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[11 We present an Arctic seasonal survey of carbon dioxide partial pressure (pCO,)

dynamics within sea ice brine and related air-ice CO, fluxes. The survey was carried out
from early spring to the beginning of summer in the Arctic coastal waters of the Amundsen
Gulf. High concentrations of pCO, (up to 1834 piatm) were observed in the sea ice in early

April as a consequence of concentration of solutes in brines, CaCO5 precipitation and
microbial respiration. CaCOj; precipitation was detected through anomalies in total
alkalinity (TA) and dissolved inorganic carbon (DIC). This precipitation seems to have
occurred in highly saline brine in the upper part of the ice cover and in bulk ice. As summer
draws near, the ice temperature increases and brine pCO, shifts from a large
supersaturation (1834 patm) to a marked undersaturation (down to almost 0 patm). This
decrease was ascribed to brine dilution by ice meltwater, dissolution of CaCO5 and
photosynthesis during the sympagic algal bloom. The magnitude of the CO, fluxes was
controlled by ice temperature (through its control on brine volume and brine channels
connectivity) and the concentration gradient between brine and the atmosphere. However,
the state of the ice-interface clearly affects air-ice CO, fluxes.
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1. Introduction

[2] For both hemisg)heres, sea ice cover ranges between 18
and 28 million km~ at its maximal extension [Comiso,
2003], and the sea ice zone is one of the largest biomes on
Earth [Intergovernmental Panel on Climate Change, 2007].
It has been shown that sea ice has a strong impact on the
global climate system through its control on albedo, air-sea
exchange of heat, moisture and momentum, production of
deep-water, stratification of surface waters during the spring
melt and the seeding of primary production into the marginal
ice zone [Dieckmann and Hellmer, 2010; Arrigo and
Thomas, 2004].

[3] Each year, 7 Pg of anthropogenic carbon (C) are
released to the atmosphere. Of this carbon release, 29% is
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taken up by the oceans through physical and biological
processes [Sabine et al., 2004]. According to the pCO, cli-
matology of Takahashi et al. [2009], high latitude areas act
as sinks for atmospheric CO,. It represents a direct pathway
for CO, exchanges between the atmosphere and the ocean
by mechanisms that are not yet fully understood [Rysgaard
et al., 2007; Takahashi et al., 2002]. The lack of data in
the polar areas, particularly with respect to sea-ice and gas
exchange is therefore an important issue in the context of the
oceanic uptake of atmospheric CO,. As pointed out by Tison
et al. [2002], it is often assumed that sea ice prevents the
atmosphere from exchanging CO, with the oceans. More-
over, in the pCO, climatology of Takahashi et al. [2009], the
fluxes over sea ice covered areas are approximated by using
pCO, data from underneath the ice. However, recent obser-
vations challenge this approach and suggest that sea ice
could actually be a permeable medium allowing CO,
exchanges with the atmosphere, during polar spring-summer
[Papakyriakou and Miller, 2011; Semiletov et al., 2007,
Delille, 2006; Zemmelink et al., 2006; Semiletov et al., 2004]
but also during the winter [Miller et al., 2011; Heinesch
et al., 2009]. Semiletov et al. [2004] suggested that melt
ponds and open brine channels within sea ice represent a
sink for atmospheric CO,, up to —39.3 mmol m2dl
during Arctic sea ice melt in June. Delille [2006] measured
CO, fluxes, ranging from an uptake of —4 mmol m *d ' to
an evasion of +2 mmol m 2 d ', on Antarctic pack ice using
chambers and linked these fluxes with the brine pCO,. This
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link was also identified by Nomura et al. [2010a], who
measured CO, fluxes ranging from —1 mmol m 2 d ™' to
+0.7 mmol m~2 d ™" in first year landfast sea ice in late May
2008 in Barrow, Alaska. During winter, brine pCO,
becomes supersaturated with respect to the atmosphere as
sea ice temperature decreases, and brine salinity increases
[Papadimitriou et al., 2004]. CO, can then be emitted from
brine channels to the underlying water and, if the ice is
permeable, to the overlying atmosphere [Loose et al., 2011;
Rysgaard et al., 2007; Nomura et al., 2006; Papadimitriou
et al., 2004].

[4] During sea ice growth, most of the impurities (solutes,
gases and particular matter) cannot be incorporated into the
ice matrix and are rejected at the advancing ice-water inter-
face. This brine rejection influences the release of dissolved
gases and solutes into the water column [Papadimitriou
et al., 2004]. However, some of the impurities are retained
in liquid inclusions or as gas bubbles within the solid ice
matrix. This has important consequences for the micro-
structure and properties of sea ice, both of which being
heavily influenced by the relative brine volume [Eicken,
2003]. Sub-ice pCO, has been shown to be greater than
atmospheric values in both the Arctic Ocean [Semiletov
et al., 2007, 2004] and the Southern Ocean [Delille, 2006;
Gibson and Trull, 1999]. High dissolved inorganic carbon
(DIC) concentrations have also been reported below Arctic
sea ice [Anderson et al., 2004]. Low total alkalinity (TA)
and DIC concentrations, relative to surface waters, have
been described in sea ice brine in the Antarctic during the
summer, while high TA and DIC concentrations have been
reported during the winter [Papadimitriou et al., 2007;
Delille, 2006; Gleitz et al., 1995].

