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Abstract We report nitrogen (N) isotopic measurements of nitrate, total dissolved nitrogen, and
particulate nitrogen from Antarctic pack ice in early and late spring. Salinity-normalized concentrations
of total fixed N are approximately twofold higher than in seawater, indicating that sea ice exchanges fixed
N with seawater after its formation. The production of low-δ15N immobile organic matter by partial nitrate
assimilation and the subsequent loss of high-δ15N nitrate during brine convection lowers the δ15N of total
fixed N relative to the winter-supplied nitrate. The effect of incomplete nitrate consumption in sea ice is
thus similar to that in the summertime surface ocean, but the degree of nitrate consumption is greater in
ice, leading to a higher δ15N for organic N (~3.9‰) than in the open Antarctic Zone (~0.6‰). Relative to
previous findings of very high-δ15N organic matter in sea ice (up to 41‰), this study indicates that it
would be difficult for sea ice to explain the high δ15N of ice age Antarctic sediments. The partitioning of N
isotopes between particulate and dissolved forms of reduced N suggests that primary production evolved
from new to regenerated production from early to late spring. Even though nitrate assimilation raises
the δ15N of nitrate, the δ15N of sea ice nitrate is frequently lower than that of seawater, providing direct
evidence that the regeneration of reduced N in the ice includes nitrification, with mass and isotopic
balances suggesting that nitrification supplies a substantial fraction (up to ~70%) of nitrate assimilated
within Antarctic spring sea ice.

1. Introduction

Sea ice is a semisolid matrix permeated by a network of channels and pores that are variably connected
with underlying seawater. The brine-filled spaces are colonized by a sympagic community that is both
taxonomically diverse and metabolically active [Thomas and Dieckmann, 2002; Deming, 2010]. During its
incorporation into the ice, the microbial community is subjected to major changes in biogeochemical
and physical environment (including fluctuations in temperature, salinity, O2, light, pH, and nutrients).
These conditions change further during both consolidation and melting of the sea ice [Thomas et al.,
2010]. Sea ice primary production has been estimated to account for up to 25% of the total primary
production in sea ice-covered waters (including the highly productive marginal ice zone) [Legendre et al.,
1992; Arrigo and Thomas, 2004] and more than 50% in perennially ice-covered waters [Gosselin et al.,
1997]. A thorough evaluation of the processes driving the temporal and spatial distribution of sea ice
primary production is crucial for determining the role of sea ice in global biogeochemical cycles and its
impact on the marine sedimentary record.

Nitrogen (N) is a key constituent of life and one of the major nutrients required by all organisms. In the ocean,
N exists in a variety of oxidation states and is involved in a complex web of microbially mediated transfor-
mations, either to obtain N to synthesize biomass or to extract energy for growth. Evidence exists that
processes such as N assimilation, N remineralization, nitrification, and denitrification are active in the brine
network [Priscu et al., 1990; Gleitz et al., 1995; Thomas et al., 2001; Rysgaard et al., 2008]. However, little
information exists on the relative importance of these processes or their seasonal evolution. This is partly
because sea ice is particularly poorly suited for estimating rates based on manipulative techniques such as
tracer incubations. Analysis of the natural N isotopic composition (δ15N) of the various fixed N pools in sea ice
has the potential to yield rate estimates that integrate over meaningful time scales, without manipulation
until the time of sampling (δ15N, in permil versus atmospheric N2,= (((15N/14N)sample/(

15N/14N)atm�1) × 1000)).
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Nitrogen transformations typically occur with measurable discrimination of the N isotopes. The degree of
fractionation is given by the kinetic isotope effect, ε, defined by the ratio of rates at which the two isotopes
are converted from one form to another (i.e., ε (‰) = ((14k/15k)�1) × 1000); where nk is the rate coefficient for
the nN-containing reactant [e.g., Sigman et al., 1999]). For a given set of conditions, the mass and isotopic
balances can be solved to quantify different N transformations.

The only study reporting the N isotopic composition of Antarctic sea ice observed a broad isotopic
range for its particulate nitrogen (PN), 2 to 41‰ [Rau et al., 1991], and the high values have been of
particular interest. The 15N:14N of sinking biomass may provide a constraint on the ratio of nitrate
uptake to gross nitrate supply in surface waters [Altabet and François, 1994]. 14N-bearing nitrate is
preferentially incorporated into organic N, leaving the residual nitrate pool enriched in 15N [e.g.,
Sigman et al., 1999]. As the initial nitrate supply is progressively consumed, the δ15N of nitrate in-
creases, leading to a related increase in the δ15N of newly formed organic N. Antarctic sedimentary
organic and diatom frustule-bound N from the last ice age is characterized by higher δ15N than today,
which has been interpreted as the result of more complete nitrate consumption in the surface waters
of the ice age Antarctic [François et al., 1997; Robinson and Sigman, 2008]. However, as an equatorward
sea ice expansion is also expected during glacial periods [Gersonde et al., 2005], the potentially higher
contribution of sea ice PN in ice age sediments might contribute to or even entirely explain the
observed ice age δ15N elevation, nullifying the interpretation of an increase in the degree of nitrate
consumption in the water column.

Here we report δ15Nmeasurements of nitrate (NO3
�), total dissolved nitrogen (TDN), and particulate nitrogen

(PN) at two Antarctic pack ice field sites, which we interpret as capturing two stages in the springtime
evolution of pack ice. Significant variation was observed (a) with ice depth for a given N form, (b) among the
different N forms, and (c) between the two field studies. We develop a mechanistic understanding of the
processes driving sea ice N isotopic patterns, including the isotopic difference between sea ice and the water
column. We show that brine convection, nitrate assimilation, organic N regeneration, and nitrification affect
the partitioning of fixed N species (i.e., biologically available N) and their δ15N. The implications for the δ15N of
sedimentary organic N in the Antarctic are also explored.

2. Site Description

Sea ice samples were collected at two drifting stations (Figure 1): ISPOL (“Ice Station POLarstern”, 27
November 2004 to 2 January 2005, R/V Polarstern) in the Weddell Sea and SIMBA (“Sea Ice Mass Balance in

Figure 1. Satellite-based Antarctic sea ice extent in (left) September 2007 and (right) February 2008. The yellow line represents
themedian sea ice extent in September and February from 1979 to 2000. The red diamond is the ISPOL experiment (December
2004, ~68°S and 55°W) and the green square the SIMBA experiment (October 2007, ~70°S and 93°W). The pictures are taken
from the NASA Earth Observatory website (http://earthobservatory.nasa.gov/Features/WorldOfChange/sea_ice_south.php).
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Antarctic”, 24 September to 24 October 2007, R/V Nathaniel B. Palmer) in the Bellingshausen Sea. Both areas
were characterized by first-year sea ice about 60 and 90 cm thick, with a thin snow cover (8–25 cm and
9–25 cm) and an overall positive freeboard (+1 to +3 cm and +1 to +5 cm) for SIMBA and ISPOL, respectively
[Tison et al., 2008; Lewis et al., 2011]. All cores show the textural sequence typical of first-year sea ice: surface
granular ice underlain by dominant columnar ice. Over the course of both the SIMBA and ISPOL experiments,
basal melting of the ice floe was detected, of 5–15 cm and 9–15 cm, respectively [McPhee, 2008; Lewis
et al., 2011].

