly influence the geo-
thermal regime and the ice-base melting be-
neath the continental parts of its ice sheets
[5, 11]. And as a results, large parts of its ice
sheet are currently melting from below.
Maule et al. [8] also found elevated heat
fluxes both around Siple Coast and along
the East-West Antarctica boundary (Fig. 1-
B), and heat fluxes of similar high value were
recorded around Victoria Land (Fig. 1-C)
and near the shores of West Antarctica. At
Siple Coast (Fig. 1-B), where elevated heat
fluxes were found, several ice streams exist,
and it was previously argued that heat from
the ice sheet base might be one of the major
trigger mechanisms for the formation of
these fluxes [4-8]. The analysis of Rayleigh
wave paths that cross Antarctica reveals
low-velocity structures have been inter-
preted to support the Marie Byrd Land
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(Fig. 1-D) hotspot hypothesis [17]. Energy
balance models [18] prove that underneath
one of the Siple Coast ice streams (Fig. 1-
B), heat flux must be higher than 80 mW/m?2
to keep ice-base melting, which is the same
as they found for this area. The monitoring
value at Siple Dome (Fig. 1-E) was 69
mW/m? according to Engelhardt [7]. Fisher
et al. [12] reported the geothermal heat flux
measured directly for the first time from the
ice base of the West Antarctic Ice Sheet
(WAIS), below Subglacial Lake Whillans
(Fig. 1-F), and determined this according to
the geothermal gradient as well as the geo-
thermal conductivity of sediments under the
subglacial lake. At this site, a surprisingly
high heat flux, 285 + 80 mW/m?, was found,
which is greatly higher than the continental
and regional average values. They also
found that the upward heat flux of 105 + 13
mW/m? at the WAIS has been indicated by
independent temperature measurements in
the ice. The obvious difference between the
heat fluxes might contribute to ice-base
melting and/or be transferred from Subgla-
cial Lake Whillans (Fig. 1-F) to other places
through flowing water. Also, the formation of
very abundant and dynamic ice streams and
subglacial lakes could be explained by con-
sidering the high geothermal heat flux [12].
Although determining whether natural
geothermal sources or anthropogenic CO2
effects cause ocean warming is complicated
and very controversial, these matters be-
come simpler for the continental lithosphere
beneath the ice capes. It is well-known that
the interior of the Earth is much hotter than
the surface. The heat is partially leftover
from the early Earth, however it is continu-
ously produced by the radioactive element
decay and the inner core crystallization [1,
19]. These are both important sources of
heat to the flux released from the mantle.
Where there is ice, the ice sheets function
as a lid so that more heat is accumulated be-
neath the ice sheet. Therefore, in evaluating
Antarctic ice melting, geothermal fluxes
should be one of the most dynamically criti-
cal boundary conditions of ice sheets. Pre-
sent global warming hypothesis seems to
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not account for these unexpected observa-
tions of the Antarctic basal ice melting as a
consequence of geothermal heat flux anom-
alies.

In the longer term, Earth evolves as a
thermal system. Our recent studies for
Earth’s thermal evolution, as shown in
Fig. 2, suggest that Earth may experience
extremely warming and cooling periods in
terms of changes in the heat balance of the
Earth system [15]. In the shorter term, how-
ever, the expansion of the lithosphere and
its associated uplift may lead to rifts or frac-
tures in Earth’s crust, with volcanism and
magmatism as the consequences. These
may allow shortly a large quantity of heat re-
lease into the surface. Therefore, the supply
of thermal energy makes basal ice melting,
water production and reduction of basal fric-
tion unavoidable.

It is not difficult to understand these
geothermal sources as a cause of the basal
ice melting. The argument against this geo-
thermal influence may be due to their time
scales. It is generally believed that the ef-
fects of heating glaciers from below is a
long-term issue rather than a short-term
one, since the geothermal heat flux through
the surface is generally considered to be a
constant [1]. But thick ice sheets are sensi-
tive to both temperature fluctuations from
above and short-term geothermal heating
from below, in terms of tectonic events,

Global enust formed Radinia P
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which often take place in catastrophic ways.
Unfortunately, in ice sheet dynamics, most
existing models focus on the way they inter-
act with climate system, only taking into ac-
count simplified representations of the solid
Earth, for instance, by considering basal
heat flux as a constant boundary condition
or by modeling the lithosphere using a sim-
ple elastic plate [1]. Thus, the current mod-
els may fail to replicate in-site basal ice melt-
ing and temperature measurements of ice
base in Antarctica.

