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Abstract

We have attempted to evaluate the relative importance, compared to other possible sources, of sea ice in supplying Fe to East
Antarctic surface ocean waters. Samples of snow, brine, seawater and sea ice were collected and processed for Fe analysis during
the “ARISE in the East” Antarctic cruise during September—October 2003 (64°—~65°S/112°~119°E, RV Aurora Australis). Total-
dissolvable and dissolved Fe concentrations were measured together with relevant physical, chemical and biological parameters.
The most striking feature we observed is that total-dissolvable Fe concentrations in sea ice were up to an order of magnitude higher
than those measured in the underlying seawater. Moreover, total-dissolvable Fe in sea ice is more concentrated at cold “winter” type
stations than at the warm “spring” ones. This probably results from the enhanced ice permeability as spring arrives, which allows
brine drainage within the ice cover and renders exchanges with the water column possible. During the melting period, iron inputs to
surface waters from sea ice may represent as much as 70% of the estimated daily total flux into surface seawater when taking into
account available data on dust deposition, extraterrestrial iron, vertical diffusion and upwelling. Our results highlight the potentially
important contribution of pack ice to the Fe biogeochemical cycle in the East Antarctic oceanic Ecosystem.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

As an essential nutrient for phytoplankton growth,
and hence involved in marine primary productivity and
carbon export, iron (Fe) is a key element in the study of
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ocean—atmosphere biogeochemical interactions. This
micro-nutrient has been shown to limit algal growth in
“High-Nutrient, Low-Chlorophyll” (HNLC) areas such
as the Southern Ocean, where external Fe inputs are low.
Potential Fe sources for Antarctic surface waters are: (1)
continental and extraterrestrial dust via atmospheric
deposition, (2) upwelling and turbulent diffusion, (3)
sediment resuspension and lateral advection, and (4)
melting sea ice and icebergs (Ldscher et al., 1997,
Sedwick and DiTullio, 1997; Johnson et al., 1999;
Johnson, 2001; Sedwick et al., 2001; Grotti et al., 2005).
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Sea ice covers seasonally large areas of the Southern
Ocean and could constitute a significant pool of
bioavailable Fe, which in turn could support algal
blooms when this ice melts (Sedwick et al., 2000).

The Southern Ocean covers 30% of the global ocean
and plays an important role in regulating the Earth’s
climate as seasonal sea ice formation around Antarctica
provide a major drive to the global thermohaline overtur-
ning circulation through intermediate and bottom water
formation (Sarmiento et al., 1998). Also, low tempera-
tures and strong wind mixing facilitate physical removal
of carbon dioxide to the deep sea (Watson and Orr,
2003). In recent years, Fe has been recognized as a key
element in ocean biogeochemistry. Martin and Fitzwater
(1988) highlighted the role of Fe as a limiting nutrient for
phytoplankton growth in HNLC regions of the oceans.
Since solubility of Fe in oxygenated seawater is low, and
dissolved Fe can be strongly scavenged from the water
column due to biological uptake and/or to rapid preci-
pitation and sedimentation of iron oxyhydroxides, dis-
solved Fe is present in very low concentrations in open
ocean surface waters (de Baar and de Jong, 2001). The
eolian pathway of Fe may constitute an additional
source, but it is typically small in remote ocean regions
(Gao et al., 2001; Jickells et al., 2005). Martin (1990)
speculated that enhanced dust transport to the Southern
Ocean during glacial periods might have fertilized the
region, enhancing the “biological carbon pump” and
drawing down atmospheric CO,. Today, atmospheric Fe
inputs from the deserts of South Africa, South America,
Australia and the Transantarctic Mountains may provide
the main inputs of eolian Fe to Antarctic waters. Because
of its assumed role as a “dust collector” while covering a
large part of the Southern Ocean, sea ice might be a
significant pool of bioavailable Fe in Antarctic surface
waters, compared to other possible Fe sources.

Sea ice forms as the seawater temperature drops below
—1.86 °C, producing frazil ice under agitated conditions
or a uniform thin sheet called nilas when the ocean is
calm. Congelation or columnar ice may then grow down-
ward by freezing of the water, forming more uniformly
oriented crystals (e.g. Weeks and Ackley, 1986; Gow et
al., 1998). Snowfalls are frequent in the Southern Ocean,
so that a snow layer generally accumulates on top of
young sea ice within a few days. Under heavy snow pack,
seawater may infiltrate and form the so-called “snow ice”.
Sea ice textures are important for reconstructing the ice
history and for evaluating the conditions under which sea
ice was formed. Temporally and spatially, sea ice is a
highly heterogeneous medium, with regard to physical,
chemical and biological features. Thermodynamics and
physical forcing both control ice texture and thickness,

thus influencing temperature, salinity, porosity, nutrient
content, light penetration and biological activity. These
parameters are closely linked, and their relations are
highly complex. Thermodynamically, East Antarctic sea
ice can grow only to a thickness of 0.5—-1 m. However,
rafting and ridge building can considerably increase
thickness to several meters (e.g. Allison, 1997).

