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a b s t r a c t

An investigation of coloured dissolved organic matter (CDOM) and its relationships to physical and

biogeochemical parameters in Antarctic sea ice and oceanic water have indicated that ice melt may both

alter the spectral characteristics of CDOM in Antarctic surface waters and serve as a likely source of fresh

autochthonous CDOM and labile DOC. Samples were collected from melted bulk sea ice, sea ice brines,

surface gap layer waters, and seawater during three expeditions: one during the spring to summer and

two during the winter to spring transition period. Variability in both physical (temperature and salinity)

and biogeochemical parameters (dissolved and particulate organic carbon and nitrogen, as well as

chlorophyll a) was observed during and between studies, but CDOM absorption coefficients measured at

375 nm (a375) did not differ significantly. Distinct peaked absorption spectra were consistently observed

for bulk ice, brine, and gap water, but were absent in the seawater samples. Correlation with the measured

physical and biogeochemical parameters could not resolve the source of these peaks, but the shoulders

and peaks observed between 260 and 280 nm and between 320 to 330 nm respectively, particularly in the

samples taken from high light-exposed gap layer environment, suggest a possible link to aromatic and

mycosporine-like amino acids. Sea ice CDOM susceptibility to photo-bleaching was demonstrated in an

in situ 120 hour exposure, during which we observed a loss in CDOM absorption of 53% at 280 nm, 58% at

330 nm, and 30% at 375 nm. No overall coincidental loss of DOC or DON was measured during the

experimental period. A relationship between the spectral slope (S) and carbon-specific absorption (an
375)

indicated that the characteristics of CDOM can be described by the mixing of two broad end-members;

and aged material, present in brine and seawater samples characterised by high S values and low an
375; and

a fresh material, due to elevated in situ production, present in the bulk ice samples characterised by low S

and high an
375. The DOC data reported here have been used to estimate that approximately 8 Tg C yr�1

(�11% of annual sea ice algae primary production) may be exported to the surface ocean during seasonal

sea ice melt in the form of DOC.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Sea ice in the polar oceans (Arctic and Southern) and sub-polar
seas (e.g., Baltic and White Seas, Hudson Bay) provides a range of
physically and geochemically unique habitats, which can support rich
and diverse biological assemblages. Sea ice has long been recognised
to play a key role in the biogeochemical cycles of ice-covered oceans
and seas (Thomas and Dieckmann, 2002a, b; Thomas et al., 2010). The
biogeochemical composition of sea ice often yields elevated concen-
trations of dissolved organic matter (DOM) (Thomas et al., 2010) with
distinct optical characteristics as determined on the coloured fraction
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of DOM, chromophoric dissolved organic matter (CDOM), relative to
the surrounding surface waters (Perovich et al., 1998; Belzile et al.,
2000; Stedmon et al., 2007).

The marine DOM pool consists of both allochthonous (terrestrial)
and autochthonous (marine) material derived from the biosynthesis
of organic matter (Nelson and Siegel, 2002). Ubiquitous in all
marine environments, CDOM can make up a substantial proportion
of the DOM pool in aquatic systems (Thurman, 1985; Coble, 2007),
representing up to 60% of the bulk DOC pool (Ertel et al., 1986).
The reactivity of CDOM to sunlight has a significant effect on the
cycling of both DOM and CDOM (Obernosterer and Benner, 2004)
as the absorption of UV radiation by CDOM initiates a set of
photochemical reactions, which either directly remineralise the
organic matter or leads to the formation of a number of reactive
products (Miller and Zepp, 1995; Uher and Andreae, 1997; King
et al., 2005; Stubbins et al., 2006; Xie et al., 2009) some of which
(i.e. ammonium and phosphate) are biologically labile (Moran and
Zepp, 1997; Kitidis et al., 2008).

The optical characteristics of sea ice CDOM are a composite of
those of the CDOM present in the surface oceanic water, from which
the ice formed, and those of the CDOM in the DOM pool produced in
sea ice by the activity of sympagic organisms (Thomas et al., 2001;
Granskog et al., 2006; Stedmon et al., 2007). The in situ DOM
production and its cycling in the often closed environment of sea
ice, with little or intermittent accessibility to the pool of nutrients
in the surface ocean, can be an important source of nutrients to
sympagic assemblages.

One of the unique features of the seasonally ice-covered region
of the Southern Ocean is that there are no major terrestrial inputs of
DOM, which is in stark contrast to the northern polar and sub-polar
regions that are influenced by dense and large river networks
(Retamal et al., 2007). Hence, the DOM incorporated in Arctic and
sub-Arctic sea ice during ice formation has a substantial river-
borne allochthonous component (Benner et al., 2005; Granskog
et al., 2006; Stedmon et al., 2007), whereas the DOM incorporated
into sea ice formed in the Southern Ocean will be predominantly
autochthonous in origin. As a result, the Southern Ocean provides a
unique opportunity to investigate the composition and behavior of
marine-derived organic matter divorced from terrestrial inputs.

There are very few studies of the optical characteristics of CDOM
in sea ice, with none, to our knowledge, in Antarctic sea ice.
As mentioned above, the optical properties of CDOM in Baltic sea
ice have been shown to differ from that of the under-ice seawater
(Ehn et al., 2004; Granskog et al., 2005) as a result of in situ

(sympagic) CDOM production (Stedmon et al., 2007). Belzile et al.
(2000) showed that CDOM was a significant component of the DOM
pool attenuating UV light in Arctic first-year sea ice, as did Ehn et al.
(2004) and Uusikivi et al. (2010) for the Baltic Sea. Scully and Miller
(2000) concluded that melting sea ice would be a source of CDOM
to the surface ocean in Baffin Bay (Canadian Arctic), and both Kieber
et al. (2009) and Ortega-Retuerta et al. (2010) considered that
Antarctic sea ice might be a potential source of CDOM, although this
was suggested without direct evidence. The limited number of
polar and sub-polar studies have revealed the potential of sea ice as
a CDOM reactor and a source of CDOM with distinct optical
properties to the surface ocean.

In this study we investigated the optical properties of CDOM in
Antarctic sea ice from two regions of the polar Southern Ocean, the
Weddell Sea and East Antarctica, in the early spring and early summer.
The data were collected from a wide range of sea ice types in respect of
age, temperature, and thickness, as well as biological standing stocks.
We report on the optical properties of CDOM from directly-sampled
sea ice brine, melted (bulk) sea ice from ice cores, the hyposaline
water from surface gap layers, and seawater. The relationships
between the spectral properties of CDOM and the concentrations
of DOC, dissolved organic nitrogen (DON), particulate organic carbon

(POC), particulate nitrogen (PN), and chlorophyll a (Chla) are exam-
ined and discussed in relation to the importance of CDOM in the sea
ice, and we assess the potential of sea ice as a source of CDOM to the
Southern Ocean.

2. Study sites and sampling

2.1. Study sites

The initial part of the study was conducted in the transition from
spring to summer (December 2004) during the interdisciplinary
field experiment Ice Station POLarstern (ISPOL) (Hellmer et al.,
2008). During the experiment, the physical and biogeochemical
properties of a single, 10�10 km (initial dimensions) ice floe were
monitored. The ISPOL floe was located in the western Weddell Sea,
where it drifted in a northerly direction at approximately 67–681S
and 551W (Fig. 1). Samples were taken from first- and second-year
ice from the structurally heterogeneous ISPOL floe, as well as from
the water of 2 spatially separate gap layers in the upper 10 to 30 cm
of the ice column. Details of the physical and chemical features of
the floe have been reported elsewhere (Haas et al., 2007; Lannuzel
et al., 2008; Papadimitriou et al., 2007, 2009).

The second part of the study was conducted in the transition
from winter to spring (September–October 2006) during the Winter

Weddell Outflow Study (WWOS) on board R.V. Polarstern (Lemke,
2009). The cruise track took an east to west transect between 601 to
611S and 401 to 521W, and a northeast to southwest transect
between 601S and 651S, in the north-western Weddell Sea (Hellmer
et al., 2009). Brine and ice core samples were obtained at 22 ice
stations during a 38-day period (Fig. 1). Physical, chemical, and
biological parameters of the WWOS sites have been reported in
Haas et al. (2009) and Meiners et al. (2009).