Subglacial volcanism underneath the
Antarctic ice sheet is recognized as one of
the most important mechanisms related to
possible short-term geothermal disturb-
ances to basal ice melting. Maule et al. [8]
found that areas of high heat flux are in ac-
cordance with currently known volcanism
and several areas owning ice streams. Up to
now, at least 138 volcanoes have been de-
termined across West Antarctica [20], in-
cluding the presently active volcano named
Mt. Erebus [21] (Fig. 1-G) along the Terror
Rift, as well as Mt. Siple [21] (Fig. 1-H) and
Mt. Waesche [22] (Fig. 1-1), which both of
them display evidence for recent activities
[23]. Tectonic landforms reveal that the
WAIS covers a huge volcanic rift system.
The distribution of mantle helium in glacial
melting water indicates that it is volcanic
heat that leads to melting beneath the
grounded glacier and contributes to the

Muna
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2000 1500 1000 500 0 Ma

Fig. 2. Earth evolution as a thermal system
(relative surface temperature fluctuation, redraw from Tang and Li [15])
Puc. 2. 3eonroyust 3eMnu kak mennoeol cucmemsl
(omHocumenbHble KonebaHusi memnepamypsbl noeepxHocmu, Tang and Li [15])
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subglacial hydrological system crossing the
grounding line. Also, the visible surface de-
formations in the thickness of the WAIS
demonstrate localized heat fluxes which are
possibly volcanic, because of the intensity
([4, 21], while more recent eruptions are re-
vealed by the ash layers from ice cores [24].
Several fast-flowing ice streams draining the
WAIS’s interior regulate the mass balance of
the WAIS [25]. The presence of active vol-
canism beneath the WAIS would be able to
trigger its collapse because of enhanced ice
base melting [4], leading to as high as 6 m
of sea-level rise [26]. The production of free
water because of basal melting, a value
highly depending on geothermal heat fluxes,
is critical to the ice streams in terms of their
initiation and maintenance [27]).
Continental rifting, canyons or faults
are other alternatives to the volcano. Geo-
thermal forces will often cause crust expan-
sion, which may cause propagating rifts,
deepening canyons or even faults in terms
of earthquakes, to provide passageways for
deep heat to the surface. Normally, the geo-
thermal flux is both higher and more variable
for a rift system containing blocks of crust or
sediments of varying thickness [7]. Although
it is still unknown about the crustal structure,
because of the vast size of the ice sheet, the
West Antarctic Rift System (Fig.1-J) is be-
lieved to be one of the largest zones of
abundant continental geothermal activities
by connecting the land surface with the can-
yon bottom [28]. The widespread anoma-
lous mantle heat flux in the active lake sys-
tem of the lower part of the Whillans Ice
Stream (Fig.1-K) is suggested to be linked
to a rift source [29]. Jamieson et al. [30]
found evidence showing that a previously
undiscovered, large subglacial drainage net-
work system is now hidden beneath the ice
sheet in Princess Elizabeth Land (PEL)
(Fig.1-L), which is believed to be tectonically
linked to many long and deep canyons.
Bingham et al. [31] hypothesize that the Ne-
ogene reactivation also occurred in the Fer-
rigno Rift (Fig.1-M) and Pine Island Rift
(Fig.1-N) regions, potentially causing en-
hanced geothermal heat fluxes that would

Earth Sciences and Subsoil Use

increase the availability of meltwater at the
base of the WAIS. Recently, by combining
radar sounding and subglacial water routing,
Schroeder et al. [11] show that the Thwaites
Glacier (Fig.1-O) may be one of the most
significant, rapidly developing and poten-
tially unstable contributors to global sea
level rise in West Antarctica reflecting a ge-
othermal flux consistent with rift-associated
magma migration as well as volcanism.
Schroeder et al. [11] showed that the mini-
mum average geothermal flux value in the
Thwaites Glacier catchment is 114 + 10
mW/m?, in addition to areas owning high
fluxes that exceed 200 mW/m?2. Further-
more, their results indicate that the subgla-
cial water network in Thwaites Glacier could
be reflecting the heterogeneous and tempo-
rally variable ice-base melting induced by
the development of the rift-associated vol-
canism and stand for the hypothesis that not
only heterogeneous geothermal flux but also
local magmatic processes might be domi-
nant factors influencing the future behaviors
of WAIS [11]. Again, China’s 32nd Antarctic
expedition team also contributed to this con-
clusion by confirming an earlier speculation
that the South Pole is the site of the world’s
largest canyon (Fig.1-P).

In addition to providing connections
between the ice and the deep underground
for geothermal-enhanced basal ice melting,
the ‘rift-directed’ offshore troughs will also
form putative routes. Through these routes,
warm open ocean waters can flow back and
further penetrate the continental shelf to at-
tack the ice margin [31].

The findings of geothermal ice melting
seem to provide new evidence that contra-
dicts the current mainstream concept of Ant-
arctic ice melting in terms of CO:2 effects,
which may be underestimated or even ig-
nored by climate scientists. Instead of seek-
ing an additional heat source, for example,
that from climate change, the observed heat
anomaly between the basal ice and the solid
Earth is able to potentially give reason for
the regional patterns of basal melting be-
neath the Antarctic ice sheet. Also, the same
mechanism is valid for Greenland, in which
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geothermal heat fluxes from below are found
to contribute to the conditions of basal ice
melting underneath the ice caps, which sit
atop a lithosphere of variable thickness
(Fig. 3) [32]. Petrunin et al. [10] found that
areas of rapid basal melting adjoins areas of
extremely cold basal ice and the strong re-
gional variations in ice-base conditions