Away from the coast, Antarctic sea ice consists mostly
of first-year ice, because most of sea ice melts during the
first summer after its formation. The differences in sea ice
area in the Southern Ocean between maximum extent in
September and minimum extent in February is about
15x10° km? (Allison, 1997). This vast area provides a
habitat for marine organisms, which develop within and
beneath the ice column. Although frozen coastal waters
(land-fast ice) appear to be a favourable zone for primary
production due to land vicinity, open ocean pack ice can
sustain high algal biomass as well. Chlorophyll a (Chl a)
levels up to 6 mg/l in land-fast ice (Mc Murdo) and
0.2 mg/1 in pack ice (Weddell Sea) have been reported
(Arrigo, 2003). Algal communities are observed at
different levels within sea ice (e.g. Horner, 1985a).
Bottom assemblages are the most common. They grow
often under low light conditions and consume major
nutrients from the underlying seawater. Internal commu-
nities live in brine channels, where salinities and tempe-
ratures can be extreme as compared to bottom ice. Surface
assemblages are thought to originate from seawater in-
filtration into the snow pack. Theoretically, sea ice should
contain little Fe since it is formed from Fe-deficient waters
(Thomas, 2003). But this extreme environment obviously
can meet chemical and physical conditions favourable to
algal growth. In other words, Fe concentrations must be
high enough to sustain biological activity in much of the
sea ice.

Sea ice may be a substrate not only for algal production
within the ice column itself (surface, internal and bottom
assemblages), but also for pelagic phytoplankton com-
munities growing beneath or adjacent to the ice floe. Once
the ice starts to melt, Fe may be released and eventually
become available for the pelagic algal communities.
These phenomena are difficult to quantify, since sea ice Fe
data are scarce (Loscher et al., 1997; Grotti et al., 2005;
Lannuzel et al., 2006) due in large part to the challenges
encountered in this extreme environment with regard to
sampling and analysis.

The present study focuses on the biogeochemistry of
Fe in Antarctic pack ice in order to assess Fe pools,
sources and pathways. The objectives were to characterize
the Fe distribution in sea ice, and its associated snow,
brine and underlying seawater at 6 stations sampled in the
East Antarctic sector of the Southern Ocean during early
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austral spring 2003. Iron speciation was determined by
measuring the total-dissolvable Fe (TDFe) and dissolved
Fe (DFe) pools, and calculating the particulate-dissolv-
able Fe (PDFe). Based on these data and their possible
correlations to sea ice physical properties (ice texture,
salinity, temperature), chemistry and biology, we have
attempted to assess the possible Fe inputs and pathways,
and the importance of sea ice as an Fe source to Southern
Ocean surface waters in the seasonal sea ice zone.

2. Material and methods
2.1. Sea ice environment and sample collection

Samples of sea ice and associated snow, brine and
underlying seawater were collected during the “ARISE in
the East” Antarctic expedition (Antarctic Remote Ice
Sensing Experiment, voyage AA03-01, September—
October 2003, 64°-65°S/112°~119°E, RV Aurora Aus-
tralis). The 6 stations sampled were located in the
seasonal sea ice zone in the deep ocean (Fig. 1A,B).

A full description of the sample collection technique
for Fe measurement in sea ice is detailed by Lannuzel etal.
(2006). Briefly, snow was first collected in Polyethylene
(PE) containers using polypropylene (PP) shovels. A set
of closely spaced ice cores (10—20 cm apart from each
other) was then sampled on a uniform, levelled sea ice
cover, using an electropolished stainless-steel corer
previously tested for trace-metal clean conditions in
order to assess relevant physical, chemical and biological
parameters (temperature, salinity, nutrients and Chl a).
Cores were stored in a plastic bag (acid-cleaned for the
cores dedicated to Fe study) at =28 °C in the dark until
further processing. Access holes (“sack holes”) were
drilled into the sea ice cover at one or two different depths
to allow gravity-driven brine collection (ice levels above
or below —5 °C threshold when applicable as described by
Golden et al., 1998; see Section 3.2). Brines and under ice
seawater (0 m, 1 m and 30 m deep) were then pumped up
using a portable peristaltic pump (Cole-Parmer, Master-
flex E/P) and plastic tubing (sampling system adapted
from de Jong et al., 1998). Snow and ice sections of 5—
10 cm thickness were melted in trace-metal clean
containers in the dark at shipboard ambient temperature.

2.2. Physical and biological parameters

In situ ice temperatures were measured on site using a
calibrated probe (TESTO 720) inserted every 5 or 10 cm
along the freshly sampled core. Bulk salinity was deter-
mined from conductivity using a WP-84-TPS meter.
Vertical ice thin-section photographs taken under

polarized light (Langway, 1958) indicated ice crystalline
shapes and were used as an indicator for ice texture (e.g.
columnar vs. granular).

Sea ice sections for Chl a determination were melted
in seawater filtered through 0.2 pm filters (1:4 volume
ratio) to avoid cell lysis by osmotic shock. Chl a was
quantified fluorimetrically following Yentsch and Men-
zel (1963) after 90% v:v acetone extraction of the
particulate material retained on glass-fibre filters (What-
man GF/F) for 12 h at 4 °C in the dark.

