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Abstract

The cycling of carbon on the Arctic shelves, including outgassing of CO, to the atmosphere, is not clearly understood.
Degradation of terrestrial organic carbon (OC,,.,) has recently been shown to be pronounced over the East Siberian Arctic
Shelf (ESAS), i.e. the Laptev and East Siberian Seas, producing dissolved inorganic carbon (DIC). To further explore the
processes affecting DIC, an extensive suite of shelf water samples were collected during the summer of 2008, and assessed
for the stable carbon isotopic composition of DIC (8'*Cp,c). The 8'*Cp,c values varied between —7.2%, to +1.6%, and
strongly deviated from the compositions expected from only mixing between river water and seawater. Model calculations
suggest that the major processes causing these deviations from conservative mixing were addition of (DIC) by degradation
of OC,,, removal of DIC during primary production, and outgassing of CO,. All waters below the halocline in the ESAS
had 8"*Cp,c values that appear to reflect mixing of river water and seawater combined with additions of on average
70 £ 20 uM of DIC, originating from degradation of OC,,, in the coastal water column. This is of the same magnitude as
the recently reported deficits of DOC,,, and POC,,, for the same waters. The surface waters in the East Siberian Sea had high-
er 8'3Cp;c values and lower DIC concentrations than expected from conservative mixing, consistent with additions of DIC
from degradation of OC,,, and outgassing of CO,. The outgassing of CO, was equal to loss of 123 4+ 50 uM DIC. Depleted
313Cpoc values of —29%, to —329%, in the mid to outer shelf regions are consistent with POC from phytoplankton production.
The low 8'*Cpoc values are likely due to low 313Cpyc of precursor DIC, which is due to degradation of OC,,,, rather than
reflecting terrestrial input compositions. Overall, the '*Cp;c values confirm recent suggestions of substantial degradation of
OC,,, over the ESAS, and further show that a large part of the CO, produced from degradation has been outgassed to the
atmosphere.
© 2012 Elsevier Ltd. All rights reserved.
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huge effect a warmer climate might have on carbon dynam-
ics in this region (e.g. McGuire et al., 2009). In the North-
ern hemisphere, a major reservoir of terrestrial organic
carbon is found in permafrost, which stores 30-50% of
the world’s soil carbon (Tarnocai et al., 2009). Arctic rivers
draining these regions are responsible for a major flux of C
to the ocean, transporting more than 10% of the global riv-
erine freshwater and terrestrial organic carbon into the Arc-
tic Ocean (Dittmar and Kattner, 2003). Concerns have been
raised about increasing global warming caused by the CO,
produced by degradation of OC,,, when permafrost thaws
(e.g. Guo and MacDonald, 2006; Frey and McClelland,
2009; McGuire et al., 2009).

The Lena River has the highest annual organic carbon
discharge in the Arctic (Raymond et al., 2007). It has a very
large and wide spread impact on the East Siberian Arctic
Shelf Seas (ESAS), i.e. the Laptev and East Siberian Seas
(Semiletov et al., 2005), which constitute 40% of the total
Arctic shelf (Jakobsson et al., 2008). In recent studies, ter-
restrial organic matter transported to the ESAS has been
shown to be subject to significant degradation across the
shelf, as inferred from the levels of pCO, oversaturation
(Semiletov et al., 2007; Anderson et al., 2009), removal
fluxes of both terrestrial dissolved organic carbon (DOC,,,)
(Manizza et al., 2009; Alling et al., 2010; Letscher et al.,
2011), and particulate organic carbon (POC,,,) (Sanchez-
Garcia et al., 2011) and from the molecule-specific 5'*C—
A™C trends in POC across the shelf (van Dongen et al.,
2008; Vonk et al., 2010). This degradation of OC,,, results
in an excess of dissolved inorganic carbon (DIC) that might
be outgassed as CO,. However, some of the DIC may also
be used by primary producers, and instead be converted
back to organic carbon. Since there are several sources
and sinks for DIC, the extent to which each of these differ-
ent processes affects the DIC system cannot be inferred
from DIC concentrations alone.

The effects of degradation of OC,,, to DIC, assimilation
of DIC by primary production and outgassing of CO,
could be more easily distinguished from one another by
combining the DIC concentration measurements with
13C/12C isotope ratios, generally reported as 8'*Cp,c val-
ues. Isotopes also have the advantage of integrating infor-
mation regarding the extent of losses and additions that
have occurred and are not clearly seen in a synoptic survey
of the distribution of concentrations of dissolved and par-
ticulate constituents at one time. Losses of DIC generally
leave isotopically heavy C, although the extent of isotope
fractionation is different between losses by outgassing of
CO; and by primary production (Mook et al., 1974; Zeebe
and Wolf-Gladrow, 2001). Erlenkeuser et al. (2003) used
8'3Cp;c values to show the influence of primary production
on DIC concentrations in the Kara Sea. Addition of DIC
by degradation of OC,,, has the opposite effect by adding
isotopically light C. Therefore, the relative changes in
DIC concentrations and 8'*Cp;¢ leave unique fingerprints
in the water. The general behavior and isotopic composi-
tion systematics of DIC have been extensively discussed
in Zeebe and Wolf-Gladrow (2001).

There are few studies on primary production rates in the
Laptev Sea and none for the East Siberian Sea, although

models have suggested it is the same range for both areas
(Stein and Macdonald, 2004; Pabi et al., 2008). The DOC
and POC inventories investigated during the International
Siberian Shelf Study 2008 (ISSS-08; Semiletov and Gustafs-
son, 2009) have been recently described (Alling et al., 2010;
Sanchez-Garcia et al., 2011). The present study focuses on
the connection between the organic and inorganic carbon
cycles to better understand carbon cycling in the ESAS
water column and in particular the sources and sinks of
DIC. We have extended the approach of Erlenkeuser
et al. (2003) and applied it to the ESAS to show that the
8'3Cpsc values can also be used to identify the effects of
other processes affecting the carbon cycling in the low salin-
ity mixing zones on the shelf. This was done by collecting
samples for 8'3Cp;c from waters across the region, extend-
ing from the Lena River mouth to the outer shelf of the
East Siberian Sea and combining those values with the con-
centrations of DIC (Anderson et al., 2009). Comparison be-
tween the data and model calculations of the major
processes affecting DIC, reveal the relative impact of degra-
dation of OC,,,, CaCOj; dissolution, primary production
and outgassing of CO, on the carbon system. The overall
roles of the various regions within the ESAS as sinks or
sources for DIC, and so for atmospheric CO,, could there-
fore be identified.

2. METHODS
2.1. Study area

Sampling was conducted during the International Sibe-
rian Shelf Study 2008 (ISSS-08) cruise on the Russian RV
Yacob Smirinsky, along the East Siberian Arctic Shelf
(ESAS), which included the Lena River estuary in the Lap-
tev Sea, the eastward branch of the Lena River plume
extending into the East Siberian Sea, and the Pacific-influ-
enced waters of the eastern East Siberian Sea (see Fig. 1).
The Laptev Sea is situated between ~110°E (Severnaya
Zemlya) and 140°E (the New Siberian Islands). It covers al-
most 5 x 10° km? and has an average water depth of 50 m
(Jakobsson et al., 2004). The Laptev Sea receives freshwater
discharge (~ 745 km® year™") mainly from the Lena River
(566 km? year™!) (Cooper et al., 2008). The East Siberian
Sea, with an average water depth of 58 m, is the largest,
the most ice-bound, and the least explored of the Arctic
marginal seas (Stein and Macdonald, 2004). It covers an
area of 9.9 x 10°km? stretching from 140°E to 180°E.
There are two major rivers entering into the East Siberian
Sea, the Indigirka (152°E) and the Kolyma (162°E), with
annual discharges of 61 and 114 km?® year™!, respectively
(Cooper et al., 2008).

The circulation patterns of the ESAS, as well as freshwa-
ter residence times, are described in detail elsewhere (Steele
and Ermold, 2004; Semiletov et al., 2005; Alling et al.,
2010). The coastal currents along the Laptev and East Sibe-
rian Seas flow predominantly eastwards. The Lena River
discharges into the Laptev Sea resulting in a pronounced
plume extending northward. A major, but poorly quanti-
fied, proportion of the freshwater discharge from the Lena
River is transported by the coastal currents eastward
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Fig. 1. Sampling points and salinities of the surface waters in the Laptev and East Siberian Seas. Also shown is the division of the ESAS into
three regions: the eastern Laptev Sea with the Lena River plume, the East Siberian Sea W. of 160°E, and the East Siberian Sea E. of 160°E.

through the Dmitry Laptev Strait (Semiletov et al., 2005)
and into the East Siberian Sea. At ~160°E these waters flow
east along with waters from the Indigirka and Kolyma Riv-
ers to meet Pacific inflow waters entering the East Siberian
Sea (Anderson et al., 1998; Jakobsson et al., 2004; Semile-
tov et al., 2005). Throughout the shelf, there is a pro-
nounced halocline at depths of between 8 and 20 m.
Freshwater residence times range from less than 2 months
within the pronounced Lena River plume and sub-halocline
waters in the Laptev Sea (e.g. Alling et al., 2010) to several
years in the East Siberian Sea (e.g. Schlosser et al., 1994;
Karcher and Oberhuber, 2002; Alling et al., 2010). On the
basis of the above hydrographical features, the results are
separated here into three regions: The Laptev Sea, the East
Siberian Sea W. of 160°E, and the East Siberian Sea E. of
160°E (Fig. 1).