Computed brine volume was always above the 5% threshold that indicates a permeable, interconnected
brine network [Cox and Weeks, 1983; Golden et al., 1998; Tison et al., 2008; Lewis et al., 2011]. Computed brine
salinity decreased with depth for both SIMBA and the first half of the ISPOL period [Tison et al., 2008; Lewis
et al., 2011]. At sufficiently high permeability, the unstable vertical density gradient of the brine causes
convection (so-called “gravity drainage”), which results in the exchange of brine with the underlying sea-
water [e.g., Notz and Worster, 2009]. At the end of ISPOL (from 14 to 31 December), brine salinity dropped
below the seawater value due to ice melting, resulting in stratification of the brine network [Tison et al., 2008].

3. Materials and Methods
3.1. Sample Collection

Sampling occurred at least 1 km from the ship, using precautions to avoid organic matter contamination,
which were also intended to be trace metal clean [e.g., Lannuzel et al., 2008]. Ice cores (n = 9) were collected at
regular time intervals (approximately every week) in a selected area (≈ 100m × 100m) of the ice floe, with
each sampling corresponding to a square of≈ 7.5m × 7.5m. Cores were collected using a 14 cm diameter
electropolished stainless steel corer and were shipped back to the shore-based laboratory at �25°C in clean
plastic bags in the dark. From each core, four ice blocks (≈15 cm thick) were cut at �25°C with a band saw
(“prerinsed” by cutting a frozen block of 18MΩ ultrapure deionized water). The external layer (≈ 1 cm) was
removed with the same band saw before melting to prevent any contamination from sampling, manipula-
tion, and storage.

Each ice block was sequentially melted at ambient temperature in the dark (four sequential fractions per ice
block) [Fripiat et al., 2007], which enabled us to separate the different phases (brine versus pure ice) by their
melting point. This method relies on the fact that the salty brine melts faster than the pure ice crystal matrix.
Therefore, the interconnected brines (i.e., brine channels and feeder tubes) are drained first. To collect the
closed structures (i.e., brine pockets), the surrounding pure ice must melt first, and they are therefore
collected at the end (see Figure S1 in the supporting information for a discussion on the sequential melting
approach and also Figure S2). The samples were immediately filtered through precombusted Whatman GF/F
filters for SIMBA and prerinsed Nuclepore polycarbonate membranes (0.4μm) for ISPOL. Filtered water
samples were stored in 60ml acid-washed, prerinsed polyethylene bottles at �25°C. Filters and membranes
were also stored at �25°C. Bulk properties were computed using the weighted averages of the four se-
quential fractions. For the sake of clarity, the discussion will be primarily focused on bulk properties rather
than the sequential fractions (see the supporting information, section 1, for the sequential fraction data and
their interpretation).

3.2. Nitrogen Analyses

The concentration of nitrate plus nitrite ([NO3
�] + [NO2

�]) was measured by reduction to nitric oxide (NO) in a
hot (95°C), acidic vanadium (III) solution, followed by chemiluminescence detection of NO [Braman and
Hendrix, 1989] using a Teledyne 200E chemiluminescence NOx analyzer (Thousand Oaks, CA, U.S.). Nitrite
concentration was measured by conversion to NO in a hot (95°C), acidic iodine solution, also followed by
chemiluminescence detection [Garside, 1982]. The concentration of nitrate only was calculated by
subtracting the measured concentration of nitrite only from that of nitrate plus nitrite. Ammonium concen-
tration was measured using the fluorometric method of Holmes et al. [1999], but in only 21% of the samples
because of limited sample volume.

Prior to nitrate isotope analysis, nitrite was removed via the sulfamic acid method of Granger and Sigman
[2009]. The δ15N of nitrate was analyzed by the “denitrifier method” [Sigman et al., 2001]. Briefly, 5–10 nmol of
nitrate is quantitatively converted to N2O gas by denitrifying bacteria that lack an active N2O reductase. All of
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the N atoms of nitrate are recovered as the N2O gas analyte; the N isotopic composition is measured
by gas chromatography/isotope ratio mass spectrometry (GC/IRMS, Thermo MAT253) with on-line
cryotrapping. Measurements were referenced to air N2 using the nitrate reference materials IAEA-N3,
with a δ15N of 4.7‰, and USGS-34, with a δ15N of �1.8‰ [Böhlke et al., 2003]. Seventy percent of
our samples had a NO3

� concentration lower than 3 μmol l�1. For such concentrations (especially
below 1 μmol l�1), large volumes are required for the denitrifier method, and the highly variable
salinities of our samples were a concern for precision. We developed a new evaporative technique
to prepare such samples for nitrate δ15N analysis at concentrations down to 0.25 μmol l�1 (see
supporting information, section 2, for a description of this method). Replicate analyses (71% of the
samples) indicate an average 1 standard deviation reproducibility of 0.14‰ (n = 102) for nitrate
δ15N, including evaporated samples.

The concentration and δ15N of total dissolved nitrogen (TDN = NO3
� +NO2

� +NH4
+ + DON; DON being

dissolved organic N) and particulate nitrogen (PN) were determined using the persulfate oxidation/denitrifier
method of Knapp et al. [2005], which involves the oxidation of reduced fixed N species to nitrate, followed by
the analysis of the concentration and δ15N of the resultant nitrate using the chemiluminescence and deni-
trifier methods described above. To correct for the blank associated with the persulfate oxidizing reagent,
triplicates of different amounts (15 and 60 nmol N) of two L-glutamic acid reference materials (USGS-40, with
a δ15N of�4.5‰, and USGS-41, with a δ15N of 47.6‰) [Qi et al., 2003] were processed along with the samples.
Replicate analyses (43 and 84% of the samples) indicate an average 1 standard deviation reproducibility of
0.26 and 0.13‰ (n= 62 and 121) for TDN and PN δ15N, respectively. By measuring NO3

� and TDN δ15N, we
calculate the δ15N of the remaining dissolved fixed nitrogen, which includes DON, NH4

+, and NO2
�.

4. Results

Similar to the salinity in sea ice brine, nutrient distribution in the brine changes because of temperature-induced
dilution or concentration during melting and freezing processes. To correct for such effects, the nutrient con-
centrations were normalized to the salinity of underlying seawater (normalized concentration= SI concentra-
tion × SW salinity/SI salinity, where SI is sea ice and SW is seawater). As previously observed in spring/summer
sea ice, most of samples exhibited an apparent NO3

� depletion and DON+NH4
+ accumulation relative to

seawater (Figures 2a and 2c), driven by sea ice primary production (nitrate assimilation) and subsequent
remineralization [e.g., Gleitz et al., 1995; Thomas et al., 2001].