2.3. Iron

Seawater, brine, and melted snow and sea ice
samples dedicated for Fe analysis were processed
onboard ship. All labware was acid-cleaned according
to the procedure described in Lannuzel et al. (2006).
Total-dissolvable Fe (TDFe, unfiltered) was stored at pH
1.8 (addition of 100 pl 14 M HNOs;, J.T. Baker, Ultrex
for 100 ml of sample) for a period of at least 6 months
before Fe measurement by flow injection analysis (FIA),
which should dissolve all but the most refractory Fe
species. The dissolved Fe fraction (DFe) was collected
after filtration through 0.2 pm pore nuclepore polycar-
bonate (PC) membrane filters, mounted on Sartorius PC
filtration devices equipped with Teflon O-rings. The
filtrate was acidified to pH 1.8 with 14 M HNO; (J.T.
Baker, Ultrex) at least 24 h prior to analysis. We adapted
a FIA technique (FeLume, Waterville Analytical) to
measure TDFe and DFe concentrations in our samples
without a pre-concentration step. Analysis of reference
material NASS-5 and CASS-3 gives a good agreement
with the certified values and detection limit (3o of the
blank) is on average 0.12 nM (Lannuzel et al., 2006).
Particulate-dissolvable Fe (PDFe) refers to the differ-
ence in concentration between TDFe and DFe.

3. Results
3.1. Ice texture

Sea ice thickness at our selected sampling sites ranged
from 0.3 m (station XIII) to 0.8 m (station V) thickness.
Thin section observations reveal a typical pack ice
structure, with snow ice and/or frazil ice, underlain by
congelation ice (Fig. 2). Station IV apparently underwent
a similar genesis as station IX, with about 15 cm of frazil
ice growing then into columnar ice (~30 cm). Both
stations V and VII show a thick snow ice layer (~20 cm
deep) with contrasted snow metamorphism, then a frazil
ice layer followed by a columnar structure. Stations XII
and XIII display a somewhat more complex sequence of
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Fig. 1. (A and B) Location of the sampling area (Schlitzer, R., Ocean Data View, http://www.awi-bremerhaven.de/GEO/ODV, 2005).

genetic processes, probably involving rafting. This is
suggested by the repeated occurrence of bent columnar
crystals at station XII and the “flattened” frazil ice
crystals in the lower part of the core XIII (Fig. 2).
Stations IV, V, VII and IX are located at the same latitude
(64.3°S), whereas stations XII and XIII are located at
63.6°S and 65.2°S, respectively.

3.2. Temperature, bulk ice salinity, brine volume and
Chl a profiles

In sea ice, the upper layer is colder than the bottom
layer because of the relatively low air temperature
compared to underlying seawater. Sea ice indeed
exhibits a marked transition in its fluid transport
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Fig. 2. Ice textures from vertical thin sections, viewed under crossed polarizers of ice cores for each stations. Depths have been adjusted so that snow

thickness is taken into account.

properties at a brine volume fraction of about 5%, which
roughly corresponds to a —5 °C ice temperature at a bulk
ice salinity of 5 (Golden et al., 1998). For brine volume
fractions higher than 5%, brine inclusions become
interconnected and can carry heat and nutrients through
the ice, whereas for lower porosities the ice is

impermeable. Golden et al. (1998) referred this
threshold behaviour as the “law of fives”.

Temperature profiles allow a possible classification in
terms of the thermal stages at our stations (Fig. 3).
Station IV had the coldest ice, with its upper half
exhibiting the lowest ice temperatures. Then ice at
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Fig. 3. Temperature (°C) profiles in sea ice. The —5 °C critical temperature is indicated by the vertical line.
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Fig. 4. Bulk salinity profiles in sea ice. The critical salinity 5 is indicated by the vertical line.

stations VII, XII and XIII appeared to be in a later
seasonal stage compared to station IV, as ice tempera-
tures were slightly higher in the upper half of the ice
cover. Finally, both stations V and IX showed a warmer
regime as most of the ice cover was above —5 °C.

Most stations showed the typical C-shaped bulk
salinity profile described in many other field studies of
sea ice (e.g. Nakawo and Sinha, 1981; Weeks and
Ackley, 1986; Eicken, 1992, 1998) (Fig. 4). Higher
salinities at the top result from enhanced initial en-
trapment under faster growth rates, brine expulsion
upwards on cooling, and eventually seawater infiltration
in snow ice, later in the season. Lower salinities in the
middle levels reflect enhanced salt rejection after initial
entrapment under slower growth rates and brine
drainage, whilst higher salinities in the warmer bottom
layers result from higher porosities and lack of brine
drainage in the fragile skeletal layer. Sea salts tend to be
more easily trapped in surface frazil ice because of its
rapid formation (a few hours to a few days, depending on
air temperature), whereas congelation ice forms slowly
(weeks to months) and expels salts more efficiently. This
contrast supports the previous assumption of ice rafting
at station XII, which shows the repetition of such a
sequence with depth.

