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(a) Location of the ISPOL drift in the western Weddell Sea shown by the square, and

(b) the drift track annotated with the sackhole sampling dates.

dissolved oxygen (O,), the pH rise from 8 to 10, and the
drawdown of the major dissolved inorganic nutrients
(Gleitz and Thomas 1993; Gleitz et al. 1995). Further
compositional changes commensurate with biological
activity have been derived from ice-water interfacial
habitats (i.e., gap waters and bottom sea ice communities)
in austral spring (Arrigo et al. 1995), summer (Kennedy et
al. 2002; Kattner et al. 2004), and mid-autumn (Gleitz and
Thomas 1993).

Because of the strong compositional modification of
natural sea ice brines by biological activity, little attention
has been paid to any potential contribution by abiotic
processes, such as gas exchange and mineral formation.
The freezing of seawater results in the expulsion of the
dissolved salts from the ice crystal matrix, leading to
increased ionic strength of the residual liquid (brine)
trapped within sea ice (Eicken 2003). The rise in salinity
in combination with the subzero temperatures in the ice
sheet induce changes in the mineral-liquid and gas-liquid
thermodynamic equilibria within sea ice, leading to
degassing and mineral precipitation from the highly
concentrated brine (Killawee et al. 1998; Marion 2001;
Papadimitriou et al. 2004). In the most thermodynamically
consistent sequence of minerals precipitating from brines at
sub-zero temperatures and 1 atm, carbonate mineral
(CaCOs3) formation is predicted to occur first at 2.2uC,
followed by a suite of mineral phases (sodium and calcium
sulfate, as well as sodium, potassium, and magnesium
chloride) at progressively lower temperatures (Marion and
Farren 1999; Tison et al. 2002; Eicken 2003). The
precipitation of CaCO3 from brine represents an additional
potential carbon sink within sea ice along with internal
primary production, the dynamics of which are largely
unknown in natural settings.

Sea ice is a field of investigation with limited accessibility
and considerable spatial and temporal heterogeneity in

both the horizontal and vertical extent of its physical-
chemical characteristics. The existing evidence regarding
controls on the biogeochemical composition of sea ice is
still sparse in space and time by comparison with other
major biomes on earth. This study describes the composi-
tion of natural sea ice with respect to biologically important
solutes (nutrients) and dissolved gases (O, and carbon
dioxide [CO»(aq)]) in early austral summer. The aim was to
characterize extensively the environment experienced by the
internal microbial assemblages of sea ice in the transition
from spring to summer with the minimal sample manipu-
lation achieved by in situ brine collection as opposed to
melted or centrifuged bulk ice. The study was conducted on
a single ice floe, which offered greater constraint on
horizontal spatial variability than previously achieved with
a similar sampling protocol in Gleitz et al. (1995). The
current results include the first direct measurements of the
dissolved inorganic carbon pool and its stable isotopic
composition in natural sea ice brines.

Study site and sampling

The sampling took place on a 10 km 3 10 km (initial
dimensions) ice floe in the western Weddell Sea during the
field experiment Ice Station Polarstern (ISPOL; www.ispol.
de) onboard the German research icebreaker Polarstern in
December 2004 at approximately 67-68uS and 55u W
(Fig. 1). At the end of the field experiment (02 January
2005), the floe was approximately 120 nautical miles
(222 km) from the marginal ice zone (ice edge). Satellite
radar imagery indicated that the ISPOL floe was located at
the boundary between a region with predominantly second-
year ice from the central Weddell Sea in the east and
a region of first-year ice in the west (Hellmer et al. 2006).
The latter originated from a recurring polynya off the
Filchner-Ronne Ice Shelf approximately 1,000 km south of









1814 Papadimitriou et al.
Table 2. Measured range and mean 61¢ of salinity-normalized solute concentrations ([ ]s), both in umol kg 1, in brines from first-

(days 336-52) and second-year sea ice (day 358).

Day of

theyear 7 NO, [NO,]ls NH, [NH,]s DIP [DIP]s Si [Sils DOC [DOC]s DON [DON]s
336 10 0.4-1.0 0.460.1 0.8-2.4 0.6660.24 1.31-2.05 0.9360.12 66-80 4063 211-343 160620 14-19 9.161.0
337 7 05-1.0 0460.1 04-1.2 0.4060.15 0.82-2.03 0.7860.24 53-66 3462 202-342 163625 11-17 8.161.3
340 6 0.3-2.1 0.460.4 0.1-0.6 0.1860.10 0.47-0.64 0.3460.04 38-58 3165 134-180 95610 8-9 5.0604
343 3 15-31 14605 0.4-0.5 0.3060.07 0.49-0.65 0.3760.05 40-50 2963  165{ 111{ 12-13 8.360.1
349 4 0.1-0.3 0.160.1 0.3-0.4 0.3060.04 0.36-0.49 0.3160.05 44-47 3561 112-182 104624 16-26 14.363.5
352 3 0.2-04 0.360.1 0.6-0.8 0.6060.07 0.36-0.43 0.3460.04 4-13 864 214-242 183624 16-19 14.861.1
358 2 0.6-1.0 0560.1 0.8-1.0 0.5560.11 0.35-0.41 0.2360.02 38-39 28 216-231 13466 9-10 5.660.3

* Number of samples from discrete sackholes.