The third part of the study was conducted during the Sea Ice

Physics and Ecosystem Experiment (SIPEX) onboard the R.S. Aurora

Australis in the transition from winter to spring (September–
October 2007) on 14 ice stations within the 110–1301 E region
off Eastern Antarctica (Fig. 1). During the SIPEX experiment, the sea
ice was thinner than that studied during ISPOL and WWOS, with
many of the floes relatively undeformed and less than 60 cm thick.
The majority of samples were taken from first-year ice. One station
was fast ice, and one station was rafted consolidated pancake sea
ice close to the marginal ice zone from which two cores were taken.

2.2. Sampling

Under-ice seawater samples were taken using a Seabird
911+CTD rosette equipped with 12 L Niskin bottles during ISPOL
and WWOS, and with a manual, messenger-operated 2 L Niskin
bottle during SIPEX. All samples were collected in acid-cleaned
1 or 2 L HDPE bottles.

Ice cores were drilled either manually or using an electric motor,
using a KOVACS Mark II (9 cm internal diameter) ice corer, and were
immediately sectioned into 10 cm segments directly into acid-cleaned
1L plastic tubs. To maintain consistency all cores were sectioned
starting at the bottom of the core and working towards the top.
Temperature measurements were taken from a companion core by
drilling a small hole at the mid-point of each 10 cm section and
inserting a calibrated K–Thermocouple probe on a HANNA Instruments
thermometer (HI93530). All ice core sections were then returned to the
onboard laboratory and were melted in the dark at +4 1C.

Brine samples were collected using the sackhole sampling
method by manually drilling partial bore holes into the ice surface
after removing the snow cover and allowing the brine from the
surrounding brine channels to percolate into the hole (Gleitz et al.,
1995). Between three and six sackholes were drilled on each
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occasion using a 14 cm (ID) Kovacs Mark V ice corer within
approximately a 2 m2 ice surface to depths between 16 and
186 cm, but mostly in the 30 to 60 cm range, depending on the
thickness of the ice. Ice shavings and slush were removed, and
Styrofoam covers were placed over the top of the sackholes to
ensure that samples were not compromised by snow, slush, or
debris, and to minimise air-brine interaction (Papadimitriou et al.,
2007). During ISPOL, sufficient volume of brine was generally
collected after 10 minutes, but due to the colder temperatures
during the WWOS and SIPEX studies, the time required to collect
sufficient brine was 0.5 to 3, and 3 to 7 hours, respectively. The
brine samples were collected into acid-cleaned 1L plastic contain-
ers using an acid-cleaned 100 mL plastic syringe fitted with a 30 cm
length of Teflon tubing. Deeper sackholes were sampled with a
stainless steel ladle attached to a pole. The brine temperature was
measured in situ using a calibrated K–Thermocouple probe on a
HANNA Instruments thermometer (HI93530). Sackhole sampling
has been shown to be a suitable method for measurements of
dissolved constituents in brines but unsuitable for quantitative
measurements of the particulate fraction because the latter does
not percolate quantitatively with the brine (Weissenberger, 1992;
Papadimitriou et al., 2007). The concentrations of Chla, POC, and PN
measured in sackhole brine samples are therefore underestimates
of actual in situ concentrations and are reported here only as
relative abundance indicators for biomass.

2.3. Samples

The ISPOL samples comprised:

1) Seawater samples from four CTD stations at water depths
between 5 and 1516 m;

2) Seven ice cores from two sites on the floe, five ice cores from a
level 50�50 m patch of thin first-year ice, and two ice cores
from a spatially separate site with thick second-year ice;

3) 31 brine samples, 28 hypersaline (salinity435) and 3 hyposaline
(salinityo35), 29 from a separate site on the floe with thick first-
year ice and two from a location with thick second-year ice;

4) 23 hyposaline water samples from two spatially separate gap
layers, one overlying thick first-year ice and another overlying
second-year ice from which the two ice cores were also obtained
as described in 2) above.

The five ice cores from the thin first-year ice described in 2) above
were part of a temporal study and were taken at approximately 5 day
intervals between 29/11/04 and 30/12/04. The brine samples were
collected between 02/12/04 and 29/12/04 at intervals of 3 to 9 days,
with a minimum of three sackholes sampled at each sampling event.
The biological and geochemical composition of the hypersaline
sackhole brines and the hyposaline gap waters from the ISPOL floe
has been reported in Papadimitriou et al. (2007, 2009).

The WWOS samples comprised:

1) Seawater samples from five CTD stations at water depths
between 20 and 5591 m;

2) 12 ice cores, 11 from first-year ice and one from second-year ice;
3) 118 brine samples, 100 from first-year ice and 18 from second-

year ice.

The SIPEX samples comprised:

1) 28 under-ice water samples taken at between 1 and 10 m depth;
2) 33 ice cores, 30 from first-year ice and three from second-

year ice;

Fig. 1. Cruise tracks and ice stations for (A) the ISPOL drift experiment (27/11/04 to 02/01/05), indicated with open circles, with drift area contained within box, and the WWOS

field study (06/09/06 to 13/10/06), indicated with solid circles, both in the Weddell Sea, Antarctica, and (B) the SIPEX field study (11/09/07 to 10/10/07) in the Eastern Antarctic

region. The ISPOL/WWOS map was provided by Marcel Nicolaus, Norwegian Polar Institute. The SIPEX map was generated using Online Map Creation.
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3) 38 brine samples, 33 from first-year ice and five from second-
year ice.

Fifteen of the ice cores and 16 of the brine samples were taken
from sites dedicated to trace iron analysis (van der Merwe et al.,
2009). One core was taken from a heavily deformed floe (209 cm
thick), and one further core and three brine samples came from an
area of land fast ice.

2.4. Photo-bleaching experiment

In addition to field sampling, a CDOM photo-bleaching experi-
ment was set up during ISPOL in order to investigate the changes
in brine CDOM during photo-bleaching at in situ conditions.
Ten borosilicate and 10 quartz 220-mL tubes with stoppers
(all pre-combusted at 500 1C for 3 hours) were filled with filtered
(using pre-combusted WHATMAN GF/F filters) brine taken from a
single sackhole (salinity¼55.2). The borosilicate tubes were
wrapped in foil to maintain dark conditions and served as control
samples, while the quartz tubes were left unwrapped. All vessels
were then half-buried in surface snow to minimise temperature
variation. Samples for CDOM, DOC, and DON analyses were taken at
time zero. Thereafter, two control tubes and two experimental
tubes were harvested, thoroughly mixed, and sampled for CDOM,
DOC, and DON analyses at 12, 18, 24, 48, and 120 hours. During the
experiment light measurements were recorded using a hyperspec-
tral radiometer (TriOS RAMSES ACC-UV) for the UVA (measured
between 320 and 400 nm) and UVB (measured between 280 and
320 nm) spectral range, while 2p quantum sensor (LI-190) was
used for the PAR range (400 to 550 nm). Both sensors were placed
on the snow surface in proximity to the sample vials, making sure
that no shading effects occurred by any of the sensors, cables or
connected recorders. The sensors were connected to a PC and a
LI-COR datalogger (LI-1400) for control and data storage, respectively.
The sampling rates were set to 5 min intervals and the spectral
resolution for the radiometer was 2.2 nm. The PAR data are
expressed in mmol m�2 s�1 while the UVR data are expressed
in W m�2.

2.5. Analytical techniques

All salinity measurements were taken at laboratory tempera-
ture (17 to 22 1C) using a SEMAT Cond 315i/SET salinometer with
WTW Tetracon 325 probe. As the maximum range of the instru-
ment is salinity¼70 (measured in PSU), samples with higher
salinity were measured after dilution with ultrapure water. The
samples for the determination of Chla, POC, and PN were collected
from an aliquot of known volume on pre-combusted (500 1C, three
hours) filters (WHATMAN, GF/F) and were kept at �20 1C until
analysis of Chla in the onboard laboratory and POC/PN in the
Bangor University (ISPOL and WWOS) and University of Tasmania
(SIPEX) laboratories. The extracted Chla was measured using a
Turner Designs 10 AU fluorometer (detection limit of the instru-
ment 0.02 mg L�1) following the method of Evans et al. (1987)
during ISPOL and WWOS, and Holm-Hansen et al. (1965) during
SIPEX. The POC and PN concentrations were determined with a
CARLO ERBA NA 1500 Elemental CHN Analyzer (ISPOL and WWOS)
and a Thermo Finnigan EA 1112 Series Flash Elemental Analyser
(SIPEX) after overnight fumigation with 37% (w/v) HCl to remove
the inorganic carbon fraction and oven-drying at 60 1C.