The evolutionary stages described from the various
temperatures profiles are also shown in the calculated brine
volume fraction (Vy/V=brine volume/bulk ice volume;
Eicken, 2003) profiles (Fig. 5). This variable is of critical
importance since brine drainage within the ice towards the
underlying water can be regarded as a key physical process
for Fe transfer. Station IV clearly shows V,,/V'<5% in the
upper ice column because cold ice temperature favours
smaller brine volumes and higher brine salinity. On the
contrary, the lower section of this core indicates increased
porosity and permeability (V,,/V being>5%), and possible
exchanges with underlying seawater. In contrast, ice
porosity at stations V, VII and IX was considerably higher,
with brine volumes typically being > 5% along all cores.
Stations XII and XIII displayed a somewhat intermediate
profile in the upper half of the ice cover. One should bear in
mind that air temperature, ice thickness and texture, snow
cover and solar irradiance all contribute to the control of
ice temperature, salinity and permeability. Within a few
hours, meteorological conditions may act together and
affect the brine volumes at different locations along the
core. It is thus not surprising that the complex links
between different physical properties render a clear
seasonal characterization for all stations difficult, espe-
cially in the spring.
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Fig. 5. Brine volume fraction Vy,/V (%) profiles in sea ice. The 5% critical brine volume is indicated by the vertical line.
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Fig. 6. Chlorophyll a (ng/l) profiles in four sea ice sections. The dashed horizontal black line represents the ice—water interface.

Chl a profiles indicate maximum values (i.e. from
9.1 to 34.2 ng/l) were systematically located in the lower
portions of the ice at all stations (Fig. 6). Algal biomass

was however also observed at other levels in the cores of
stations V, VII and IX. This probably reflects increased
ice permeability at these

stations, supplying major
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Fig. 7. TDFe (nM) profiles in four sea ice sections (solid bars), snow (dotted bars) and brines (vertical lines for cold<—5 °C shallow brine and
warm>—5 °C deep brine).
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nutrients from seawater and possibly Fe from the sea ice,
in addition to improved light conditions.

In light of the physical parameters and Chl « profiles,
stations V and IX can be regarded as typical “spring”
stations as revealed by ice temperatures>—5 °C and brine
volume fractions >5% throughout the ice cover. The latter
physical characteristic allows vertical ice—water
exchanges, thus algal development along the whole core
(Fig. 6). Note that in the case of station V, one cannot
preclude snow ice formation (i.e. seawater infiltration into
the snow pack) as an efficient process for initial algal
“seeding” and major nutrients enrichment of the top ice
layer. In contrast, station IV is more likely a “winter” type
station: Figs. 3 and 5 demonstrate that the ice is imper-
meable to brine exchange in the upper part of the ice
cover, therefore preventing algal development in the
upper ice (Fig. 6). Stations VII, XII and XIII exhibit a
transitional regime, with the upper 30 cm of stations XII
and XIII still reflecting low permeability.

3.3. Spatial and temporal distribution of Fe

Figs. 7-9 show the profiles of TDFe, DFe and PDFe
in our East Antarctic pack ice cores (bars), including
surface snow (dashed bars). “Sack hole” brine (>—5 °C
and <—5 °C when present) concentrations are indicated
by solid vertical lines.

Our results tend to show relatively high Fe contents in
the sea ice compared to under-ice seawater (Table 1).
Generally, sea ice and brines exhibit the highest Fe levels,
followed by snow. These three media are more concen-
trated in Fe than the underlying seawater. The ranges are:
3.3-65.8 nM TDFe and 2.6—26.0 nM DFe in sea ice, 6.0—
28.9 nM TDFe and 4.7-25.5 nM DFe in brines, 1.8—
23.7 nM TDFe and 1.0-6.5 nM DFe in snow, and 1.2—
3.8 nM TDFe and 1.1-4.5 nM DFe in under-ice seawater.
Seawater shows a major DFe fraction compared to the sea
ice as reflected by DFe percentages of 78+23% (la,
n=15) in seawater and 60+£32% (1g, n=24) in sea ice.

On the whole, station IV exhibits higher levels of
TDFe, DFe and PDFe in sea ice, brines and snow com-
pared to other sampled stations (Figs. 7-9). Based on the
data collected at 4 levels along the core, we vertically
integrated the concentrations of TDFe, DFe and PDFe per
core at each station. This provides an estimate of a mean
bulk concentration of Fe in ice at each station (Table 2).
The mean TDFe bulk concentration estimated for station
IV is the highest at 48.9 nM, followed by stations XIII and
IX, where average integrated TDFe concentrations are
40.7 and 24.0 nM, respectively. The averaged integrated
bulk concentrations of Fe (1o standard deviation) esti-
mated in sea ice for all stations investigated are respec-
tively 25.7+15.8 nM TDFe, 10.7+4.6 nM DFe and 15.0+
12.8 nM PDFe.
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In the same ice core, the Fe concentration measured in
cold shallow brine is typically higher than in warm deep
brine; for example, TDFe at station VII is 28.9 nM at
20 cm and 10.4 nM at 45 cm sampled depths (Table 1).
Another notable feature is that most of the Fe of the
brines is in the dissolved phase, as can be observed at
station XIII, where DFe and TDFe are 14.1 nM and
14.6 nM at 15 cm depth. As a result, DFe represents on
average 78+14% (1o, n=9) of TDFe in brines. Both
brines and seawater therefore exhibit a high DFe
percentage of TDFe, as compared to sea ice.

