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Global distribution of atmospheric concentration of main
greenhouse Gases (GG) : CH4 and CO2, exhibits existence

of their maximums above the Arctic where GG
anthropogenic emission is negligible

iatributi i ini Global Distribution of Atmospheric Methane
Global Distribution of Atmosplher_{ﬁ_hc‘arbon Dioxide R AR TR0 Conier e

NOAA ESAL GMD Car

€0, (penol mol™")
CH, (nemol mol™)

May 2006

i
e i
Treea dimansional represeniation of tha latitudinal distribution of atmospharic carbon dkside in the manne boundary layer, Dala from S GME coopemive ::::";nanmﬂmmmmm ?g;:ﬁ:m:‘":mmpmﬂﬁﬁm '?ﬂmgf'g;wc '“ﬂﬂc“@“"mtgﬂgmc ”w"."é;’gla
air sampling natwork wers used. Tha surface rapresents data smoothed in time and latiude, Contact: Dr. Pistar Tans and Thomas Cont, NORAESRL Baulder C a09) 497‘&223 (acdlugokency ‘a0, N W CmdLnoaa. gﬁ\-’ﬂ’wggh . . d
GMD Carhon Cycle, Boulder, Colorada, (303) 497-5678 (pieter. tansi@noas gov, ip:jwww.cmdlnoaa gov/cegg). ! 3 ykanoe. o, tp:/fsne crmal nasa "

Our driving hypothesis: In climate time scale, planetary
maximum of main greenhouses gases (GG), CO2 n CH4, is
driven by permafrost (PF) thawing involving huge pools of carbon
N the Arctic PE-related nool<s



Specific feature of the Arctic Ocean is cryosphere
(permafrost and sea ice) - the most sensitive to warming

eArctic Ocean (AO) is
surrounded underlain by
permafrost; >90% of the
predicted subsea
permafrost is located on
the ESAS/PAR shelf; the
total area of permafrost is
= 14x10° km?;

*50% of the world’s
carbon stock isin the
Arctic region;

eArtic is warming twice
o as fast as the rest of
isporaic the world.

©2004, ACIA | Map @Clifford Grabhorn ™" Subsea

__| Continuous



Why the Pacific Arctic Region/East Siberian Arctic
Shelf (ESAS)~?

r

>80% of predicted global ~50% of AO is shelf seas;
sub-sea permafrost in the ESAS >80% of ESAS is shallower than 50 m

e -

Strong Terr-C input: erosion of ESAS coastal
Yedoma and discharge of major rivers

>80% of predicted shallow
Arctic hydrate deposits
underlies the ESAS



Arctic Is warming twice faster than a rest of

a world
100

Extreme warming projection by 2

80" N

0 1 2 3 4 5
Annual mean temperature change ( C)

BUT PAR/ESAS is already there. See

="  MAM air temperatures in the Pacific Arctic Region
: (NOAA custody)




The ESAS accumulates fresh water from 6 Arctic

Siberian Rivers and it is the major ice factory of the
Arctic Ocean

e Pacific -H-IH“"'H-& e 6 Siberian Rivers —

il = Ocean

- : R\ESAS Khatanga, Olenek, Lena,
: f—ﬁﬁ——m X Yana, Indigirka and

% Kolyma bring their
l \ waters to the ESAS =
700 km3, which is
‘b \,Emsey . similar value with the
Arctic Transdrift ice export

» Total area of
watershed of the
Lena River alone is
Scsant T o / comparable with that
0 >3 ¥ of the ESAS (2.5x106)
N - km?2




Carbon stocks most sensitive to warming are all in the Arctic

Tundra/taiga permafrost (still cold, T~-10°C)
- Pool size (0-3m): ~1400 Pg-C

- thaw/erosion-release of OC, CO, and CH,

- Echoed in rivers (Arctic boundless C cycle)

Photo: P. Kuhry (PPP, 2009)