The filtrate provided samples for DOC, DON, and CDOM
measurements during ISPOL and WWOS, while, during SIPEX, such
samples were obtained by filtering through disposable syringe
filters (WHATMAN, GD/X) using an acid-cleaned 20 mL all-plastic
syringe. The DON samples were stored at �20 1C in acid-cleaned

20 mL scintillation vials, while the DOC samples were stored
acidified with �20 mL of ultrapure orthophosphoric acid in pre-
combusted (500 1C, three hours) 4mL borosilicate vials with Teflon-
lined screw caps at �20 1C until analysis in the Bangor University
laboratory. The DOC and DON were analysed as described in
Papadimitriou et al. (2007).

The CDOM samples were stored refrigerated in the dark in acid-
cleaned plastic bottles and were measured within 24 hours of
collection. The absorbance of CDOM was measured at room
temperature using a dual beam Shimadzu 1601 UV-Vis spectro-
photometer over the range 200 to 750 nm at a resolution of 0.5 nm.
The optical density acquired from the instrument was converted to
the CDOM absorption coefficient (aCDOMl

) using the equation

aCDOMl
¼ 2:303

AðlÞ
r

ð1Þ

where aCDOMl¼absorption coefficient (m�1), A(l)¼optical density
at a given wavelength l, 2.303¼conversion factor from log10 to loge

units, and r¼ length of optical path¼0.10 m.
The CDOM absorption spectrum typically declines exponen-

tially with wavelength (l) when measured from 300 to 650 nm
and, hence, can be modeled as an exponential function ofl (Bricaud
et al., 1981). The modeled exponential slope of this spectrum (S)
offers an indication of CDOM quality because it varies depending on
its source (terrestrial or marine), age (fresh or old), and extent of
degradation (Carder et al., 1989; Stedmon and Markager, 2001).
The absorption at a specific wavelength can be used as an indicator
of CDOM concentration. A range of wavelengths have been used in
the past here we use 375 nm. The wavelength range from which S
is calculated, and the choice of 375 nm, represents a compromise
between analytical chemistry where CDOM absorption at UV
wavelengths is due to its aromatic content (Chin and Gschwend,
1992), and aquatic bio-optics when predicting penetration of
natural light is of interest. Reporting the absorption at 375 nm
together with the S value derived from across the whole UVA and
visible light range allows others to predict the light attenuation due
to CDOM. The carbon-specific CDOM absorption (an

375, in m2 g�1 C)
is the absorption normalised to the DOC concentration (expressed
in g C m�3) and together with S represents a qualitative measure of
CDOM colour.

All concentrations are reported on a per kg solution (mass) basis
(Cmass) after conversion of the measurements on a per unit volume
basis (Cvol) as

Cmass ¼
Cvol

ru
ð2Þ

with r0 ¼sample density at the temperature of sample processing.
The density of melted sea ice (r0melt), brine (r0b), and gap waters
(r0gap) in laboratory conditions were calculated by extrapolation of
the equation of state for seawater in Millero and Poisson (1981) to
the sample salinity, because the major ionic composition of sea ice-
derived solutions reflects physical modification of that of oceanic
water. The concentrations measured in melted bulk ice were
further converted to per kg of brine at in situ temperature
conditions as

Cb, mass ¼
ðCvol=r

0

meltÞrbulk ice

ðVb=VÞrb

ð3Þ

where Vb=V
� �

is the relative brine volume, and rbulk ice and rb are
the bulk ice and brine densities, respectively, at in situ temperature,
all calculated as in Cox and Weeks (1983), using the polynomial
functions in Cox and Weeks (1983) for temperatures r�2 1C and
Leppäranta and Manninen (1988) for temperatures between 04
and 4�2 1C and an (assumed) relative air volume of 1.5% (C. Haas,
pers. comm.). The concentrations directly measured in sackhole
brines and those derived from bulk sea ice measurements were
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further normalised to a salinity of 35 as

Cb, mass,s¼
35

Sb
Cb, mass ð4Þ

where Sb is the salinity of the brine, which, for bulk sea ice
determinations, was calculated as a function of ice temperature
(t, Petrich and Eicken, 2010) as

Sb ¼ 1000 1�
54:11

t

� ��1

ð5Þ

The temperature and salinity of bulk ice, brine, and surface
waters, as well as ice thickness and Vb/V from all three studies are
given in Table 1. Correlation analysis and analysis of variance
were conducted on MINITAB, while regression analysis was based
on the geometric mean regression in Ricker (1973). It should be
noted that not all analysis were performed on every sample
mentioned in Section 2.3 above, therefore numbers of observations
quoted in the following results section and accompanying tables
may differ.

3. Results

3.1. Physical and biochemical parameters

3.1.1. Seawater

The mean DOC and DON concentrations in seawater varied
between expeditions (Table 2), with the SIPEX samples signifi-
cantly higher than both ISPOL and WWOS (po0.01) for both
parameters. The concentration of POC in the water column was
measured during WWOS and SIPEX and was not significantly
different between cruises, while PN data were only available for
SIPEX. The measured Chla concentrations were all less than
0.25 mg kg�1 during the three studies (Table 2).

3.1.2. Bulk ice

The bulk ice temperature and salinity varied considerably
between studies. The warmest ice temperatures and narrowest
salinity range were encountered during the ISPOL drift experiment
in the spring-summer transition (Table 1). Both the WWOS and SIPEX
field studies were conducted during the winter-spring transition, yet

the SIPEX data set exhibited the widest temperature and salinity
ranges, including the coldest ice temperature (�14.8 1C) and highest
bulk ice salinities (18.3) (Table 1).

The DOC, DON, POC, PN, and Chla concentrations in the bulk ice
samples exhibited a high degree of variability, with their ranges
extending over 1 to 3 orders of magnitude for each parameter
(Table 2). The mean DOC concentrations were not significantly
different across the three studies, with at least 75% of the samples
being less than 60 mmol kg�1 despite the large concentration ranges.
The DON concentrations were lower in the SIPEX samples (significant
at po0.01) than both the ISPOL and WWOS samples (Table 2). Based
on all available observations from bulk sea ice, [DOC]4200 mmol
kg�1 and [DON]440 mmol kg�1 were measured systematically and
most frequently in the bottom 10–20 cm of the cores. No other
distribution pattern with depth downcore was discernible for these
parameters (Fig. 2). When the measured concentrations of DOC and
DON were normalised to a salinity of 35 (Gleitz et al., 1995) both
constituents were enriched relative to the mean salinity-normalised
concentration in the underlying seawater (Table 2). The DOC was
positively correlated with DON in all studies (Fig. 3; ISPOL:
r2

linear ¼ 0:404, po0.001, n¼61; WWOS: r2
log�log ¼ 0:526, po0.001,

n¼148; SIPEX: r2
log�log ¼ 0:318, po0.001, n¼138). The observed DOC

to DON ratios were variable within all three datasets, but the mean
DOC:DON was not significantly different between them (Table 2).

The mean concentrations of POC and PN measured in the SIPEX
bulk ice samples (Table 2) were lower (significant at po0.001)
than those measured during ISPOL and WWOS (Table 2), with the
ISPOL and WWOS mean observations being almost 3-fold and
2-fold greater, respectively (Table 2). All datasets yielded positive
correlations between POC and PN (Fig. 4; ISPOL: r2

log�log ¼ 0:297,
po0.001, n¼57; WWOS: r2

log�log ¼ 0:914, po0.001, n¼151;
SIPEX: r2

log�log ¼ 0:830, po0.001, n¼110), with the ISPOL observa-
tions exhibiting a greater degree of scatter. Mean POC to PN ratios
(Table 2) differed significantly between the studies (all po0.05).

The Chla concentrations in the bulk ice samples were wide
ranging in all datasets but especially in the WWOS dataset (Table 2;
Fig. 5). The ranges of Chla concentration in the ISPOL and SIPEX
samples were similar (Table 2), but the mean for the SIPEX
samples was almost half that of the ISPOL samples. The majority
of the ISPOL and WWOS samples yielded Chla concentrations
between 1 and 7 mg kg�1, whereas the majority of SIPEX samples

Table 1
Physical parameters measured in sea ice and brines collected during this study.