[5] In addition, sea ice affects pCO, of the underlying
water column and then the budget of air-sea CO, fluxes of
Arctic Ocean open waters [Shadwick et al., 2011; Bates and
Mathis, 2009; Fransson et al., 2009]. Air-sea CO, fluxes are
likely to change in the context of global warming [Cai et al.,
2010], one of the main forcing being sea ice retreat. Col-
lectively these observations indicate that sea ice likely
effects the vertical transport of CO, in the polar marine
environments. It follows that in order to predict future
change of air-sea CO, fluxes in Arctic Ocean, the role of sea
ice in the overall budget of air-sea CO, must be understood.

[6] The chemical composition of sea ice is primarily a
function of salinity and temperature, but is further modified
by productivity of the internal microbial assemblages
recruited from the surface water during sea ice formation
[Dieckmann and Hellmer, 2010]. Because of the strong
influence of biological activity on the composition of natural
sea ice brine, little attention has been paid to the potential
contribution of abiotic processes, such as gas exchanges or
mineral formation [Papadimitriou et al., 2007]. The increase
of salinity at low temperature in the ice induces changes in
the mineral-liquid and gas-liquid thermodynamic equilib-
rium that could lead to a degassing and/or a mineral pre-
cipitation from the highly concentrated brine [Munro et al.,
2010; Papadimitriou et al., 2007, 2004; Marion, 2001;
Killawee et al., 1998]. Rysgaard et al. [2007] suggested that
precipitation of carbonate minerals within sea ice during
winter growth, and associated release of CO, to the under-
lying ocean with brine rejection, could drive a significant
CO, uptake from the atmosphere on sea ice warming in the
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spring. This precipitation was observed for the first time by
Dieckmann et al. [2008, 2010] in Antarctic and Arctic sea
ice, respectively. Calcium carbonate was found under the
form of the mineral ikaite (CaCO;. 6H,0). According to
both Papadimitriou et al. [2004] and Rysgaard et al. [2007],
precipitation of CaCOj; can occur during fall and winter
within growing sea ice.

[7] Precipitation of calcium carbonate in standard seawa-
ter conditions is described by:

Ca’" 4+ 2HCO; <> CaCO;3 + Hy0 + COyyg). (1)

[8] As the temperature of sea ice decreases, so does the
brine volumes in the ice. This leads to an increase in con-
centration of calcium (Ca”") and bicarbonate (HCO3) ions,
which may later combine to form CaCO;. This synthesis
results in a release COy,q) (equation (1)).

[v] DIC is defined by the equation:

DIC = [HCO5 | + [CO3™] + [COy). (2)

[10] Total alkalinity can be described by:

TA = [HCO;] +2[CO; | + [B(OH) |+ [OH ] —[H]. (3)

[11] The precipitation of one mole of CaCO; reduces DIC
by one mole and TA by two moles, and drives the system to
higher pCO, (Figure 1). Dissolution of CaCOj; in standard
seawater conditions corresponds to the reverse of equation
(1).

[12] According to Delille [2006] and coworkers, precipi-
tation of CaCOj; can occur at different depths in the ice.
Depending on the physical conditions at the location where
the precipitation takes place, the impact on the net budget of
CO, fluxes from the ice to the atmosphere will be very dif-
ferent, depending on the timing of this precipitation and sea
ice permeability. Hence, CaCOj; precipitation could promote
CO, uptake from the atmosphere [Rysgaard et al., 2009,
2007], but release of CO, can be possible in some case
[Delille, 2006].

[13] In this paper, we present results from the largest sur-
vey ever performed on the pCO, dynamics within sea ice,
from early spring to the beginning of the Arctic summer. Ice
cores and brine samples were analyzed for temperature,
salinity, TA, DIC, chlorophyll-a (Chl a) concentrations as
well as for dry-extraction measurements of pCO,. We
investigate CO, fluxes at the sea ice interface with the
atmosphere and correlate these with the pCO, dynamics
observed in the brine channels.

2. Study Site, Materials, and Methods

[14] Data presented in this paper were collected on board
the CCGS Amundsen during the International Polar Year —
Circumpolar Flaw Lead system study (IPY-CFL 2008). This
project was carried out in the Amundsen Gulf, Beaufort Sea,
Canada, located on 70° 30" N, 120° 30" W. Samples were
collected at individual stations between April and June 2008,
from the beginning of spring until the beginning of summer
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Figure 1. Theoretical effects of CaCOj; precipitation — dissolution and CO, release — uptake on DIC and
TA (dashed lines). Gray lines indicate levels of constant pCO, (in patm).

(Figure 2, Table 1). It is therefore important to note that the
results potentially integrate both spatial and temporal
variability.

[15] Sampling was achieved within an area of about 25 m*
in order to minimize bias from spatial heterogeneity. The
sample area was always located upwind of the ship to avoid
any contamination from activities on the research vessel.
The first part of a sampling day was dedicated to ice core
extraction after which the group collected brine from sack
holes and undertook in situ measurements. Seawater was
typically collected from the first ice core and was sampled at
the ice-water interface.

[16] A Teflon coated stainless steel corer with an internal
diameter of 7 cm was used to retrieve ice cores. Cores were
immediately wrapped in polyethylene (PE) bags and stored
on the sampling site in an insulated box filled with individ-
ual cooling bags, pre-cooled at —70°C. This precaution
served to minimize brine drainage from samples [7ison
et al., 2008].