{n 1

dividing by the degree of salt enrichment of the brines (see
below), and are presented and discussed thus hereafter. The
pHsws and the concentration of dissolved gases, O, and
CO,(aq), are more complex functions of salinity and
temperature because of their direct dependence on the
thermodynamic equilibria of gas exchange and acid—base
reactions in the medium. As a result, these parameters
cannot be normalized in a simple manner and are presented
and discussed as measured.

The salinity (S) of the brines from first-year sea ice
ranged from 40 to 63 and decreased over the course of the
study (Table 1). Compared with the surface seawater
salinity of Sgw 34, the salt enrichment range of the
brineswas Es  S/Ssyw  1.17-1.86. The temperature of the
first-year brines ranged from 3.4uC to 2.1uC (Table 1),
rising concurrently with the salinity decrease during the
study. The brine collected from second-year sea ice was
more saline and slightly colder than that from first-year sea
ice at the time of sampling (Table 1). Overall, the difference
of brine temperature from that of surface seawater
( 1.85uC) was small.

The pHsws of the brines ranged from 8.42 to 8.83 and
was higher than the surface seawater value by 0.25 to
0.66 units (Fig. 3a). The mean of the measurements

obtained in each of the first 3 days of the study was
significantly different from any of the daily means of the
subsequent, more alkaline measurements (Table 1). The
pHsws in the brine from second-year ice was also within
the more alkaline range of measurements (Table 1).

The measured O, concentration ranged from
212 yumol kg 1 to 604 umol kg 1 in the first-year brine
(Fig. 3b). The samples collected on the first 2 days yielded
significantly lower mean O, concentrations than sub-
sequent samples (Table 1). The majority (»  11) of the
initial samples were undersaturated with respect to
equilibrium with air, the rest (= 8) being at or above
the air saturation concentration (Fig. 3b). All subsequent
first-year brine samples were well above the air saturation
value at all times (Fig. 3b). The O, concentration in the
second-year brine was also above air saturation (Fig. 3b).
For comparison, the O, concentration in surface seawater
(Fig. 3b) was below the air saturation value ([O;]sat
369 umol kg tat 1.85uC and S  34).

The salinity-normalized At ([A]s) in the first-year brine
exhibited random variability around the mean surface
seawater At (Fig. 4a). The mean of the observations
obtained on day 349 was significantly different from that
on any other day (Table 1). On this occasion, as well as on
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(a) In situ pHsws (seawater scale) and (b) dissolved oxygen. The dotted lines indicate
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Fig. 5.
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The salinity-normalized concentration of dissolved inorganic nutrients (a) nitrate, (b)

ammonium, (c) phosphorus, and (d) silicic acid. The dotted lines are as in Fig. 2.

in the brines by a factor of four, indicating supersaturation
with respect to calcite and aragonite but undersaturation
with respect to vaterite and ikaite.

While significant differences were observed for O,
pHsws, 01C+, and COj(aq) between the first 2 and
subsequent sampling days, this was not so for the dissolved
inorganic and organic components presented below, except
for DIP. The salinity-normalized concentration of nitrate
(INO, ]s) was always severely reduced in the brine from
both the first- and second-year ice by comparison with the
concentration in surface seawater (Fig. 5a). In the first-year
brine, the mean [NO;]s on day 343 was significantly
higher than that on any other sampling occasion (Table 2).
The salinity-normalized NH, ([NH, ]s) in brines from
both the first- and second-year ice was randomly distrib-
uted around the mean surface seawater concentration,
except for a relative enrichment by a factor of 2-3 in
individual first-year brine samples obtained on day 336
(Fig. 5b). The lowest [NH , ]s was observed in first-year ice
on day 340, with a significantly different mean concentra-
tion from that in preceding and subsequent sampling
occasions (Table 2). The salinity-normalized DIP ([DIP]s,
Fig. 5¢) and silicic acid ([Si]s, Fig. 5d) were reduced in the
brine from both the first- and second-year ice relative to the
composition of surface seawater. The mean [DIP]s ob-
served in the first 2 sampling days (days 336 and 337) was
significantly higher than the mean concentrations obtained

thereafter (Table 2). The mean [DIP]s in the brine from
second-year ice (Table 2) was significantly lower than that
obtained from first-year ice. The highest and lowest mean
[Si]s observed on the first (day 336) and last (day 352)
sampling occasions in first-year sea ice, respectively, were
significantly different from all other mean [Si]s observed in
between (Table 2). The mean [Si]s in the brine from second-
year ice (Table 2) was significantly lower than that in first-
year ice except for the concentration minimum on day 352.

