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The carbonate balance in the Arctic seas of East Siberia is in reciprocal relationship with climate change 
and destructive coastal dynamics. Thermal and wave erosion of permafrost coast associated with global warming 
destabllizes the marine СО2 - carbonate system Ьу increasing dramatically the partial pressure of СО2 in coastal 
waters to 800-900 ppm and facilitating its release into air. The ongoing warming and growing activity of coastal 
processes сап reduce the abllity of the eastern Arctic seas for СО2 uptake. 

INTRODUCТION 

Arctic seas are important regulators of atmo
spheric carbon dioxide in the Northern Hemisphere. 
In the summer season they may Ъе expected to act as 
sinks of excess СО2 , but there is evidence [ Razumov, 
2003; Pipko et al., 2005] that the surface waters are 
oversaturated with СО2 which evades into the atmo
sphere in some areas of Arctic seas. The potential of 
seawater for СО2 uptake from the atmosphere de
pends on the relative percentages of components in 
the СО2 - carbonate system, or the carbonate bal
ance. This balance in coastal-shelf waters is subject to 
the influence of climate-controlled erosion processes 
in the permafrost coast. 

EFFECT OF COASTAL EROSION 
ON ТНЕ CARBONATE BALANCE 

OF COASTAL-SHELF WATERS IN ARCТIC SEAS 

The uptake of atmospheric СО2 Ьу the eastern 
Arctic seas and increasing fluxes of organic carbon 
and carbonates (dissolved or solid) affect the seawa-

ter carbonate balance. In the East Siberian seas, the 
rapidly retreating coast with high contents of ground 
ice is the main source of terrigenous input to the shelf. 
Coastal erosion (mainly Ьу thermal processes and 
waves) supplies about 4-106 tons of organic carbon 
into the Laptev and East Siberian seas, which is more 
than in all other Arctic seas [ Gri.goriev et al., 2006]. 
А part of carbon dioxide that is absorbed from the air 
and released in organic carbon oxidation is spent on 
dissolving calcium carbonate, whereby seawater be
comes more alkalic. The water alkalinity in the East 
Siberian Sea did not change much from the 1920s to 
the early 1950s but it grew Ьу the early 1990s (Ьу 
0.21 mg·equivalent/liter on average and Ьу 0.25-
0.40 mg·equivalent/liter in the southern sea part). 

Carbon dioxide сап either evade from seawater 
or invade into it at specific weather conditions in the 
ice-free season with moderate winds and calm spells. 
For instance, СаСО3 saturation west of the Kolyma 
Delta is within 0.77 while the СО2 partia] pressure is 
from 89 to 164 ppm [Razumov, 2003] . This pressure 
being almost 2-4 times as low as the atmospheric 
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Fig. 1. Ice-rich coastal cliffs of Arctic seas: 
а - Bo l s lю i Lyak hovsky Tsland, Ь - Aпabar-O l e n e k coast, 
с - l'vltюstak l1 ls laпd , с/ - Bykovsky Peпi11s t1l a. 

mеап of l1igh l at itшl es, опе сап expect iпvasion of 
сагЬоп d ioxide. Iн tЬе Kolyma Delta, however, тоге 
СО2 is ratheг гe l eased thaп absoгbed as its paгtial 
pressuгe in seavvateг гeaches 300 to 600 ppm, possiЬly, 
due to intense oxidation of o r·gaпic сагЬоn caгried Ьу 
the гive r. 

Thermal and wave егоsiоп of permafl'ost coast is 
respoп siЬl e fог s i gп ifi cant vaг i at i o пs of pЬys i cochem
ica l parameters and , as а coпseqLJ eнce, iпterferes \vitl1 
the СО? - caгbonate balance i п t l1e coastal zопе . The 
rate o(coastal e rosion iн tЬе easteш Aгctic seas 
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Fig. 2. Variations iп mean rate of coastal retreat in 
the Laptev ( 1) and East Siberian (2) seas in zones 
of rapid thermal erosion. 
З - е гоs i о п гates aveгagecl О\'е г t\vo seas. Iпset sl10\vs а typi cal 
coastal expos LJГe of ice coinplex, Sl1i r·okosta п Реп i п s tr la. 
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c h aнges in space апd t ime depeпdiпg оп summeг аiг 
temperat LrГes and ice coпditioпs , as vvell as оп гес L1Г -
1·еnсе анd dшatioн of sto гrn s. Егоs i оп slo\ved dowп 
dшiпg гe lat i ve cooliпg betvveeп the 1950s апd еаг l у 
1970s iп t l1e RLLssiaп еаstегп Aгctic, ап d tЬ е coast of 
t he Laptev апd East Sibeгiaп seas гetгeated at а mеан 
rate of 2- 6 m/уг [Are, 1985 ]. The coast of t he two 
seas consists maiпly of s il t-s ize loamy saпd анd saпdy 
lоаш vvitЬ tl1 ick ice wedges Ltp to 7- 8 m \vide, thc to
ta l ice co o te пt of so il г cac hiпg 30 to 90 vol. % 
(Fig. 1). 