ISPOL 27/11/04 - 02/01/05 WWOS 06/09/06 - 13/10/06 SIPEX 11/09/07 - 10/10/07

Bulk Ice Brine
Surface Gap

Layers
Bulk Ice Brine Bulk Ice Brine

Thickness (cm)
72 to 226,

n¼9

1 to 16,

n¼23

88 to 190,

n¼12

35 to 133c,

n¼33

Depth (cm)
20 to 78,

n¼36

16 to 66b,

n¼118

14 to 80,

n¼41

Temperature (1C)
-2.5 to -1.1a,

n¼96

-3.4 to -1.3a,

n¼36

-1.8 to -0.8,

n¼23

-8.8 to -1.9,

n¼154

-8.7 to - 3.6,

n¼126

-14.8 to -1.5,

n¼214

-12.4 to - 2.2,

n¼24

Salinity
1.0 to 9.3,

n¼96

29.4 to 63.2,

n¼40

20 to 33,

n¼23

0.4 to 14.1,

n¼154

58.1 to 134.0,

n¼126

2.1 to 18.3,

n¼251

33 to 179,

n¼46

Vb/V (%)
2.6 to 31.9,

n¼95

0.2 to 25.0,

n¼154

0.2 to 34.8,

n¼208

a The brine samples were derived from the upper layers of thick first-year ice (Papadimitriou et al. 2007), which were colder than the temperature range of the ice cores

obtained from spatially distinct, separate patches of thin first-year ice and thick second-year ice on the ISPOL floe.
b A single brine sample was obtained from a sackhole of 186 cm depth.
c A single 209-cm-thick ice core was obtained from rafted ice on a heavily deformed floe.
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Fig. 2. Profiles of DOC and DON with depth in the ice (y¼0% represents the air-ice or ice-snow interface). In the ISPOL observations, solid circles represent second-year ice

with surface and internal communities, and open circles represent first-year ice. For clarity of presentation DOC concentrations4200 mmol kg�1 are not included in the

figures. The excluded observations were derived from the bottom section (142–155 cm depth below the ice surface) of the core obtained on 05/10/06 during WWOS

([DOC]¼780 mmol kg�1) and bottom section (40–43 cm depth) of the core obtained on 03/10/07 during SIPEX ([DOC]¼325 mmol kg�1).

Fig. 3. DOC as a function of DON in bulk ice samples. The solid lines represent linear regressions on untransformed (ISPOL) and log-transformed data (WWOS, SIPEX).

Regression equations: [DOC]¼13 (79)+6 (71) [DON] (ISPOL), [DOC]¼12 [DON] 0.9 (70.1) (WWOS), and [DOC]¼12 [DON] 1.0 (70.1) (SIPEX).

Fig. 4. POC as a function of PN in bulk ice samples. The solid lines represent regressions after log transformation of the data. Regression equations: [POC]¼16 [PN] 0.82 (70.19),

(ISPOL), [POC]¼10 [PN] 0.98 (70.08) (WWOS), [POC]¼20 [PN] 0.63 (70.05) (SIPEX).
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yielded Chla concentrations o1 mg kg�1. The concentrations
measured in the more algal-rich parts of the ice column were also
variable between expeditions, with the ISPOL samples yielding
Chla concentrations between 10 and 85 mg kg�1, WWOS from
10 to 2191 mg kg�1, and SIPEX from 3 to 46 mg kg�1. This indicates
that, at the depth of biomass maximum in sea ice, the algal biomass
densities were generally most moderate during the SIPEX study
and highest during the WWOS study. The depth profiles of each
of the particulate constituents clearly indicated concentration
maxima within the bottom 10–20 cm of the cores, except
for two second-year ice cores collected during ISPOL, which
exhibited localised maximum concentrations higher up in the
ice column, where surface and internal communities were present
(Fig. 5).

3.1.3. sea ice brine

The temperature of the sea ice brines collected during the three
studies ranged between �12.4 and �1.3 1C and their salinities
ranged from 29.4 to 179. The highest temperatures and lowest
salinities were measured during ISPOL and the lowest tempera-
tures and highest salinities were measured during SIPEX (Table 1).
In sea ice, brine salinity (Sb) is reported to be a function of ice
temperature (Petrich and Eicken, 2010), and this relationship was
evident in the direct observations of Sb and temperature from
sackhole brines during each of the studies (Fig. 6; ISPOL:
r2
¼�0.956, po0.001, n¼39; WWOS: r2

¼�0.969, po0.001,
n¼124; SIPEX: r2

¼�0.957, po0.001, n¼34).
As with the bulk ice samples the DOC, DON, POC, PN, and Chla

concentrations in the brine samples exhibited a high degree of

Fig. 5. Ice core profiles of POC, PN, and Chla. In the ISPOL figures, solid circles represent cores from second-year ice with surface and internal communities and open circles

represent cores from first-year ice. For clarity of presentation POC concentrations 41250 mmol kg�1, PN concentrations 4100 mmol kg�1, and Chla concentrations

4100 mmol kg�1 are not included in the figures. The excluded observations were derived from the bottom section (142–155 cm depth below the ice surface) of the core

obtained on 05/10/06 ([POC]¼3433 mmol kg�1, [PN]¼449 mmol kg�1, and [Chla]¼2191 mg kg�1), and from the bottom section (111–121 cm depth) of the core obtained on

09/10/06 ([Chla]¼223 mg kg�1), both during WWOS.
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variability (Table 2). Mean DOC and DON concentrations were
significantly different between the studies (DOC: po0.005, DON:
po0.03), with the highest means and largest ranges of both para-
meters occurring in the WWOS brine samples (Table 2). The mean
salinity-normalised concentrations of DOC and DON in sackhole brines
(normalised to a salinity of 35; Gleitz et al., 1995) were higher than the
salinity-normalised concentrations of the underlying seawater during
ISPOL and WWOS (Table 2), indicating enrichment of DOC and DON in
the sea ice brine beyond that which can be explained by simple
physical concentration of these solutes. In contrast, during SIPEX, the
mean salinity-normalised concentrations of DOC and DON in sackhole
brines (60731 mmol kg�1 and 3.971.8 mmol kg�1, respectively)
were similar to the mean salinity-normalised seawater concentrations
(57710 and 3.971.0 mmol kg�1, respectively). The DOC and DON
measurements in the brines were positively correlated, (Fig. 7; ISPOL:
r2
¼0.808, po0.001, n¼31; WWOS: r2

¼0.772, po0.001, n¼122;
SIPEX: r2

¼0.438, p¼0.031, n¼29), and although the observed
DOC:DON was variable within all three datasets, the mean DOC:DON
did not differ significantly between the datasets (Table 2). Within the
ISPOL and SIPEX datasets, there was a small proportion of observations
(o10%) that had a lower DOC:DON (r10) than the majority of
samples (range¼14 to 30; Table 2). These observations were excluded
from the regression analysis shown in Fig. 7.

The POC and PN concentrations were all elevated in the WWOS
brine samples compared to the ISPOL samples (Table 2), but they were
not significantly different. The measured concentrations of both
parameters were highly variable during both campaigns, although
there appeared to be some degree of consistency within locations,
particularly during the WWOS field study. The POC and PN of the
brines were positively correlated (Fig. 8; ISPOL: r2

linear ¼ 0:163,

p¼0.032, n¼23; WWOS: r2
log�log ¼ 0:907, po0.001, n¼120). The

two highest PN observations (19.2 and 22.9 mmol kg�1) from the
ISPOL data set were excluded as the concentrations were 3- to 4-fold
higher than any other sample measured and disproportionally
influenced the analysis. As with the bulk ice samples, the mean
POC:PN differed between the two studies at 18716 (ISPOL) and 973
(WWOS), which may be attributed to the difficulties encountered
when sampling particulate matter from sackhole brines.

The Chla concentrations in WWOS brine samples were higher
than the ISPOL brine samples (significant at po0.001), with the
majority of the WWOS brine samples yielding Chla concentrations
between 2 and 5 mg kg�1 and all ISPOL samples yielding o2.1 mg
kg�1. No Chla data are available from the SIPEX brine samples. As
with the POC and PN, the reported Chla concentrations in the brine
are only an approximation of the in situ concentrations.