For early spring measurements (SIMBA), NO3
� concentration (normalized to seawater salinity) decreased

from the bottom to the top of the ice, from 17.4 to 8.1μmol l�1 (weighted averages for each depth; Figure 2a).
A more severe NO3

� depletion from 13.7 down to 1.7μmol l�1 occurred in late spring (ISPOL; Figure 2c;
especially at ~ 70% depth). NO3

�, the major fixed N form in the underlying seawater, contributed only
22 ± 11% of the total fixed Nwithin the ice. NO2

� represented only a small fraction of NO3
� +NO2

� for SIMBA,
but its contribution was greater at ISPOL (Figures 2a and 2c). The δ15N of nitrate at SIMBA decreased toward
the surface of the ice floe, from a weighted average of 5.1‰ at the sea ice bottom, similar to underlying
seawater (5.0‰) [Difiore et al., 2009], to an average of 4.1‰ at the top (Figure 2b). On average, the δ15N of
nitrate at ISPOL was higher than at SIMBA, but also decreased toward the surface, from 8.1‰ at the ice
bottom to 4.0‰ at the surface (Figure 2d). We observed a minimum in the δ15N of NO3

� at the 70% depth at
ISPOL (2.6‰), which corresponded with the lowest NO3

� concentration.

For both SIMBA and IPSOL, a relatively constant DON+NH4
+ + NO2

� concentration (i.e., total dissolved ni-
trogen (TDN) minus NO3

�; normalized to seawater salinity) was observed in the upper and internal levels of
the ice (21 to 26 and 16 to 21μmol l�1, respectively, weighted averages for each depth; Figures 2a and 2c). The
normalized DON+NH4

+ + NO2
� concentration was substantially higher at the ice bottom (39 and 59μmol l�1

for SIMBA and ISPOL, respectively). NO2
� and NH4

+ represented 4 ± 3% and 20± 13% of this pool, respec-
tively. Given the low NO2

� contribution, hereafter this pool is referred to as DON+NH4
+ only. Regardless of

depth, TDN was dominated (76 ± 13%) by this DON+NH4
+ pool, as is commonly reported in sea ice [e.g.,

Thomas et al., 2001]. Using the NO3
� and TDN δ15N, we infer the δ15N of DON+NH4

+. For both SIMBA and
ISPOL, the δ15N of DON+NH4

+ showed a C-shaped depth profile: higher at the bottom and the surface of the
ice and lower in the internal ice (Figures 2b and 2d). For ISPOL, the δ15N of DON+NH4

+ was on average higher
than at SIMBA (0 to 2.5‰ and �2.4 to 1.3‰, respectively, weighted averages for each depth).
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For both SIMBA and ISPOL, the normalized PN concentration exhibited a C-shaped profile (with weighted
averages for each depth of 5 to 23 and 11 to 26μmol l�1, respectively; Figures 2a and 2c). PN represented
28±11%of the total fixed nitrogen (TN=TDN+PN). Its δ15Nwas remarkably invariant with depth during SIMBA
(4.8 to 5.0‰, Figure 2b), whereas at ISPOL, the δ15N of PN presented a C-shaped vertical profile and was on
average lower than at SIMBA (with weighted averages for each depth of 1.1 to 4.4‰, Figure 2d).

Both at SIMBA (16 October) and ISPOL (9 December), two profiles appear as “outliers” from the general trends.
These profiles correspond to specific short-term events in brine dynamics [Tison et al., 2008; Lewis et al., 2011]
that have an apparently marked effect on the N isotopic signatures. The profiles have therefore been
removed from the weighted average calculations of both concentration and N isotopic composition, and
they are discussed in the supporting information (section S3). For the 9 December ISPOL profile, seawater
flooding over the top of the sea ice likely resulted in a new input of NO3

� to the ice surface, an explanation
that is supported by brine/ice δ18O data [Tison et al., 2008] (see section 5.1).

5. Discussion

Two sets of questions underlie this study of N isotope dynamics in Antarctic sea ice. First, what processes
are driving the N isotopic balance, andwhat are the implications for our understanding of sea ice biogeochemical
dynamics? Second, what are the potential impacts of sea ice N transformations on the N isotope dynamics of
the upper ocean as a whole and, in turn, on Antarctic sedimentary δ15N? We address these in turn below.

5.1. Sea Ice Nitrogen Budget

In the Polar Antarctic Zone, deep mixing during the winter results in 31μmol l�1 NO3
� +NO2

� at the surface,
with a δ15N of ~5.0‰ [DiFiore et al., 2009; Rafter et al., 2013]. While there are only minor amounts of ammonium
in the winter mixed layer, the concentration of DON is poorly known in the wintertime Antarctic, and
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Figure 2. Salinity normalized concentrations of NO3
� (blue circles), DON+NH4

+ (purple open circles), PN (green triangles), and
NO2

� (gray squares) as a function of depth for (a) SIMBA and (c) ISPOL (depth %=middepth of the ice sample block/total ice
thickness × 100; total thickness of approximately 60 and 90cm for SIMBA and ISPOL, respectively). (b and d) The δ15N of NO3

� (blue
circles), DON+NH4

+ (purple open circles), PN (green triangles), and total reduced nitrogen (red open triangles; PN+DON+NH4
+)

as a function of depth (depth %), for SIMBA and ISPOL, respectively. Each small symbol corresponds to a weighted bulk mea-
surement (i.e., an entire ice block), and the larger connected symbols are the weighted averages for each major depth interval.
Seawater nitrate is indicated by the blue dashed lines and seawater DON by the purple dash-dotted lines. Red solid and dashed
lines are, respectively, the computed nitrate δ15N (equation (1)) and accumulated product δ15N (equation (3)), assuming Rayleigh
fractionation kinetics, an isotope effect of 5‰, and initial substrate equals to the seawater nitrate values shown.
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the δ15N of DON is only known for regions of the subtropical/tropical ocean. Assuming a concentration of
4.2±1.3μmol l�1 (mean in Ogawa et al. [1999] Southern Ocean in summer) and a δ15N of 4‰ for DON
[Knapp et al., 2011] (subtropical/tropical ocean; range of 1 to 6‰), we calculate a wintertime seawater total fixed
N (TN) concentration and δ15N of 35μmol l�1 and 4.9‰, respectively. By considering the full range of previously
measured DON δ15N, TN δ15N ranges from 4.5 to 5.1‰. The measured sea ice TN δ15N was lower (0.0 to 3.9‰)
than that of seawater (Figure 3b); this requires that 15N is preferentially lost from sea ice.

Sea ice is a mixture of solid freshwater ice and liquid salty brine. When cooling occurs from above, as in the case of
growing sea ice, the temperature profile, with temperature increasing downward, results in higher salinity brine
above lower salinity brine. This generates an unstable vertical density gradient that has the potential to drive brine
convection [Notz andWorster, 2009]. Theoretical considerations andmodel simulations strongly suggest that brine
convection in first-year growing sea ice (~ in winter) only occurs very close to the ice-ocean interface (Figure 4),
where most of the brine loss from sea ice occurs [Griewank and Notz, 2013]. This is related to the fact that
convectional brine loss from sea ice only occurs when a sufficiently unstable vertical density gradient of the brine
coincides with a sufficiently high permeability in the ice [Notz and Worster, 2009]. Whenever both of these
conditions are met, brine is replaced by convective exchange with underlying sea water. Some of the intruding
sea water will freeze within the sea ice, because the seawater is less salty than the brine it replaces. This then
lowers permeability, and convection ceases. Episodic full-depth convection within sea ice will only set in once the
ice has warmed sufficiently in the spring to increase permeability throughout the entire ice thickness (Figure 4)
[Jardon et al., 2013;Griewank and Notz, 2013]. Nitrogen can then be exchanged between sea ice and seawater. Any
process that preferentially accumulates 15N in the exchangeable (i.e., dissolved) N pools and traps 14N in immobile
pools within the ice is a viable explanation for the observed shift toward lower sea ice TN δ15N.