EAST-SIBERIAN

Subsea permafrost on Siberian shelf iy N AR
(in transition, T~ -1°C) |
- Pool size: ~1000-1400 Pg-C (incl deep pools)

- IPCC/ACIA: "permafrost lid” holds CH, in place |
- but, elevated CH, levels in shallow bottom waters s we e e e

Data: Shakhova et al. (Science, 2010)
Coastal Permafrost Complex /Yedoma
- Pool size: ~ 400 Pg-C B 7]
- Pleistocene Ice Complex Deposit (ICD) Rl »
- thermal collapse, incr wave erosion
- thaw-release of OC and degr to CO,

4000 km of East
Atmospheric pool, for comparison Siberian Arctic Coast
COZZ 760 Pg and CH4: 5 Pg 1Pg=1 billion ton

Photo: A. Charkin




Terrestrial carbon sources and processing in the
PAR/ESAS land-sea-slope system

™~
Terr C sources
and aquatic conveyors
T allk Rivers as integrators
_ Lolof J
Coastal erosion e

Shelf seas as integrators
Terr-C cycling on the shelf

1

Subsea CH4 sources and shelf processes
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The overall goal of this study is to provide a quantitative,
observationally-based assessment of the dynamics of different
components of the East Siberian Arctic Shelf (ESAS) carbon cycle

under conditions of changing climatic and environmental
conditions
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From 1999 to 2021 accomplished 49 all-seasonal expeditions,
>3,500 oceanographic stations, >70,000 n. miles of
geophysical survey, 17 boreholes drilled
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PpArmMeHTbl 3KCNEeAULLUOHHbBIX pCIGOT

PUALTPALLMOHHOS CUCTEMA AAS
NOAYYEHMS AOCTATOYHO OOAbLLMX
O0pPA3LOB B3BELLUEHHOrO Bellkctsa (BB)
AN NPOBEAEHMS KOMIMAEKCA
HEOOXOAMMBbIX rEOXMMMYECKMX
(Bromapkepsl, MUHEPAAOTUS,
XMMMYECKMM  COCTAB) M M3OTOMHbIX
OHOAM30B  BKAKOYO  PAAMOYIAEPOAHbIN

BO3PACT OPraHM4eCcKoro seLLecTsa BB.

*

MCNOAb30OBAHME DKCTPAKLMOHHOM
CUCTEMBbI AAS U3BAEYEHMI METAHA M3
repPMETUYHbIX COCYAOB C NPOBAMMU
BOAbI (MMBHbIE KETM) C MOCAEAYIOLLLEMN
aACOpPBOUMEN B XOAOAHOM AOBYLLIKE U
M3IMEPEHMI MOAHOTO M3OTOMHOTO
CoCTaBa MeTaHa (C13, D, C14)



PpArMeHTbI
3KCne AMLLUOHHDbIX
paboT
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Erosion of C-rich Ice Complex Deposits
(ICD)along the Arctic coasts
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Satelite image of shelf water turbidity caused by
coastal erosion



Pleistocene ICD-OC dominates in surface sed.
OC on World’ s largest shelf

68
OM ccontribution of terrestrial organic carbon (CTOM, %)) in the surface ESAS sediments 1)

<40%, 2) 40-69%, 3) 69-98%, 4) 98-100%

Semiletov et al., Biogeosciences (2011); Semiletov et al., Environment. Res. Letters(2012)




In present Pleistocene ICD-OC dominates surface

sed. OC on World’ s largest shelf

B Topsoil OC 30 - 35 %
B MarineOC 7 -54% :
rial
O Ice complex OC 36 - 76 % bu_a> 2018 TgC/yr