2.2. Measurements of 8'>Cp;c

For the determination of C isotope compositions in
water, we followed similar sampling and preservation tech-
niques to those described in Torres et al. (2005) to minimize
the possibility of contamination by CO, from air and from
biological processes in stored samples. Samples were col-
lected using Niskin bottles attached to a Seabird CTD,
and vacuum-filtered onboard with 25 mm diameter pre-
combusted filters (<0.7 mm GF/F filters; Whatman, Inc.)
within an all-glass filtration system. After filtration the sam-
ples were directly injected with a syringe into 12 ml septum-
seal glass vials (Labco Limited), which had been flushed
with argon gas (75 mL min~!) for 5 min. Duplicate aliquots
(1-4 mL) were taken from each sample. To each vial, 100 pl
of 85.5% H;3PO,4 was added to act as a preservative and to
transform all the HCO;~ and CO5%~ ions to COx(g). Trans-
fer by needle injection through the septa avoided both air
entering the vial and CO, leaving it. The samples were
stored under cold (+4 °C) and dark conditions until analy-
sis. This method had been tested prior to the sampling
cruise and shown to efficiently preserve the samples while
avoiding air contamination.

The particulate matter on the GF/F filters were used for
POC measurements (Sanchez-Garcia et al., 2011), and the

filtrate was also used for DOC measurements (Alling
et al., 2010).

The stable carbon isotopic compositions were deter-
mined using a Gasbench II extraction line coupled to a
Finnigan MAT 252 mass spectrometer. Results are given
as per mil deviations from the standard (PDB) and denoted
8'3C, where R is the ratio of ’3C/'2C:

613C(%0) = (Rsample/Rstandz\rd - 1)103 (1)

From repeated measurements of standards, the repro-
ducibility was calculated to be better than 0.1%, for §'C.
The sample duplicates showed an even lower variability;
sample variation between duplicates was <0.05%,, except
for 3 samples, which varied between 0.19%, and 0.05%,,.

For 8'*Cppc measurements, the reproducibility was
better than 40.29,.

2.3. DIC concentrations

The DIC concentrations are from Anderson et al.
(2009), with precisions, as determined by duplicate samples,
typically of +1 pmol kg~'. The DIC concentrations used
here are either from sample aliquots taken from the same
Niskin bottle as those taken for 8'>Cp;c measurements,
or from a nearby depth from the same cast within the same
mixing layer and with similar salinity, as well as with iden-
tical DOC concentrations, 8'°Cp;c values and temperature.
DIC concentration data are available for 70 samples, or
approximately 85% of those analyzed for 8'Cp;c. The
waters of the ESAS are annually impacted by formation,
melting, and export of sea ice. These processes in turn effect
the DIC concentrations, which could either be diluted by
melting of sea ice, or increased due to formation and export
of ice. The relative contributions by these processes can be
quantified from the measured 5'*0 values of each water
sample (Ostlund and Hut, 1984; Ekwurzel et al., 2001),
and the samples are all corrected for such processes. How-
ever, salinity variations in the samples of the present study
dominantly reflect mixing between river water and seawater
(P. Andersson Swedish museum of natural sciences, unpub-
lished data). The correction for this is only significant for
the samples from the Laptev Sea below the halocline. Most



146

samples show just minor influence (<<10%) of the forma-
tion and export of sea ice.

3. RESULTS
3.1. 8'3Cpyc values and DIC concentrations of ESAS waters

The 8'3Cp;c values from the Laptev and East Siberian
Sea are shown in Fig. 2A. Data for 83 samples varied be-
tween —7.29,, and 1.6%,, with the isotopically lightest val-
ues found close to the Lena River mouth and the heaviest
in the surface waters on the outer shelf (Fig. 2A). These
data are comparable to the 8'3Cp;c values previously found
in the Kara and Laptev Seas, which are in the range of
—8%, to 1.459, (Erlenkeuser et al., 2003; Bauch et al.,
2004). The 8'°Cp,c value of the Lena River was estimated
to be —8%, from the low-salinity samples (S <5) in this
dataset. The corresponding data for DIC concentrations
are shown in Fig. 2B.
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The data can be compared to conservative mixing be-
tween Lena River water and Arctic seawater. The DIC con-
centration in late summer Lena River waters (1997-2010)
was 810 £ 79 uM (mean + 95% confidence interval (CFI
95%), see Fig. 2B), estimated from the PARTNERS dataset
for pH, alkalinity and temperature (n = 5), which is some-
what higher than the Lena concentration (515 uM) esti-
mated for the late summer seasons (1989 and 1991) by
Cauwet and Sidorov (1996). The annual mean concentra-
tion of DIC in the Lena River appears to be very similar,
based on the flow-weighted annual mean DIC of
822 + 87 uM from PARTNERS dataset (n = 20) (Cooper
et al., 2008). Data from other rivers indicate that changes
in 83 Cp;c values in river waters are accompanied by
changes in DIC concentration (Quay et al., 1992; Dubois
et al., 2010). As the August and mean waters seems to have
very similar (within 2%) concentrations, the 8'3Cp;c values
could also be assumed to be very similar in the absence of
direct data for the Lena River.
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Fig. 2. (A) 8'3Cpyc values plotted against salinity, and (B) DIC concentrations plotted against salinity (data from Anderson et al., 2009).
Calculated two-component mixing lines are shown. The saline end-member is based upon the composition of waters in the Arctic interior

(Anderson et al., 1998; Gruber et al., 1999). The freshwater end-members
study, and concentrations from the PARTNERS dataset (alk, pH and

are the Lena River waters calculated with 513CD,( values from this
temp) (Cooper et al., 2008; McClelland et al., 2008). The arrows

indicate how degradation of OC,,, and carbon fixation during primary production affect the isotope values and concentrations. In (B) the

dashed lines represent a 95% confidence interval (CFI) based upon the u
River waters.
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As seen in Fig. 2, many of the samples have composi-
tions of 8'3Cp;c and DIC concentrations that do not fall
on the line of conservative mixing between Lena River
water and Arctic seawater (8'°Cp;c=1.45%, Gruber
et al., 1999; 2200 4+ 2% puM, Anderson et al., 1998). Fur-
thermore, the 8'°Cpc values of the samples show regional
variations, as well as strong differences between bottom
waters and surface waters. The most pronounced feature
in the 8'3Cp,c values is that the waters from below the hal-
ocline have lighter 3"3Cpc values compared to those ex-
pected from conservative mixing. In contrast, some
surface waters in the East Siberian Sea exhibit slightly hea-
vier values. The DIC concentrations are generally higher
than the conservative mixing line in the waters from below
the halocline, and lower in some surface waters from the
East Siberian Sea (Fig. 2B).

4. DISCUSSION
4.1. Processes affecting DIC concentrations and $'*C values

The DIC concentrations and 8'3Cp;c signatures vary in
the waters of the ESAS due to a number of processes. While
mixing between river water and seawater dominates the dis-
tribution of DIC concentrations and isotopic compositions,
a number of other processes are clearly important as well
and may explain deviations from conservative mixing; deg-
radation of OC,,,, outgassing of CO,, and primary produc-
tion. Approaches for modeling the effects of each of these
relevant processes are presented in the next sections, using
as a reference the DIC compositions expected from conser-
vative mixing. Both the equations and a graphical method
(Fig. 3) for identifying and quantifying the effects of these
processes on the DIC concentrations and isotopic composi-
tions are developed. The results will in turn be used to
determine to what extent each region is a source or a sink
of CO, to the atmosphere.

4.1.1. Conservative mixing of DIC concentrations and 8'>C
values

The dominant, and most obvious, control on the DIC in
the ESAS is the mixing of freshwater and seawater that is
evident from the range of salinities. The concentration of
DIC in estuarine waters resulting from mixing is

[DIC]xfz + [DICg, (1 = /&) = [DIC],,;, 2)
The isotopic composition of DIC resulting from mixing is

[DIC] ;6" Crfx + [DIC]g;, " Csp (1 — fz)
[DIC}RfR + [ch}sw(l _ﬁ?)

where [DIC] is the concentration of DIC, the subscript R
denotes river water (in this case Lena river water, which
dominates the freshwater budget both in the Laptev and
the East Siberian Seas), and SW is for sea water (here Arc-
tic Interior water). The subscript mix denotes the mixture of
water from conservative mixing of the two end-members.
The parameter fx is the fraction of river water in the mix-
ture and can be calculated from salinities.

In Eq. (3), 8'3C,,.;, is a function only of the salinity of the
mixture (represented by fz), and all the other parameters

613Cmix = (3)

are defined by the characteristics of the end-members. This
equation therefore defines the variations in isotopic compo-
sition across a mixing region where there are no other
sources or sinks of DIC. Note that 3'C,,,;, is not a linear
function of salinity (Eq. (3) and Fig. 2A).

As seen in the results (Fig. 2) the data cannot be ex-
plained only by conservative mixing. Each measured
813Cp;c value and DIC concentration can be compared to
those expected from conservative mixing (Egs. (2) and
(3)), and the deviations from mixing can be defined by the
equations (Erlenkeuser et al., 2003)

AS"Cpie = " Coympte — 6°Ciiy 4)

and

ApiC) — [Pk ~ [PIC),, -
[DIC]

mix

A3"3C p;¢ represents simply the difference in isotope compo-
sition from that expected from conservative mixing
(8"3C,yix), while A[DIC] expresses the deviation in DIC con-
centration relative to the calculated conservative mixing
concentration ([DIC],,;,). While there is no data of the var-
iation in the 8'>Cp;c endmember values, and it could be ar-
gued to be minimal (see Section 3.1), there is a natural
variance in [DIC]g, which has been estimated from the
PARTNERS dataset. This results in an uncertainty in
[DIC],.ix» and so a variance in A[DIC]. Mean variance in
the A[DIC] is = 0.02. All A[DIC] and A8'3Cp;c values are
in Table Al in the Appendix.