Field-based estimates of the isotope effect for nitrate assimilation range from 4‰ to 10‰, with most estimates
closer to 5–8‰ [e.g., Difiore et al., 2010]. If nitrate assimilation is occurring, the residual nitrate pool is left enriched
in 15N. 14N is preferentially incorporated into organic N, which is trapped within sea ice [Meiners et al., 2004;
Deming, 2010]. Brine convection expels residual nitrate with a high δ15N out of the sea ice and replenishes it with
seawater TN (predominantly nitrate) that is lower in δ15N (Figure 4b). Associated with the initial building of bio-
mass in spring, fueled by nitrate assimilation, this process should progressively deplete the total fixed N of 15N, as
observed throughout the ice floe (Figures 3b and 4). Such a mechanism is also consistent with the observation
that the normalized TN concentration in the ice is generally higher than in seawater, implying an additional source
of N to the ice (i.e., replenishment with seawater nitrate; Figure 3a). A potential weakness in this scenario is
that the low-δ15N DON+NH4 pool should also be able to exchange with seawater (Figure 2). Given that
DON+NH4

+ is the largest N pool in the ice, brine convection should expel low-δ15N DON+NH4
+ out of sea ice,

counterbalancing the effect of nitrate assimilation. To decrease TN δ15N (from~4.9 to ~2.2‰; Figure 3b), a fraction
of the DON+NH4

+ pool must remain trapped within sea ice. Indeed, laboratory studies indicate that dissolved
organic matter produced by phytoplankton has a chemical affinity for sea ice [Müller et al., 2013] (Figure 4b).
This pool likely includes a significant fraction of colloidal organic matter (1–1000nm) [Verdugo et al., 2004] such
as nanogel and microgel that stick to ice walls, or macrogels such as transparent exopolymeric particles, which
are observed in abundance in sea ice [e.g., Meiners et al., 2004].
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Figure 3. Salinity normalized concentration of total fixed nitrogen (a) and its δ15N (b) in the ice as a function of depth (as in
Figure 2). SIMBA is shown in filled blue circles and ISPOL in open red circles. Each small circle corresponds to a weighted bulk
measurement, and the larger connected circles indicate the weighted averages for each depth interval. The estimated seawater
total fixed nitrogen is indicated by the black dashed line.
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It has been suggested that around much of Antarctica, when the snowpack is sufficiently thick to depress the
ice surface below the sea level, seawater can infiltrate the ice, supplying nutrients to the ice surface [e.g.,
Maksym and Markus, 2008]. In our data set, the first occurrence of snow ice is observed in the 9 December
ISPOL profile (discussed in section 3 of the supporting information), as it bears the characteristically lower
δ18O derived from the freezing of a mixture of meteoric ice, seawater, and brine [Tison et al., 2008]. Further
downward, infiltration of seawater into the underlying brine network is suggested from brine/ice δ18O along
the same profile [Tison et al., 2008]. As with brine convection, flooding and subsequent downward infiltration
would supply relatively lower seawater NO3

� δ15N to the brine network, washing the residual high-δ15N NO3
�

downward into the underlying brine network. The higher NO3
� concentration at all depths in the 9

December ISPOL profile, together with a TN δ15N closer to the seawater end-member, is consistent with
seawater flooding and infiltration (Figures S5 and S6).

5.2. Sea Ice Nitrogen Internal Cycling

The partitioning of fixed N among its various chemical species is dramatically different in sea ice than in
Antarctic seawater, in which nitrate is the dominant N form. Near-complete nitrate assimilation and the
concomitant accumulation of large algal standing stocks lead to a much larger contribution from organic N
within sea ice (82 ± 9% of TN). If assimilation proceeds with a constant isotope effect (εNau, NaU being nitrate

Figure 4. Conceptual scheme showing sea ice growth and decay and the associated nitrogen biogeochemical dynamics. (a–c)
The large circles illustrate brine inclusions that are connected as shown in Figures 4b and 4c or disconnected as shown in
Figure 4a from the seawater below. Color fillings represent relative intensities of chosen variables of interest: The relative density of
the brine and seawater is given by the blue color bar, the relative δ15N by the gray color bar, and the new versus regenerated
primary production by the green-yellow color bar. The Npools are indicatedwithin the brine inclusions, with their grayscale shade
increasing with their δ15N and their shape indicating whether they are mobile. The arrows among the N pools reflect biological
fluxes (single sided) or exchanges (double sided), with thicker arrows qualitatively indicating greater fluxes and an “epsilon” label
indicating that the isotopic observations are particularly affected by isotope fractionation at the labeled step. In winter when the
ice is growing (Figure 4a), brine convection is observed only at the interface with the ocean where sea ice is permeable. At the
surface and in the interior ice, the porosity is too low to allow convection, despite the high brine density. These brine structures are
closed, with little or no biological activity. The brine composition is mainly inherited from the underlying seawater. At the
beginning of spring (Figure 4b), both primary production and porosity increase, allowing nitrate assimilation (~ new
primary production) into immobile organic matter and brine convection through the full thickness of the ice (due to
brine density greater than seawater). 14N is preferentially assimilated into organic matter, leaving the residual nitrate
pool enriched in 15N, which can then be exchanged with seawater through brine convection. This process decreases the
total fixed nitrogen δ15N, as observed (Figure 3b). To match the observations (low TN δ15N), a significant fraction of the
dissolved organic N (largest and lowest δ15N pool) must remain trapped within the ice (circles in Figure 4b and 4c and
discussion in the text). The δ15N of DON+NH4

+ is lower than PN, due to a net transfer of N from PN to DON+NH4
+, with

fractionation in the conversion. With the subsequent development of a biological community that regenerates and
recycles N (Figure 4c; ~ regenerated primary production), including nitrifiers, N is mainly regenerated through the regen-
eration loop (PN, DON!NH4! PN), yielding a convergence between PN and DON+NH4

+ δ15N, and a smaller fraction is
regenerated back to nitrate through nitrification, decreasing nitrate δ15N. During the ice decay, a stratification inside the
brine network is expected due to melting of the brine walls, limiting exchange to diffusion processes only (i.e., brine
density lower than seawater [Tison et al., 2008]).
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assimilation, the U referring to uptake) and if the reactant (nitrate) and product (organic matter) N pools are
neither replenished nor lost from the system, then the isotopic evolution of the residual nitrate, instanta-
neous PN (hereafter referred to with the superscript “inst”), and accumulated PN (hereafter referred to with
the superscript “acc”) would be described by Rayleigh fractionation kinetics (curves in Figure 5), with the
following equations:

δ15NNO�
3
¼ δ15NNO�

3 �SW � εNaU � ln fð Þ (1)

δ15Ninst
PN ¼ δ15NNO�

3
� εNaU (2)

δ15NAcc
PN ¼ δ15NNO�

3 �SW þ εNaU � f � ln fð Þ
1� fð Þ (3)

where f is the fraction of residual nitrate;

f ¼ NO�
3

NO�
3�SW

(4)