"~ East Siberian Sea
M

2

OC flux (gOC/m2/yr)

nnnnnnnnnnnnnnn

/In digirka
__ arine Ii Kﬂl"rmﬂ rI

o —f oe complex ¢ \Vonk, Semiletov, Gustafsson
et al. (2012) Nature




Biogeochemical consequences:
Oxidation of eroded C to CO2 drives the carbonate system —
phys-chem. conditions in the Arctic seas
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CO2 fluxes between air and sea are indicators of imbalance In

the carbon cycling in the ESAS (its western biogeochemical province
IS a source of atm CO2, while the eastern province- the CO2 sink)

NOAA/ESRL Physical Sciences

Sea Level Pressure (mb) Composite Meon
7/1/03 ta 9/19/03
NCEP/NCAR Reanalysis

140°E 150°E 160°E 170°E 180°E
100 1006 100 1008 1008 1010 1011 1012 1013

W=731

Sea Level Pressure (mb) Composite Mean
7/1/08 to 9/20/08

NCEP/NCAR Reanaclysis

140°E 150°E 160°E 170°E 180°E

1007 1008 1009 1010 o1 1012 1013 1014

Left: Fluxes of CO, (mM/m2/day) in the air-sea system. Right: Sea level pressure (mb) in
summer season of 2003 and 2008; W= total annual river discharge (km3)

Up to 10 Tg of CO2 is released from the w. ESAS into the atmosphere, but
most of it is coming back in the eastern ESAS

Based on: Anderson...Semiletov et al., GRL, 2009; Pipko, Semiletov et al., Biogeosciences,
2011; Semiletov, J. Atm.Sciences, 1999; Semiletov et al., GRL, 2005 and J. Mar. Systems
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Acidification of East Siberian Arctic Shelf
waters through addition of freshwater and
terrestrial carbon

Igor Semiletov'?3*, Irina Pipko?, Orjan Gustafsson?, Leif G. Anderson®, Valentin Sergienko®,
Svetlana Pugach?, Oleg Dudarev?, Alexander Charkin?3, Alexander Gukov’, Lisa Bréder?,
August Andersson®, Eduard Spivak® and Natalia Shakhova'?

Eroded C plays a key role in the PAR/ESAS biogeochemistry




Biogeochemical & ecoloqgical consequences:
Low Aragonite saturation state Q,,
from severe ocean acidification

Surf water

I Multi-year ocean data
1999-2013 on ESAS
. carbonate system:

"¢ pCO, oversat by 4x!
.* pHdownto 7.2-7.4%*!
e Aragonite undersaturated!

£
E.
i
]
* At several sites pH drops down to 6.9

How acidification impact
. biodiversity: benthos ..., walruses,
polar bears?

3 lgor Semiletov!23*, Irina Pipko3, Orjan Gustafsson?, Leif G.
nderson®, Valentin Sergienko®, Svetlana Pugach?, Oleg Dudarev?,
Alexander Charkin3, Alexander Gukov’, Lisa Broder4, August

4 Andersson*, Natalia Shakhovat-

Nature Geoscience (2016)

Ocean Date View




Position of the boundary (Frontal zone, FZ) between
the Pacific-derived and shelf water in 1932-2000
(marked in magenta) moved eastward in 2000-2012

(soli¢ hlack line) S, %o

Thibhed ===

80°N j

78°N 30 78°N
30
76°N 5 76°N
74°N 20 74°N =9
72°N ; e 25
A
70°N Rt 70°N

120°E 140°E v g 120°E 140°E 160°E 180°E

Figure 3. Distribution of salinity (%o) in the Arctic seas inferred from multi-year data. a) Summertime salinity
observed in 2000-2012 vs that observed in 1932-2000 in the surface water (a) and in the bottom water (b).
Position of the isohaline = 23%o observed in 2000-2012 is marked as a black solid line (2000-2012); its
position in 1932-2000 is marked as a black dotted line; the area of its extension to the east during the last 12
years, equal to ~116,000 km?, is shown as a shaded area in panel (a); (adopted from Semiletov et al., 2016).