The sample values for A8'*Cp,c and A[DIC] are plotted
in Fig. 3, where the origin represents the values equal to
those calculated for conservative mixing of each sample.
The samples generally fall in the upper left quadrant of
the plot, where elevated 313Cpyc values (AS'3Cprc > 0) are
associated with decreased DIC concentrations (A[DIC] <
0), as well as in the lower right quadrant, where depleted
313Cprc values (A8'3Cpre < 0) are associated with increased
DIC concentrations (A[DIC]> 0). There are obvious pat-
terns for the surface waters in the three different areas de-
fined in 2.1 (Fig. 3A). Generally, data for the surface
waters of the Laptev and East Siberian Sea W. of 160°E
are distributed in the top left quadrant, along with data from
the Kara Sea (Erlenkeuser et al., 2003). The similarity be-
tween the data from the two areas suggests that the same
processes dominate DIC distributions in surface waters of
both seas. The surface samples from the East Siberian Sea
E. of 160° show no single pattern, but many samples also fall
in the upper left quadrant. Other samples have A§'*Cp,c < 0
and some even fall in the upper right quadrant. These are the
samples closest to the Kolyma River estuary (Table Al).
The waters below the halocline (Fig. 3B) generally fall in
the region of lower 8'*Cp;c values and higher DIC concen-
trations, even if some samples, especially from the East Sibe-
rian Sea W. of 160°E, falls in the upper left quadrant.

The data in Fig. 3 can be explained by the combined ef-
fects of four processes: addition of DIC from degradation
of OC,,, (vectors in the lower right quadrant) and from
weathering of CaCOs;, (vector in upper right quadrant),
and removal of DIC by outgassing of CO, (vectors in upper
and lower left quadrant) and by carbon fixation in primary
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Fig. 3. The changes in 8'3Cp;c (A8'*Cp;c) and DIC concentrations (A[DIC]) relative to those expected from conservative mixing. Also shown
are the calculated vectors for the effects of the most likely processes affecting DIC. Four vectors are show for the degradation of OC, as the
effect will depend upon the starting DIC composition in the water, and whether the OC is of terrestrial origin (3'*Coc = —28%,, line 1 and 3)
or marine (8'*Cpe = —21%,, line 2 and 4) and so those for the highest 8'*C,,,;, values (at high salinities; line 1 and 2) and lowest 8'*C,,,;, values
(at low salinities; line 3 and 4) are shown. (A) Surface waters. In the Laptev and the East Siberian Sea, most samples have lower [DIC] than
expected from conservative mixing, and so fall to the left of the origin. Loss of DIC by primary production alone cannot explain the data
except for a few samples in East Siberian Sea E of 160°E; additional loss of DIC with less isotopic fractionation by outgassing of CO, is
required. Each sample can be explained by a unique net result of addition of DIC from degradation and loss due to primary production, and
then loss by outgassing. For example, in the figure two outgassing vectors are shown that bound the area of the samples, starting from greatest
and smallest net addition of DIC. The samples require a maximum of 25% outgassing of CO; in the Laptev Sea (250 uM) and ~15%
(~200 pM) in the western part of East Siberian Sea (compared to A[DIC],,;,, vector I, concentrations from Table Al). Data for the Kara Sea
(Erlenkeuser et al., 2003) falls within the grey box shown. CaCO; dissolution seems to be important in a few samples from the Laptev Sea
close to the Lena River mouth and East Siberian Sea E. of 160°E close to the Kolyma River mouth. (B) Most samples from below the
halocline in all three regions fall along the calculated vectors for degradation of OC,,, (line 1) or to the left of it, which is consistent with
degradation and outgassing. The mean increase in [DIC] is 5%, equal to ~70 £ 20 uM DIC.

production (vector in upper left quadrant). The effects of
each process are described in the following sections.

4.1.2. Addition of DIC by degradation of organic carbon
Degradation of OC (both DOC and POC) normally pro-
duces DIC without any substantial isotopic fractionation

relative to the OC, as shown in experiments by Norrman
et al. (1995) and Hullar et al. (1996). Also in situ studies
of sinking and degradation of particles (Meyers, 1997)
found that the isotopic value of the organic carbon sub-
strate did not change even when up to 50% of the material
was degraded, and the microbial biomass reflected the iso-
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topic composition of the food. Though some studies have
shown small effects on the isotopic value of the substrate
during degradation (Waite et al., 2005), these effects are
small compared to the uncertainties in the value for the or-
ganic C degraded (see below). This process will therefore
add DIC to the system with a relatively constant 8'3Cp;c
value. The flow-weighted 8'*Cpoc value of the Lena River
is —27.0%, (Raymond et al., 2007). The flow-weighted
8'3Cpoc value of the Lena River is somewhat lower,
—28.4%,, and can periodically be even lower, while the
313Cpoc value seems to be more stable during the year
(PARTNERS dataset, Raymond et al., 2007). Eighty-five
percentage of the Lena River OC discharge is DOC, and
a large part of both POC and DOC have recently been
shown to be removed, possibly by degradation, over the
ESAS (Alling et al., 2010; Sanchez-Garcia et al., 2011).

When DIC from degradation of OC,,, is added to water
with an initial DIC concentration [DIC];, first established
by e.g. mixing between river water and seawater (Sec-
tion 4.1.1), the concentration is increased by [DIC]loc,
resulting in a final DIC concentration [DIC],,,. The frac-
tion of DIC from degraded OC,,, is defined as foc

_ [pIq,,, - [DIC],

foc B [DIC]_/ina/ (6)

The resulting isotopic composition of the DIC in the water
is

6°ClDICl,,,, = 6°CIDIC], +6"CocDIClpe (1)

fina
Combining with Eq. (6) yields
513Cﬂnal = foc(513C()C‘ - 513(:1) + 513(:1 (8)

This equation provides the isotopic composition for
DIC containing some fraction foc- of degraded OC,,.
Assuming that the initial composition is equal to that estab-
lished by conservative mixing before any CO, additions,
and when A[DIC] is considerably less than 1, as with the
ESAS samples, foc and A[DIC] are approximately the
same. The vectors for degradation of OC,,, in Fig. 3 are
then defined by

AS"C ~ A[DIC|(8"Coc — 6"°Cp) )

In this case, A[DIC] and A3'*Cp,c are linearly related,
and the slope of the relationship is negative. As shown in
Fig. 3, this can account for samples with relatively large
negative A3'*Cp;¢ values and small positive A[DIC] values.
For degradation of OC,,,, the slope of the line is determined
by 8*Cpc= —27%, (PARTNERS dataset and Raymond
et al., 2007) and the 8'3C value for conservative mixing
for each sample, is between 8'°C,; = —7%, and +1%,.
The slope therefore varies between —20 and —28, and those
vectors are equal to line 1 and 3 in Fig. 3. Where marine OC
is the source of OC, the 8'>Co¢ value is somewhat higher
(up to —219,); those vectors are equal to line 2 and 4 in
Fig. 3A.

Another pool of OC in the ESAS is methane (Shakhova
et al., 2010). Degradation of methane has also been consid-
ered as a source for DIC on the shelf. While methane is
oversaturated in these waters with respect to equilibrium

with the atmosphere, the absolute concentrations are still
very low- ~100 nM (Shakhova et al., 2010). The [DIC]
for the same waters average about 2000 pM, or 2 x 10*
times greater. The sampled shelf waters which have the low-
est 8'°C values have [DIC] that are ~5% higher than from
mixing, i.e. ~100 uM; this is 1 x 10* times greater than the
methane concentrations. Assuming that these methane con-
centrations are representative of the whole year, and that
the residence time of water on the shelf is on the order of
a year, methane would have to have a residence time of
1 x 1073 years (~8 h, or a degradation rate of 0.125h™")
to have produced enough DIC through degradation to be
responsible for the changes in the 8'°C values and [DIC].
Reported methane degradation rates are two orders of
magnitude slower than that, e.g. 3.8 x 107> h~! (Kitidis
et al., 2010). Since the methane may have a 5'3C value as
low as —409,, degrading methane at that rate would add
0.1% to [DIC] (A[DIC]=0.001), which would lower a
3'3Cp;c value from e.g. 0%, by only 0.04%, (Eq. (9)). Con-
sequently, based upon the current knowledge about meth-
ane concentrations and degradation rates, the addition of
DIC from methane is not considered further in this study.

4.1.3. Loss of DIC through outgassing of CO,

Degradation of OC,,, can lead to an oversaturation of
pCO, compared to the level for equilibration with the
atmosphere, which in turn leads to outgassing of CO, from
the water and so lowering the [DIC]. It has been shown that
surface waters of the Laptev and East Siberian Seas as far
as 160°E are oversaturated in pCO, (Semiletov et al.,
2007; Anderson et al., 2009). This oversaturation could be
degradation over the shelf, as well as within the catchment
of the river. Often rivers have oversaturated values of pCO,
(e.g. Humborg et al., 2010), but in the case of the Lena riv-
er, less than 10% of the DIC in the river is CO», and so the
oversaturation in the river is an insignificant addition to the
DIC on the shelf. In contrast, the pCO, levels in the surface
waters of the East Siberian Sea, E. of 160°E, are sometimes
undersaturated, which can lead to an uptake of CO, from
the atmosphere (Pipko et al., 2002; Semiletov et al., 2007;
Anderson et al., 2009).