3.1.4. Surface gap layers

The biogeochemical composition of the two surface gap layers
sampled during the ISPOL study has been reported in Papadimitriou
et al. (2009). Briefly, the concentrations of the biogenic dissolved and
particulate matter were within the ranges observed in bulk sea ice,
with higher DOC, DON, POC, PN, and Chla concentrations in the waters
of the thick gap layer overlying second-year ice than those in the
water of the thin gap layer overlying thick first-year ice. Additional
biogeochemical measurements (pH, dissolved molecular oxygen,
major dissolved inorganic nutrients, including total dissolved inor-
ganic carbon), however, indicated comparable autotrophic activity in
both gap layers by the surface biological assemblage which extended
in the neighboring surface ice layers. Mean values, standard devia-
tions, and ranges are given in Table 2.

3.2. CDOM

The absorption spectra of seawater followed the commonly
observed exponential decline with increasing wavelength (Bricaud
et al., 1981), but the bulk ice, brine, and gap water samples did not.
Many of the bulk ice and brine samples, and all of the gap water
samples had a distinct peak at 320–330 nm, with the bulk ice samples
also displaying a shoulder between 260 and 280 nm. These features
were consistent across all three studies (Figs. 9 and 10). Using 375 nm
(a375) as an indicator of CDOM concentration, all studies yielded the
highest concentrations in the brine samples, with mean values 4 times
greater than in the underlying seawater (Table 3). No significant
differences were found in a375 between the studies. The carbon-
specific CDOM absorption (an

375) was highest in the bulk ice samples,
with a maximum value of 2.38 m2 g�1 C (Table 3).

Due to the presence of the shoulders and peaks, none of the
gap water spectra, only 12% of the ice spectra, and 47% of the
brine spectra could be modeled with an exponential function.

Fig. 6. Salinity as a function of temperature in sea ice brines. The open circles

represent ISPOL samples, open squares represent WWOS samples, and open

triangles represent SIPEX samples. The solid line represents the functional relation-

ship between the two parameters as described by Petrich and Eicken (2010).

Fig. 7. DOC as a function of DON in sea ice brines. The solid lines represent linear regressions. The solid symbols in all graphs represent observations not included in the

regression analysis. Note that the WWOS data is presented on a different scale from the ISPOL and SIPEX data due to the much larger concentration range measured. Regression

equations: [DOC]¼�17 (742)+19 (73) [DON] (ISPOL), [DOC]¼15 (728)+17 (71) [DON] (WWOS), [DOC]¼1 (752)+18 (75) [DON] (SIPEX).
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The S values obtained from this sub-set of the data show very
similar means and ranges in the seawater and brine samples,
whereas the bulk ice samples exhibited a lower mean and mini-
mum value than that of the seawater and brine samples (Table 3). In
contrast the an

375 of the bulk ice samples was more than double that
of the brine and almost double that of the seawater (Table 3). When
S was plotted against the an

375 of the brine and seawater samples, all
observations followed the same trend, with higher S values and low
an

375 in seawater and brine and low S and high an
375 in bulk sea ice

(Fig. 11).

3.2.1. Relationships with physical and biogeochemical parameters.

In order to investigate possible relationships between the
biogeochemical and physical parameters (DOC, DON, POC, PN,
Chla, temperature, and salinity) and the optical measurements
(CDOM), the absorption spectra of each sample type (seawater,
bulk ice, brine, and surface gap layer) were divided into four
wavelength bands, and the integrated CDOM absorption coefficient
(aCDOMl) within those bands was calculated for each sample.
Bands 1 (250 to 255 nm) and 4 (390 to 400 nm) represented the
background CDOM, band 2 (265 to 270 nm) contained the highest
point of the shoulder observed in the bulk ice samples, and band 3
(320 to 330 nm) contained the top of the peak observed in the bulk
ice, brine, and gap water samples (see Fig. 9). Between studies the
aCDOMl at band 3 in the WWOS bulk ice samples was lower than
in both the ISPOL and SIPEX samples (significant at p¼0.001 and
po0.001, respectively), and in the brine samples the aCDOMl of the
SIPEX brine samples was lower than in both ISPOL and WWOS brine
samples at all bands (significant at po0.05) (Table 4). No addi-
tional information was gained as to the source of the peaks from the
correlation analysis of the wavelength bands with the physical and
biochemical parameters.

3.3. Photo-bleaching experiment

3.3.1. Light measurements

The maximum UVR values reached 4.70 W m�2 at t¼1 h, and
70.31 W m�2 at t¼72 h (between 1500 and 1600 ship time (UTC -4))
for the UVB and UVA bands, respectively, while the minimum
values reached 0.02 W m�2, initially at t¼12 h and then at each

250 300 350 400 450
0

0.5

1

1.5
ISPOL

n=16

no
rm

al
is

ed
 a

bs
or

pt
io

n

250 300 350 400 450
0

0.5

1

1.5

no
rm

al
is

ed
 a

bs
or

pt
io

n

n=75

250 300 350 400 450
0

0.5

1

1.5

no
rm

al
is

ed
 a

bs
or

pt
io

n

wavelength (nm)

n=9

250 300 350 400 450
0

0.5

1

1.5

n=7

SIPEX

250 300 350 400 450
0

0.5

1

1.5

n=136

250 300 350 400 450
0

0.5

1

1.5

n=23

wavelength (nm)

250 300 350 400 450
0

0.5

1

1.5

n=33

WWOS

250 300 350 400 450
0

0.5

1

1.5

n=147

250 300 350 400 450
0

0.5

1

1.5

n=106

wavelength (nm)

Fig. 9. Seawater, bulk-ice, and brine absorption spectra. Data presented are means and standard deviations of normalised absorption spectra (value at 250 nm normalised

to 1). (A), (B), (C)¼seawater samples, (D), (E), (F)¼ ice core section samples, (G), (H), (I)¼brine samples.

Fig. 8. POC as a function of PN in sea ice brine. The solid lines represent regressions on

measured (ISPOL) and log transformed concentrations (WWOS). Solid circles on the

ISPOL graph represent observations not included in the regression analysis. Regres-

sion equations: [POC]¼14 (721)+11 (74) [PN] (ISPOL), [POC]¼9 [PN] 0.97 (70.08)

(WWOS).
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24 h interval thereafter, and 0.81 W m�2 at t¼12 h (between 03:00
and 04:00 ship time), respectively (Fig. 12; daily averages given in
Table 5). Due to methodological restraints imposed by the type of

sensor used, the PAR data could only be expressed in mmol m�2

s�1. Here the maximum values were around 2500 mmol m�2 s�1 at
t¼72 h (local noon), while minimum values reached �20 mmol
m�2 s�1 at local midnight (Fig. 12).

3.3.2. Biogeochemical parameters

The shoulders and peaks observed in many of the brine samples
were not present in the brine collected for the photo-bleaching
experiment. Therefore, in addition to 375 nm it was possible to
add two further reference wavelengths of 280 nm and 330 nm
to calculate a percentage change in CDOM absorbance over the
120 h experimental period. A clear decrease in aCDOMl was
observed at 280 and 330 nm in the light-exposed brine samples,
with little change observed in the dark control samples (Fig. 13).
The 120 h exposure to photo-bleaching resulted in a 53% decrease
in aCDOMl at 280 nm and 58% decrease at 330 nm (Table 6; Fig. 14).
In contrast, aCDOMl at 375 nm initially increased by 12% in the light-
exposed samples during the first 24 h of the experiment. An overall
decrease in aCDOMl of 30% from the initial concentration was
measured at t¼48 h, and no further change was observed at
t¼120 h (Table 6; Fig. 14). The control samples increased through-
out the experiment and a 48% increase in aCDOMl at 375 nm was
measured at t¼120 h (Table 6; Fig. 14). Some variability in DOC

Table 3
Mean7standard deviation, (range), and number of observations (n) for the samples from Antarctic sea ice and surface oceanic waters from which optical measurements of

DOM (CDOM) were obtained: CDOM absorption coefficient (aCDOMl) at 375 nm (a375) and average between 320 and 330 nm (â320-330, corresponding to the peak observed in

Figs. 9 and 10), spectral slope (S calculated from the exponential model fit on individual 300–650 nm spectra), carbon-specific absorption (an
375), and corresponding dissolved

organic carbon (DOC) concentrations. For many samples from the brines and ice cores, and for all of the surface gap layer samples it was not possible to model the absorption

spectra using an exponential model (see Figs. 9 and 10 for indication of these non-exponential spectral shapes) and S could therefore not be calculated.