Not surprisingly for nitrate, our isotopic measurements are poorly described by these equations (Figure 2).
Nitrate depletion increased upward through the ice, but the δ15N of nitrate decreased toward the top.
Furthermore, most of the samples (55%) had nitrate with a δ15N lower than that of the underlying seawater
(~5.0‰) [Difiore et al., 2009]. If nitrate assimilation was the only process at work, nitrate δ15N would have
always been higher than that of seawater and should increase upward (Figures 2b and 2d). Another process
must therefore be involved in the partitioning of the nitrate isotopes in the ice. Four processes can affect the
δ15N of nitrate: (i) nitrate assimilation, (ii) nitrification, (iii) denitrification, and (iv) N2 fixation when coupled to
N cycling and nitrification. Since both nitrate assimilation and denitrification preferentially consume 14N, in-
creasing the δ15N of the residual nitrate, only nitrification and N2 fixation are able to decrease the δ15N of
nitrate. While unexplored, N2 fixation within sea ice is unlikely to occur at rates comparable to nitrate as-
similation and the internal N cycling processes [e.g., Thomas et al., 2010]. As we discuss in section 5.3. below,
nitrification appears to explain the distribution of the N isotopes in sea ice, through the production of low-
δ15N nitrate. The coupling of low NO3

� concentration and low δ15N at the 70% depth of ISPOL suggest that
higher degrees of NO3

� depletion allow for the greatest isotopic imprint of nitrification (Figures 2c and 2d).
This is to be expected, as a given quantity of NO3

� produced from nitrification will represent a greater frac-
tion of the total NO3

� when the background [NO3
�] is low.

For SIMBA, we observe PN with a δ15N that is higher than the Rayleigh fractionation prediction for the
accumulated product of nitrate assimilation (equation (3) and Figure 2b). This can be explained by isotopic
discrimination during the conversion of PN into DON+NH4

+, which represents 61 ± 9% of total organic N (i.e.,
PN+DON+NH4

+). Such a large accumulation of DON+NH4
+ requires an imbalance between DON+NH4

+

production and consumption, at least initially [e.g., Thomas et al., 2001]. Sea ice efficiently traps living and
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Figure 5. The δ15N of the reactant (equation (1), blue lines), instantaneous product (equation (2), green lines), and ac-
cumulated product (equation (3), red lines) as per the Rayleigh fractionation model as a function of the fraction of the
initial reactant (nitrate) pool that remains unconsumed (f, [NO3

�]/[NO3
�]sw). The initial δ15N and concentration of the

reactant pool are based on the winter mixed layer seawater, and two different isotope effects for nitrate assimilation
are considered, 5‰ (solid lines) and 8‰ (dashed lines). (a) SIMBA and (b) ISPOL for the δ15N of PN (filled green tri-
angles), DON+NH4

+ (open purple circles), and of reduced N (PN+DON+NH4
+; open red triangles).
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decaying organic matter within the
tortuosity of the brine network, and the
organic matter is further embedded in a
gel-like exopolymeric substance [Deming,
2010]. Given the strong seasonality of sea
ice primary production, a seasonal delay
between primary production and the
development of an efficient heterotro-
phic community would not be surprising,
and it can explain the imbalance between
DON+NH4

+ production and
consumption (Figure 6a).

Field and laboratory studies suggest that
both bacteria and zooplankton preferen-
tially degrade low-δ15N PN to ammonium,
with a net isotope effect of ~2–5‰ [e.g.,
Knapp et al., 2011; Möbius, 2013, and
references therein]. Ammonification
(DON, PN!NH4

+) is likely the main dis-
criminating step in this remineralization
process. The release of DON from PN
(PN!DON) will only occasionally involve
the breaking of N-containing bonds, and
the isotopic fractionation associated with
bond breakage will be diluted across all
the N atoms in the newly produced DON
molecule; therefore, weaker isotopic frac-
tionation is expected in DON release than
in ammonification [Knapp et al., 2011].

In the case (a) that PN is the ultimate end
product of nitrate assimilation, PN δ15N
should be characterized by the accumu-
lated product solution (equation (3)).

In an alternative case (b) of highly effi-
cient conversion of PN to DON+NH4

+

with no isotopic fractionation, PN should follow the instantaneous product equation (equation (2)), while
DON+NH4

+ (if the ultimate end product) should resemble the accumulated product.

In the case (c) of highly efficient conversion of PN to DON+NH4
+ and significant isotopic fractionation

during PN degradation to DON+NH4
+, PN δ15N may fall “above” the instantaneous product solution, and

DON+NH4
+ δ15N may fall “below” the accumulated product solution. In all of the above cases, total

reduced N (PN +DON+NH4
+) should follow the accumulated product.

We have attempted to plot the SIMBA PN, DON+NH4
+, and total reduced N data in Rayleigh space (data markers

in Figure 5a), although the x axis (fraction of NO3
� remaining) is potentially compromised by regenerated sources

of nitrate as well as exchange with the underlying sea water. In general, the data are consistent with the efficient
shunting of PN to DON+NH4

+ (cases b or c). That PN δ15N is higher in some cases than either of the instanta-
neous product curves while DON+NH4

+ is lower in some cases than the accumulated product curves appears
to favor the occurrence of isotope fractionation during the degradation of PN to DON+NH4

+ (case c).

The ISPOL data indicate a lower Δ15NPN –DON (= δ15NPN � δ15NDON + NH4) than at SIMBA (i.e., the δ15N of
DON+NH4

+ was higher and the δ15N of PN was lower; Figures 2d and 5b). Occurring later in the growing
season and consistent with the decaying stage of sea ice [Tison et al., 2008], a more efficient coupling
between DON+NH4

+ production and consumption likely accounts for the observed similarity between PN
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Figure 6. Schematic view of the internal N cycle with the associated iso-
tope effects for each transformation process, for (a) SIMBA and (b) ISPOL.
NaU indicates nitrate assimilation (U for uptake), R is DON release, Amo is
ammonification (with the subscript p for PN!NH4

+ and d for
DON!NH4

+), AmO is ammonium oxidation, AmU is ammonium assimi-
lation, NiO is nitrite oxidation, and NiU is nitrite assimilation [after DiFiore
et al., 2009]. The arrow line thickness indicates the relativemagnitude of the
flux. SIMBA isotopic compositions are mainly inherited from previous ni-
trate assimilation and the concomitant large imbalance between
DON+NH4

+ production and consumption. For ISPOL, we suggest that this
initial imbalance is attenuatedwith time via the development of an efficient
regeneration loop (and thus a balance between DON+NH4

+ production
and consumption). For ISPOL, we assume that little nitrate is supplied from
seawater because the salinity of the brine is lower than the salinity of sea-
water, thereby preventing brine overturning [Tison et al., 2008].
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and DON+NH4
+ δ15N at ISPOL (Figure 5b). For an “ideal” regeneration loop (PN, DON!NH4

+! PN) in steady
state, the mass balance implies (Figure 6):

AmU ¼ Rþ Amop ¼ Amod þ Amop (5)

in which: AmU is the rate of ammonium uptake, R is the rate of DON production, and Amo is the rate of
ammonification (the subscript p is for PN!NH4

+ and d for DON!NH4
+; Figure 6), with the reasonable

hypothesis that fractionation is identical for deamination of PN and DON (εAmop = εAmod). We can solve the
isotopic balance for DON:

R · δ15NR ¼ Amod · δ15NAmod (6)