Defining fco, as the fraction of DIC in the water remain-
ing after outgassing of CO, compared to the initial DIC
concentration [DIC]; before outgassing started, then

[ch]ﬁnal = .fcoz [DIC][ (10)

outgassing of CO, will fractionate the remaining DIC be-
cause there is isotopic fractionation between HCO; ™ ions
(>90% of total inorganic carbon species in the waters here)
and CO,[aq]. The fractionation factor o between HCO;~
and CO,[aq]is temperature dependent and can be estimated
using the equation (Rau et al., 1996; and based on Mook
et al., 1974)

0" Cco, = 6"Cpyc +23.644 — 9701.5/T (11)

where T is the temperature in Kelvin and 33Cprc is
approximately equal to that of HCO3™. The equilibrium
fractionation factor eco, is defined as

8(;()2 = 513CC02 — 613CD1C (12)
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The values for eco, for the samples of this study vary be-
tween —11.1%, and —11.99, due to temperature differences
(Eq. (12)). Using the approximation ¢~ 10°Ino~
10° (¢ — 1) (Emerson and Hedges, 2008), then aco, values
of 0.988-0.989 are obtained for the ESAS. The atmospheric
03Cco, value is —8%, (Gruber et al., 1999), and so
exchange of CO, between the waters of the ESAS and the
atmosphere will increase the 8'3Cpjc values until an equi-
librium value of about +3%, to +49, is reached (Eq.
(13)). However, this process is >10 times slower than the
equilibration of the DIC concentrations (Gruber
et al.,1999; Zhang et al., 1995; Lynch-Stieglitz et al.,
1995), which has not occurred in these waters (Pipko
et al., 2002; Semiletov et al., 2007; Anderson et al., 2009).

When outgassing occurs from oversaturated waters over
short time scales, CO, transfer can be considered uni-direc-
tional; the dominant flux of CO, is loss to the atmosphere,
and isotopic equilibration by dissolution of atmospheric
CO, is less significant. The 13C/12C ratio (Rfina) in the
remaining waters will be fractionated during progressive
outgassing by Rayleigh distillation, and will evolve accord-
ing to the equation

Rt = Ri(fo,) ™ (13)

where R; is the initial ratio before outgassing started. This
equation is equivalent to

B Chipar = 8Cy + 10% (2o, — 1) In(fco,) (14)

When only a small amount of DIC has been lost by out-
gassing, so that [DIC],,/[DIC],, is close to 1, Egs. 4, 5,
11, and 15 can be combined to obtain the equation that de-
fines the vector for outgassing in Fig. 3

ASBC =~ ADIC|(aco, — 1)10° (15)

In this case, since oco, ~0.989, there is an almost linear
relationship between A[DIC] and A8Cpyc with a slope of
approximately —11. As shown in Fig. 3, outgassing of CO,
therefore decreases A[DIC] and increases A8Cpje, and so
can at least partly explain the data in the upper left quad-
rant. In Fig. 3A two outgassing vectors are shown; vector
I starts after addition of DIC by degradation of organic
C, while vector II starts after net loss of DIC from primary
production (see Section 4.3.1).

The extent of CO, loss will be determined by a number
of factors controlling transfer of CO, to the air—water inter-
face, and will depend upon the residence time of water on
the shelf. Waters will deviate from this line as equilibrium
pCO, values are approached and re-equilibration with the
atmosphere occurs. This may not occur in the ESAS, where
residence times are short. However, exchange with the
atmosphere will drive the 8'3Cp;c values of oversaturated
surface waters in the Laptev and East Siberian Seas to-
wards higher 8'°Cp;c values and lower [DIC]. Note that
losses can occur from waters that have CO, levels above
saturation, which is determined by pH and temperature,
and which is not readily seen from a simple comparison
with the conservative mixing calculations. However, such
a comparison (Fig. 3) does identify when outgassing has in-
deed occurred.

4.1.4. Primary production

Another common process that affects DIC in shelf
waters is primary production, which removes carbon
through incorporation into organisms. This material then
joins the POC pool within the water column or is removed
by sedimentation. Primary production incorporates C that
is isotopically fractionated compared to DIC, and so pro-
gressively changes the DIC isotopic composition. The frac-
tionation factor epp is

Epp = 5 13 Cpraduct - 5 13 Cxubsrrate ( 1 6)

The pathway for carbon fixation in marine phytoplank-
ton is in general not well understood (Roberts et al., 2007
and references therein). Even though CO, has been re-
garded as the main C source for primary production in
marine plankton, there is also evidence that some species
of phytoplankton use HCO;™ as a carbon source (e.g. Tor-
tell et al., 1997; Popp et al., 1998), and so there may be a
mixture of fractionation mechanisms involved. However,
3'*Cpoc values of marine-produced POC are well docu-
mented and show values of between —19%, and —239%,
(e.g. Peterson and Fry, 1987). Assuming that marine phyto-
plankton preferentially use CO,[aq] as a carbon source with
an average 0'°Cco, value of —8%,, then to reach the
observed 8*Cpoc value of between —19%, and —23%, a
fractionation effect of —119, to —15%, is needed. A frac-
tionation close to these values has also been demonstrated
in laboratory experiments with marine phytoplankton of
7 different species, including diatoms and dinoflagellates
(Burkhardt et al., 1999). Therefore, a value for ¢pp of
—139%, between 6'°Cco, values and §'°Cpoc of primary
production has been used here.

As noted above, CO, is fractionated relative to HCO;™~
(and so DIC) by a fractionation factor that is temperature-
dependent (Eq. (12)) and varies between —11.1 and —11.9,
so that the combination of the two fractionating processes
gives a total fractionation between primary production
and DIC of —24 to —25. This assumes that equilibration be-
tween CO,[aq] and HCO;™ is always faster than losses of
CO,, by primary production, so that the total fractionation
of the CO, lost relative to DIC is constant for a given tem-
perature. Note that even if other fractionation mechanisms
are involved in generating the phytoplankton isotope val-
ues, similar values for ¢pp to those used for modeling pur-
poses here are still valid based upon direct measurements
of phytoplankton.

The final concentration of DIC is related to the initial
DIC concentration [DIC]; by the factor fpp

[DIC],,,,, = fer[DIC],; (17)

Since primary production will progressively change the
isotopic composition of the remaining DIC, primary pro-
duction therefore will change the 3'*Cp,¢ values by Ray-
leigh distillation (see Fig. 5), so that the resulting final
composition of DIC relative to the initial composition as
a function of the amount left after primary production

(frp) is
OB C s = 0 C +10° (0t — 1) In(fp) (18)



Table Al

Location, depths and chemical properties of all samples. Included are also the calculated values for conservative mixing between Lena River waters and Arctic Ocean waters, as well as the calculated deviations from
conservative mixing for each sample, used in Fig. 3.