actually result from the complex interactions
between geothermal heat flow and glacia-
tion-induced thermal perturbations in the up-
per crust over glacial cycles. Their findings
indicate that the structure of the solid Earth
plays a certain role in the dynamics of sur-
face processes.
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Fig. 3. Predicted geothermal flux (GF) at 5 km below the bedrock surface of Greenland
(with permission from Dr. I. Rogozhina [32])
The GF was corrected for crustal heat production using a parameterization of radiogenic heat sources
(see Methods in Rogozhina et al. [32]). The modelled thermal state of the GIS and lithosphere
was calibrated by in situ data shown by white/black triangles, crosses, diamonds and stars
(basal melting data are from radar and ice core measurements).
The white curves outline the ice sheet and coastal margins
Puc. 3. llpoecHo3upyembili 2eomepmarnbHbil nomok (GF) Ha any6uHe 5 KM oA nogepxHOCMbIo
peHnaHAuu (c paspeweHuss dokmopa N. PozoxuHoli [32])
GF 66111 ckoppekmuposaH 0ns nodcyema eeomepmaribHbIX Xapakmepucmuk 3eMHoU Kopbi
C MoMouwibko napaMempu3sayuu paduo2eHHbIX UcmoyHuKo8 menna (cM. «Memodsi» 8 Rogozhina et al. [32]).
CmodenuposaHHoe mennogoe cocmosiHue NC u numocgbepb! 6bino omkanubpoeaHo Mo 1oKanbHbiM OaHHbIM,
Komopkble nokasaHb! 6esnbiMu / YepHLIMU mpeyeoribHUKaMu, Kpecmamu, anmasamu u 3ee3damu
(OaHHble No ba3anbHOMY MNasneHuro 83amsl U3 u3MepeHuli Ha padape U 8 KepHe b0a).
Gernbie kpussle ouyepyusatom nedsHol nokpos u bepeaosble OKpauHbl
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As a sub-product of deep melting ef-
fect, it was recognized recently that subgla-
cial ecosystems support considerable meth-
anogenic activities, thus significantly con-
tributing the global methane production as a
greenhouse gas [33, 34]. Melting conditions
beneath about half of the ice sheet mean
that sediments contain liquid water beneath
the ice cover [8, 35]. The inferred methane
hydrate reservoir beneath the Antarctic Ice
Sheet is comparable to that in the Arctic re-
gion and could constitute a previously ne-
glected component of the global methane
hydrate inventory with a potential to act as a
positive feedback on climate warming during
ice-sheet wastage [36, 37]. Geological me-
thane, produced largely via thermogenic
processes in the deep subsurface, supple-
ments the biogenic component [38]. It may
be generated via the thermal breakdown of
organic matter and by inorganic synthesis
and outgassing from the mantle. The recent
discovery that sub-ice-sheet environments
are likely to be heated from below in terms
of geothermal energy, may accelerate the
production of methane. The findings from
Ma et al. [33] highlight the effects of temper-
ature and substrate on potential methano-
genesis in the subglacial sediment of the
Antarctia area, and may help us for a better
estimation on its methane production in a
changing environment. If substantial me-
thane hydrate and gas were present be-

Hayku o 3emne u Hegpononb30BaHue \_)
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neath the WAIS, hydrate destabilization dur-
ing episodes of ice-sheet collapse could act
as a positive feedback on global climate
change during past and future ice-sheet
wastage [37].

This is an observation not a criticism
on climate warming theory and simply re-
flects the essentially reconnaissance nature
of most of the work to date on Antarctic ther-
mal activities and our poor knowledge of the
Antarctic lithosphere. All of these recent
findings of ice melting beneath Antarctica
highlight the need for better understanding
subglacial geothermal sources, their hydro-
logic interactions with marine margins, and
their possible roles in global climate change.
Without considering the parameterization of
the subglacial thermodynamics, hydrody-
namics and ice dynamics, any model of cli-
mate change is incomplete. Before basal
conditions can be correctly parameterized,
ice-sheet models are not likely able to yield
accurate results and evaluations of the im-
pacts of global climate change on sea level
rise in terms of ice melting, and analyses will
keep flawed. As Kaus [1] reminds us in his
comment on the work of Petrunin et al. [10]:
“The solid Earth is not a force that can be
ignored — it is an active player in surface pro-
cesses. As we focus our attentions in a
warming world on the atmosphere, oceans
and glaciers, we must not forget the planet
itself knocking on the surface from below”.

References

1. Kaus BJP. Heating glaciers from below.
Nature Geosciences. 2013;6:683-884.

2. Mercer JH. West Antarctic ice sheet and
CO:2 greenhouse effect: a threat of disaster. Nature.
1978;271:321-325.

3.IPCC. Climate Change 2014: Synthesis
Report. Contribution of Working Groups I, Il and I to
the Fifth Assessment Report of the Intergovernmen-
tal Panel on Climate Change. Geneva, Switzerland,;
2014. 151 p.