Both DOC and DON were elevated in the brine by
comparison of their salinity-normalized concentrations,
[DOC]s and [DONI]s, respectively, with surface seawater
concentrations (Fig. 6). In the first-year brine, the mean
[DOC]s was significantly higher on the first 2 (days 336 and
337) and the final (day 352) sampling days, with lower
concentrations in between (Table 2). Similar differences in
concentration were apparent and significant in the [DON]s,
with a sharper and significant minimum on day 340
(Table 2). The majority of the measured [DOC] and
[DON] were positively correlated (»  0.821, p  0.001, n

30), and the slope of the linear regression was equivalent
to a mean (610) C:N 19.0 6 4.2 for the dissolved
organic matter pool in the brines. The measurements
obtained on day 349 were offset to the above trend, having
amean (61¢) C:N 736 0.4 (n 4), as well as one of
the measurements obtained on day 352, which yielded
aC:N 10.0.
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Fig. 8.
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Total dissolved inorganic carbon (C+) as a function of (a) O,, (b) nitrate plus nitrite

(NO 3 ), (c) dissolved inorganic phosphorus (DIP), and (d) silicic acid (Si). All observations were

normalized to a salinity of 34.

the upper and coldest part of the ice column (Fig. 2a), the
collective compositional change relative to the composition
of surface seawater should reflect the activity of organisms
associated with the sub-surface peak in Chl a. The
modification could have occurred before the study, e.g.,
during sea ice formation in the previous austral autumn,
during the study period, or both. Some of the temporally
distinct compositional changes appear to have occurred in
the course of the study, either superimposed on (O,, DIP),
or regardless of (613C+) the physical dilution effect during
ice warming (Fig. 7). However, the considerable spatial
variability of brine composition, especially during the early
and colder sampling stage, does not allow a firm conclusion
about the intensity of the internal biological productivity at
the time of the study.

The elevated DOC and DON concentrations recorded in
this study (Table 2), although low by comparison with
measurements in Antarctic sea ice in other seasons
(Thomas et al. 2001a), indicate substrate availability for
production by heterotrophic microorganisms within the ice.
Organic nitrogen metabolism leads to ammonium regener-
ation. Ammonium accumulation to high concentrations of
up to 10-15 umol kg 1 has been a feature of biologically
productive sea ice habitats (Arrigo et al. 1995; Gleitz et al.
1995; Kattner et al. 2004) but was not evident in the current

study (Table 2; Fig. 5b). The two major components of the
dissolved inorganic nitrogen pool, nitrate and ammonium,
were present at comparable low concentrations of mostly
less than 1 umol kg 1 throughout the study (Table 2), such
that 80-90% of the total dissolved nitrogen pool was
present as DON. This contrasts with the composition of sea
ice later in austral summer, when high concentrations of
inorganic nutrients have been measured, even at high rates
of primary production, reflecting re-supply of nutrients
from surface seawater, elevated rates of remineralization,
or both (Thomas et al. 1998; Thomas et al. 2001b).
Although the pool of inorganic macronutrients was not
completely exhausted, the measured distribution of bi-
ologically available nitrogen between the inorganic and
organic pools suggests that autotrophic inorganic nitrogen
metabolism in the interior of the floe was likely constrained
by the rate of heterotrophic DON remineralization at the
time of the study.

There was no clear relationship between the salinity-
normalized concentrations of C+ and the rest of the major
inorganic nutrients (Fig. 8). The drawdown of silicic acid at
a given [Cq]s deficit (Fig. 8d) was mostly less than
predicted from the C to Si ratio reported for sea ice in
Gleitz et al. (1995). When compared with the drawdown of
nitrate and DIP in the brine, the range of the [C]s deficit
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Fig. 10. Salinity-normalized total alkalinity ([At]s) versus
salinity-normalized total dissolved inorganic carbon ([Ct]s). The
parallel solid and dashed lines indicate concentration changes
during photosynthetic nitrate uptake to exhaustion proceeding
with a stoichiometry based on the Redfield C: N ratio and that
reported in Gleitz et al. (1995), using the minimum and maximum
At 6 1o in surface seawater as initial concentration. The solid and
dotted lines indicate concentration changes during CaCO;
formation with and without CO, degassing.