Samples Calculated conservative Calculated difference from conservative
mixing mixing*
Area Sample no. Latitude Longitude Depth Salinity® Temp DOC® POC! §"Cpoc? 8"°Cpie [DICP §°Cpie [DIC] AS"Cpye A[DIC]
°N °E m °«CwM uM 9 oo uM o0 M o0
Laptev 4 75.9870 129.9842 4 13.3 5.8 320 7.6 -30.21 —-2.86 1260 -2.1 1338 + 54 —0.48 —0.06 + —0.06
11 73.0185 129.9892 3 2.23 11.1 435 532 -274 —-6.77 - —6.53 898 + 82 -0.17 -
11 73.0185 129.9892 4 3.54 10.6 444 57.6  —26.96 —6.58 1425 -5.79 951+ 79 —0.69 0.50 £0.12
11 73.0185 129.9892 7 17.14 —0.6 328 112 -2751 -2.04 1615 -1.17 1491 + 45 -1.13 0.08 +0.03
11 73.0185 129.9892 10 21.78 -0.3 240 286 2719 204 1771 —0.28 1675 + 33 -1.4 0.06 +0.02
10 73.184  129.9957 3 3.78 10 414 362 2724 —6.06 1041 —5.66 960 + 78 -0.29 0.08 +0.08
10 73.184  129.9957 4 5.37 9.6 398 338 —26.57 572 1041 —4.88 1023 + 74 —0.69 0.02 +0.07
10 73.184  129.9957 15 25.27 -09 147 264 -27.08 224 1972 0.28 1814 £ 24 -2.13 0.09 +0.01
10 73.184  129.9957 20 2542 —-0.9 138 22,7  -=27.69 —244 1979 0.3 1820 £24 —2.35 0.09 £0.01
9 73.3663 129.997 3 8.53 8.1 397 10.8  —30.33 -2.87 1019 -3.59 1149 + 66 0.92 —0.11£0.05
9 73.3663 129997 4 8.15 8.5 289 11.8  -2991 -2.89 1019 -3.73 1133 + 67 1.05 —0.10 £0.05
9 73.3663  129.997 15 25.01 —-12 262 1.7 —28.96 —1.26 1991 0.24 1803 + 25 -1.71 0.10 +0.02
9 73.3663 129.997 23 28.14 —-1.1 161 152 -27.13 -1.6 1996 0.67 1927 + 17 —1.86 0.04 +0.01
7 74132 1299997 2 6.32 6.9 432 114 -3135 —425 961 —4.46 1061 + 72 0.38 —0.09 £ 0.06
7 74132 129.9997 4 6.31 6.9 425 120 -31.04 -3.71 971 —4.47 1061 + 72 0.93 —0.08 +0.06
7 74.132 129.9997 16 24.11 -13 192 63 —28.09 —-1.86 1865 0.1 1767 + 27 —1.58 0.06 £ 0.02
8 73.5657 130.0078 2 5.28 9.5 391 151  -3124 391 836 —4.92 1020 + 75 1.16 —0.18 £0.06
8 73.5657 130.0078 4 5.29 9.5 451 13.8 314 -394 839 —4.92 1020 + 75 1.13 —0.18 £0.06
8 73.5657 130.0078 14 20.09 -08 276 72 —28.83 —1.59 1753 —0.58 1608 + 37 —0.66 0.09 +0.02
8 73.5657 130.0078 14 20.44 —0.8 255 63 —28.14 —1.61 1659 —0.51 1692 + 37 -0.75 0.02 +0.02
6 74724 130.0163 4 5.29 7.1 440 132 -31.75 —-436 957 —4.92 1020 + 75 0.71 —0.06 £ 0.06
6 74.724  130.0163 10 17.02 -1 320 7.2 —28.88 -2.71 1612 —-1.2 1486 + 45 —-1.39 0.09 £0.03
6 74724 130.0163 32 28.49 -1.6 82 6.7 -26.27 075 1951 0.72 1942 + 16 —1.05 0.01 +0.01
5 752658 130.0165 3 7.01 6.5 434 11.9  -3147 457 1134 —4.17 1088 + 70 —0.21 0.04 +0.06
5 75.2658 130.0165 30 31.99 -1.6 69 1.5 —28.53 015 2045 1.13 2080 + 80 —0.65 0.05 +0.00
14 71.6303 130.0495 2 0.98 11.1 442 888 -—27.13 72 -1.32 849 + 85 0.15
15 71.6282 130.0535 2 1.4 10.7 479 1433 -26.91 —-6.93 - —7.04 866 + 84 0.16 -
15 71.6282 130.0535 4 3.94 8.9 476 251 -28.74 —489 - —5.58 966 + 78 0.81 -
15 71.6282 130.0535 7 4.48 7.8 471 10.7  -30.19 —-4.67 - —5.31 988 = 77 0.76 -
15 71.6282  130.0535 10 22.74 2.8 298 1542 -2639 385 - —0.11 1713 + 31 —-3.36 -
16 71.627  130.3178 2 2.86 9.8 483 777 -27.58 582 - —6.16 923 + 81 0.43 -
16 71.627  130.3178 4 3.69 9 475 376 -28.02 —498 - —5.71 957+79 0.84 -
16 71.627 1303178 7 7.46 52 434 16.6 —29.19 399 - -3.99 1106 + 69 0.2 -
16 71.627 130.3178 11 20.07 0.3 254 101.1 —26.59 -299 - —0.58 1607 £ 37 —2.06 -
13 71968  131.7013 3 5.61 7.8 479 10.6  —-3129 439 - —4.77 1033 + 74 0.53 -
13 71968  131.7013 5 10.17 5.7 454 10.3  -31.07 -392 - —-3.02 1214 + 62 —0.66 -
13 71.968  131.7013 9 20 -1 150 2.8 —28.73 143 - —-0.59 1604 + 38 —0.48 -

(continued on next page)
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Table Al (continued)

sl

Samples Calculated conservative Calculated difference from conservative
mixing mixing®
Area Sample no. Latitude Longitude Depth Salinity® Temp DOC® POC! 5"Cpoc? 6"°Cpie [DICP® 8Cpie [DIC] AS"3Cpye A[DIC)
°N °E m °C pM M9 uM M

13 71.968 131.7013 18 24.49 -1 150 504 -26.04 —-1.64 -~ 0.16 1783 + 26 —1.41 -
12 719165 132.5757 3 24.99 -0.3 115 269 2785 -1.51 - 0.24 1802+ 25 —1.36 -
12 71.9165 132.5757 4 24.98 —-0.3 257 18.1  =27.51 -1.67 - 0.23 1802 + 25 —1.51 -
12 719165 132.5757 12 22.44 —-0.8 222 18.7 -27.53 208 - —0.16 1701 + 32 —1.54 -
19 73.0345 133.4562 27 27.58 —-1.5 112 6.6 -27.07 -1.38 - 0.6 1905 + 19 —1.57 -
20 73.3053  139.8927 2 11.86 6.4 317 143 2898 —-186 0 -2.5 1281 + 58 0.9
20 73.3053 139.8927 4 12.45 6.4 315 11.8  -29.22 —-1.87 1223 —2.33 1304 £ 57 0.73 —0.06 + 0.04
20 73.3053  139.8927 8 12.64 6 305 9 —-2946 183 - —2.28 1312 £ 56 0.72 -
20 73.3053  139.8927 8 13.43 6 141 9.3 —-2944 -1.81 1286 —2.06 1343 + 54 —0.46 0.05 £ 0.04