Finally, Fe levels in snow are relatively low, with a
somewhat higher value at “winter” station IV (Table 1);
concentrations of TDFe range from 1.8 nM (station
XII) to 23.7 nM (station IV). Dissolved Fe is on the
average 56+26% (1o, n=6) of TDFe in the snow.

4. Discussion
4.1. Distribution and biogeochemical behaviour of Fe

4.1.1. Sea ice, seawater and snow

Patchiness can be a recurrent factor within the same ice
floe (Eicken et al., 1991). Sea ice is indeed a highly
dynamic and heterogeneous medium in terms of thick-
ness, texture, nutrients distribution, gas content, light
penetration, biological activity and probably Fe distribu-

tion. As we present here a spatial study of cores collected
on different ice floes, it is important to compare stations
exhibiting similar ice structure. Hypothetically, stations
IV, V, VII and IX, which are located at the same latitude
and similar water depth, should have received similar Fe
inputs from atmospheric deposition and advection from
the continent shelf. Ice at station XII (farther from the
coast) and station XIII (closer to the coast) probably
reflect rafting processes; it is therefore difficult to assess
whether stations XII and XIII received the same external
Fe inputs as stations IV, V, VII and IX. Based on
similarities in ice textures, we thus compare here below
station IV to station IX, station V to station VII, and
finally stations XII to XIII.

Station IV clearly shows high DFe and TDFe contents
in the sea ice compared to station IX. This is probably due
to the difference in the stage of seasonal ice evolution.
Station IV can be associated with “winter” type ice in
terms of ice temperature, brine volume and Chl a profiles
(Figs. 3, 5, and 6). In contrast, station IX ice demonstrates
“spring” type features, which could favour brine drainage
and Fe transfer from the ice pack to the water column
below. Besides thermodynamic controls, biological ac-
tivity is likely to have a strong impact on Fe distribution in
the sea ice environment. In nutrient-replete Antarctic
waters, light conditions are improving in spring and Fe
may become available from the sea ice as it starts to
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Table 1
TDFe (nM), DFe (nM), PDFe (nM), temperature (°C) and salinity at the visited stations
Depth Ice texture T (°C) Salinity TDFe DFe PDFe
Station IV Snow 23.7 5.4 18.3
01-oct-03 Sea ice 0-6 cm Frazil -8.9 8.6 51.8 26.0 25.8
64°37.7'S 20-26 cm Columnar =59 3.6 49.8 12.9 37.0
117°44.5'E 36-42 cm Columnar -3.7 4.4 38.5 18.8 19.7
42-48 cm Bottom -3.0 6.0 58.8 16.7 42.1
Brine 0-25 cm -8.2 103.5 252 13.1 12.1
0-40 cm -6.0 89.9 15.8 10.1 5.6
Seawater 0m 343 3.0 2.4 0.5
Im 343 2.7 2.4 0.3
30 m 343 1.4 1.1 0.2
Station V Snow 1.8 1.0 0.9
07-oct-03 Sea ice 7-13 cm Snow ice -52 6.6 23.7 4.5 19.2
64°34.0'S 40-46 cm Columnar -3.5 3.1 33 2.6 0.6
116°37.8'E 69—75 cm Columnar -1.9 2.3 8.9 9.8 a
75-81 cm Bottom -1.8 33 349 14.1 20.8
Brine 0-45 cm 78.6 8.2 6.9 1.3
Seawater 0m 343 3.0 1.3 1.7
1 m 34.2 2.3 1.3 1.0
Station VII Snow 2.7 2.6 0.1
09-oct-03 Sea ice 11-17 cm Snow ice -6.2 9.1 10.9 8.0 2.9
64°38.0'S 32-38 cm Columnar -4.7 4.5 8.9 8.8 0.1
116°40.7'E 52—-58 cm Columnar -32 3.8 27.9 20.5 7.4
60—66 cm Bottom -2.7 7.3 36.6 19.0 17.6
Brine 0-20 cm 89.1 28.9 25.5 3.4
0-45 cm -6.7 80.1 10.4 8.7 1.7
Seawater 0 m 34.2 2.0 1.1 0.9
Im 342 2.9 1.9 1.0
Station IX Snow 8.4 6.5 1.9
11-oct-03 Sea ice 6—12 cm Frazil —-4.3 5.2 29.5 8.0 21.5
64°24.1'S 20-26 cm Columnar -3.6 4.7 11.5 4.8 6.7
115°17.5'E 36-42 cm Columnar -2.8 4.9 27.6 7.1 20.5
42-48 cm Bottom -2.4 6.1 33.8 7.0 26.8
Brine 0-40 cm -2.8 61.5 7.6 6.4 1.1
Seawater 0m 343 1.9 1.7 0.2
Im 343 33 1.9 1.4
30 m 2.1 1.7 0.4
Station XII Snow 4.1 2.3 1.8
14-oct-03 Sea ice 0—6 cm Snow ice -6.7 7.7 10.3 9.3 1.0
63°56.2'S 25-31 cm Columnar —-4.7 5.2 7.2 7.6 @
114°194’E 40-46 cm Frazil/columnar -34 5.9 11.3 10.4 0.9
61-68 cm Bottom -1.9 4.1 9.8 10.0 a
Brine 0-40 cm -3.8 63.0 17.4 13.5 3.9
Seawater Om 342 2.2 2.1 0.1
Im 34.2 3.8 4.5 a
Station XIIT Snow 3.1 1.7 1.4
20-oct-03 Sea ice 0—-6 cm Frazil/columnar =79 9.0 65.8 18.1 47.6
65°16.1'S 10-16 cm Frazil/columnar -6.1 5.3 23.1 7.2 159
109°27.8'E 16-22 cm Frazil/columnar =51 4.7 38.8 8.0 30.8
22-28 cm Bottom -4.0 6.2 32.5 11.5 21.0
Brine 0-15cm -6.0 93.7 14.6 14.1 0.5
0-25 cm -4.2 88.0 6.0 4.7 1.4
Seawater 0m 343 2.1 1.5 0.6
1 m 343 1.7 1.4 0.3
30 m 343 1.2 1.3 a