This S-shift could be an effect from increasing river runoff and
changes in the atmospheric circulation from AZ to Zn mode which
causes an extension of heterotrophic area (CO2 emission area)



For surface sediments, our data base (ISSS/SWERUS CASSCADE scientific
consortium) includes 2919 different locations across the Arctic Ocean, for which the
OC concentration is known. The concentration of TN, thus also the OC/TN ratio, is
known for 1181 locations. For carbon isotopes, the number of individual 813C-OC values
is 1368 and for A*C-OC it is 267
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The CASSCADE also holds concentrations of terrigenous biomarkers at more than 250 locations, which are organized based on the
compound groups. About half of these data are for HMW n-alkanes, either concentrations of HMW n-alkanes (3 C,,-C3,) or of n-
alkane chain lengths more specific for higher plants (3 C,;, C,g, C3y).

The other half are concentrations of HMW n-alkanoic acids (3 C,,-C5,) and the concentrations of lignin phenols.



IPCC (2014) still claims that the subsea permafrost is stable and the

Arctic ocean is near zero source of methane.
That is based on modeling and speculations
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The values of the permalrost thickness, m. Be 450 400 350 300 20 20 0
T | Soua nomwoit xerpaamm MMIT Ha conpestentuiil MoMEHT Bpenen.
& & | Zone of the complete permafrost degradation (o the recent time.,

PeaynkraTbl ModesiupoeaHusi noaBogHon mep3noTtbl (PomaHoBCKMM n ap. , 2001)
nepecmartpuBatrotca coBmecTtHo ¢ MIY (rpynnbl Tymckoro n KowypHukoBa) v
CkonkoBo (rugpaTtHasa rpynna YyBunuHa)




BUT : ESAS serves as a significant
source of methane to the atmosphere

This contradicts with the old paradigm about the stable and
continuous subsea permafrost in the ESAS.

o 10 Exgeion 201
400
Laptev Sca
100 ; Expeion 2011
': Laptev Sea
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Mean flux: from background areas 3.67 ESAS exhibits the highest surface

mg/m?/d, from hot spots — 11'8_ mg/r_n%d, concentrations of dissolved methane in th
annual flux 8 Tg-the 15t estimation Eurasian marginal seas and the entire
(from Shakhova et al., Science, 2010) Northern Hemisphere



[My3bIpbKOBbLIN NEPEeHOC - OCHOBHON MeXaHU3M TpaHcrnopTa MeTaHa u3
AOHHbIX OTNOXEHUN B BOOHYIO Torwy u atmocdepy

Shakhova, Semiletov et al., Nature Geoscience, 7, 2014; Shakhova, Semiletov et al., Phil. Trans. Royal
Soc.A, 373, 2015
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Atmospheric ratios of CH, reflect methane
emissions from the sea surface

74'N Few hours after the spgpm 2 days after the storm + 2009a
nM nM 39 -
%0 29 e EUSCB"IQI.:,ﬂ 85 ppm
o 29 85 pp
560 2 -
460 2.5 - .
360 |
2.3 ¢
260 21 - d
160
194 .
60
20 1-7 T T T
0 Mms5 72 725 13 735
128E  130E  13ZE i
“STUU40E 12E O C Lattitude, N
d €
74'N Very beginningnﬁ:}{ tr?g' gtorm Few hours aftﬁ:mthe storm + 2010a
w0 ] Lo+ 20000
660 29 4 . « -« -LSMM
560 2.7 A
460 2.5 -
201 %0 23
260 94
160 19
60 17
20 . I T T
f M5 1 ‘72.5 73 735
d 128 130E 1326 O ©I8E 130 132€ Lattitude, N

From Shakhova et al., Nature Geoscience2014



Annual CH, flux from the ESAS is determined by current
state of subsea permafrost and areas of taliks, which will
Increase with time
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from Shakhova, Semiletov et al., 2015



Pabouyas runore3a Ans oobLACHEeHUA MexaHn3mMa HabngaemMbixX
MacCUpPOBaHHbIX BbIOPOCOB MeTaHa U3 AOHHbIX OTNIOXKEHUU Mopen

BocTtouHOU APKTUKM B BOAHYHO TOsLWy-aTMocdepy noapasymeBaeTt
3HaYnNTerNbHYI Aerpagaumio NogBOAHOU MepP3si0Tbl U HaNn4Yne CKBO3HbIX
TariIukoB.