ESS west 21 73.0892 140.3482 2 11.29 6.6 329 8.9 —-29.99 —-1.88 1157 —2.67 1266 + 60 1.04 —0.08 +0.04
21 73.0892 140.3482 4 12.09 6.6 329 9.1 -30.04 197 1240 —243 1298 + 58 0.73 —0.04 +0.04
21 73.0892 140.3482 10 14.91 39 300 8.5 —28.34 —1.87 1315 —1.68 1409 + 50 0.12 —0.06 +0.03
21 73.0892 140.3482 15 23.82 —-04 164 128 -27.53 —1.74 1853 0.06 1760 + 28 —1.41 0.06 £+ 0.02
22 72.8753 140.6287 2 15.68 2.9 298 20.3 —28.43 —2.14 1325 -1.5 1440 + 49 —0.34 —0.08 £0.03
22 72.8753  140.6287 4 18.41 1.7 194 136 -2833 —1.72 1476 -0.9 1547 + 42 —0.48 —0.04 +0.03
22 72.8753 140.6287 16 22.59 0.3 175 162 -27.88 —1.61 1605 —0.14 1711 £ 31 —1.09 0.12 £0.02
22 72.8753 140.6287 20 23.14 0.2 174 204 -27.59 -18 1804 —0.05 1733 £30 —1.38 0.04 £0.02
24 73.0482 142.6665 2 10.7 6.3 331 19.5 —28.89 224 1064 —2.85 1243 + 61 0.86 —0.14 +0.04
24 73.0482 142.6665 4 9.04 6.3 334 169 -294 —2.18 898 —3.41 1178 £ 65 1.44 —0.23 £0.04
24 73.0482 142.6665 10 11.03 4.8 325 127 -284 -229 1112 —2.75 1256 + 60 0.71 —0.11£0.04
24 73.0482 142.6665 15 17.19 2 275 162 -27.54 -2.01 1444 —1.16 1499 + 45 —0.52 —0.03+0.03
25 73.1432  142.667 2 10.87 6.1 317 9.5 —-29.86 —1.97 1100 -2.8 1250 + 61 1.08 —0.11 + 0.04
25 73.1432  142.667 4 11.74 6.1 323 9.5 —-29.4 —1.94 1190 —2.54 1284 + 58 0.85 —0.07 £+ 0.04
25 73.1432  142.667 10 10.87 5.6 317 9.7 —29.4 —2.07 1091 —-2.8 1250 + 61 0.98 —0.12+0.04
23 72789  142.6697 2 10.54 6.7 325 146 —29.25 —-2.02 1060 -29 1237 £ 61 1.13 —0.14 £ 0.04
23 72.789  142.6697 4 11.96 6.6 318 144  -29.19 —2.52 1201 —2.47 1293 £ 58 0.22 —0.07 £0.04
23 72.789  142.6697 10 14.66 2.3 315 16.2  —28.04 —2.42 1337 —1.74 1399 + 51 —0.38 —0.04 £0.03
26 72.4598 150.5957 2 17.54 6.6 192 54 —30.06 —0.44 1342 —1.08 1513 + 44 0.97 —0.11+£0.03
26 72.4598 150.5957 4 18.28 6.6 185 4.8 —-29.69  —-0.53 1399 —0.93 1542 + 42 0.74 —0.09 +0.02
26 72.4598 150.5957 10 23.48 —-0.5 89 144 -29.08 —1.53 1691 0 1746 + 29 —1.16 —0.03 +£0.02
26 72.4598 150.5957 16 24.18 —-0.7 61 131 -2826 —1.46 1774 0.11 1774 +27 —1.19 0.00 £+ 0.02
30 71.3577 152.1527 2 16.9 5.7 347 151 -28.09 -0.73 1313 —-1.22 1487 + 45 0.82 —0.11£0.03
30 71.3577 152.1527 4 17.82 54 198 134 -283 —0.58 1369 —1.03 1524 +43 0.78 —0.10 £0.03
30 71.3577 152.1527 6 17.86 5.2 335 154 -27.59 —0.64 1549 —1.02 1525 +43 0.71 0.02 £0.03
30 71.3577 152.1527 9 20.17 1.2 164 202 -27.11 —-0.74 1511 —0.56 1616 + 37 0.18 —0.06 +0.02
27 72.567  152.3727 2 15.61 53 156 5 —-30.45 —-041 1236 —1.51 1437 + 49 1.41 —0.14 +£0.03
27 72.567  152.3727 4 15.75 53 169 4.8 —-30.35 —-0.41 1251 —1.48 1442 + 48 1.38 —0.13+0.03
27 72.567  152.3727 14 21.67 -0.8 77 4 —30.31 —-0.13 1574 -0.3 1675 £33 0.54 —0.06 +0.02
27 72.567  152.3727 18 23.62 —-0.8 91 52 —28.52 —-0.74 1741 0.03 1752 £29 —0.38 0.00 £ 0.02
29 72.1997 153.1657 2 16.63 5.1 151 57 —30.11 —0.43 1283 —1.28 1477 + 46 1.17 —0.13+0.03
29 72.1997 153.1657 4 17.28 5 91 6.4 -30.4 —-0.29 1323 —1.14 1502 + 44 1.18 -0.12+£0.03
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29 72.1997 153.1657 14 22.92 -09 129 4 —28.83 012 1655 —-0.09 1724 + 30 0.34 —0.04 £0.02
29 72.1997 153.1657 18 26.84 —0.9 58 7.4 —28.81 -1.3 1927 0.5 1879 + 20 —1.39 0.03 +£0.01
28 72.6508 154.1853 2 19.93 23 103 35 -30.25  -0.52 1479 —0.61 1607 + 38 0.44 —0.08 £0.02
28 72.6508 154.1853 4 19.71 23 94 4.1 —30.81  —0.21 1463 —0.65 1598 + 38 0.79 —0.08 £0.02
28 72.6508 154.1853 25 29.11 -09 42 5.7 -28.92 —1.14 2085 0.79 1968 & 15 —1.51 0.06 4 0.01
28 72.6508 154.1853 28 28.32 -0.9 47 49 -2786  —139 2018 0.7 1937+ 17 —1.67 0.04 4 0.01
ESS east 32 70.5665 161.217 3 21.46 43 112 16 —28.85 0.334 1582 -0.33 1667 + 34 1.03 —0.05 +0.02
32 70.5665 161.217 4 21.85 4.3 118 154 -2928 0.124 1612 —0.26 1682 + 33 0.76 —0.04 £0.02
32 70.5665 161.217 6 245 2.1 92 11,5 —2828  —0.683 1739 0.16 181126 —0.46 —0.02 £0.01
32 70.5665 161.217 8 25.12 2 86 16.8 —-27.1 —0.617 1776 0.25 1866 + 25 —0.48 —0.02 £0.01
33 70.1683 161.2173 3 26.52 1.4 121 104 —2829 —0.804 1867 0.46 1866 + 21 —0.86 0.00 +0.01
33 70.1683 161.2173 4 26.44 14 115 105  -28.42  —-0.915 1861 0.44 1863 + 21 —0.96 0.00 4 0.01
33 70.1683 161.2173 7 27.09 1 132 1.8 -2792 -092 1896 0.53 1889 + 20 —1.05 0.01 4 0.01
31 71.5915 161.6935 2 22.87 2.1 134 59 —28.63 0.3 1659 —-0.09 1723 + 30 0.77 —0.03 £0.02
31 71.5915 161.6935 4 22.64 2.1 134 39 -29 —0.1 1643 —0.13 1713 £ 31 0.41 —0.04 £0.02
31 71.5915 161.6935 16 24.46 0.7 123 10.8 —28.04 —0.13 1742 0.16 1785+ 26 0.11 —0.02 £0.01
34 69.7082 162.6887 2 19.44 35 88 155 -2828 —0.66 1704 -0.7 1588 + 39 0.39 0.08 +0.03
34 69.7082  162.6887 4 26.7 0.8 118 163 -2744  -0.65 1868 0.48 1873 £+ 21 -0.73 0.00 4 0.01
34 69.7082  162.6887 7 27.04 0.8 113 202 -27.03 —0.59 1890 0.53 1887 + 20 —0.71 0.00 4 0.01
35 69.817  164.0568 3 26.81 2.7 72 234 -27.12 017 1885 0.49 1877 + 21 0.08 0.01 +0.01
35 69.817  164.0568 4 2635 2.7 78 14 -27.13 0.2 1856 0.43 1859 + 22 0.18 0.00 +0.01
35 69.817  164.0568 15 28.13 —0.9 65 9.5 —2583 —-093 1951 0.67 1929 + 17 -1.19 0.01 +0.01
35 69.817  164.0568 30 279 -09 76 173 -2632 —0.86 1934 0.64 1920 + 18 —1.09 0.01 +0.01
36 69.8165 1659987 2 274 24 61 7.1 -26.31 081 1918 0.57 1901 + 19 0.65 0.01 4 0.01
36 69.8165 1659987 4 27.53 24 109 6.8 -2643  0.75 1927 0.59 1906 + 19 0.56 0.01 4 0.01
36 69.8165 1659987 20 28.16 -12 81 5.4 —24.23  -0.04 1960 0.67 1931+ 17 -0.3 0.02 +0.01
36 69.8165 1659987 32 27.88 —-14 91 259 2439 035 1933 0.64 1920 + 18 —0.57 0.01 +0.01
37 70.1348 168.0068 4 27.34 2 111 4.4 —26.65 0.34 1799 0.57 1898 + 19 0.18 —0.05£0.01
37 70.1348  168.0068 8 2691 2 102 5 —26.64 097 1782 0.51 1882 420 0.86 —0.05£0.01
37 70.1348  168.0068 31 28.69 -13 116 9.6 —2514 039 1974 0.74 1952 + 16 —0.72 0.01 +0.01
37 70.1348  168.0068 39 28.9 —-1.3 109 15 —2448 —0.5 1996 0.77 1960 + 15 —0.85 0.02 4 0.01
38 70.6983 169.1315 4 27.99 1.4 73 52 —2528 0.54 1831 0.65 1924 + 18 0.3 —0.05 £ 0.01
38 70.6983 169.1315 36 29.19 -15 102 7.1 —2395  -0.58 2013 0.8 1971 £ 15 —0.97 0.02 +0.01
39 712192 169.3728 4 28.1 —0.5 46 4.6 —23.49  1.34 1817 0.67 1928 + 17 1.08 —0.06 £0.01
39 712192 169.3728 7 28.1 —04 85 5 —2387 1.38 1813 0.67 1928 + 17 1.13 —0.06 £0.01
39 712192 169.3728 30 28.95 —-13 93 7.1 —28.43  0.56 1871 0.77 1962 + 15 0.2 —0.0+0.01
39 71.2192 169.3728 44 28.67 -1.6 87 125 -24.04 -1.01 1989 0.74 1951 + 16 —1.33 0.02 4 0.01
41 719682 171.7918 5 28.1 0 64 7.7 —25.61  0.96 1837 0.67 1929 + 17 0.7 —0.05 £ 0.01
41 71.9682 171.7918 10 29.01 0 68 7.1 —24.28 1.6 1837 0.78 1964 + 15 1.23 —0.06 £ 0.01
41 719682 171.7918 32 28.7 —-1.6 69 371 =21.75  0.01 1895 0.74 1951 + 16 —0.32 —0.03 £0.01
41 719682 171.7918 41 30.01 —1.7 65 20.1  -23.05 091 2089 0.9 2003 +13 —1.39 0.04 +0.01

6S1-€P1 (T10T) S6 BWY BOIUIYIOWISOD) 10 BOIWIYO0D) / T8 10 FUIIY “A

# Calculated according to Egs. (4) and (5), and used in Fig. 3.
® Corrected for ice effects, quantified from 5'%0 measurements.
¢ From Alling et al. (2010).

9 From Sanchez-Garcia et al. (201 1), stdev 3"3Cpoc + 0.15%,.

¢ From Anderson et al. (2009).
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where 8'C; is the initial 8'°Cp;c value in the waters, and
613Cﬁ,,a/ is the ratio in the remaining water after primary
production has reduced the original DIC concentration.

Unlike CO, outgassing, this process can continue to re-
move DIC, with a limit only imposed by biological produc-
tivity and not by any re-equilibration process.

The equations for removal of DIC by primary produc-
tion are analogous to those for removal by outgassing of
CO, (Eq. (16)). Since app = 0.975 for removal of CO, dur-
ing primary production, the slope is —25 for removal of
small fractions of CO,. As shown in Fig. 3, primary pro-
duction decreases A[DIC] and increases A83Cpyc, but has
a greater effect on the isotopic composition than CO, out-
gassing, for similar amounts of DIC removal. Note that
the line for degradation of OC,, (Eq. (9)) has a similar
slope (—20 to —29 depending on salinity), and so based
upon the distribution of data in Fig. 3 it is only possible
to identify the net effect of loss by primary production
and addition by degradation of OC,.,, and not to obtain
the absolute effect of each of these processes individually.

4.2. Comparison between 8"3Cpic and both §"3Cpoc values
and 8'3Cpoc values

Since C is transferred between DOC, POC and DIC by
photosynthesis and degradation, it is informative to contrast
the 8'Cpc data with the 8'*Cpoc values that are available
for the same ISSS-08 samples (Sanchez-Garcia et al., 2011),
and with 8'°Cpoc values measured in the Lena River and in
water leaving the Arctic Ocean (Opsahl et al., 1999; Ray-
mond et al., 2007). A graphical comparison of §*Cpoc
and 8'3Cp;c values (Fig. 4) suggests that there is no single
process that can explain the distribution of the data. For
comparison the flow-weighted annual mean §'°Cpoc value
of —28.29, for the Lena River is shown which is obtained
using the water discharge values from Cooper et al. (2008),
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and the 8'3Cppc data from the PARTNERS dataset (see
McClelland et al., 2008). Even though the Siberian Rivers
can show much lower 8*Cpoc values during autumn
(=299, to —36%,), most of the POC is transported during
the short spring flood (PARTNERS dataset). The flow-
weighted Lena River 8'3Cpoc value of —279%, is from Ray-
mond et al. (2007). The Kolyma River has §'*Cpoc values
(flow-weighted annual mean of ~—299, . PARTNERS data-
set) that are similar to, or slightly lower than, those of the
Lena River. Also, due to both higher water discharge and
concentrations, the Lena River annual POC and DOC dis-
charges are approximately 10-15 times bigger than those
of the Indigirka and Kolyma combined (Gordeev et al.,
1996; Cooper et al., 2008), and most of its discharge flows
into the East Siberian Sea (Semiletov et al., 2005). Therefore,
the Lena River can be used as the 8'°Cpoc and *Cpoc river
endmember for the East Siberian Sea.