The sampling date and location are indicated for each site, in addition to media, sampling depths and sea ice textures.
# Not detectable within measurement error.
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Table 2
Estimated averaged bulk concentrations (nM) of total-dissolvable Fe
(TDFe), dissolved Fe (DFe) and particulate-dissolvable Fe (PDFe)

Stations TDFe (nM) DFe (nM) PDFe (nM)
Station TV 48.9 18.3 30.6
Station V 13.5 5.6 7.9
Station VII 17.7 13.1 4.6
Station IX 24.0 6.7 17.3
Station XII 9.5 9.3 0.3
Station XIII 40.7 114 29.2

melt. All environmental conditions are then met to favour
an algal bloom. Although internal melting has probably
occurred, lower DFe and relatively high PDFe concentra-
tions in sea ice at station IX together with increases in Chl
a levels suggest biological Fe uptake within the ice
(see Table 1 and Fig. 7). Decreases in major nutrients
concentrations throughout the ice core between the winter
and spring type stations are also observed (ranges for
station IV and IX are respectively: 0.4—14.4 uM and 0.4—
5.65 uM NOs, 1.3-12.8 and 2.2-10.2 uM Si(OH),, and
0.04-10.4 and 0.03—4.0 uM PQy; data not shown). This
comparison is only valid if the two stations had similar
initial inventory; a situation that is likely since similar ice
structures suggest similar sea ice history, and thus similar
Fe accumulation processes.

In the same way, station VII can be regarded as a
colder station with regard to station V (see temperature
profile in Fig. 3). Chl a profiles (Fig. 6) and apparent
DFe “drawdown” (Table 2) support the idea that station
V is in a later stage of the seasonal ice evolution com-
pared to station VII.

Stations XII and XIII both underwent a perturbed
genesis as revealed by the succession of frazil and
congelation ice sections which lead to strong differences
in thickness and probably age. Comparisons of Fe dis-
tributions between these two stations are therefore dif-
ficult, as we cannot assume that initial Fe stocks were
similar. Note, however, that station XII shows a larger
proportion of ice with increased permeability, suggest-
ing that it is in a later seasonal stage as compared to
station XIII.

To summarize, comparisons of station IV with sta-
tion IX, station VII with station V, and station XIII with
station XII suggest that, as the spring progresses, both ice
melting and biological activity are important processes
in controlling the distribution and speciation of Fe in the
sea ice.

The inferred release of Fe from the ice pack as spring
progresses is not obvious from the seawater Fe profiles.
This may reflect rapid scavenging, vertical mixing and/or
diffusion below the ice, both leading to Fe removal from
the upper water column and transfer to deeper water.

Seawater Fe concentrations are nevertheless relatively
high compared to levels usually encountered in ice-free
surface waters (e.g. 0.05-0.3 nM DFe, de Jong et al.,
1998; 0.1 nM DFe, Bowie et al., 2001).

Reported Fe concentration levels in snow from pre-
vious studies suggest that this medium could potentially
contribute to the high Fe values observed in sea ice and
underlying seawater (Westerlund and Ohman, 1991;
Loscher et al., 1997; Edwards et al., 1998). However, the
snow sampled at our locations did not, in general, exhibit
Fe concentrations as high as those we observed in sea ice,
possibly reflecting the remoteness of our study area with
respect to dust sources, compared to other investigated
sites. Our snow TDFe values are consistent with other
published data for the East Antarctic sector, ranging from
1.2 to 31.7 nM (Edwards and Sedwick, 2001). Long-
term deposition of aerosol Fe could be responsible for the
high Fe values in the sea ice topmost layers, with the low
ice temperature in the upper half of the sea ice cover
preventing transfer of this surface enrichment to the
lower levels via the brine system (e.g. station IV).

Table 3
Upper ocean iron input estimates during sea ice melting
Remarks

Sea ice formation Fe uptake
Winter TDFe (nM) 49 Station IV
Winter DFe (nM) 18 Station IV
Thickness (m) 0.5 Station IV
Residence time of sea 274

ice (9 months) in days

Required TDFe flux to 0.09 External supply 0.13,
sea ice (pmol/m?*/day) Table 4

Required DFe flux to sea  0.03 External supply 0.28,
ice (pmol/m*/day) Table 4

Sea ice melting Fe release

TDFe inventory 24.5 0.49 nM TDFe addition

(umol/m?) to upper 50 m if melted
at once

DFe inventory 9

(umol/m?)