[17] A dedicated ice core for bulk ice measurements of
TA and DIC was processed in the field. The top and bottom
15 cm, as well as the central part of the ice core, were cut off
and placed immediately in a gas-tight laminated NEN/PE
plastic bag fitted with a gas-tight Tygon tube and valve for
sampling. A solution of supersaturated HgCl, was added to
the plastic bag to halt biological activity. The bag was
immediately closed, and excess air was removed through a
tube using manual air pump. The ice was allowed to com-
pletely melt at +4°C in the dark, after which DIC and TA
analysis were immediately undertaken. The maximum
potential leakage has been estimated to less than 20 pmol

kg~' by Miller et al. [2011]. This error is consistent with our
own assessment at high pCO, in the conditions encountered
during the survey. Sackholes were drilled at different depths,
ranging from about 15 cm. Brines, from adjacent brine
channels and pockets, seeped into the sackholes for 10—
60 min before being collected using a peristaltic pump (Cole
Palmer, Masterflex - Environmental Sampler) [Gleitz et al.,
1995]. Each sackhole remained covered with a plastic lid
to minimize mixing with the free-atmosphere. Under ice
seawater was also collected using the same peristaltic pump
at the ice-water interface and at 1 m depth.

[18] Sea ice temperature was measured in situ directly
after extraction of the core using a calibrated probe (TESTO
720) inserted into pre-drilled holes (~3 cm depth) perpen-
dicular to core sides. The hole diameter matched that of the
temperature probe. Precision of the measurements was
40.1°C. Bulk ice salinity was determined on board from
melted ice sections at +4°C with a calibrated Thermo-Orion
portable salinometer WP-84TPS meter with a precision of
+0.1. Ice sections were cut from successive 5 cm thick slices
of a dedicated ice core. These sections were then melted in
the dark at +4°C to perform Chl a measurements that were
carried out using the extraction method described by
Parsons et al. [1984].

[19] DIC and TA were measured on melted bulk ice, brine
and seawater samples. Brine and seawater samples were
poisoned with a solution of supersaturated HgCl, and sam-
ples were stored in the dark, at +4°C until analysis. The
concentration of DIC and TA in melted bulk ice, brine and
seawater were all analyzed on board by coulometric and
potentiometric titration, respectively, using a VINDTA 3C
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Figure 2. Map of the CFL study area in the Amundsen Gulf (NT, Canada) indicating the locations of the

sampling stations where the CO, data was collected.

(Versatile Instrument for the Determination of Titration
Alkalinity, by Marianda). The description of this procedure
is detailed by Shadwick et al. [2011], according to Johnson
et al. [1993] and Dickson et al. [2007]. Routine analyses of
Certified Reference Materials (provided by A. G. Dickson,
Scripps Institution of Oceanography) ensured that the
uncertainty of the DIC and TA measurements were less than
2 pmol kg~ ' and 3 umol kg ', respectively.

[20] The pCO, of brine and seawater from underneath the
ice was measured in situ using a custom made equilibration

4 of

system [Delille et al., 2007]. The system consisted of a
membrane contractor equilibrator (Membrana, Liqui-cell)
that was connected to a non-dispersive infrared gas analyzer
(IRGA, Li-Cor 6262) via a closed air loop. Brine and airflow
rates through respectively the equilibrator and IRGA were
approximately 2 L min~! and 3 L min—!. Temperature was
simultaneously measured in situ and at the outlet of the
equilibrator using Li-Cor temperature sensors. Temperature
correction of pCO, was applied assuming that the relation of
Copin-Montégut [1988] is valid at low temperature and high
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Table 1. Dates of the Sampling Stations®

Station Date

D36 April 6
D37 April 11
D41 April 16
D43 April 26
D43-1 April 29
D43-2° May 2

F1 May 9

F2 May 13
F3 May 20
F4 May 24
F5 May 28
F6 June 2
Fo6-1 June 7
F6-2 June 9
F7 June 12
F7-1 June 18

“The “D” stations were sampled on drifting sea ice (pack ice) while the
“F” stations were sampled on landfast sea ice.

PStation D43—2 was sampled in May but as it was on same location as
station D43 and D43-1, we decided to regroup them in April.

salinity. The IRGA was calibrated soon after returning on
the ship while the analyzer was still cold. Data were stored
on a Li-Cor Li-1400 data logger. All the devices, except the
peristaltic pump, were enclosed in an insulated box that
contained a 12 V power source providing enough warming
to keep the inside temperature just above 0°C.

[21] The CO, fluxes at the upper sea ice surface were
measured using an accumulation (West system). The
chamber is a metal cylinder closed at the top, with an
internal diameter of 20 cm and an internal height of 9.7 cm.
A rubber seal surrounded by a serrated — edge steel ensures
an air — tight connection between the ice and the chamber of
accumulation. For measurement over snow, a steel tube was
mounted at the base of the chamber to enclose snow down to
the ice and prevent lateral infiltration of air through the
snow. The chamber was connected in a closed loop to the
IRGA with an air pump rate at 3 L min~'. The measurement
of pCO, in the chamber was recorded every 30 s for at least
5 min. The flux was computed from the slope of the linear
regression of pCO, against time (> > 0.99) according to
Frankignoulle [1988], taking into account the volume of ice
or snow enclosed within the chamber. The uncertainty of the
flux computation due to the standard error on the regression
slope was on average £3%.

3. Results

3.1.