Interestingly, the surface samples from the East Siberian
Sea west of 160°E that have been shown to have higher
313Cpyc values compared to those predicted by conserva-
tive mixing (Fig. 2), showed low 3'*C poc values of typically
—29%, to —32%,. Such depleted 8'*Cpoc are unlikely to re-
sult from mixing between POC from terrestrial (—28%,) and
marine (—219,) sources. Instead, they are probably caused
by primary production, as discussed in detail in Sec-
tion 4.3.1 (Egs. 20 and 21). The samples in the outer Lena
River plume in the Laptev Sea also had very low 8'*Cpoc
values, although those samples are geographically more re-
stricted and of low salinity waters, and may reflect the low
313Cpoc values of the autumn Lena River waters.

4.3. Surface waters
4.3.1. The Laptev and East Siberian Sea West of 160°E

Waters from this region generally have lower DIC con-
centrations and higher 8'Cp;¢ values compared to the val-

8 g g Arctic interior
O ® L |
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]
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Fig. 4. 8'3Cp;c vs 813Cpoc for samples from the ISSS-08 study. The marine (Arctic interior) values are represented by samples from the Fram
Strait (Gruber et al., 1999; Stein and Macdonald, 2004) and the riverine values by samples from the Lena River (from the PARTNERS
dataset, see McClelland et al., 2008) are shown. Also 8"3Cprc vs 8'3Cpoc (instead of 613Cpoc) for the endmembers are shown as comparison
(Opsahl et al., 1999; Raymond et al., 2007). The samples surrounded by the solid line are those from the East Siberian Sea that had lighter
8"3Cpoc values than the Lena River, possibly due to uptake of DIC originating from degraded OC,,,. The dashed line surrounds other
samples from low salinity waters that also had lighter 8'*Cpoc values than the Lena River, however, these values may be due to temporal

changes in the river component.
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ues expected from conservative mixing (Fig. 3). Loss of
DIC by primary production alone cannot explain the data.
Samples that fall to the left of the combined vector for pri-
mary production and degradation of OC,,, in Fig. 3 also re-
quire outgassing of CO, (Eq. (16)). The magnitude of the
outgassing, and net addition of DIC from degraded OC,,,
(fco, and foc), can then be estimated by considering two
separate steps: (i) net addition of DIC (the net effect of deg-
radation plus primary production) to produce an intermedi-
ate DIC concentration and 5'Cp,¢ value (see Eq. (8)), and
(ii) losses of DIC by Rayleigh distillation during outgassing
of CO, (see Eq. (15)). The magnitude of these processes can
be estimated graphically by using the vectors in Fig. 3. Note
that loss by primary production and addition by OC degra-
dation are in opposite directions, and so together define a
range on approximately a single vector of net loss or gain
of DIC by these two processes. The two outgassing vectors
shown enclose almost all of the data in the upper left quad-
rant, and so define the range of net loss or gain of C from
primary production plus OC degradation that is required to
explain the data. Note that the net addition of DIC from
degraded OC,,, is a minimum estimate of the total amount
of OC degradation, as there may have been greater addi-
tions that were offset by losses by primary production.
Where foc is negative, removal by primary production
was greater than addition by organic carbon degradation.
Fig. 3 demonstrates that each composition to the left of
the line for primary production and degradation of organic
carbon can be explained by a unique combination of net
DIC addition by degradation of OC,,, and losses of CO,.

There are a few exceptions from this pattern in the Lap-
tev Sea surface waters, where the samples show higher
[DIC] and lower 3'3Cp;c values that expected from conser-
vative mixing. Those values could be explained by a combi-
nation of additions from OC,,, and another source of C
with heavier 8'3C values. This source could be CaCOs, with
a 83 Ccycos value of 0%, which at these salinities would re-
sult in the vector for CaCOs; dissolution shown in Fig. 3
(derivation of this vector is equivalent to the derivation
for additions from OC,,, Eq. (9)).

These samples, unlike those from elsewhere (Laptev Sea
further out on the shelf and East Siberian Sea) have very
low salinities and so are most sensitive to the DIC concen-
tration of the river water (Fig. 2B). Note that the resulting
A[DIC] values of 0.04-0.5 correspond to additions of 46—
475 uM of DIC; the large relative shift in [DIC] correspond
to low absolute additions, because these low salinity sam-
ples have low [DIC]. Therefore, the magnitude of the con-
tribution from CaCOj5 is uncertain.

The pCO, levels in the Laptev and East Siberian Sea
west of 160°E were oversaturated compared to those for
equilibration with the atmosphere (Anderson et al., 2009)
and the samples from this area have DIC concentrations
as low as 23% lower than [DIC],,;,. Combining these con-
centrations with the 8'>Cp,c values (Fig. 3), it is clear that
the samples require net additions from degradation of OC-
er» €qual to 0-10 + 2% of [DIC],,;. (see also Table Al).
Therefore, total losses to the atmosphere of 0-15% of
[DIC],.;x, With a mean value of 8 4 2%, are required
(Fig. 3). Excluding the three samples with very high [DIC]

and possible additions from CaCO;, the mean calculated
loss of CO; is then equivalent to 80 4+ 60 uM in the Laptev
Sea and 140 + 50 in the East Siberian Sea W. of 160°E, and
so this area (120-160°E) is clearly a source of CO, to the
atmosphere during the ice-free season.

Some of the DIC added from degraded OC,., might
have been used by primary production and not outgassed
as CO,, and this can be seen in the 8'*Cpoc values from
the East Siberian Sea W. of 160°E (Fig. 4). While low
83 Cpoc values in the Arctic Ocean usually have simply
been equated with the composition of the terrestrial input
(Stein and MacDonald 2004), this is not consistent to the
3'3Cpoc values and 8'3Cpjc values here. The very light
8" Cpoc values could be caused by phytoplankton that
have used DIC that has 8'*Cp;c values found in this study,
and that partly originates from riverine DIC and degraded
0C,,,, rather than only reflect differences in the terrestrial
313Cpoc values. Unusually low 313Cpoc values in plankton
caused by isotopically light DIC are reported from limnic
waters (Peterson and Fry, 1987) and from temperate estuar-
ies (Coffin et al., 1994; Chanton and Lewis, 2002; Ahad
et al., 2008), but the low 33 Cpoc values often found in
samples from the Arctic Ocean have not been clearly con-
nected to the DIC system.

The integrated isotopic composition of the produced
plankton as the DIC composition evolves, i.e. the accumu-
lated 8'Cpocuce value, can be derived from

fPPfSBCﬁnal +(1 *fPP)fSI}CPOCacc =8¢, (19)

where fpp is the fraction of DIC remaining in the water, and
613Cﬁ,,a1 and 8'3C; are the final and initial 5'C values of
DIC, respectively.

The variable 813Cﬁ,,a, can be eliminated by combining
Egs. 1, 14, and 20, and solving for 3"3Crocace

(pP)™ 1
(frr) — 1

The changes due to Rayleigh distillation from removal
of C by primary production on the remaining DIC §'*C
values (Eq. (19)), the instantaneously produced 8'3Cpoc
values (Egs. (13) and (17)), and the accumulated POC pro-
duction values (8'*Cpocuce. Eq. (20)) are shown graphically
in Fig. 5. How 8'3Cpoc values of —21%, are generated in
full marine waters (S = 35) is shown in Fig. 5A. This is
compared with the situation in typical ESAS waters with
a salinity of 15, and with additions of DIC from degrada-
tion of OC,,,. The lighter DIC 313C,,.ix values and the added
DIC from OC,,, (foc) in the ESAS waters shift the fraction-
ation lines in the vertical direction, creating lighter 8'*Cpo.
cace than usually found in marine environments.

The calculated 8'3Cpocace values can then be compared
to the measured 8'°Cpoc values (Sanchez-Garcia et al.,
2011). If the initial 3'3Cpc value is due only to conserva-
tive mixing (—1.4%, in the East Siberian Sea W. of 160°E,
Table Al), then the mean initial value for 8'*Cppc (from
primary production) in this region is —26%, (Eq. (17),
conservative mixing values for DIC from Table Al), and
progressively increases as more of the DIC is used for pri-
mary production (Fig. 5). Winter NO; ™~ concentrations in
the region are on the order of 10 uM, and assuming a

513CPOCacc = ( )(5]3(:1 + 103) - 103 (20)
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Fig. 5. Fractionation of DIC and POC through Rayleigh distilla-
tion in waters that lose DIC through the process of C fixation in
marine phytoplankton (fpp = fraction DIC left in the waters). The
isotopic fractionation effect ¢ between HCO3 (~DIC) and CO, is
—119%, to —12%,, and —139, between the CO, in the water and the
C in the instantaneously produced POC is (8"*Cco, — 8"*Cpocins)-
Panel A shows this fractionation process for full marine surface
waters, generating the widely adopted 8'*Cpocuce value of —21%,.
Panel B shows the same process for ESAS surface waters, here with
a salinity of 15. The already low initial 8'3Cpcmix value of —29%, is
further lowered by 2.8-10% addition by degradation of OC. This
gives unusually low 8"3Cpocace values, here —29%,, which could
explain the very low 8'*Cpoc values found in bulk POC in the
surface waters of the ESAS (Sanchez-Garcia et al., 2011).