Since R=Amod, it follows that δ
15NR= δ15NAmod, and since δ15NR= δ15NPN � εR and δ15NAmod = δ15NDON �

εAmo, we can rearrange equation (6) as

δ15NPN ¼ δ15NDON þ εR � εAmo (7)

Also, considering the isotopic balance for the PN pool, and since δ15NAmU = δ15NNH4 � εAmU, one derives that

δ15NNH4 ¼ δ15NPN þ g � εR � εAmoð Þ � εR þ εAmU (8)

where g=Amop/AmU=1� (Amod/AmU)=1� (R/AmU). Comparing equations (7) and (8), the δ15N convergence
of PN and DON+NH4 might be taken as an indication that εR is of similar magnitude to εAmo. However, as
discussed above, the expectation based on previous work is that εR is smaller than εAmo [e.g., Knapp et al., 2011].
One explanation for this apparent discrepancy is that ISPOL has not reached steady state with regard to the PN,
DON!NH4

+! PN regeneration loop. We can simulate how the initial Δ15NPN-DON at SIMBA, inherited from
the near-complete nitrate depletion and concomitant DON+NH4

+ imbalance, should have evolved in the
development of an ideal regenerated loop (Figure 7). If it is assumed that the first step of remineralization
(PN!DON) discriminates less than the second step (PN, DON!NH4

+) [Knapp et al., 2011], with time,
DON+NH4

+ and PN δ15N should converge, and then the δ15N of DON+NH4
+ should become greater than

that of PN δ15N (Figure 7), as is observed in the subtropical surface waters [Knapp et al., 2011]. Since, for
both SIMBA and ISPOL, the δ15N of DON+NH4

+ was lower than that of PN, the implication is that the
regeneration loop has not reached steady state (from Figures 4b and 4c to 6a and 6b).

5.3. Biologically Driven Sea Ice Nitrate Regeneration: Nitrification

The difference between measured NO3
� δ15N and that expected from Rayleigh fractionation (equation (1)),

as well as the simple observation of nitrate with a δ15N lower than that in the underlying seawater, point
to nitrification along with nitrate assimilation as a key control on the distribution of the nitrate isotopes.
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Figure 7. Observations (circles) and model (lines) taking into account an ideal regeneration loop (PN, DON!NH4
+! PN)

and describing the δ15N evolution of PN (green) and DON+NH4
+ (purple), taking SIMBA δ15N as initial conditions (i.e.,

before the development of a strong regeneration loop). (a) The simulation with an Amop/AmU ratio of 0.5 (Amop being
PN!NH4

+ and AmU being NH4
+! PN), no isotope fractionation for DON release (PON!DON), an isotope effect of 5‰

for ammonification (PN, DON!DON), and an isotope effect of 0 (dashed lines) and 5‰ (full lines) for ammonium
assimilation (NH4

+! PN). (b) The simulations with no isotope fractionation for DON production, an isotope effect of 5‰ for
both ammonium assimilation and ammonification, and an Amop/AmU ratio of 0.0 (dashed line), 0.5 (full line), and 0.8
(dotted line). Consistent with the observations, the pool sizes are 15μmol l�1 for PN, 30μmol l�1 for DON, and 5μmol l�1 for
ammonium. One complete turnover of the DON pool is indicated by the gray dashed line.
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In this section, we will (i) consider how nitrification could affect the δ15N of fixed N and (ii) use mass and
isotopic balances to estimate the ratio of nitrification to nitrate assimilation.

Previous evidence for nitrification in sea ice exists, mainly in landfast sea ice. Priscu et al. [1990] measured the
first step of nitrification, the oxidation of NH4

+ to NO2
�, using 13C incubations with an inhibitor of NH4

+

oxidizing bacteria. Additional evidence comes from the studies documenting accumulation of both nitrite
and nitrate [Arrigo et al., 1995; Riaux-Gobin et al., 2000; Cozzi, 2008] and the accumulation of phaeopigments,
ammonium, and nitrite in sea ice [Riaux-Gobin et al., 2005]. Nitrifiers tend to grow in aggregate, excrete
exopolymeric substances, and embed in biofilms [Hagopian and Riley, 1998]. In sea ice, high concentrations of
exopolymeric substance have beenmeasured, and themicrobial community is indeed embedded in a biofilm
[Meiners et al., 2004; Deming, 2010]. With its potentially large source of ammonium (from remineralization of
PN and DON), sea ice thus appears to be a favorable environment for nitrification.

Nitrification occurs in two steps (Figure 6), the oxidation of ammonium to nitrite and the oxidation of nitrite to
nitrate, mediated by distinct groups of microorganisms. Ammonium that is produced by ammonificationmay
be reassimilated by algae or oxidized to NO2

�. Nitrite itself can then be assimilated or further oxidized to
NO3

�. The ratio of these two processes—assimilation and oxidation—and their associated isotope effects will
affect the δ15N of both reactants and products.

A large and variable isotope effect has been estimated for NH4
+ assimilation (AmU), from ~5 to ~22‰ [Vo

et al., 2013]. Its expressed magnitude appears to be dependent on the external ammonia (NH3) concen-
tration, which controls active versus passive ammonium/ammonia diffusion across the cell membrane. NH3

concentration is dependent on the equilibrium constants, NH4
+ concentration, and pH [Bange, 2007]. The

average brine pH for SIMBA and ISPOL was 8.5 ± 0.3 (B. Delille, unpublished result, 2013). Using a pKa of
~10.0 for seawater at 0°C, the NH3 concentration should be below 0.1μmol l�1 for both ISPOL and SIMBA.
At such concentrations, an AmU isotope effect of ~5‰ has been observed, the magnitude of which is set
by the rate-limiting step of active NH4

+ transport and the subsequent passive transport of NH3 back into
the external medium [Vo et al., 2013]. Ammonium oxidation (AmO) by marine nitrifiers strongly fraction-
ates the N isotopes, with an isotope effect between 12 and 19‰ [Casciotti et al., 2003]. A low isotope
effect for nitrite assimilation (NiU) has been measured (less than 1‰) [Waser et al., 1998]. Nitrite oxidation
(NiO) has the rare characteristic of having an inverse isotope effect, with 15N nitrite being preferentially
oxidized (�13‰) [Casciotti, 2009]. For the following, we assume an isotope effect of 5‰ for ammonium
assimilation, 15‰ for ammonium oxidation, 0‰ for nitrite assimilation, and �13‰ for nitrite
oxidation (Figure 6).

Given the discussion above, the main processes acting on the regenerated NO3
� δ15N are production and

consumption of NH4
+ and the oxidation of NO2

�. For both SIMBA and ISPOL, organic N was by far the
dominant N form, introducing considerable inertia to the internal cycling of N. This organic N should
impose its relatively constant isotopic composition, mainly inherited from previous organic N production
(see section 5.2), on its release of N (i.e., ammonification; Amo) for both NH4

+ assimilation (AmU) and
oxidation (i.e., nitrification; AmO). The δ15N of ammonium and its products (PN, NO2

�,and NO3
�) will

depend on the combination of isotope effects, the relative importance of which are weighted by their
relative contribution to NH4

+ and NO2
� removal, as follows (where x and y are AmU/Amo and NiU/AmO,

respectively; Figure 8):

δ15NHþ
4
¼ δ15NPN;DON � εAmo þ x � εAmU � εAmOð Þ þ εAmO (9)

δ15PN-regenerated ¼ δ15NPN;DON � εAmo þ x � εAmU � εAmOð Þ þ εAmO � εAmU (10)

δ15NO�
3 �regenerated ¼ δ15NPN;DON � εAmo þ x � εAmU � εAmOð Þ þ y � εNiU � εNiOð Þ (11)

where δ15NPN, DON is the weighted average of PN and DON+NH4
+ δ15N for both ISPOL and SIMBA. The equa-

tions above predict that varying x and y from 0 to 1 yields regenerated nitrate with a δ15N between 10 and
�13‰ (Figure 8). Considering the lower half of this range, a contribution from nitrification can explain the
low δ15N that we observe for sea ice nitrate (Figures 2b and 2d).