4. Blankenship DD, Bell RE, Hodge SM,
Brozena JM, Behrendt JC, Finn CA. Active volcanism
beneath the West Antarctic Ice Sheet and implica-
tions for ice-sheet stability. Nature. 1993;361:526—
529.

5. Fahnestock M, Abdalati W, Joughin |,
Brozena J, Gogineni P. High geothermal heat flow,
basal melt, and the origin of rapid ice flow in central
greenland. Science. 2001;294:2338-2342.

6. Bennett MR. Ice streams as the arteries of
an ice sheet: their mechanics, stability and signifi-
cance. Earth-Science Reviews. 2003;61(3-4):309-
339.

7. Engelhardt H. Ice temperature and high ge-
othermal flux at Siple Dome, West Antarctica, from
borehole measurements. Journal of Glaciology.
2004;50(169):251-256.

8. Maule CF, Purucker ME, Olsen N, Mose-
gaard K. Heat flux anomalies in Antarctica revealed
by satellite magnetic data. Science. 2005;309:464—-467.

9. Gramling CA. Tiny window opens into Lake
Vostok, while a vast continent awaits. Science.
2012;335:789-788. https://doi.org/10.1126/sci-
ence.335.6070.788.

10. Petrunin AG, Rogozhina I, Vaughan APM.
Heat flux variations beneath central Greenland's ice
due to anomalously thin lithosphere. Nature Geosci-
ence. 2013;6:746-750.

F'naporeonorus U UHXXeHepHas reonorus

274 I

Hydrogeology and Engineering Geology


https://doi.org/10.1126/science.335.6070.788
https://doi.org/10.1126/science.335.6070.788

\) XyHaH TaH, TuaHTmaH YeH, BuH FoH. AHTapKTUYEeCKOe TasgHWE: NPUPOAHDIN. ..
Chunan Tang, Tiantian Chen, Bin Gong. Antarctic melting: Natural...

11. Schroeder DM, Blankenshi DD, Young
DA, Quartini E. Evidence for elevated and spatially
variable geothermal flux beneath the West Antarctic
ice sheet. Proceedings of the National Academy of
Sciences of the United States of America.
2014;111(25):9070-9072.

12. Fisher AT, Mankoff KD, Tulaczyk SM, Ty-
ler SW, Foley N, the WISSARD Science Team. High
geothermal heat flux measured below the West Ant-
arctic Ice Sheet. Science Advances.
2015;1(6):€1500093.

13. Khan AA. Why would sea-level rise for
global warming and polar ice-melt? Geoscience
Frontiers. 2019;10:481-494.

14. Howat IM, Porter C, Smith BE, Noh MJ,
Morin P. The reference elevation model of Antarctica.
The Cryosphere. 2019;13:665-674.

15. Tang CA, Li SZ. The Earth evolution as a
thermal system. Geological Journal.
2016;51(S1):652-668.

16. Liu J. China confirms the existence of the
World's largest canyon in the South Pole. 2016.
Available  from: http://fenglish.cas.cn/newsroom/
china_research/201601/t20160120_158955.shtml

17. Sieminski A, Debayle E, Lévéque JJ.
Seismic evidence for deep low-velocity anomalies in
the transition zone beneath West Antarctica. Earth
and Planetary Science Letters. 2003;216(4):645—
661.

18. Raymond CF. Energy balance of ice
streams. Journal of Glaciology. 2000;46(155):665—
674.

19. The KamLAND Collaboration. Partial radi-
ogenic heat model for Earth revealed by geoneutrino
measurements. Nature Geoscience. 2011;4:547—
651.

20. Vries MVWD, Bingham RG, Hein AS.
A new volcanic province: an inventory of subglacial
volcanoes in West Antarctica. In: Siegert MJ, Ja-
mieson SSR, White DA (eds.). Exploration of Subsur-
face Antarctica: Uncovering Past Changes and Mod-
ern Processes. Geological Society. London; 2017,
vol. 461, p.231-248.

21. Weaver SD. Volcanoes of the Antarctic
plate and southern oceans. Journal of Volcanology
and Geothermal Research. 1991;47(3-4):368-369.

22.Lough AC, Wiens DA, Barcheck CG,
Anandakrishnan S, Aster RC, Blankenship DD,
Huerta AD, Nyblade A, Young DA, Wilson TJ. Seis-
mic detection of an active subglacial magmatic com-
plex in Marie Byrd Land, Antarctica. Nature Geosci-
ence. 2013;6(12):1031-1035.

23. Loose B, Garabato ACN, Schlosser P,
Jenkins WJ, Vaughan D, Heywood KJ. Evidence of
an active volcanic heat source beneath the Pine Is-
land Glacier. Nature Communication. 2018;9:2431.

24. lverson NA, Lieb-Lappen R, Dunbar NW,
Obbard R, Kim E, Golden E. The first physical evi-
dence of subglacial volcanism under the West

F'maporeonorus U MHXeHepHas reonorus

I 2019 T.42 Ne 3 C. 268-278

Antarctic  Ice  Sheet.  Science  Reports.
2017;7(1):11457.