Seawater Ice Brine Surface Gap

Layer

a375 (m�1) 0.1170.11

(0.01-0.78)

n¼54

0.1470.16

(0.00-1.43)

n¼358

0.4170.37

(0.00-1.79)

n¼138

0.2870.14

(0.07-0.68)

n¼23

â320-330 (m�1) 0.2970.55

(0.06-4.23)

n¼54

0.5670.46

(0.03-2.83)

n¼358

1.2370.99

(0.12-4.52)

n¼138

1.3470.77

(0.34-3.37)

n¼23

S (mm�1) 20.976.1

(11.1-39.6)

n¼51

16.276.9

(6.5-33.3)

n¼42

20.274.1

(13.7-34.6)

n¼65

No Data

an
375 (m2 g�1 C) 0.1970.18

(0.04-0.94)

n¼27

0.3370.37

(0.00-2.38)

n¼320

0.1370.09

(0.00-0.46)

n¼130

0.5670.47

(0.08-1.71)

n¼18

DOC (mmol kg�1) 47714

(14-76)

n¼43

42730

(6-192)

n¼320

2717172

(23-970)

n¼137

84775

(18-324)

n¼20

250 300 350 400 450
0

0.2

0.4

0.6

0.8

1

wavelength (nm)

no
rm

al
is

ed
 a

bs
or

pt
io

n n=17

Fig. 10. Absorption spectra from water samples collected from two gap layers during the ISPOL drift experiment in the Weddell Sea between 27/11/04–02/01/05. Data

presented are means and standard deviations of normalised absorbance spectra (value at 250 nm normalised to 1).

Fig. 11. Spectral slope (S, 300-650 nm) as a function of the carbon-specific

absorption coefficient (an
375). Solid circles represent brine, open circles represent

bulk ice, and open squares represent seawater.
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Table 4
Mean7standard deviation and (range) for integrated CDOM absorbance coefficients (aCDOMl) within wavelength bands 250 to 255 nm (band 1), 265 to 270 nm (band 2), 320

to 330 nm (band 3) and 390 to 400 nm (band 4) in seawater, bulk ice, brine and gap layer samples Bands 1 and 4 represent background CDOM, while bands 2 and 3 represent the

location of spectral peaks.

ISPOL 27/11/04 - 02/01/05 WWOS 06/09/06 - 13/10/06 SIPEX 11/09/07 - 10/10/07

Seawater,

n¼10

Bulk Ice,

n¼74

Brine,

n¼8

Gap layers,

n¼20

Seawater,

n¼32

Bulk Ice,

n¼142

Brine,

n¼105

Seawater,

n¼7

Bulk Ice,

n¼134

Brine,

n¼18

Band 1 0.9770.18 0.8270.77 4.372.1 1.870.50 0.9670.14 1.071.5 5.573.6 1.670.75 0.9570.51 2.871.2

250 to 255 nm (0.66-1.18) (0.13-6.3) (1.1-6.2) (0.95-2.92) (0.71-1.26) (0.22-16.5) (2.1-21.1) (0.98-3.2) (0.34-3.8) (0.97-5.5)

Band 2 0.6570.14 0.7970.96 3.571.8 1.570.54 0.6970.12 1.171.7 4.673.5 1.270.54 0.8270.45 1.970.84

265 to 270 nm (0.42-0.79) (0.11-8.1) (0.8-5.2) (0.70-2.8) (0.45-0.96) (0.17-19.2) (1.4-20.2) (0.68-2.3) (0.27-3.7) (0.71-3.9)

Band 3 0.1870.04 0.5970.41 1.170.47 1.570.68 0.2070.06 0.3970.42 1.471.0 0.2570.12 0.6270.48 0.4870.27

320 to 330 nm (0.14-0.26) (0.07-1.7) (0.33-1.6) (0.43-3.2) (0.06-0.33) (0.03-2.7) (0.16-4.5) (0.12-0.47) (0.09-2.7) (0.12-1.1)

Band 4 0.0670.03 0.0670.05 0.2370.13 0.1470.07 0.0770.03 0.0770.09 0.3270.28 0.0570.04 0.0770.08 0.0870.05

390 to 400 nm (0.03-0.12) (0.00-0.21) (0.03-0.33) (0.06-0.40) (0.01-0.15) (0.00-0.73) (0.00-1.2) (0.01-0.09) (0.00-0.44) (0.00-0.2)

Fig. 13. Changes in CDOM absorbance spectra over time (t¼0 to t¼120 h) in sea ice

brine exposed to light (A) and dark control (B) in situ during a CDOM photo-

bleaching experiment set up during ISPOL in order to investigate the bleaching

dynamics of brine CDOM. Brine salinity¼55.2.

Fig. 12. PAR (A), UVA (B) and UVB (C) measurements during a CDOM photo-

bleaching experiment on the ISPOL ice floe between 1500 (t¼0 h) 06/12/04 and 1500

(t¼120 h) 10/12/04. PAR data are expressed in mmol m�2 s�1, and UVR data are

expressed in W m�2. Note difference in scale of Y axis.

Table 5
UVA and UVB daily doses (kJ d�1) during CDOM photo-bleaching experiment on the

ISPOL floe. The calculations are based on hourly averages.

Day UVA (kJ d�1) UVB (kJ d�1)

06/12/04 1793.61 114.89

07/12/04 1646.07 117.91

08/12/04 2138.84 127.20

09/12/04 1730.77 99.14

10/12/04 1739.00 99.05
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from the initial concentration of 249 mmol kg�1 was observed in
both sample sets, with increases of 3.2% in the light exposed
samples, and a 4.8% in the control samples occurring in the first
48 h of the experiment. However, DOC in both sample sets returned
to the initial concentration (Light: 249 mmol kg�1; Control:
247 mmol kg�1) by the end of the experiment (Table 6, Fig. 14).
A loss of DON from the starting concentration of 18.4 mmol kg�1

was evident in both treatments (Light at t¼120 h: 15.2 mmol kg�1;
Control at t¼120 h: 13.9 mmol kg�1) (Table 6; Fig. 14).

The overall trend of the an
375 in the light-exposed samples was a

decline from 0.16 m2 g�1 C at t¼0 to 0.11 m2 g�1 C at t¼120 h, save
for a small rise at t¼24 h to 18 m2 g�1 C. In the dark (control)
samples, the overall trend was an increase in an

375 to 0.24 m�1,
suggesting production of light-absorbing carbon-specific CDOM in
the control samples during the experimental period (Table 6; Fig. 14).
However, the observed variability in DOC concentration was not
coincident with the variability of the an

375 in either sample set.
The S value at t¼0 was 23.1 mm�1, with the dark (control)

samples varying little from this value throughout the duration
(120 h) of the experiment (range: 22.8 to 23.3 mm�1). In contrast,
the light- exposed samples exhibited a steady and significant

increase in S (p¼0.006), with a final value of 35.6 mm�1 at t¼120 h
(Table 6; Figs. 13 and 14).

4. Discussion

4.1. Biogeochemical parameters

The sources of organic matter (i.e. incorporation from the
underlying seawater and in situ production) are likely to be broadly
the same for each of the studies reported here. It is reasonable to
expect that although the quantity of material will be variable
depending on seasonal ice growth and decay (e.g., younger ice
encountered during SIPEX generally had lower concentrations of
the measured parameters than the ISPOL and WWOS ice), the
quality of the material will not vary between the studies.

The DOC and POC concentrations in seawater measured during
ISPOL and WWOS are within the range previously measured in the
Weddell Sea during summer and winter, respectively (Garrison and
Close, 1993; Wedborg et al., 1998; Herborg et al., 2001; Ogawa and
Tanoue, 2003; Dumont et al., 2009; Ortega-Retuerta et al., 2010).

Table 6
Spectral slope (S, calculated from the exponential model fit on individual 300–650 nm spectra), CDOM absorption coefficient (aCDOMl) at 280 nm (a280), 330 nm (a330), and

375 nm (a375), carbon-specific absorption (an
375), and corresponding DOC and DON concentrations (mmol kg�1) during the CDOM photo-bleaching experiment on the ISPOL

floe (brine salinity¼55.2).