It seems unlikely that a larger fraction of the ammonium produced by ammonification (PN, DON!NH4
+) will

be oxidized rather than assimilated. The energy yield of ammonium oxidation is low [Hagopian and Riley,
1998; Ward, 2007], and nitrifiers should not be able to out-compete sea ice algae for the available stock of
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ammonium, unless they are able take ad-
vantage of low light periods. Accordingly,
if the NH4

+ assimilation/(oxidation+as-
similation) ratio (x in equation (11) and x
axis in Figure 8) is greater than 0.5 [e.g.,
Olson, 1981; Bianchi et al., 1997],
regenerated nitrate δ15N should range
between 5 and �13‰. To our knowl-
edge, Olson [1981] is the only study
reporting the contribution of NO2

� as-
similation to the NO2

� removal (y ratio in
equation (11)), with a maximum contri-
bution of 0.35 in the Southern Ocean. By
varying the x (x axis in Figure 8) and y
ratios from 0.5 to 1 and 0 to 0.35, respec-
tively, regenerated nitrate δ15N should fall
between �3.5 and �13‰ (Figure 8).

Assuming a closed system following a
convective event (section 5.1), and both
nitrate assimilation and nitrification as the
main processes acting on the nitrate pool,
we solve the mass and isotopic balances
for each depth (weighted averages in
Figures 2b and 2d) to estimate the con-

tribution of nitrification to nitrate assimilation (see supporting information, section 4, for a more detailed de-
scription of the model and the optimization scheme). With no significant depth variation and nomajor difference
between SIMBA and ISPOL, satisfying solutions (i.e., within the analytical error bars for nitrate concentration and
δ15N; Figures S7a and S7b) are found if nitrification contributes between 29±2 and 66±8% to nitrate assimilation.
This range of values results from varying the δ15N of regenerated nitrate from �13 to �3.5‰, respectively
(Figure 8). The only exception is for the bottom community at ISPOL, where satisfying solutions are found with a
smaller contribution of nitrification to NO3

� assimilation (3 to 30%). This is perhaps to be expected, given the
relative easewithwhich the bottom community can interact with seawater nitrate. Our analysis implies that within
Antarctic sea ice during early spring to early summer, nitrate behaves as a regenerated nutrient. This finding has
significant implications for our understanding and parameterization of sea ice N cycling; current sea ice biogeo-
chemical models typically assume little or no NO3

� regeneration [e.g., Tedesco et al., 2012].

Our parameterization (with zero-order reactions) does not take into account the temporal decoupling be-
tween primary production and the development of a fully efficient microbial loop, including nitrifiers. Once
the nitrate is consumed to low concentration, subsequent nitrification should have a greater impact on the
δ15N of nitrate than in the context of a steady state between nitrate assimilation and nitrification. Another
source of uncertainty is that NO2

� can be also produced by autotrophic cells, from an imbalance between
NO3

� and NO2
� reduction during NO3

� assimilation and the following NO2
� efflux out of the cells [Olson,

1981] (median contribution to NO2
� production = 0.1). The isotope effect associated with NO3

� assimilation
is thought to occur primary with the rate-limiting NO3

� reductive step into NO2
� [Granger et al., 2004]. The

NO2
� efflux δ15N out of the cell should be therefore similar to PN (equation (2) and Figures 2b and 2d). Such

contribution should increase the NO2
� δ15N by 0.5 and 1.5‰ for a regenerated NO3

� δ15N of �3.5 and
�13‰, respectively (Figure 8). Clearly, further work is required to better constrain the N mass and isotopic
balances in sea ice. Nitrate δ18O measurements should provide further insights into nitrate regeneration
[DiFiore et al., 2009], and measurements of ammonium and nitrite δ15N will allow us to disentangle the am-
monium-/nitrite-associated processes, improving our estimates of regenerated nitrate δ15N (e.g., Figure 8).

5.4. Paleoceanographic Implications

The only study reporting N isotope distributions in Antarctic sea ice observed a δ15N for PN that was signif-
icantly higher than the δ15N of water column PN, 2 to 41‰ versus �6 to 6‰, respectively [Rau et al., 1991;

NH4
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Figure 8. Steady state model describing the δ15N of both reactants and
products (PN, DON!NH4

+!NO2
�!NO3

�) as a function of the NH4
+

assimilation/(oxidation+assimilation) ratio (AmU/AmO+AmU), assuming a
constant source for regenerated N (black cross with error bar on the left), i.e.,
organic N (green cross with error bar; weighted average for both SIMBA and
ISPOL) minus the isotope effect for ammonification (Amo). Regenerated
NO3

� δ15N also depends on the NO2
� assimilation/(oxidation+assimilation)

ratio (equation (11), NiU/NiO+NiU), with two end-members: NiU=AmO
(nitrite uptake=ammonium oxidation; small dashed blue line) and
NiO=AmO (nitrite oxidation=ammonium oxidation; solid blue line). The
medium dashed line is for a NO2

� assimilation/(oxidation+assimilation) ratio
of 0.35 (see section 5.3) [Olson, 1981]. The acronyms are described in Figure 6.
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DiFiore et al., 2009]. Rau et al. [1991] suggested that volatization (i.e., the loss of N as ammonia), followed by
ammonium assimilation, was the mechanism leading to the highest δ15N of sea ice PN. During the last ice
age, the δ15N of diatom-bound organic N in Antarctic sediments was 0 to 10‰ higher than it is today
[Robinson and Sigman, 2008], which has been interpreted as evidence of enhanced nutrient consumption.
This explanation assumes, among other things, that diatom production and sinking biogenic matter derived
predominantly from the water column. During the ice ages, the extent of sea ice cover likely expanded
equatorward [Gersonde et al., 2005]. Using the highest δ15N measured in sea ice PN δ15N by Rau et al. [1991],
41‰, we calculate that a ~5% increase in the contribution of sea ice to sedimentary organic Nwould induce a
shift of ~3‰ in its δ15N. This calculation also roughly applies to diatom-bound N, as much of the phyto-
plankton growth in sea ice is by diatoms. This calculationmakes the simple point that if sea ice PN δ15N can be
very high, then trivial changes in its contribution to Antarctic sediments could relatively easily explain the
observed glacial/interglacial δ15N change.