Melting time (day) 30

Release TDFe 0.82

(umol/m?/day)

Release DFe 0.30

(umol/m?/day)

DFe total flux to the upper pmol/m*/day
ocean during sea ice

melting

Atmospheric/ 0.0016
extraterrestrial

Vertical diffusion 0.01
Upwelling 0.12
Sea ice melting 0.30
Total 0.43
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Table 4
Estimates of iron input to the upper Antarctic Ocean

29

Jaige=Kz % d[DFe]/dz
Jupwclling = Vupwelling x [DFe]dccp
Jmt =Jalm +Jspace +Jdiff+-]upwel]ing

Remarks References
Aerosol flux J .,
Dust input (mg/m?/year) 5 Range 1-10 Duce and Tindale, 1991
TDFe flux (umol/m?/day) 0.011 Assuming 4.3% Fe content Wedepohl, 1995
DFe flux (umol/m?*/day) 0.0005 Solubility mineral dust 5% Baker et al., 2006
TDFe flux (umol/m*/day) 0.003 SSIZ, 32% mean solubility Edwards and Sedwick, 2001
DFe flux (umol/m?/day) 0.0010 Edwards and Sedwick, 2001
Average DFe flux (jumol/m?/day) 0.0008
Extraterrestrial flux Jy,qce
DFe (umol/mz/day) 0.0008 Assumed 100% soluble Johnson, 2001
Vertical diffusion J gz
K. (m%/s) 3.0e—05 ACC (56°S, 15°W) de Baar et al., 1995
d[DFe)/dz (umol/m®) 0.006
DFe flux (umol/m?/day) 0.016
TDFe flux (umol/m?/day) 0.031%°
K. (m?/s) 2.4¢-05 SOIREE (61°S, 140°E) Law et al., 2003
d[DFe}/dz (umol/m*) 0.003 Bowie et al., 2001
DFe flux (umol/m*/day) 0.006
TDFe flux (umol/m*/day) 0.012%°
K. (m?/s) 6.6e—05 FeCycle (46°S, 179°E) Boyd et al., 2005
d[DFe)/dz (umol/m™) 0.00066
DFe flux (umol/m?/day) 0.004
TDFe flux (umol/m*/day) 0.008™°
Average DFe flux (umol/m?/day) 0.009
Average TDFe flux (pmol/mz/day) 0.017
Upwelllng Ju])welling
Upwelling velocity (m/s) 1.5e—06 ACC (56°S, 15°W) de Baar et al., 1995
Deep water concentration (nM) 1
DFe flux (umol/m?/day) 0.13
TDFe flux (umol/m?/day) 0.26%
Surface (m?) 1.08e+13°¢ Watson, 2001
Upwelling flux (Sv) 25
Deep water concentration (nM) 0.6
DFe flux (umol/m?/day) 0.12
TDFe flux (umol/m?/day) 0.24°
Average DFe flux(umol/m*/day) 0.12
Average TDFe flux (umol/m*/day) 0.25
Total flux J,,;
Average DFe flux (umol/m*/day) 0.13
Average TDFe flux (umol/m?/day) 0.28

# Assuming TDFe=2 x DFe.
® Assuming the same vertical diffusivity for TDFe and DFe.
¢ Surface based on biogeochemical provinces from Longhurst et al. (1995).
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4.1.2. Brines

Concentrations of TDFe and DFe in sea ice were up to
two orders of magnitude higher than in typical Antarctic
seawater. When seawater freezes, sea-salts are expelled
together with other impurities (e.g. gases, particles) into
the brine system and the water below (Eicken, 1998).
In this context, and given the mean calculated brine
volumes at our stations (V,,/V'=3-27%, Fig. 5) the TDFe
and DFe concentrations should be about 4 to 33 times
higher in brine than in bulk sea ice. However, we observed
similar levels in both media. A potential explanation for
this apparent discrepancy is that the brine collection
technique (“sack-hole”) might lead to an underestimation
of the particulate Fe content in brines. Due to its high
particle affinity, the Fe associated with micro-organisms
and derived organic matter could remain attached to the
walls of the brine channels during sample collection, thus
not be recovered (Krembs et al., 2001). For the same
reason, it might well be that Fe does not behave in the
same way as other nutrients during sea ice formation. Iron
would not be expelled into the liquid brine, but could use
the solid phase, such as wall channels, pure ice crystals or
even particulate matter (organic or inorganic), as sorptive
surfaces. Comparing TDFe and DFe concentrations in sea
ice and brine at station XIII provides evidence to support
this hypothesis. Indeed, TDFe and DFe concentrations are
nearly identical in the brine, while TDFe is considerably
higher than DFe in the ice. This suggests that particulate
Fe might not be easily drained into the brine sack hole, and
is perhaps retained in the ice medium.

The difference in Fe content between shallow (<—5 °C)
and deep (>—5 °C) brines could be a consequence of brine
exchanges between the bottom ice cover and the surface
seawater. Density difference between brine and underlying
seawater can initiate brine convection, as rising tempera-
tures in the bottom ice re-establish connection between
brine in the lower sea ice and the seawater below. Com-
parison of winter and spring brine profiles also tends to
show a decline in salinity and Fe, as spring progresses.
This can be explained by both brine dilution by freshwater
from melting pure ice and/or dilution by seawater due to
brine convection.