[22] Dirift sea ice was sampled in April (stations D36 to
D43-2) while landfast sea ice was sampled from May to June
(stations F1 to F7-1) (Figure 3). Our reference to Figure 3 is
limited to the interpretation of the CO, data. A companion
paper (G. Carnat et al., Year-round survey of Arctic sea ice
physical properties during the CFL project, manuscript in
preparation, 2012) describes in detail the thermodynamic
evolution of the sea ice cover during the whole survey.
In April, bulk ice salinity profiles (Figure 3b) presented a
well-marked C-shape while the brine salinity exhibited a
strong vertical gradient, driven by the temperature profile
(Figure 3a). Apart from the warm bottom sea ice base, the ice

Background Measurements
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was mainly under the permeability threshold of 5% for
columnar ice (Figure 3c). These stations were typical of a late
winter situation. Bulk ice salinity at the surface decreased
with a minimal value observed at the end of the month. The
brine salinity decreased as well. The ice was beyond the
permeability threshold. These stations were typical of a
warming period. Finally, in June, the ice temperature profiles
became isothermal, around —1°C, with a maximal tempera-
ture observed at the top of the ice. Bulk ice as well as brine
salinity were marked by a minimum at the top. The ice was
highly permeable. These characteristics are typical of a
decaying sea ice cover.

[23] The sea ice concentration of Chl a ranged from below
0.01 ug L™ " up to 1330 pug L' (Figure 3d). From April to
May, Chl a concentration in bottom sea ice increased sig-
nificantly from 130 pg L™' to 1330 pug L™ then decreased
to 1 ug L™" in June. Our Chl a concentrations are consistent
with values reported by Mundy et al. [2011] and Song et al.
[2011] during this survey and by Riedel et al. [2008] in the
same area in 2004.

[24] Brine temperature for the sampling stations ranged
from —8.5°C in April to 0°C in June (Figure 4a). By mid-
May brine temperature approached that of the underlying
seawater, and then stabilized around 0°C thereafter. Brine
salinity decreased from 137.4 in April to 0 in June (Figure 4b)
in response to the seasonally rise in temperature. Brine
salinity actually dropped below seawater salinity in late May.
Seawater salinity at the ice-water interface remained fairly
constant (between 33.2 and 30.7) until late May and then
decreased slightly to 26.4, with very low values 0of 2.9 and 6.9
observed at F6—1 and F7, respectively.

3.2.

[25] In April, it was not possible to collect brine samples at
all depths due the small volume of brine available (Figure 3c).
Brine pCO, were supersaturated (relative to atmospheric
concentration) throughout the sea ice, ranging between
1839 utm to 465 patm (Figure 5). The maximum brine pCO,
was observed in the middle of the ice column. Variation in
pCO, with depth declined in May, with pCO, decreasing from
F1 to F4. The brine pCO, remained supersaturated (between
389 patm to 888 patm), except at the 2 bottom most brine
sampling depths, where a pCO, of 147 patm and 306 patm
was observed at F2 and F4 respectively. Brine pCO, declined
significantly by June, at which time it was highly undersatu-
rated with respect to the atmosphere, with values ranging from
188 patm to 0 patm. The pCO, in the melt ponds ranged
between 79 patm to 348 patm.

[26] The pCO, of the underlying water ranged from
528 patm to 5 patm (Figure 4¢) over the sampling period. In
April, seawater pCO, was relatively stable near to atmospheric
levels (396 patm). In early May, seawater pCO, increased,
reaching 528 patm, and then declined to a marked under-
saturation by June, with some measurements approaching
5 patm. The low summer seawater pCO, is associated with a
reduction in seawater salinity (Figure 4c). The pCO, of both
underlying water and brine passed below the threshold of
saturation at the same time. At some time, seasonal variation of
pCO, of the underlying water does not mimic seasonal pattern
presented by Shadwick et al. [2011]. However, the pCO,
values of Shadwick et al. [2011] are underway pCO, data
collected water at 3 m deep and averaged both spatially (over a

Inorganic Carbon
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Figure 3. Sea ice conditions for the CFL stations considered, including (a) temperature profile, T;,
(b) salinity profile, S;, (c) relative brine volume, V/V, and (d) Chl a concentration. NB: during June,
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Figure 4. Temporal evolution of brine and seawater (a) temperature, (b) salinity, and (c) pCO, for the

CFL stations considered.

larger region than that presented here) and temporally
(monthly), while the data presented here was discrete mea-
surement at the ice-water interface.

[27] TA and DIC in brine ranged from 173 pmol kg~' to
8191 pmol kg~' and from 165 pmol kg™ ' to 8254 pmol
kg ', respectively. TA and DIC in bulk sea ice ranged
from 69 umol kg—! to 635 umol kg~! and 177 umol kg~! to
613 pmol kg~ ', respectively (Figures 6a and 6b). In

seawater samples, TA and DIC ranged from 331 pmol kg™
to 2280 pmol kg~ ' and 301 pmol kg~ ' to 2210 pmol kg ',
respectively. Both TA and DIC for bulk sea ice and seawater
samples are of the same order of magnitude as those reported
by Miller et al. [2011] and Rysgaard et al. [2007], who both
presented TA and DIC measurement from landfast sea ice in
Franklin Bay, Canada.
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Figure 5. Profiles of direct in situ brine pCO, measurements for the three groups of stations considered.
The seawater pCO, (dotted line) is an average for the considered month.