Treatment Time Point (hr) S (mm�1) a280 (m�1) a330 (m�1) a375 (m�1) an
375 (m2 g�1 C) DOC (mmol kg�1) DON (mmol kg�1)

Initial Value 0 23.10 3.8 1.2 0.47 0.16 249 18.4

Light Exposed 12 27.78 3.1 0.9 0.48 0.16 251 12.6

18 28.03 2.9 0.9 0.48 0.16 254 16.2

24 28.68 2.9 1.0 0.54 0.18 251 12.3

48 33.82 2.4 0.6 0.33 0.11 257 15.0

120 35.62 1.8 0.5 0.33 0.11 249 15.2

Dark Control 12 23.31 3.9 1.3 0.58 0.19 252 13.5

18 23.07 3.9 1.4 0.59 0.19 251 15.9

24 22.81 3.9 1.3 0.72 0.23 261 14.7

48 23.12 3.8 1.3 0.70 0.19 261 18.1

120 23.26 3.7 1.3 0.70 0.24 247 13.9

Fig. 14. Changes in aCDOMl at 280 nm (a280) (A), 330 nm (a330) (B), 375 nm (a375), (C), DOC (D) and DON (E) concentrations (mmol kg�1), carbon-specific absorption (an375) (F), and

spectral slope (G) (S, calculated from the exponential model fit on individual 300–650 nm spectra), over time for a CDOM photo-bleaching experiment set up during ISPOL in order to

investigate the bleaching dynamics of brine CDOM. Brine salinity¼55.2. Open symbols represent light exposed samples, and filled symbols represent dark (control) samples.
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The SIPEX seawater DOC and POC concentrations are comparable
with previously reported concentrations for the same time of year,
and from the same area in the Southern Ocean (Dumont et al.,
2009). The elevated mean DOC and DON concentrations of the
SIPEX samples compared to the ISPOL and WWOS samples may be
attributed to the sampling strategy, where full under-ice seawater
depth profiles were measured during ISPOL and WWOS, whereas
all SIPEX seawater samples were collected at between 1 and 10 m
depth. In all three studies, save for a small number of cores
exhibiting internal and surface biomass maxima, the highest
concentrations of all measured biogeochemical parameters were
found in the bottom 10 to 20 cm of the ice column. The WWOS
maximum values were all elevated in comparison to ISPOL and
SIPEX, indicating that there was considerably more biomass
present in the bottom sections of the ice during the WWOS study
than during the other two studies.

The mean salinity-normalised bulk ice DOC and DON concen-
trations were, in all studies, enriched relative to the salinity-
normalised concentrations of the underlying seawater, which
suggests further in situ production to that incorporated from the
surface ocean as the ice formed. Thomas et al. (2001), Herborg et al.
(2001), and Kattner et al. (2004) report mean bulk ice DOC
concentrations of 109 mM, 207 mM, and 254 mM in summer sea
ice from the Weddell Sea, which are 2- to 5-fold greater than the
mean values reported here. Mean brine DOC concentrations
reported in Thomas et al. (2001) are also 2- to 4-fold higher than
the concentrations reported in this study.

The range of DOC concentrations in the bulk ice reported from
the ISPOL study by Dumont et al. (2009) were 106 to 701 mM C as
opposed to the much lower range reported here of 20 to 157 mM.
The two sets of samples were taken from different areas on the floe,
and this variability is an example of the heterogeneity of a single ice
floe (Eicken et al., 1991). Similarly, the bulk ice DOC ranges reported
here for the SIPEX study and in Dumont et al. (2009) for the ARISE
study (2003) were quite different, despite the similar ice conditions
(Lannuzel et al., 2007) of the two studies, with the SIPEX mean DOC
concentration being half that of the lowest reported measurement
from the ARISE ice samples.

All three studies exhibited a large range of DOC to DON ratios in
the bulk ice samples, reflected in the relatively low but still
significant correlations, with DOC:DON450 observed in all studies
and DOC:DON 4140 observed in both WWOS and SIPEX studies.
All but one of the samples associated with these high DOC:DON
values had a DOC concentration that was close to the mean DOC
concentrations. This indicates that these high ratios were due to N
depletion rather than C enrichment, although no evidence could be
found to indicate that DON had been incorporated into the POM.
The mean DOC:DON ratios of all three studies were similar to
the mean value of 11 reported by Thomas et al. (2001) from
samples collected in the southeastern Weddell, Bellingshausen,
and Amundsen seas in summer.

The mean concentration and upper concentration range of the
POC, PN, and Chla measured in the bulk ice during SIPEX were all
much lower than those measured in the ISPOL and WWOS studies.
All the measured biogeochemical parameters from the SIPEX bulk-
ice and brine samples had lower concentrations than those of ISPOL
and WWOS. The mean POC concentrations measured in the SIPEX
samples were also half of that reported in young Weddell Sea
winter ice by Garrison and Close (1993), whereas the POC
concentrations reported for the ISPOL samples were similar to
summer low to medium biomass values reported by Kattner et al.
(2004). In addition, the majority of cores the collected during SIPEX
were o100 cm with half of these being o55 cm thick, whereas the
cores collected during ISPOL and WWOS were 470 cm thick, with
most being Z100 cm thick. The lower biomass and thinner ice
during SIPEX indicates an environment of young winter ice growth

with low biomass compared to the older first- and second-year ice
from ISPOL and WWOS.

The mean bulk ice POC:PN values reported here in the WWOS
samples were similar to the value of 9.575.6 reported by Kennedy
et al. (2002), with the SIPEX samples being slightly elevated by
comparison. In contrast the POC:PN values of the ISPOL samples
(mean: 26736; Table 2) were considerably higher. These elevated
POC:PN values appear to be a reflection of a mostly non-living as
opposed to actively growing community (Kattner et al., 2004), as
may be expected in spring/summer ice.

4.2. CDOM absorption and optical properties

The seawater CDOM concentrations (a375) were within the
range expected for oceanic waters (Blough and Del Vecchio,
2002), but mean a375 in the melted ice cores was lower than the
values reported in young Arctic sea ice (Belzile et al., 2000). For the
CDOM spectra that could be modeled with an exponential relation-
ship, the resulting S values followed the trend expected from
mixing of fresh and old marine CDOM (Stedmon and Markager,
2001), with fresh CDOM having low S values (�10 mm�1) and the
old marine CDOM having very low concentrations (a375o0.05
m�1) and higher S values (S�20 to 30 mm�1). The carbon-specific
CDOM absorption was highest in the melted ice cores, with a
maximum value of 2.4 m2 g�1 C. These values are similar to those
reported for terrestrial material in the Baltic region and Arctic
rivers (Stedmon et al., 2000), which indicates that CDOM produc-
tion in the ice generates material which is as intense in colour as
terrestrial material. For comparison, the seasonal production of
CDOM in the surface waters of the North Atlantic generated CDOM
with an an

375o0.3 m2 g�1 C. Plotting the S values versus the carbon
specific absorption values reveals the characteristics of CDOM for
the two general end-members present (Fig. 11). This indicates that
the optical characteristics of the CDOM pool across all samples and
locations in the current study can be broadly described by the
mixing of two end-members; with fresh material, characterised by
low S values and more chromophores (i.e. high an

375) as one end-
member, and older material, typically characterised by high S and
low an

375, as the other. S values have been found to be inversely
proportional to the average molecular weight of DOM, with high
molecular weight material having low S values and low molecular
weight material high S values (Blough and Green, 1995). This
indicates that the fresh material referred to above has a high
molecular weight DOM. This would be in agreement with the size-
reactivity continuum model of Amon and Benner (1996) whose
results indicated that the origins of high molecular weight com-
ponents are generally more recent than those of low molecular
weight components. Moreover, the results presented here are also
in agreement with those of Belzile and Guo (2006) who showed
that low DOC-specific DOM was less coloured and of a lower
molecular weight than high DOC-specific DOM.