25. Joughin I, Tulaczyk S. Positive mass bal-
ance of the Ross Ice Streams, West Antarctica. Sci-
ence. 2002;295:476-480.

26. Winberry J, Anandakrishnan S. Crustal
structure of the West Antarctic rift system and Marie
Byrd Land hotspot. Geology. 2004;32(11):977-980.

27. Hulbe CL, MacAyeal DR. A new numerical
model of coupled inland ice sheet, ice stream, and ice
shelf flow and its application to the West Antarctic Ice
Sheet. Journal of Geophysical Research.
1999;104:349-366.

28. Behrendt JC, LeMasurier WE, Cooper AK,
Tessensohn F, Tréhu A, Damaske D. Geophysical
studies of the West Antarctic rift system. Tectonics.
1991;10:1257-1273.

29. Seroussi H, Ivins ER, Wiens DA, Bondzio
J. Influence of a West Antarctic mantle plume on ice
sheet basal conditions. Journal of Geographical Re-
search-Solid Earth. 2017;122:7127-7155.

30. Jamieson SSR, Ross N, Greenbaum JS,
Young DA, Aitken ARA, Roberts JL, Blankenship DD,
Bo S, Siegert MJ. An extensive subglacial lake and
canyon system in Princess Elizabeth Land, East Ant-
arctica. Geology. 2016;44(2):87-90.

31. Bingham RG, Ferraccioli F, King EC. In-
land thinning of West Antarctic Ice Sheet steered
along subglacial rifts. Nature. 2012;487:468-471.

32. Rogozhina I, Petrunin AG, Vaughan APM.
Melting at the base of the Greenland ice sheet ex-
plained by Iceland hotspot history. Nature Geosci-
ence. 2016;9(5):366-369.

33.Ma H, Yan W, Xiao X, Shi G, Li Y, Sun B,
Dou Y, Zhang Y. Ex situ culturing experiments re-
vealed psychrophilic hydrogentrophic methanogene-
sis being the potential dominant methane-producing
pathway in subglacial sediment in Larsemann Hills,
Antarctic. Frontiers in Microbiology. 2018;9:237.
https://doi.org/10.3389/fmicb.2018.00237.

34. Conrad R. Control of microbial methane
production in wetland rice fields. Nutrient Cycling in
Agroecosystems. 2002;64:59-69.

35. Pattyn F. Antarctic subglacial conditions
inferred from a hybrid ice sheet/ice stream model.
Earth and Planetary Science Letters. 2010;295:451—
461.

36. Koven CD, Ringeval B, Friedlingstein P,
Ciais P, Cadule P, Khvorostyanov D, Krinner G, Tar-
nocai C. Permafrost carbon-climate feedbacks accel-
erate global warming. Proceedings of the National
Academy of Sciences of the United States of Amer-
ica. 2011;108(36):14769-14774.

37. Wadham JL, Arndt S, Tulaczyk S. Poten-
tial methane reservoirs beneath Antarctica. Nature.
2012;488:633-637.

38. Archer D. Methane hydrate stability and
anthropogenic climate change. Biogeosciences.
2007;4:521-544,

Hydrogeology and Engineering Geology

I 275


http://english.cas.cn/newsroom/china_research/201601/t20160120_158955.shtml
http://english.cas.cn/newsroom/china_research/201601/t20160120_158955.shtml
https://doi.org/10.3389/fmicb.2018.00237

2019 T. 42 Ne 3 C. 268-278 I

Hayku o 3emne u Hegpononb30BaHue \_)
Earth Sciences and Subsoil Use

Bubnuorpaduyecknin cnucok

1. Kaus B.J.P. Heating glaciers from below.
Nature Geosciences. 2013. Vol. 6. P. 683-884.

2. Mercer J.H. West Antarctic ice sheet and
CO:2 greenhouse effect: a threat of disaster. Nature.
1978. Vol. 271. P. 321-325.

3.IPCC. Climate Change 2014: Synthesis
Report. Contribution of Working Groups |, Il and Ill to
the Fifth Assessment Report of the Intergovernmen-
tal Panel on Climate Change. Geneva, Switzerland,
2014. 151 p.

4. Blankenship D.D., Bell R.E., Hodge S.M.,
Brozena J.M., Behrendt J.C., Finn C.A. Active vol-
canism beneath the West Antarctic Ice Sheet and im-
plications for ice-sheet stability. Nature. 1993.
Vol. 361. P. 526-529.

5. Fahnestock M., Abdalati W., Joughin I.,
Brozena J., Gogineni P. High geothermal heat flow,
basal melt, and the origin of rapid ice flow in central
greenland. Science. 2001. Vol. 294. P. 2338-2342.

6. Bennett M.R. Ice streams as the arteries of
an ice sheet: their mechanics, stability and signifi-
cance. Earth-Science Reviews. 2003. Vol. 61 (3-4).
P. 309-339.

7. Engelhardt H. Ice temperature and high ge-
othermal flux at Siple Dome, West Antarctica, from
borehole measurements. Journal of Glaciology.
2004. Vol. 50 (169). P. 251-256.