Relati\1e c lirпate \\ia гrniпg tl1гol1gh tЬе past fo гty 
уеагs iпcгeased the dшation of i ce- fгee seasoнs i п t l1e 
еаstегн Aгctic, the sшface агеа of орел wate г, алd t l1 e 
fгeqLJ ency of stoгшs . Tl1 e mеан sLLmme г аiг tempera
tuгe гоsе 1.3- 1.5 °С above tЬе climate погm , t l1 e 
sto1·m гес l\ пе п се iпc гeased Ьу 3- 4 %, апd tЬе tota l 
dLrгatioп of active vvave dyпaшics оо t l1 e peгmafгost 
coast gгew, ол ave!'age , fгom 58 to 100 hг/у г. T l1e 
coastal ret гeat iп zoнes of r·apid егоs iоп iп the Laptev 
апd East Sibe гian seas accele1·ated to 4- 8 ш/уг оп av
erage гeach iпg loca ll y as high as 12 m/ yr (Fi g. 2) , 
vvith tЬ е maximum егоs i оп rate 17- 25 rn/yг [Razu
mov, 2000; Gi·igm·iev and Zhang, 2008]. As t l1e ice-ric l1 
coast is be iпg rapidl y e гod ed , oxidation of orga пi c 
сагЬол т·i ses dгamati call y t l1 e paгtial ргеssше of саr
Ьоп dioxide iп sea ,vate г ( to 800- 900 ppm) апd fac ili
tates its гe l ease iнto а iг (Fig. 3) [Razumov, 2003; 
Pipko et al" 2005]. . 

TЬus, са r·Ьоп dioxide is гeleased fгот tl1e coasta l 
zопе of tЬ е East Sibeгia п Sea Ьеt\\1ееп the Ne\v Sibe
r· iaн islaпd s апd t l1e Chauп Вау, iп commoп шeteoгo 
logical coлditioпs , апd is absoгbed Ьу wateг iп t he 
еаstегл sea рагt . The release g1·ows vvitl1 iпcгeas i п g 
tЬ eгmal егоs i оп анd occL1гs even offs lюгe as fa1· as t he 
De Long Strait. Active th e пnal егоs i оп of шаiпl а пd 
апd islands i п the soL1tl1 easteш Laptev Sea гes L1lt 111 

prevaleпt гe l ease of С02 . 
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Fig. 3. СО2 partial pressure in coastal-shelf waters 
of Arctic seas of East Siberia in the conditions of 
common ice-free season ( curve 1) and erosion of 
ice-rich coast ( curve 2). 
Das l1 ed liп e is ргеsепt atm ospl1 eгi c СО2 . 
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EFFECT OF DESTABILIZED CARBONATE 
BALANCE ON REGIONAL CLIMATE 

Warming in the Arctic decreases t he magnitude 
of tl1e partial СО2 pressure grad ient between vvater 
апd air (Fig. 4) due to greate г activity of processes 
destroying t he peпn afrost coast. Organic carbon, 
whi ch was form erly stored in permafrost, comes into 
t he sea. Thi s геdн сеs t he capacity of Arctic seas fог 
tak ing нр carbon dioxide, and the wateг-air gradient 
of СО2 partial pressure becomes prone to reversa l, i. 
е., t he release becomes more рrоЬаЫе than the uptake 
(Fig. 4). The гel ease of СО2 , in tнгn , vvould deu ease 
its paгtial p1·essнre in \vateг and increase the СаСО3 
peгcentage on dissociation of Ьicarbonates. Thereby 
the system may Ье expected to recover its eqt1ilibrium 
with atmospl1e1·ic СО2 and, possiЬly, гeturn to inva
sion of сагЬоn dioxide (Fig. 5). 

However, t hi s does not happen fог t he shoгtage 
of solid carbonates in t he easteгn Arctic seas. Th eiг 
dissolution consнmes а relatively small part of СО2 
\vh ich is гeleased into t he wateг on oxidation of ог
gанiс сагЬоn provided Ьу coasta l erosion. Its gгeater 
part becomes gaseous tlшs increasing t he paгtial pгes
su гe . This destaЬilizes t he caгbonate balance in t he 
coastal-shelf waters along the zones of гapid coastal 
1·etгeat . 