3anacbl meTaHoBoOro rugpara 8 MBA

oueHuatotca 8 500 MnpAa TOHH,
B aTMocdoepe Ha 2 nopsigka MeHblLue-
B O MIpA TOHH . WL
9TO 3HAYMT, 4YTO NpM yCcnoBUn o : e e
BbIGpoca 10% oT 3anacos ¥ ' '

rmapaTtoB B atmocdepy,
KOHLUeHTpauuna atmoccepHoro
MeTaHa MoXeT yBenunuutbcs B 10
pas, YTO MOXeT NPUBECTHU K
noTensieHN CON3MepmMmMomy C
acpcektom ynBoeHna CO2

Water (-0.5°Cto-1.8°C)

_ Permafrost (-0.5°Cto 17°C)
perforated due to warm
temps on both sides)

thane stores

osphere
1 hot mantle

Cxema murpauum meTaHa BbINo/IHEHA Ha ocHoBe nybnukauun (Lllaxosea, Cemunemos u
CepaueHKko, BecmHuk PAH, 2009; Shakhova, Semiletov et al., Science, 2010). bbino
NoKa3aHo, 4YTo audPy3noHHaa amuccua metaHa s MIBA conamepuma ¢ amuccmen
meTaHa u3 Bcero Muposoro okeaHa( ). Jo6aBneHue BKAaga ny3bipbKOBOro nepeHoca
yBe/IMYMBAET 3TY OLEHKY Kak MMHUMYM B 2-3 pa3a (Shakhova, Semiletov et al., Nature
Geoscience, 2014). Bbibpoc 3.65Tr us P1=6400km2 (0.3% MBA)....




Vertical rates of the subsea permafrost degradation were determined by

redrilling (2013-2014) of the transect accomplished by the Permafrost
Inst —Yakutsk in 1982-83

Downward movement of the ice-bonded permafrost table of ~14
cm/year: almost one order higher than it was assumed before
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Depth, m.

Disintegration of subsea permafrost is major
factor driving methane emissions in the ESAS

A B e 3 « Thermal regime of  subsea
. N permafrost in the ESAS is up to
$ o 10°C warmer than thermal state of
tev Sea - (‘ - its terrestrial counterpart located just
few miles away from the coast (A
90T and B); this difference is determined
wll by warming effect of seawater and
_;; other factors specific for the ESAS.
72N 1011 . I Disintegration of subsea permafrost
| oo ¢ manifests as formation of taliks
A= MR | (layers or columns of thawed
1 Bay s g T sediments throughout permafrost
ol . body, shown in blue on panel C).
130E Taliks first form where subsea
permafrost was submerged for

longest (outer shelf, depth >50 m).
In the shallow part (depth <50 m),
taliks form in the areas underlain
, / i with fault zones, covered with
A «-——ﬁ—-\_{ submerged thaw lakes and

-1000 /‘\\/_,_,_\ . influenced by warming effect of

-1200 = - _ - . ! .
110 115 120 125 130 135 140 145 rivers.
Latitude, degree.