3.3. CO; Fluxes

[28] CO, fluxes were measured over sea ice, on sea ice,
melt ponds, superimposed ice (Figure 7a) and on snow cover
(Figure 7b). The CO, fluxes at the sea ice interface ranged
from +0.84 mmol m~2 d ™' to —2.63 mmol m > d ™' (where
a positive value indicates a CO, released from the ice surface
to the atmosphere) while fluxes over snow cover ranged
between +2.1 mmol m 2 d ' and —1.49 mmol m > d~'. No
fluxes were detected on superimposed ice. Strong nega-
tive fluxes were measured over melt ponds, ranging from
—0.13 mmol m 2 d~' to —2.65 mmol m~* d™'. Observed
fluxes over the sea ice were similar to measurements reported
in Barrow (Alaska) or in the Hokkaido island (Japan) by
Nomura et al. [2010a, 2010b], respectively, and by Delille
[2006] and coworkers in Antarctica, using similar chamber
techniques. Note that fluxes were also not detected on
superimposed sea ice by Nomura et al. [2010b] and Delille
[2006] and coworkers.

[29] No fluxes were detected for ice surface temperature
below —10°C, with the exception of a small negative flux of
—0.23 mmol m % d~' to —0.6 mmol m > d~ ' at stations
D36 and D37, respectively. As the temperature of the ice
increased from —10°C to —6°C, a positive flux was
observed with a maximum value of +0.84 mmol m~2 d™".
Finally, from —6°C to 0°C, negative fluxes with a maximum
value of —2.6 mmol m~2 d~! were observed. On snow, flux
trends were much less clear with higher temporal variability.
Fluxes ranged from —1.49 mmol m 2 d~' to +2.1 mmol
m 2 d"". The overall pattern is similar to fluxes over the ice,

but with a large number of observations showing negligible
fluxes and a few outliers, with higher values than over the
ice, both positive and negative, with no relationship to the air
and ice temperature.

4. Discussion

[30] Inorganic carbon dynamics in the ocean is affected by
several processes, including temperature and salinity chan-
ges, precipitation or dissolution of CaCO; and biological
activity [Zeebe and Wolf-Gladrow, 2001]. This holds true
for sea ice, yet changes in temperature and salinity are
enhanced compared to the water column.

4.1.

[31] Evaluating primary production within sea ice, and the
related impact on brine pCO, has proven difficult [Delille
et al., 2007]. A common indicator of primary production is
the change in autotrophic biomass. A rough measure of algal
biomass is algal pigment concentration (Chl a). Chl a in sea
ice varies by geographic region, ice type and seasons [Arrigo
et al., 2010].

[32] In April and May, while Chl a concentration values
remained below 1.7 pg L™ " in brine, a large increase of Chl
a concentration up to 1330 pug L™ of bulk ice at the bottom
was observed. Such build-up of Chl a suggests sustained
primary production that potentially consumes CO,, i.e.,
reducing both sea ice DIC and brines pCO,. An enhanced
pCO, decrease was observed at the time of the sympagic
algal bloom in April and May and corresponded in time to a

Effects of Primary Production
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Figure 6. (a) TA and (b) DIC relationship with salinity of brine and seawater samples for all the CFL
stations considered. The dotted line represents expected values based on dilution effect during melting
while the dashed line represents the highly correlated relation between TA (or DIC) with salinity.
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9 of 15



C00G10 GEILFUS ET AL.: SEA ICE pCO, DYNAMICS AND CO, FLUXES C00G10
3 T I T I  } I T T T T T I T I T I
. |a | b |
i ®
B 2 1 r A -
a L 1 L i
g 11 1L il
i 1 v
g 0f@————— c&e—————A—lg—"—" K. WSS, [ S —— »————— ; .
N’
: | : i - o]
5t el .
= | o b - ® -
o
o a4 —
@) L =21 f y
3 . | . { s | s | . | s | . | | . | : |
-25 -20 -15 -10 -5 0 -25 -20 -15 -10 -5 0
o o
Ti ( (/) Tsnow ( C)
A D36 A F1 A Fo
® D37 O F2 O  F6-1 @  Other CFL stations
m D41 o F3 0O  F6-2 *  Superimposed ice
¢ D43 <& F4 & F7 %  Melt ponds
v D43-1 v FS v F71
+ D43-2
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rapid decrease of DIC at the bottom of the ice, as reported by
Shadwick et al. [2011]. This sympagic bloom led to a sharp
increase of net community production in the surface water
up to 1.1 mol C m * month™' [Shadwick et al., 2011].
However, in June, Chl a concentration decreased signifi-
cantly down to 1 ug L', likely due to brine flushing. This
range of Chl a concentration was also observed at the bottom
of the ice cover by Song et al. [2011] and Mundy et al.
[2011]. At that time brine pCO, continued to decrease,
suggesting that processes other than the production of sym-
pagic algae contributed to the pCO, decrease. Thereafter, the
impact of primary production on pCO, appears to last only a
few weeks during biomass build up prior to brine flushing.