As the wateг tempeгature гises, tl1e solнЬility of 
сагЬон dioxid e decгeases \vhile its partial pгessure 
gгov.rs and thнs favors t he evas io п. In t l1e easteгn Aгc
t ic seas, this regнl aгity woгks in wateг \vith а salinity 
оvе г 20 %о Ьнt is less pгonoнnced iн t he shelf vv heгe 
salinity is be!ovv 13 %о (Fig. 6). Theгefore, the car
bo11ate balance i11 coastal vvateгs тау shift to lovver 
СО2 partial pгess L1res Ьн t higher СаСО3 анd рН 
(Fig. 5), possiЬly, Ьесанsе t Ь е aggressive рагt of free 
СО2 is spent on di ssolu t ion of solid ca1·bonates 
bгought from t he maiлland . The system responds to 
t his shift Ьу СО2 i11vasio11 despite tЬе гe l ati ve l y high 
wateг tempeгatшe . 

Thus, destaЬilizatio11 of tЬ е СО? - caгbonate 
system of tЬе Arctic seas is attendant witЬ release of 
carbo11 dioxide авd the e 11s нing accнmнlation of cal
ciнm caгbonate. ТЬе нptake of atmospheгi c СО2 , and 
diss0Jнtio11 of caгbo11ates as its co11seque11ce, гefl ect 
t he staЫe state of tЬе СО2 - caгbonate system of ЬоtЬ 
seas. The climate, the dyпamics of destru ctive pro
cesses in t he permafrost coast, and t he carbonate bal
ance i11 t he easteгn Aгctic seas а 1·е in гесiргоса l гela
tio11ship . ТЬе loss of equilibгiнm iп the СО2 - са г 
Ьопаtе system pusl1es нр the otherwise caused climate 
cha11ge i11 the Aictic. 

T his шау Ье explai11ed as follows. The thernюdy
пamic mod el of t he a1111ual ocean-aiг cycle [Kag-an et 
а!., 1986] predicts tЬ at doнЬliпg of atшospheric СО2 
(fгom 280 to 560 ppm) should ca L1 se а 1.4 °С vvaпning 
of t he mean a1111u al air tempeгature noгth of 60 ° N 
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Fig. 4. СО2 partial pressure gradient between water 
of eastern East Siberian Sea and air, according to 
[Musina, 1960; Feely et al" 2001; Razumov, 2003; 
Pipko et al" 2005). 
Negati\re grad i eпt corгespoпds to СО2 нptake. 
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Fig. 5. СО2 partial pressure ( Рсо ) in East Siberian 
Sea plotted against hydrogen io~ activity рН ( cur
ve 1) and against water saturation with carbonates 
Кс ( curve 2) at present СО2 partial pressure in at
mosphere ( dashed line 3 ). 
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Fig. 6. СО2 partial pressure ( Рсо ) in seawater 
plotted against its temperature (7) ,'at water salini
ties of 20-30 %о ( 1) and 2-13 %о (2). 
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(0.75 ° С for summer temperatuгe and 1.7 °С for win
teг tempeгature ) . Оvег t he peгiod from the early 
1960s to 2008, the СО2 paгtia] pгessuгe in air in t he 
Noгthern Hemispheгe became 75 ppm higher, which, 
accoгding to the thermodynamic modeling, can cause 
а 0.37 °С incгease in t he mean annual air tempeгature 
north of 60° N. Data from 14 \veather stations from 
Vize Island to Dezhnev Саре show а mean annua1 аiг 
tempeгature гi se of 1.0- 2.7 ° С in t he same peгiod 
( 1.8 ° С on aveгage) [ G17.gmiev et а!., 2009]. Thнs, the 
contгibution of atmospheгi c СО2 incгease into the 
obseгved \vaгming is about 20 %. 

Тhегеfоге , warming iп tl1e Noгthern HemispЬere 
тоге likely has otheг maj oг controls t ha11 СО2 in
cгease . This may Ье 20- and 50-year cycles of tЬ е 
Eaгth's axis nutation dгiveп Ьу tidal forces [ G17.g-oriev 
et а!" 2006] апd related c l1aпges in \Vater ciгculation 
iп t he WorJd ocean апd global atmospheric traпs 
poгt. 

CONCLUSIONS 

Climate cЬange to \'la rmiпg or cooling, which iп
fluences t he coasta] dyпamics, тау result from пuta
t i oп cycles driven Ьу t ida] forces . DestaЬili zation of 
t l1e carbonate Ьаlансе iп seawateг is not t l1e cause of 
cl imate cЬange but опlу сап i11cгease its magнitllde. 

I11 the co11tempoгa ry climate conditio11s, the Aгc
tic seas generally keep t heir potential for СО2 Llptake 
in spite of high orgaлic carbon iпput to the wateг алd 
summeг v.1armi11g. However, furt her warmiпg апd 
coastal erosion may aggгavate t he caгbonate Ьаlапсе 
iп staЬi l ity in tl1e East Siberian Arctic seas and redu ce 
consideraЬly t heir СО2 uptake capacity. 
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