~ 9710 3HaLWIT yTO KpoBnsa nonBo.quu Mep3.l10lel B
t,-uecnenyeMOM paVIOHe yXe 6nu3ka unu gocrturna
30HbI CTaOMNBLHOCTU ra3oBbIX rmapatoB
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Gas (methane) front moves through the sediments
at speed up to 7-8 meters per year

200 400 600 800 1000 1200 1400 1600 1800 0 400 800
Distance, m CH, uM/kg

Distance from sea floor,m

10¢

50 00 150 200 250
Distance, m

ﬂonepxuocrh HEcorIacHa

OTnomeHns naneoo3cpa
(Tepmokapet 7)

200 . 300 400 500 600
Distance, m

(Shakhova, Semiletov, Lobkovsky et al., Nature Communications, 2017)



bopo3abl NnegoBoro BoinaxnmBaHus (cmamyxu U aucbepau)
ABNAOTCA 3PIPEKTUBHBIM MEXAHU3MOM OS5 AOCTMXKEHUS
ra3oBbiM (DPOHTOM MOBEPXHOCTN OcCagKa M BbiIbpoca MeTaHa
(Shakhova, Semiletov, Sergienko et al., Nature Comm., 2017)

I
. Gas plumes
Enhanced

e 10m

" -15m

Figure 4 | Example of high-resolution seismic ice-scour images observed in the
ESAS.

a) Backscatter image showing relative size of the ice scouring scar on the sea floor.
b) vertical profile of the ice-scouring scar demonstrating penetration as much as 8
m into the sediment. ¢) 3D perspective view of ice scouring as a mechanism
providing a gas migration pathway for shallow gas to escape to the water column.
d) hydro-acoustical image of gas release due to ice scouring .



Ecological remote impact: Export of calcium carbonate

corrosive waters from the shelf towards the deep-ocean

500 1000
Section Distance [km]

Zd
180°E  160°W  140°W  120°W

Sections of (a) salinity, (b) temperature, (c)
AOU, (d) silicate, and (e) Qaraeonite jn the top
300 m across the Canada Basin as observed
during the Beringia 2005 expedition. Station
positions are noted on the map, with the
abbreviations being; CB = Canadian Basin, CC
= Chukchi Cape, CS = Chukchi Sea, Al = Alaska,
and Ca = Canada.

from Anderson, Semiletov et al.
Biogeosciences (2017)
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Lateral transport allows any signal released
from the shelf to be transported to the deep
water in the Arctic Ocean
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Modeling (4Dvar assimilation) results from Shakhova, Semiletov,
Gustafsson, Panteleev et al., Royal Soc. Trans. (2015)



Challenge: Recent PP OVERestimates are based on sat color
data and different models which don’t consider the effect of PM

oo and CQOM
2
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Fig.1 DOC concentration (uM) versus CDOM (QSU) in the ESAS surface water, September 2004 (a), 2008

(b) and combined for two years (c), (d) estimated DOC concentration against measured DOC concentration
with 10% error bars.
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Fig 2. DOC distribution (uM) in the ESAS surface waters in September 2004 (a) measured DOC
concentrations, (b) concentrations DOC, estimated from CDOM.

Pugach, Semiletov et al., Ocean Sciences, 2017)



Erosion of C-rich Ice Complex Deposits (ICD) plays
key role in biogeochemistry and sedimentation
along the Arctic coasts
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Satelite image of shelf water turbidity caused by coastal erosion

Sat data must be validated vs ship-based PM/POM data
to understand better scales of C-pumping in the arctic
land-shelf system



Concluding perspectives

ESAS/Pacific Arctic land-shelf-basin system is a key natural
laboratory

Sedimentation and major biogeochemical processes on the
shallow ESAS are driven by coastal erosion and river impact

Pacific Arctic Shelf is a source of freshened, corrosive, and
methane enriched waters to the deep Arctic ocean basin-N.
Atlantic: its role to prevent sea ice from warm touch of AW (?)

Permafrost carbon thawing and hydrate collapses are one of the
Grand Challenges in Geosciences

Moving closer to system understanding allowing predictive
capacity of future GHG fluxes

Russia-International community has golden position to lead
breakthrough science over coming years: Face the Future....



Eurasian-Arctic Shelf-Basin Interactions of
Climate-Cryosphere-Carbon-Contaminants
- EURASIAN ARCTIC C4 -

A broad cross-disciplinary theme (33 co-Pls) addressing
Internationally top-prio research challenges
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