4.2. Fe and ice texture relationships

Ice texture provides information on the ice growth
history, and may help in deciphering Fe sources and
pathways in the ice column. Iron accumulates within pack
ice at concentrations clearly exceeding that of the under-
lying seawater. In the case of planktonic organisms, en-
richment has been attributed to physical concentration
mechanisms, via scavenging by frazil ice crystals

rising through the water column (Garrison et al., 1983,
1989; Reimnitz et al., 1990). In this process, suspended
organisms are thought to adhere to individual ice crystals
(frazil ice) that develop and rise in the surface waters.
Alternatively, micro-organism particulates may be con-
centrated by wave fields pumping water through the
freshly formed frazil ice layer, causing particles to become
attached to, or trapped between, the ice crystals (Weis-
senberger and Grossmann, 1998). Thus, sea ice genesis
could eventually lead to physical enrichment of particu-
late or colloidal Fe within the pack ice, together with
planktonic organisms. However, such enrichment would
mainly be confined to frazil ice layers as it is probably the
case for stations IV and XIIL

Within our cores, however, no clear overall relation-
ship was observed between ice texture and Fe content
(Table 1). For example at station IV, TDFe is 51.8 nM in
frazil ice, 49.8 nM and 38.5 nM in columnar sections,
and 58.8 nM in bottom ice (also of columnar nature).
Bottom ice TDFe enrichment could be caused by
phytoplankton DFe uptake in the bottom ice assem-
blages. On one hand, we might expect higher Fe levels
in snow ice, because of accumulation of atmospheric
deposition, and in frazil ice via planktonic enrichment.
But on the other hand, columnar ice should more
efficiently expel sea salts and particles during formation,
especially at depth, and therefore might not accumulate
Fe. Our observations support neither scenario, and point
toward the need for further research on the processes of
Fe enrichment and transfer in sea ice.

4.3. Requirements and potential sources for Fe inputs
to the sea ice cover

In our investigation, station IV can be regarded as a
“winter” type station and its iron content might thus be
taken as representative of the initial Fe distribution before
significant melting (Table 2). Considering a 9-month
residence time of 0.5 m thick ice, the required Fe flux into
sea ice in order to accumulate 49 nM TDFe and 18 nM
DFe would be 0.09 pmol TDFe/m?/day and 0.03 pmol
DFe/m?*/day (Table 3).

Based on data from the literature, we attempted to
estimate Fe inputs to the Southern Ocean surface waters
from various possible sources including atmospheric dust
deposition (Juum), extraterrestrial input (Jgpace), vertical
diffusion (Jyir) and upwelling (Jypweriing)- The calcula-
tions suggest a possible total flux of 0.28 pmol TDFe/m?/
day and 0.13 pmol DFe/m?/day to the surface Antarctic
waters (Table 4). Amongst the considered sources,
upwelling should dominate the Fe inputs, accounting for
about 90% of the total. This means that potential sources
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of Fe to the upper waters of the Southern Ocean are
sufficient to account for the total DFe and TDFe trapped in
pack ice based on our data (Table 4).

4.4. Importance of sea ice as a source of Fe to Antarctic
surface waters

Table 3 shows estimated TDFe and DFe fluxes from
melting East Antarctic pack ice to the upper water column.
For an ice floe of 0.5 m thickness containing an average of
49 nM TDFe and 18 nM DFe (station IV), and assuming a
melting period of 1 month, the estimated releases to the
upper ocean would be 0.82 wumol TDFe/m*/day and
0.30 pmol DFe/m*/day — this equates to a 0.49 nM TDFe
addition over a 50 m mixed layer. During spring melting,
compared to other sources, sea ice could thus represent a
significant Fe source to the Antarctic surface waters
(Table 4). When integrating atmospheric dust and extra-
terrestrial deposition (0.0016 pmol DFe/m?*/day), vertical
diffusion (0.01 pmol DFe/m?*/day), upwelling (0.12 pmol
DFe/m?/day) and sea ice melting (0.30 pmol DFe/m?/
day), the total DFe flux to the ocean surface would be
0.43 umol DFe/m?*/day (Table 3), of which sea ice could
represent 70% of the total input. Hence, sea ice melting
during austral spring may be important, as a source of Fe,
in favouring ice edge spring blooms.

5. Conclusions

The East Antarctic pack ice investigated in the present
study reveals high Fe contents in sea ice as compared to
under-ice seawater. Both thermodynamic and biological
processes are likely key factors controlling the Fe dis-
tribution, as spring progresses and the ice warms. Com-
parison of Fe content and ice texture sheds some light on
possible Fe pathways to pack ice. Complementary field
data and laboratory experiments simulating ice growth
could provide further mechanistic insights into the
enrichment processes for Fe in the sea ice environment.
Melting sea ice may provide a significant input of Fe to
Antarctic surface waters during spring, in comparison to
other sources, and may thus play an important role in
fuelling algal blooms in the seasonal ice zone.
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