8. Maule C.F., Purucker M.E., Olsen N.,
Mosegaard K. Heat flux anomalies in Antarctica re-
vealed by satellite magnetic data. Science. 2005.
Vol. 309. P. 464-467.

9. Gramling C.A. Tiny window opens into Lake
Vostok, while a vast continent awaits. Science. 2012.
Vol. 335. P. 789-788. https://doi.org/10.1126/sci-
ence.335.6070.788.

10. Petrunin A.G., Rogozhina I., Vaughan
A.P.M. Heat flux variations beneath central Green-
land's ice due to anomalously thin lithosphere. Nature
Geoscience. 2013. Vol. 6. P. 746-750.

11. Schroeder D.M., Blankenshi D.D., Young
D.A., Quartini E. Evidence for elevated and spatially
variable geothermal flux beneath the West Antarctic
ice sheet. Proceedings of the National Academy of
Sciences of the United States of America. 2014.
Vol. 111 (25). P. 9070-9072.

12. Fisher A.T., Mankoff K.D., Tulaczyk S.M.,
Tyler S.W., Foley N., the WISSARD Science Team.
High geothermal heat flux measured below the West
Antarctic Ice Sheet. Science Advances. 2015.
Vol. 1 (6). P. €1500093.

13. Khan A.A. Why would sea-level rise for
global warming and polar ice-melt? Geoscience
Frontiers. 2019. Vol. 10. P. 481-494,

14. Howat I.M., Porter C., Smith B.E., Noh
M.J., Morin P. The reference elevation model of Ant-
arctica. The Cryosphere. 2019. Vol. 13. P. 665-674.

15. Tang C.A,, Li S.Z. The Earth evolution as
a thermal system. Geological Journal. 2016.

Vol. 51 (S1). P. 652-668.

16. Liu J. China confirms the existence of the
World's largest canyon in the South Pole. 2016.
[OnekTpoHHbI pecypc]. URL: http://leng-
lish.cas.cn/newsroom/china_re-
search/201601/t20160120_158955.shtml

17. Sieminski A., Debayle E., Lévéque J.J.
Seismic evidence for deep low-velocity anomalies in
the transition zone beneath West Antarctica. Earth
and Planetary Science Letters. 2003. Vol. 216 (4).
P. 645-661.

18. Raymond C.F. Energy balance of ice
streams. Journal of Glaciology. 2000. Vol. 46 (155).
P. 665-674.

19. The KamLAND Collaboration. Partial radi-
ogenic heat model for Earth revealed by geoneutrino
measurements. Nature Geoscience. 2011. Vol. 4.
P. 547-651.

20. Vries M.V.W.D., Bingham R.G., Hein A.S.
A new volcanic province: an inventory of subglacial
volcanoes in West Antarctica // Exploration of Sub-
surface Antarctica: Uncovering Past Changes and
Modern Processes / eds. M.J. Siegert, S.S.R. Ja-
mieson, D.A. White. Geological Society. London,
2017. Vol. 461. P. 231-248.

21. Weaver S.D. Volcanoes of the Antarctic
plate and southern oceans. Journal of Volcanology
and Geothermal Research. 1991. Vol. 47 (3-4).
P. 368-369.

22. Lough A.C., Wiens D.A., Barcheck C.G.,
Anandakrishnan S., Aster R.C., Blankenship D.D.,
Huerta A.D., Nyblade A., Young D.A., Wilson T.J.
Seismic detection of an active subglacial magmatic
complex in Marie Byrd Land, Antarctica. Nature Ge-
oscience. 2013. Vol. 6 (12). P. 1031-1035.

23. Loose B., Garabato A.C.N., Schlosser P.,
Jenkins W.J., Vaughan D., Heywood K.J. Evidence
of an active volcanic heat source beneath the Pine
Island Glacier. Nature Communication. 2018. Vol. 9.
P. 2431.

24.Iverson N.A., Lieb-Lappen R., Dun-
bar N.W., Obbard R., Kim E., Golden E. The first
physical evidence of subglacial volcanism under the
West Antarctic Ice Sheet. Science Reports. 2017.
Vol. 7 (1). P. 11457.

25. Joughin 1., Tulaczyk S. Positive mass bal-
ance of the Ross Ice Streams, West Antarctica. Sci-
ence. 2002. Vol. 295. P. 476-480.

26. Winberry J., Anandakrishnan S. Crustal
structure of the West Antarctic rift system and Marie
Byrd Land hotspot. Geology. 2004. Vol. 32 (11).
P. 977-980.

27. Hulbe C.L., MacAyeal D.R. A new numer-
ical model of coupled inland ice sheet, ice stream,
and ice shelf flow and its application to the West Ant-
arctic Ice Sheet. Journal of Geophysical Research.
1999. Vol. 104. P. 349-366.