4.2. Effects of CaCQO; Precipitation, Dissolution

[33] As suggested by Rysgaard et al. [2009, 2007] and
Delille [2006], other processes, such as CaCOj3 dissolution,
can potentially promote the decrease in brine pCOs,.
According to equations (1)—(3), CaCOj precipitation reduces
both DIC and TA in the brine. Rysgaard et al. [2007] sug-
gested that this precipitation within sea ice could drive sig-
nificant CO, uptake and that the TA: DIC ratio as high as
2 in melted bulk sea ice indicates that CaCOj precipitation
occurs. During our survey, brine samples with salinity
larger than 80 showed lower TA and DIC than expected
from salinity changes (Figures 6a and 6b). In addition,
plotting TAj3s as a function of DICs5 (TA and DIC values
being normalized to a salinity of 35 to discard concentra-
tion/dilution effects) indicates that these high salinity brine
samples (D36, D43—1, D43-2, F1, F3, and F4) are well

aligned (slope 0.89, R* > 0.999) on a trend between the
theoretical trend for calcium carbonate precipitation and the
one for CO, degassing (Figure 8). This could be expected if
both CaCOj; precipitations occurred in high salty brines and
CO, degassing occurred in the sea ice (Figure 8). This is
consistent with previous findings of Rysgaard et al. [2007].

[34] In order to compare with literature, we computed
none-normalized TA: DIC ratio in bulk ice that is about 0.96
(Figures 6¢ and 6d), i.e., very close to the value of under-
lying water (1.049) and the value of 1.01 reported by Miller
et al. [2011], but significantly lower than the average of
values reported by Rysgaard et al. [2007] in Franklin Bay
that is about 1.55. Miller et al. [2011] addressed discrepancies
between their study and observations of Rysgaard et al.
[2007] and proposed several explanations. Miller et al.
[2011] suggested that brines could be lost during the trans-
port to the ship, which could not be possible in this study as
the ice was vacuum-packed in the field, directly after the ice
sampling. It is also suggested that an incomplete CaCOj;
dissolution could have a significant impact as the spatial
variability.

[35] TAss and DICs5 of bulk ice are lower than TA35 and
DIC;5 from the underlying water as a result of CaCOj; pre-
cipitation and subsequent release of by-products of CaCO5
into the water column (Figure 8).

4.3. Effects of Temperature and Salinity

[36] As the ice temperature increases, ice crystals melt and
salinity decreases accordingly. We explored the relation-
ships among brine pCO,, temperature and salinity according
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to the following steps: (i) we calculated brine salinity at a
given temperature according to the relationship of Cox and
Weeks [1983]; (ii) we normalized mean TA and DIC to a
salinity of 35 (TA3s, and DICss, respectively) for all samples
with salinity <80 (see section 4.2 for the choice of this
threshold); (iii) we computed TA, and DIC, at a given tem-
perature, ¢ (and related salinity) assuming a conservative
behavior of TA and DIC; and (iv) computed the brine pCO,
for each temperature from TA, and DIC,, using CO2SYS
[Lewis and Wallace, 1998] with the CO, acidity constants of
Dickson and Millero [1987]. Here we assume that these
constants are valid for the range of temperatures and sali-
nities encountered within the sea ice [Delille et al., 2007,
Papadimitriou et al., 2004]. The resulting pCO, - temperature
relationship (denoted as CFL-dilution) is shown in Figure 9.
A test of root mean square deviation was carried out on the
dilution curve and showed a mean dispersion of 230 patm.
This dispersion decreased in June down to 52 patm. Scat-
tering is due to spatial heterogeneity, superimposition of
physical and biogeochemical processes that are not related
together, and thermal history of the ice, among other
explanations.

[37] The observed pCO, response to temperature, roughly
mimics the dilution curve, highlighting a major control of
melting on pCO, as observed in Antarctica by Delille [2006]
and coworkers. In June, brine drainage significantly reduced
bulk ice salinity, leading to a drastic decrease in pCO,, down

11

release or uptake of CO,(,) and impacts of biology.

to the almost zero as a result of the melting of low-CO, pure
ice matrix.

4.4. Under-Ice Melt Ponds

[38] Ice melting, brine flushing, and drainage of melt pond
lead to the formation of a stable fresh water layer at the ice-
ocean interface. These fresh water lenses, called under-ice
melt ponds by Hanson [1965], are usually trapped under
thinner ice areas or in depressions in the bottom of thicker
ice. Within this fresh water layer, we observed a marked
undersaturation down to 5 patm (Figure 4c). At that time,
despite the increase in light availability, algal biomass
remained low, probably as a consequence of nitrate + nitrite
limitation [Mundy et al., 2011]. Our results suggest that
phytoplanktonic growth can also be limited by CO, avail-
ability as already suggested by Wolf-Gladrow and Riebesell
[1997] and Riebesell et al. [1993]. Hence, phytoplanktonic
limited growth is likely to play a minor role on CO, under-
saturation. At that time pCO, of melt ponds at the top of the
ice was larger than pCO; of under-ice melt ponds, suggest-
ing that this low salinity-low pCO, water layer is originated
from melted sea ice, rather than surface melt ponds that
percolated through the ice.

4.5. Inter-Hemisphere Comparison

[39] In Antarctica, Delille [2006] and coworkers reported
values of brine pCO, ranging from 30 patm to 920 patm.
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The range of pCO, observed during the survey was signifi-
cantly larger than in Antarctica, with both higher and lower
end values (Figure 9). In cold sea ice in particular, we
observed significantly higher pCO, values in the Amundsen
Gulf than in the Antarctic for a given temperature. As dis-
cussed above, several processes can be responsible for the
pCO, dynamics within the sea ice brine: temperature and
salinity changes, calcium carbonate precipitation, and/or
primary production. The first is unlikely to explain our
Arctic-Antarctic discrepancies in cold sea ice. Also, at a
given temperature, the effect of brine concentration on pCO,
is expected to be similar in both hemispheres. The processes
driving CaCO; precipitation in the brine network are also
likely to be similarly controlled by temperature-driven brine
concentration in sea ice from both polar regions. The dis-
crepancy in pCO, between the polar regions may be related
to differences in the rate that organic carbon is oxidized
through ecosystem respiration.