Redfield ratio of C/N =7, some 70 uM POC can be pro-
duced, which would lower the DIC concentration by less
than 5% (Anderson et al., 2009). If only 5% of the total
DIC was used (fpp = 0.95), then the calculated 3'°Cpocyce
values for the surface samples in the western East Siberian
Sea are close to —269%, (Fig. 5). However, the average
8'3Cpoc measured in those samples are substantially lower
(—309,, Sanchez-Garcia et al., 2011). This can be explained
if the 8'3Cp,c value is 4%, lower (i.e. —5.4%,), which can be
achieved by a ~12% addition of DIC from degradation of
OC,,, (Egs. (8) and (9), see also Fig. 5). However, the mea-
sured 8'*Cp,c values are higher than —5.4%,, as they reflect
not only the addition of DIC from degraded OC,,,, but also
losses of DIC by outgassing of CO, and primary produc-
tion as described above (illustrated by Fig. 3). The POC
therefore appears to have been produced prior to outgas-
sing. Alternatively, the POC seen here may have been pro-
duced in waters of lower salinity and therefore lower values
of 8"3Cp,c (see Figs. 2 and 4). Overall, although the POC
has a very low 8'*C value, it can be derived from marine
production.

The alternative explanation for the very low 8Cpoc
values is that the POC is composed primarily of terrestrial
OC. However, the flow-weighed Lena 8'>Cpoc value of
~—289%,, (PARTNERS dataset) is not sufficiently low. If
there is any such terrestrial C included in the POC, then
the marine component must be even lower than —309,, in
order to result in a bulk value of —30; this in turn would
require that the isotopic composition of the DIC from
which the marine component is derived is correspondingly
lower than —5.49, due to a greater proportion of degraded
OC,,-

Therefore, if primary production is assumed to use up
5% of the DIC (fpp = 0.05) the measured 8'°Cp,c values
in the East Siberian Sea W. of 160°E could be the result
of a combination of ~10% addition of degraded OC,,,
~5% removal of DIC from primary production (resulting
in a net DIC addition from OC,,, degradation of 5%) and
~10% DIC outgassed to the atmosphere (as inferred from
mean values, Table Al). This could be described in Fig. 3
by moving down on the vector for degradation of OC,,,
to A[DIC] = 0.1, moving up along the primary production
vector (which has approximately the same slope as the deg-
radation vector) to a A[DIC] value of 0.05, and then mov-
ing along the outgassing vector to the left, landing on a
A[DIC] value of —0.05. Therefore, the pattern seen in
Fig. 3 supports an addition of 10% of DIC from degrada-
tion of OC,,,, so that the very low 313Cpoc values seen in
this region reflect marine values that are produced as a con-
sequence of the processes affecting the DIC system seen in
this study. An important implication of this is that any mix-
ing models for identifying the proportion of terrestrial C in
POC in the Arctic Ocean must consider the possibility of
unusually low 8'3Cpoc in the marine fraction.

4.3.2. The East Siberian Sea East of 160°E

The pCO, values for samples collected in the summer
from the East Siberian Sea, east of 160 °E, have been re-
ported to be undersaturated with respect to equilibration
with the atmosphere (Pipko et al., 2002; Semiletov et al.,
2007; Anderson et al., 2009). However, the 8'*Cp,c values,
combined with the DIC concentrations (Fig. 3), showed
somewhat surprisingly that in about half of those samples,
outgassing of CO, also seemed to have occurred. Degrada-
tion of OC,,, occurs all year round and during the long win-
ter DIC concentrations increase under the ice (Striegl et al.,
2001; Algesten et al., 2006). When the ice cover disappears,
the excess DIC can outgas, and simultaneously phytoplank-
ton start to grow and decrease the DIC concentrations. At
the end of the ice-free season, when the sampling took place
and NO3z~ concentrations in the surface layer were de-
pleted, the primary production had used enough CO, to
drive the pCO, to undersaturated levels, but the 313Cprc
values still carry the memory of the outgassing event earlier
in the ice-free season. These waters were likely to have been
outgassed in this region rather than further west and then
transported here, as the boundary to eastwards flowing
coastal currents is at ~160°E (Semiletov et al., 2005). The
East Siberian Sea east of 160°E therefore seems to act as
a source of CO, to the atmosphere during parts of the year,
but as a sink during at least the end of the Siberian summer.
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Comparing the patterns in Figs. 3 and 4 for the surface
samples in this region, it is clear that primary production is
important for many of the samples, since the samples that
fall on the vector for primary production in Fig. 3 with high
(>0%,) 8"*Cpjc values (Fig. 4) also have high (>—27%,)
8'3Cpoc values. Measured 8'°Cpoc values of —249, for
the mid- to outer shelf, is consistent with primary produc-
tion generated from DIC that has resulted only from con-
servative mixing. The samples closer to land have POC
values between —259,, and —299%,, (Fig. 4) that might reflect
terrestrial POC originating from the Kolyma River, which
has a measured values of —29%, (PARTNERS dataset)
and coastal erosion (Vonk et al., 2010; Sanchez-Garcia
et al., 2011).

4.4. Bottom waters

Most samples from below the halocline in all three areas
fall along, or to the left of, the calculated vectors for degra-
dation of OC,,,, indicating that some [DIC] has been out-
gassed, either during times of turnover, or by bubbles
penetrating the halocline. The relative additions of DIC
originating from degraded OC,,, is highest in the Laptev
Sea, reaching as high as 20% of the concentrations expected
from conservative mixing, to 5% in the eastern East Sibe-
rian Sea.

The approximate mean foc in the bottom waters, as cal-
culated in Eq. (8) is 0.05, which corresponds to an addition
of 5% of the DIC originating from degraded OC,,, com-
pared to [DIC],;, which translates to roughly
70 + 20 uM addition in the waters below the halocline in
the ESAS (Eq. (6), [DIC],;, mean value of 1400 uM,
Table Al).

OC,,, degradation could involve both DOC,,, and POC-
er- While earlier studies had assumed that DOC,,, does not
degrade over the shelves in the Arctic (i.e. Kohler et al.,
2003; Amon, 2004), this has been challenged in more recent
studies (i.e. Cooper et al., 2005; Alling et al., 2010; Letscher
et al., 2011), and for the ESAS, DOC,,, removal in the bot-
tom waters has been estimated to be 90 uM (Alling et al.,
2010). The degradation of POC,,, has been estimated as
approximately half of that value (Sanchez-Garcia et al.,
2011). These numbers agree well with the 70+ 20 uM
found in this study, considering that all three estimates
are very approximate. This supports the conclusions that
DOC,,,, as well as POC,,,, degrades during transport over
the Arctic shelves, and that DOC,,, degradation is respon-
sible for a major part of the DIC increase and so the CO,
flux to the atmosphere, as suggested by a number of recent
studies (Cooper et al., 2005; van Dongen et al., 2008;
Anderson et al., 2009; Manizza et al., 2009; Alling et al.,
2010; Vonk et al., 2010; Letscher et al., 2011; Sanchez-Gar-
cia et al., 2011).

5. CONCLUSIONS

The results of this study demonstrate that the DIC sys-
tem in the ESAS is affected by at least four different pro-
cesses adding and removing DIC. These processes are
inferred from the deviations in 8'>Cp;c values and [DIC]

relative to the values predicted by conservative mixing of
Lena River waters and Arctic Ocean waters. Most impor-
tantly, the study shows that the DIC concentrations have
increased due to degradation of OC,, across the shelf.
The average addition of DIC is equal to 70 4+ 20 uM, which
is consistent with earlier estimates of both DOC,, and
POC,,, degradation.

In the surface waters of the Laptev and the East Siberian
Sea, west of 160°E, the 8'3Cp;¢ values and DIC concentra-
tions indicate that degradation of OC,,, has resulted in out-
gassing of CO, to the atmosphere, consistent with earlier
studies that have shown that pCO, is oversaturated relative
to equilibrium with the atmosphere (Anderson et al., 2009).
Bottom waters from the ESS w. of 160°E, but not from the
Laptev Sea also show significant losses due to outgassing.
Surprisingly, although the East Siberian Sea east of 160°E
has been shown to be a sink for CO, during sampling at
the end of the ice-free season (Pipko et al., 2002; Anderson
et al., 2009), the combined data for 8'3Cp;sc values and con-
centrations indicate that this region has actually acted as a
source at other times during the ice-free season. At a few
locations, additions of DIC from weathering of CaCO;
have also been identified.

A comparison between the results for the DIC system
and data for POC (Sanchez-Garcia et al., 2011) indicates
that the low 8'>Cpoc values seen in this region can be ex-
plained by the processes affecting the DIC system. An
important implication of this is that any mixing models
for describing the cycling of terrestrial POC in the Arctic
must consider the possibility of an unusually low 8'*Cppc
marine end-member.

Understanding the carbon system on the Arctic shelves
is essential for understanding global C fluxes and the cy-
cling between OC,,, and atmospheric CO,, and ultimately
for understanding the feedbacks in the global climate sys-
tem. This study shows that isotopic measurements of DIC
in shelf waters can provide valuable information for con-
straining these processes. The modeling approach presented
in this paper provides a tool for determining the magnitude
of each of these processes for any areas from just the mea-
surements of DIC concentrations and §'Cpyc.
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