F'naporeonorus U UHXXeHepHas reonorus

276 I

Hydrogeology and Engineering Geology


https://doi.org/10.1126/science.335.6070.788
https://doi.org/10.1126/science.335.6070.788
http://english.cas.cn/newsroom/china_research/201601/t20160120_158955.shtml
http://english.cas.cn/newsroom/china_research/201601/t20160120_158955.shtml
http://english.cas.cn/newsroom/china_research/201601/t20160120_158955.shtml

\) XyHaH TaH, TuaHTmaH YeH, BuH FoH. AHTapKTUYEeCKOe TasgHWE: NPUPOAHDIN. ..
Chunan Tang, Tiantian Chen, Bin Gong. Antarctic melting: Natural...

28. Behrendt J.C., LeMasurier W.E., Cooper
AK., Tessensohn F., Tréhu A., Damaske D. Geo-
physical studies of the West Antarctic rift system.
Tectonics. 1991. Vol. 10. P. 1257-1273.

29. Seroussi H., lvins E.R., Wiens D.A., Bon-
dzio J. Influence of a West Antarctic mantle plume on
ice sheet basal conditions. Journal of Geographical
Research-Solid Earth. 2017. Vol. 122. P. 7127-7155.

30. Jamieson S.S.R., Ross N., Green-
baum J.S., Young D.A., Aitken A.R.A., Roberts J.L.,
Blankenship D.D., Bo S., Siegert M.J. An extensive
subglacial lake and canyon system in Princess Eliza-
beth Land, East Antarctica. Geology. 2016. Vol. 44
(2). P. 87-90.

31. Bingham R.G., Ferraccioli F., King E.C. In-
land thinning of West Antarctic Ice Sheet steered
along subglacial rifts. Nature. 2012. Vol. 487.
P. 468-471.

32. Rogozhina 1., Petrunin A.G., Vaughan
A.P.M. Melting at the base of the Greenland ice sheet
explained by Iceland hotspot history. Nature Geosci-
ence. 2016. Vol. 9 (5). P. 366-369.

33.Ma H., Yan W., Xiao X., Shi G., Li Y.,
Sun B., Dou Y., Zhang Y. Ex situ culturing experi-
ments revealed psychrophilic hydrogentrophic

I 2019 T.42 Ne 3 C. 268-278

methanogenesis being the potential dominant me-
thane-producing pathway in subglacial sediment in
Larsemann  Hills,  Antarctic. ~ Frontiers in
Microbiology.  2018. Vol. 9. P.  237.
https://doi.org/10.3389/fmich.2018.00237.

34. Conrad R. Control of microbial methane
production in wetland rice fields. Nutrient Cycling in
Agroecosystems. 2002. Vol. 64. P. 59-69.

35. Pattyn F. Antarctic subglacial conditions
inferred from a hybrid ice sheet/ice stream model.
Earth and Planetary Science Letters. 2010. Vol. 295.
P. 451-461.

36. Koven C.D., Ringeval B., Friedling-
stein P., Ciais P., Cadule P., Khvorostyanov D., Krin-
ner G., Tarnocai C. Permafrost carbon-climate feed-
backs accelerate global warming. Proceedings of the
National Academy of Sciences of the United States
of America. 2011. Vol. 108 (36). P. 14769-14774.

37. Wadham J.L., Arndt S., Tulaczyk S. Po-
tential methane reservoirs beneath Antarctica. Na-
ture. 2012. Vol. 488. P. 633-637.

38. Archer D. Methane hydrate stability and
anthropogenic climate change. Biogeosciences.
2007. Vol. 4. P. 521-544,

Authorship criteria / Kputepuun aBTopcTBa

Chunan Tang, Tiantian Chen, Bin Gong are the authors of the article, hold equal copyright and bear equal

responsibility for plagiarism.

XyHaH TaH, TuaHtaH YeH, buH oH Hanucanu cTaTbio, UMET paBHbIE aBTOPCKWUE NpaBa W HECYT 0au-

HaKOBYK OTBETCTBEHHOCTb 3a nnaruar.

Responsibility for plagiarism / KoHchnukT uHtepecoB

The authors declare that there is no conflict of interests regarding the publication of this article.
ABTOpbI 3a8BNAOT 00 OTCYTCTBUM KOH(NMKTA MHTEPECOB.

Information about the authors / CBegeHus 06 aBTopax

Chunan Tang,

State Key Laboratory of Geological Processes and Mineral Resources,

China University of Geosciences (Wuhan),
Wuhan, China,

State Key Laboratory of Coastal & Offshore Engineering,

Dalian University of Technology,
Dalian, China,

> e-mail: tca@mail.neu.edu.cn
XyHaH TaH,

Befyllasa rocygapcreseHHasa na6opaTopMﬂ reonorn4yeckmx npoueccoB U M1MHeparsibHbIX peCypcoB,

Kutanckuin reonornyeckuii yHuBepcuTeT (YxaHb),
YxaHb, Kutan,

BedylLLas rocyaapcTBeHHas nabopatopus NPUBPEXKHO N MOPCKOW UHXEHEPUM,

[JansHcKuin TeXHONOrMYECKNiA YHUBEPCUTET,
Hansaxb, Kntan,
< e-mail: tca@mail.neu.edu.cn

F'maporeonorus U MHXeHepHas reonorus

Hydrogeology and Engineering Geology

I 277


https://doi.org/10.3389/fmicb.2018.00237

Hayku o 3emne n HegponoJsib3oBaHue '

|
AUR RS e At | Earth Sciences and Subsoil Use

Tiantian Chen,

School of Civil and Resources Engineering,
Northeastern University,

Shenyang, China.