We have shown that sea ice PN δ15N is set by partial nitrate consumption, nitrate resupply through brine
convection, and the balance between DON production and consumption. Given the preferential assimilation
of 14N by phytoplankton, the δ15N of both nitrate and organic N increases when the nitrate pool is progres-
sively depleted during the sea ice algal bloom. Assuming a nitrate source at 5‰ and an isotope effect for
nitrate assimilation of 5‰ [Difiore et al., 2009; Rafter et al., 2013], organic N (i.e., the accumulated product;
equation (3)) should range from 0 to 5‰ for zero and complete nitrate consumption, respectively. The effi-
cient shunting of PN to DON+NH4

+ at the beginning of the sea ice algal bloom implies that PN δ15N is initially
better characterized by the instantaneous product (equation (2)), representing newly formed biomass, and
can thus be higher (by a few permil) than the accumulated product (see section 5.2). The imbalance between
DON+NH4

+ production and consumption is attenuated with time due to the impact of regenerated primary
production. This promotes the convergence of PN δ15N on the δ15N of the total organic N pool
(PN+DON+NH4

+), i.e., the accumulated product (equation (3); from 0 to 5‰; see section 5.2).

Such behavior of sea ice PN δ15N is similar to that of PN in the euphotic layer of the open ocean, which is
driven by nitrate assimilation and wintertime nitrate supply [Sigman et al., 1999]. Since the degree of nitrate
consumption (equation (4)) is greater in sea ice than in the present day Antarctic Zone, sea ice PN δ15N (�0.9
to 6.3‰, median = 4.5‰, n= 141) is significantly higher than the δ15N of PN in seawater (�6 to 6‰, aver-
age = 0.6‰) [Rau et al., 1991; DiFiore et al., 2009]. However, we did not observe the much higher PN δ15N as
occasionally measured by Rau et al. [1991]. Ammonia volatization, as suggested by Rau et al. [1991], would
preferentially expel 14N from the sea ice, increasing the δ15N of sea ice TN, which is the opposite of what we
observe (Figure 3). Such occasional high values are theoretically achievable by the instantaneous product
under near-complete nitrate consumption (equation (2)), but with no concomitant regeneration since even a
small amount of ammonium assimilation will drive the δ15N of the PN back toward the δ15N of the accu-
mulated product (equation (3)). Arctic studies have shown an overlap between sea ice and seawater PN δ15N
(3.9 to 13.5‰ versus 0.0 to 12.6‰, respectively) [Tamelander et al., 2008; Gradinger, 2009; Pineault et al., 2013],
with only one study reporting higher PN δ15N in sea ice (8.3‰) than in seawater (4.9‰) [Hobson et al., 1995].
The surface waters of the open Arctic are lower [NO3

�] (<5 μmol l�1) relative to the Antarctic (~ 30 μmol l�1).
Such near-complete NO3

� depletion in both the Arctic mixed layer and the sea ice is expected and largely
observed to yield similar PN δ15N in these two Arctic environments of algal growth (equation (3)).

From the analysis above, it seems unlikely that sea ice alone can explain the variations in sedimentary PN δ15N
during the last ice age [Robinson and Sigman, 2008]. Indeed, sea ice PN is only ~3–4‰ higher in δ15N than its
marine counterpart, requiring that sea ice came to dominate sedimentary PN (and diatom-bound N) if it were
to explain most of the glacial/interglacial signal. Today, net organic N production (i.e., given by nitrate de-
pletion) in sea ice represents only a few percent in the seasonal ice zone and in the permanently open ocean
zone of the Antarctic [e.g., Arrigo and Thomas, 2004], such that it is unlikely that sea ice was ever the sole
source of organic N to the sediments of these zones. However, given the dramatic decrease in Antarctic
productivity during the last ice age [Kohfeld et al., 2005] and the concomitant equatorward sea ice expansion
[Gersonde et al., 2005], we cannot rule out a role for sea ice production in the δ15N variations in sediment cores
closer to the Antarctic continent. Under conditions of more permanent sea ice cover, the sea ice contribution
to sedimentary organic N should increase. Indeed, the two southernmost sediment cores in the compilation
of Robinson and Sigman [2008] are located close to the modern extent of winter sea ice, and these show the
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largest δ15N variation across glacial-interglacial cycles [Robinson and Sigman, 2008]. Further work should
focus on investigating the δ15N of diatom-bound N produced within Antarctic sea ice.

6. Conclusions

We report nitrate, total dissolved nitrogen, and particulate nitrogen isotope data from the Antarctic pack ice
in the Weddell Sea (ISPOL, December 2004) and the Bellinghausen Sea (SIMBA, October 2007). The objectives
were twofold: (i) to use the isotopic distributions to better constrain biogeochemical dynamics and (ii) to
provide robust information with which to assess the impact on the N isotopic composition of the organic
matter in Antarctic sediments and sedimentary fractions. Within the sea ice collected during two sampling
campaigns, the nitrate concentration was significantly depleted relative to the underlying seawater. The
accumulation of organic N (the dominant form of fixed N) clearly suggested that the in situ microbial com-
munity and biogeochemical conditions were mainly inherited from an earlier period of NO3

� assimilation.

The δ15N of sea ice total nitrogen (PN+ TDN) was significantly lower than that of NO3
� (and thus the TN) of

the underlying seawater. This difference implies the preferential loss of 15N during the growth and decay of
sea ice. We suggest that the coupling of nitrate assimilation, which traps 14N into biomass within the sea ice,
with brine convection is a viable mechanism to explain the low-δ15N TN across the ice floe. In general, nitrate
δ15N in the sea ice was lower than in underlying seawater. Nitrification is the only viable mechanism that
explains this observation, as it supplies low-δ15N regenerated nitrate. In a first effort to quantify the relative
importance of this process, nitrification was found to contribute substantially (up to ~70%) to the nitrate
being assimilated within the ice. The δ15N of total organic N (PN+DON+NH4

+) was similar to expectations
for NO3

� assimilation in a closed environment (i.e., the accumulated product of Rayleigh fractionation).
However, the δ15N differed amongst the different organic N forms, with the δ15N of DON+NH4

+ being lower
than PN δ15N. Together with the large accumulation of DON+NH4

+, this suggests an imbalance between
DON+NH4

+ production and consumption. We suggest that DON+NH4
+ represents the end product of

earlier nitrate assimilation into PN, which preferentially accumulated 14N and then passed its low δ15N on to
DON+NH4

+, with isotopic fractionation in the conversion. The δ15N elevation of PN relative to DON+NH4
+

occurred to a lesser extent at ISPOL (~1.7‰) relative to SIMBA (~5.7‰). Conditions at ISPOL were charac-
teristic of the decaying stage of sea ice [Tison et al., 2008] such that an efficient regeneration loop (PN,
DON!NH4

+! PN) following the main peak in productivity was being established, driving the δ15N of PN to
converge on that of the DON+NH4

+.

We conclude that nitrate assimilation resulting in the net production of low-δ15N organic N is a dynamic common
to both the water column and the sea ice of the Antarctic, although nitrate assimilation is more complete within
the ice. Thus, the contribution of sea ice organic N to sedimentary δ15N should be less distinct from (only a few
permil higher than) that of the water column than has been proposed previously [Rau et al., 1991]. This makes it
correspondingly more difficult for sea ice to explain the higher δ15N of Antarctic sediments and diatom-bound N
during the last ice age (0 to 10‰ higher than Holocene). To do so, sea ice-internal organic matter would need to
have been the dominant source of sedimentary and diatom-bound N during the last ice age.
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