Peaks in CDOM absorbance spectra similar to those observed
here (Figs. 9 and 10) have been identified in both natural and
experimental samples. Belzile et al. (2000) reported peaks of this
type in ice core samples from the Northern Baffin Bay. Patsayeva
et al. (2004) also observed peaks between 270 and 300 nm in brine
samples generated in an ice tank experiment, and Ortega-Retuerta
et al. (2010) observed peaks below 300 nm in Southern Ocean
seawater used in CDOM photochemical experiments, particularly
in those where Chla and bacterial abundance were high. Similar
absorbance spectra have also been found to be present in the CDOM
produced by cyanobacteria in culture (Steinberg et al., 2004). The
shoulders observed in this study between 260 to 280 nm (con-
strained in band 2 at 265 to 270 nm) are likely to be associated with
aromatic amino acids, such as tryptophan and tyrosine, which
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exhibit a strong absorbance band at �280 nm, and can contribute
significantly to the absorption of UV radiation (Wozniak and Dera,
2007). A number of mycosporine-like amino acids (MAAs), which
are UV-absorbing compounds, have been identified with absor-
bance maxima in the 310 to 360 nm spectral range (Nakamura
et al., 1982; Karentz et al., 1991; Shick et al., 1992; Davidson et al.,
1994). Riegger and Robinson (1997) observed absorption maxima
in the 330 to 333 nm range in 9 out of 11 cultured Antarctic
diatom species, which, they suggested, indicated the presence of
UV-absorbing compounds, such as MAAs, while Fritsen et al. (2011)
have also suggested MAAs as a likely contributor to particulate
absorption peaks at �325 nm observed in ice samples from the
Bellingshausen Sea. The peaks between 320 and 330 nm measured
in this study may therefore be associated with MAAs, as they were
markedly high also in samples from the two surface gap layers
(Fig. 10), which represents an environment exposed to high solar
radiation. MAAs (especially shinorine and palythine) have indeed
been shown to contribute significantly to UV absorption in thin
snow free sea ice in the Baltic Sea (Uusikivi et al., 2010), with
absorption peaks in the 320 to 330 nm range for particulate matter
in surface ice layers, indicative of significant production of MAAs by
ice algae. In Antarctic phytoplankton, these MAAs are dominated by
porphyra-334 with shinorine, mycosporine-glycine, and palythine
accounting for the majority of the rest of the MAA pool (Villafañe
et al., 1995; Riegger and Robinson, 1997; Ryan et al., 2002). These
MAAs are used by many organisms as a chemical sunscreen for
protection from UV-radiation and are thought to play a major
protective role in ice algal assemblages (Arrigo and Thomas, 2004).

The marked differences between the brine and bulk ice CDOM
spectra may be attributed to our sampling strategy, with sackhole
brine samples integrating material from an unknown volume of sea
ice depending on sackhole depth and sea ice porosity (Papadimitriou
et al., 2007). The sackhole brine CDOM spectra from the present study
generally represent surface and interior conditions of the sea ice,
while the CDOM spectra obtained from ice cores also include bottom
ice sections, which often show elevated ice algal biomass as indicated
by the Chla concentrations. The bottom ice sections represent sites of
high in situ DOM production, as indicated by the higher carbon specific
absorption values, and fresher, more coloured DOM. In addition,
during the melting for bulk ice samples sympagic organisms are
released from a higher salinity to a much lower salinity over a period
of 24 h. This may result in the loss of intracellular organic compounds,
although Thomas et al. (1998, 2001) have argued that these amounts
will be low by comparison with the extracellular DOM pool. Never-
theless, melting represents similar conditions to those generated
during seasonal ice melt, when the material in sea ice is released to the
underlying water.

4.3. CDOM photo-bleaching in sea ice brine.

The photo-bleaching experiment shows that sea ice brine is
susceptible to photo-bleaching of the CDOM chromophores over
short time scales (i.e. days). This was evident not only in the loss of
CDOM concentration, also reported by Ortega-Retuerta et al. (2010,
and citations therein) in Antarctic seawater, but also in the large
change in S, which has been shown to increase as photo-bleaching
occurs (Vodacek et al., 1997, Moran et al., 2000). The relatively high
photo-bleaching measured during the experiment may suggest
that previously the DOM had little earlier exposure to UV radiation;
however, Ziegler and Benner (2000) reported losses at 350 nm of
33% (May) and 81% (July) during a 35-h experiment using surface
seawater, and Vodacek et al. (1997) reported a reduction of up to
70% of the CDOM absorption and fluorescence (at 355 nm) under
high light conditions in surface waters of the Middle Atlantic Bight.
In CDOM degradation experiments Hulatt et al. (2009) reported

losses of CDOM absorption at 440 nm of up to 76% over a 16-day
period in macroalgae exposed to sunlight. Although the attenua-
tion of light through snow, ice, brine, and water in natural systems
may vary from the experimental conditions, the results of Hulatt
et al. (2009) indicate that PAR may be as destructive to CDOM
chromophores as UVR.

The coincidental loss of DOC as reported by Osburn et al. (2009)
was not evident, indicating either an decoupling of CDOM photo-
reactivity and DOC photo-remineralisation, or simply that any
potential change in the DOC concentration was below the detection
limit, occurring on the nM rather mM concentration scale. The
degradation and destruction of CDOM chromophores by photo-
bleaching seen here decreases CDOM absorption, increases the
penetration of UV radiation (Moran and Zepp, 1997), and initiates
the production of a suite of reactive products (Miller and Zepp,
1995; Moran and Zepp, 1997; Uher and Andreae, 1997; Stubbins
et al., 2006; Kitidis et al., 2008). Of particular significance to sea ice
are the detrimental effects of increased UV radiation on primary
production (Arrigo and Brown, 1996), the production of biologi-
cally labile products, which may serve as a source of remineralised
nutrients (Moran and Zepp, 1997), and the possible photochemical
transformations of nitrate and hydrogen peroxide to hydroxyl
radicals (Chu and Anastasio, 2003). Observations from snow packs
have suggested that the hydroxyl radical may be linked to the
production of acetaldehyde and formaldehyde (Couch et al., 2000)
and that a reaction between sea ice brine and the OH radical may in
part be responsible for polar ozone depletions due to liberation of
gaseous halogen species (Peterson and Honrath, 2001; King et al.,
2005). King et al. (2005) suggested that first-year sea ice may be an
efficient medium for photochemistry, with 85% of all photochem-
istry occurring in the top 1 m of the ice. This may be of significant
importance to the function and structure of organisms which live in
this specialized habitat, particularly in young first-year sea ice as
was observed during the SIPEX study.

4.4. Potential importance of sea ice-derived CDOM

The measurements from the melted ice cores suggest that, when
Antarctic sea ice melts, it might represent a major source of DOM
and in particular CDOM to surface waters of the seasonally ice-
covered Southern Ocean. This is supported by the findings of Kieber
et al. (2009) and Ortega-Retuerta et al. (2010). The effect of this
material on the optical properties of the recipient oceanic waters
and its importance to the local carbon budget can only be
speculated on at this stage, with our data set as a starting point.
Using the DOC data for bulk sea ice in Table 3, we can estimate the
flux of DOC potentially released from the sea ice annually as a result
of sea ice melt. Assuming an area of seasonal ice melt of
16�106 km2 and an average ice thickness of 1 m (Comiso,
2010), a DOC flux of 0.5 g C m�2 yr�1 (42 mmol C m�2 yr�1) is
estimated from the melting sea ice into the surface oceanic mixed
layer, which is equivalent to a total areal input of approximately
8 Tg C yr�1. Although this value is low in comparison to the
standing stock of DOC in Antarctic surface mixed layer [480 Tg,
assuming 50 m mixed layer and average seawater DOC of 50 mmol
L�1 (Kähler et al., 1997, Ogawa and Tanoue, 2003)], this represents
a release of not only old DOC that was incorporated into the sea ice
during formation, but also new and presumably more labile DOC to
the surface waters. In contrast, the standing stock of DOC in the
Antarctic surface mixed layer is likely to be older and more
refractory. Our annual DOC input estimate of 8 Tg C from sea ice
suggests that about 11% of total annual primary production by sea
ice algae (70 Tg C yr�1; Arrigo et al., 2010) is potentially exported
to the surface oceanic waters as DOC during the seasonal sea ice
melt. For comparison, Arctic river catchments export 16 Tg C to the
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Arctic Ocean from a catchment area of similar size to that of the
seasonal Antarctic sea ice melt zone (Raymond et al., 2007).

sea ice-derived CDOM is likely to influence the optical proper-
ties of the surface Antarctic waters and as a consequence influence
primary production within these waters via either UV protection or
the attenuation of visible light (Arrigo and Brown 1996), although
this might be a transient feature due to the susceptibility of this
material to photo-bleaching, as shown in our experiment. Ice melt
will also influence the spectral characteristics of CDOM absorption
in these surface waters as the material released from the ice has low
S values, which equate to a flatter absorption spectrum, i.e.
relatively greater absorption of visible wavelengths. Antarctic
sea ice therefore represents a productive environment and a likely
important source of labile DOC and fresh autochthonous CDOM to
surface waters, which in turn influence microbial heterotrophic
and autotrophic production, respectively, and thus play a signifi-
cant role in the cycling of organic matter in the Southern Ocean.
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