TuaHTnan YeH,

Lllkona rpaxgaHCcKoW 1 pecypCHOW NHXEHEPUU,
CeBepo-BocTouHbIl yHMBEpCHTET,

LeHbsH, KnuTait.

Bin Gong,

State Key Laboratory of Coastal & Offshore Engineering,

Dalian University of Technology,

Dalian, China.

BuH lNoH,

BeAyLlasi rocygapcTBeHHas nabopaTtopus npubpexHON 1 MOPCKON MHXEHEPUU,
JansHCKUin TEXHONOMMYECKUIA YHNBEPCUTET,

HansHb, Kutan.

Dr. Tang, as a Chair Professor (funded by Cheung Kong Scholar Programme from
State Education Ministry), is the Director of the Deep Underground Research
Center (DURC) of Dalian University of Technology, and the Chief Professor at
China University of Geosciences (Wuhan), China. He is also the Vice President of
the Chinese Society of Rock Mechanics and Engineering CSRME, and was the
China National Group Chairman of International Society of Rock Mechanics. In
1984, he started his Ph.D research, in Northeastern University, Shenyang,
P.R.China, and got his Ph.D in 1988. In 1991, he continued his post-doctoral work
Ve in Imperial College, London, UK. Then, as an academic visitor, he had lots of

- experience working in Canada, Sweden, Singapore, Switzerland and Hong Kong.
He leads several major research projects in rock mechanics, especially on rock failure process analysis and
monitoring in civil engineering, and is the chief scientist for a National 973 program for fundamental research. So
far, he has published more than 300 technical papers on rock failure mechanisms and civil engineering, and is the
author of five Chinese books of rock mechanics and the principle author of “Rock Failure Mechanism” published
by CRC (Taylor & Francis Group, 2010, UK).

Doktop TaH, npodpeccop kadeapbl (dpuHaHcupyetcs m3 nporpammbl Cheung Kong Scholar MuHuctepctsa
obpasoBaHus), aBnseTca aupektopoM LleHTpa rny6uHHbIX noasemHbix uccnegosanui (DURC) [ansHbckoro
TEXHOMOrMYECKOro yHUBEPCUTETA M BeyLMM nNpodheccopom KuTaiickoro reonornyeckoro yHueepeuTeTa (YxaHb),
Kutan, Buue-npesngeHtom Kutainckoro obliecTBa MeXaHukM FOpHbIX MOpod U MawwuHocTpoeHuss CSRME,
aBnsanca npegcenatenem Kutainckon HaumoHansHon rpynnbl MexayHapogHoro obliectea MEeXaHUKOB FOPHbIX
nopoa. B 1984 rogy oH Havan nucaTtb CBOK LOKTOPCKYt auccepTaumio B Cesepo-BocTouHom yHuBepcuTeTe,
WeHbsH, Kutan, roe v nonyyun fokTopckyto ctenexs B 1988 rogy. B 1991 rogy oH npogomkmn CBOK AOKTOPCKYH
paboTy B Imnepckom konnegxe, JTongoH, Benukobputanus. 3atem B kayecTBe rocTs-akageMuka OH Mosy4yun
Bonbuwoi onbIT paboTel B Kanapge, Weeunn, CuHranype, LBeliuapun n FoHkoHre. OH BO3rNaBnseT HECKOMbKO
KPYMHbIX MCCNEAO0BATENIbCKUX NPOEKTOB B 0OMACTU MEXaHWKM FOpHLIX NOpoA, 0cobeHHO B obnactv aHanmsa u
MOHWTOPUHra MpOLECCOB pPaspyLUeHWUs FOPHbIX MOPOA B CTPOWUTENbCTBE, U SBMSAETCA MaBHbIM Hay4YHbIM
COTpYZAHMKOM HalpnoHanbHoWm nporpaMmbl yHAaMeHTarnbHbIX uccnegosaHuin 973. Ha cerogHsIlUHUA feHb OH
onybnukosan bonee 300 TEXHUYECKUX CTAaTEN O MEXAHM3MaX pa3pyLUEHUs FOPHBIX MOPOL W CTPOUTENLCTBE, a
TakKe SBMSETCS aBTOPOM MSATWU KUTANCKMX KHUT MO MEXAHWKE FOPHbIX MOPOL WM OCHOBHbIM @BTOPOM KHUIM
«MexaHn3m paspylleHnss ropHeIX mopody, onybnukoBaHHow CRC (Taylor & Francis Group, 2010 r.,
Benwukobputanus).

278 | Fmgporeonorusi U UHXeHepHas reonorus
| Hydrogeology and Engineering Geology