[40] We compared organic matter (dissolved organic car-
bon, DOC, and particulate organic carbon, POC) abundance

in the Amundsen Gulf and Antarctic open water (Table 2).
Higher level of organic matter in the Amundsen Gulf, com-
pared to Antarctic open waters is likely due to large riverine
input. The Mackenzie River, the largest river in terms of POC
discharge in the Arctic, has the potential to cause strong
variations in POC export from shelf to basin, and discharge
directly in the Beaufort Sea [Lalande et al., 2009]. According
to Magen et al. [2010], the Mackenzie River mainly con-
tributes to the input of organic matter. Higher organic car-
bon concentration in the Amundsen Gulf compared to the
Antarctic could potentially support higher respiration and
related CO, production and can therefore possibly explain
the generally higher pCO, values. Taking into account that
the Arctic Ocean is a closed sea with a stronger continental
organic matter input compared to the Antarctic, elevated
pCO; in cold sea ice could be a general feature in the Arctic.
More pCO, surveys in the Arctic sea ice and reliable
assessment of winter respiration over the whole ice thickness
is however required to settle this question. We can note
that terrestrial DOC transport into the Arctic Ocean can
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Table 2. POC and DOC Concentration in Sea Ice®

POC DOC
Location (umol L™Y  (umol L™
Arctic
Riedel et al. [2008] Pre-bloom 53.53 60.22
Bloom 740.54 496.29
Post-bloom 2185.93 777.34
Song et al. [2011] 563 + 434
Antarctic
Dumont [2009] Bruxelles 35.34 55.2
Liége 26.6 342
Thomas et al. [2001] SE Weddell Sea 523
Bellingshausen Sea 109
Weddell Sea 207

“n Arctic, Riedel et al. [2008] measured POC and DOC concentration in
the bottom 4 cm of the ice from February 24 to June 20 in Franklin Bay, in
the Amundsen Gulf in the frame of the Canadian Arctic Shelf Exchanges
Study (CASES). Song et al. [2011] measured DOC concentration in the
bottom 10 cm of the ice between mid-March and early July 2008. Dumont
[2009] measured POC and DOC within sea ice in the Bellingshausen Sea,
Antarctica in September—October 2007. Thomas et al. [2001] presented
data from the southeastern Weddell Sea in April-May 1992, Bellingshausen
Sea in January—February 1994 and Weddell Sea in January—March 1997.
Data from Dumont [2009] are an average on the bottom 10 cm of the ice,
while Thomas et al. [2001] only shows mean values.

potentially change as a consequence of global change
[Alling et al., 2010]. This can affect sea ice pCO, inter-
hemispheric differences due to organic matter respiration.

4.6. Air-Ice CO, Fluxes

[41] In cold sea ice (below —11°C) we did not detect
significant air-ice CO, fluxes. As temperature increased, ice
became permeable to gases, and air-CO, fluxes were
observed for temperature above —11°C. Effluxes of CO,
from the ice to the atmosphere were then observed in April
(Figure 7) while brine pCO, was supersaturated with respect
to the atmosphere, which explains the decrease of the brine
pCO, observed in the top layers in the vertical profiles of
Figure 5. In some cases we observed CO, effluxes while
brine volume was under the permeability threshold of 5%
[Golden et al., 2007]. According to Loose et al. [2011] and
Gosink et al. [1976], the porosity threshold for gas transport
may be lower than for fluid transport [Golden et al., 2007]. If
the gas transport threshold is lower than the threshold of
permeability for liquid, then diffusive transport could allow
gas exchanges earlier in the spring and later in the fall or
even during winter. However, further experiments are needed
to better explain and constrain gas fluxes below the perme-
ability threshold for liquids.

[42] In addition, the internal precipitation of calcium car-
bonate at that time or earlier could promote the release of CO,
to the atmosphere. This is consistent with the observed trend
of the DIC;5: TAj3s relationship in the high salinity brine
sample that suggests a release of CO, associated with the
precipitation of CaCOj; (Figure 8). From May, the brine pCO,
were initially supersaturated but decreased with rising ice
temperature and passed below the threshold of the atmospheric
concentration. Accordingly, negative fluxes were measured
from station F6 onwards down to —2.6 mmol m > d .

[43] This is in agreement with previous works of Nomura
et al. [2010a, 2006] and Delille [2006], who suggested that
brine pCO, is an important factor controlling the air-ice CO,
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flux. The magnitude of CO, fluxes also depends on sea ice
permeability. Since ice temperature controls both pCO, and
permeability through brine volume [Golden et al., 2007], ice
temperature therefore appears to be one of the main control
of air-ice CO, fluxes.