seen here for these parameters (Fig. 8a) were independent
from each other, with a weak correlation (r 0.215, p
0.237, n 32). Further, regardless of the observed
saturation state of the brine with respect to O, and for
a given C deficit, the [O,]s concentration was always less
than predicted for the modification of the composition of
surface seawater by biological activity proceeding at the
Redfield C: O, stoichiometry ( 0.77) or the similar C: O,
of 0.74 reported in Gleitz et al. (1995) for austral summer
and autumn (Fig. 8a). All current observations, therefore,
appear offset in the direction of O, relative to theoretical
stoichiometric trends. The above indicate that the biology-
induced pairing of O, and C+ dynamics could be disrupted
within sea ice, most likely by O, loss through degassing, as
has been documented experimentally in the early stages of
artificial ice formation (Killawee et al. 1998).

Primary production results in a small A+ increase, mostly
through the uptake of nitrate (Lazar and Loya 1991),
relative to the C+ decrease at a molar ratio equivalent to the
N : C of the biological assimilation. The [A+]s and [C+]s from
first-year ice were mostly consistent with a DA+:DC+

0.042 based on the N : C reported for sea ice in Gleitz et al.
(1995) (Fig. 10). The second-year brine samples, however,
indicated concurrent reduction in [At]s and [C+]s relative to
surface seawater, which deviated from predictions for
biological activity and are consistent with CaCO; formation
(Fig. 10). Carbonate mineral formation reduces A+ in direct
proportion to the decrease in Cy at a molar ratio of
DAt :DCt 1 when accompanied by degassing of the
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produced CO,, or DA+:DC+ 2 when the produced CO,
accumulates in solution (Lazar and Loya 1991).

It is apparent that there was no widespread precipitation
of CaCO; in the first-year sea ice at the conditions of
temperature ( 3.4uC to 2.1uC) described in this work,
even at the elevated anhydrous CaCO; supersaturation
indices outlined earlier. Although very much lower than the
experimental inhibitory DIP concentration of 5 umol kg 1
or more (Bischoff et al. 1993), the presence of DIP in the
brine (Fig. 5¢) may still impede the precipitation of the
anhydrous CaCO; minerals. Similarly, elevated DOC
concentrations have been found to delay their formation
(Chave and Suess 1970). Interference from the inorganic
and organic matrix, therefore, could explain the high
degree of supersaturation with respect to anhydrous
CaCO3; minerals consistently sustained in all of the current
brine samples.

Little is known about the occurrence and behavior of the
hydrated form of CaCO; (ikaite) in sea ice. Thermody-
namic modeling of brine at sub-zero temperatures and at
equilibrium with atmospheric CO, predicted the onset of
ikaite formation at a temperature of 4.5uC in the absence
of anhydrous CaCOs; mineral formation (FREZCHEM
model; Marion 2001). The current brine samples were
undersaturated with respect to atmospheric CO, (Fig. 4d),
presumably as a result of biological CO, uptake. The
FREZCHEM model predicted ikaite formation in the
absence of anhydrous CaCO3; formation at progressively
higher temperatures than  4.5uC when the CO,(aq)
concentration in the brine was lower than atmospheric
equilibrium (unpubl. data). These conditions were not met
in the first-year brine samples, but the model predicted
ikaite precipitation at temperature and CO,(aq) conditions
similar to those observed in the second-year brine samples
(Table 1). Carbonate mineral formation can also result in
fractionation of the stable carbon isotopes. At isotopic
equilibrium and OuC, for example, calcite and aragonite are
enriched in 13C relative to CO,(aq) (Romanek et al. 1992).
By comparison with the faster biological processing of 12C,
CaCOs; precipitation at isotopic equilibrium will have the
opposite effect, thus moderating to some extent the
biologically-mediated isotopic enrichment of the residual
C+ pool. The isotopic enrichment was moderate for the
extent of the [C+]s deficit in the brine from second-year sea
ice by comparison with the remainder of the data from
first-year sea ice (Fig. 9), consistent with either a reduction
in isotopic fractionation during biological uptake and/or
the occurrence of CaCO3; formation suggested by the [A1]s
and [C+]s changes in this case (Fig. 10).

In summary, spatial variability within the sampling
location marked the current observations, as well as signs
of biological activity as primary production within sea ice.
The latter signs were traced in the O, concentration as
mostly exceeding air saturation, a pH increase by a maxi-
mum of approximately 0.6 units, the drawdown of all
inorganic macronutrients to very low concentrations, and
an isotopic enrichment of the C+ pool by approximately 6%,
all relative to the composition of surface oceanic water.
However, there was no internal relationship evident among
the macronutrients (including inorganic carbon) and O, as