[44] Air-ice CO, fluxes are also affected by the state of
the air-ice interface. A particular importance is the occur-
rence of superimposed ice that clearly impedes air-ice gas
transfer (Figure 7a). Nomura et al. [2010a] suggested that
snow cover was an impermeable medium, blocking CO,
diffusion and exchange to the atmosphere. Nevertheless, this
observation was made during superimposed ice formation
[Nomura et al., 2010b]. Our observations agree with the
work of Nomura et al. [2010b] and Delille [2006], suggesting
that superimposed ice hamper air-ice CO, fluxes. However,
in none-superimposed ice conditions, we observed CO, fluxes
as previously reported over snow covered terrestrial ecosys-
tem. In our study, air-ice CO, fluxes appear to be driven by
air-ice pCO, gradient and controlled by sea ice permeability.
Air-ice fluxes appear to be moderated by the snow, but the
CO, fluxes measured in absence of snow do not translate
readily into snow-air CO, fluxes. Snow physical and chem-
ical properties, e.g., porosity, texture, salinity, total alkalinity,
among other parameters like snow thickness, are likely to
affect the magnitude of the fluxes. The impact of the snow
cover on gas exchanges is still unknown. Albert et al. [2002]
suggested that the high permeability of the snowpack allow
rapid gases exchanges with the atmosphere, even with mod-
erate winds. On the other hand, Takagi et al. [2005] found
that CO, concentrations in the snowpack fluctuated signif-
icantly as wind speed varied suggesting a strong wind-
pumping effect on CO, movement in the snowpack. Using
eddy covariance, Papakyriakou and Miller [2011] generally
found fluxes to increase with increasing wind speed over
seasonal sea ice, with the largest fluxes occurring during
periods of blowing snow.

[45] By contrast, melt ponds development appears to
promote the uptake of CO, by the ice with observed air-ice
CO, fluxes as low as —2.7 mmol m~2 d~'. This magnitude
is lower than what was reported by Nomura et al. [2010a]
with values ranging from —38.6 mmol m 2 d~' to —19.5
mmol m > d™' over melt ponds in landfast ice near Barrow,
Alaska. These fluxes are in the same order of magnitude as
fluxes measured by Semiletov et al. [2004] using the chamber
and eddy correlation techniques. Semiletov et al. [2004]
suggested a significant role of photosynthesis activity to the
fluxes. However, Chl a was measured on melt ponds and
exhibited low concentration (~2 g L") as also measured
by Mundy et al. [2011]. On the other hand, melting of low-
CO, pure ice matrix acts to decrease pCO,.

[46] We attempted to assess the potential uptake of atmo-
spheric CO, by melting sea ice that equilibrates with the
atmosphere. In the station F6-2, we observed air-ice CO,
fluxes around —2.6 mmol m > d~'. Taking into account the
brine conditions (TA =451 pmol kgfl, DIC =398 umolkg ',
S =4.4and T = —0.8°C), the equilibrium of such brines with
the atmosphere (pCO, = 390 patm) would correspond to an
uptake of CO, of 80 zmol kg~ ' of brines. In the same way,
the equilibration of ice samples of station F6-2, or pure
freshwater ice would corresponds to an uptake of 40 and
32 pumol kg~' of ice respectively. If we assume a complete
melting and subsequent equilibrium with the atmosphere of
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a 1.3 m thick ice cover within one month, this would lead
to average CO, fluxes ranging from —1.2 to —3.1 mmol
m~2 d~! that are rather consistent with the air-ice CO,
fluxes measured over melt ponds and decaying sea ice
(—0.02 mmol m™2 d™' to —2.65 mmol m 2 d~'). This
computation provides a potential CO, uptake, assuming an
ideal case of complete melting without interactions with the
underlying seawater.

5. Conclusions

[47] This study gives an overview of the evolution of
pCO, dynamics within sea ice from late spring to summer in
the Arctic coastal waters of the Amundsen Gulf. We present
the first vertical profiles of pCO, in sea ice brine to dem-
onstrate the evolution with the physical and biogeochemical
parameters in the ice and their relationship to the CO, fluxes
at the ice-atmosphere interface.

[48] As sea ice forms and grows, and ice temperature
decreases, all the impurities (including salts, organic matter
and gases) are concentrated in brine leading to a significant
increase of brine salinity and brine pCO, (up to 1839 patm
in April). As salinity increases, significant changes with
respect to mineral-liquid thermodynamic equilibrium can
occur and calcium carbonate can precipitate [Dieckmann
et al., 2008]. Indirect evidence of such precipitation was
observed within highly saline brine, in the upper part of the
sea ice cover and in bulk sea ice. This is in agreement with
the work of Dieckmann et al. [2008] and Rysgaard et al.
[2009, 2007].

[49] As summer draws near, the ice temperature increases
and, according to Delille et al. [2007], Delille [2006],
Nomura et al. [2006], and Papadimitriou et al. [2004], the
brine pCO, decreases. We measured a shift from 1834 patm
in April to almost 0 patm in June. This decrease was mainly
due to the brine dilution by fresh water coming from internal
and surface melting of sea ice. Dissolution of calcium car-
bonate and primary production enhance this spring/summer
pCO, decrease. As sea ice became more permeable to gas
exchange and brine became undersaturated, strong negative
CO, fluxes were observed (down to —2.6 mmol m—2 d~!
above sea ice and —2.7 mmol m 2 d~! above melt ponds).

[s0] While primary production at the bottom of the ice
reduces the brine pCO, during spring bloom, organic matter
degradation by microbial communities could explain the
higher pCO, level in the Amundsen Gulf compared to
Antarctic open waters in winter.
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