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Abstract
This study reports concentrations of iron (Fe) and organic matter in young Antarctic pack ice and during its 
initial growth stages in situ. Although the importance of sea ice as an Fe reservoir for oceanic waters of the 
Southern Ocean has been clearly established, the processes leading to the enrichment of Fe in sea ice have 
yet to be investigated and quantified. We conducted two in situ sea-ice growth experiments during a winter 
cruise in the Weddell Sea. Our aim was to improve the understanding of the processes responsible for the 
accumulation of dissolved Fe (DFe) and particulate Fe (PFe) in sea ice, and of particulate organic carbon and 
nitrogen, dissolved organic carbon, extracellular polymeric substances, inorganic macro-nutrients (silicic acid, 
nitrate and nitrite, phosphate and ammonium), chlorophyll a and bacteria. Enrichment indices, calculated 
for natural young ice and ice newly formed in situ, indicate that during Antarctic winter all of the measured 
forms of particulate matter were enriched in sea ice compared to underlying seawater, and that enrichment 
started from the initial stages of sea-ice formation. Some dissolved material (DFe and ammonium) was 
also enriched in the ice but at lower enrichment indices than the particulate phase, suggesting that size is 
a key factor for the incorporation of impurities in sea ice. Low chlorophyll a concentrations and the fit of 
the macro-nutrients (with the exception of ammonium) with their theoretical dilution lines indicated low 
biological activity in the ice. From these and additional results we conclude that physical processes are the 
dominant mechanisms leading to the enrichment of DFe, PFe, organic matter and bacteria in young sea ice, 
and that PFe and DFe are decoupled during sea-ice formation. Our study thus provides unique quantitative  
insight into the initial incorporation of impurities, in particular DFe and PFe, into Antarctic sea ice.

1. Introduction
It is now well established that sea ice represents an important reservoir of iron (Fe) to the Fe-depleted waters 
of the Southern Ocean (e.g., Sedwick and DiTullio, 1997; Lancelot et al., 2009; Lannuzel et al., 2010; Wang 
et al., 2014). The seasonal cycle of sea-ice formation and retreat in Antarctica affects approximately 40% of 
the entire Southern Ocean and impacts the whole Antarctic ecosystem (Arrigo, 2014). During formation, 
sea ice has a generally low capacity to incorporate salts and impurities such as biotic or abiotic particles and 
dissolved components (Cox and Weeks, 1975). The growing sea-ice crystals reject impurities into the liquid 
brine found within the ice. Small amounts of seawater can be trapped in the advancing ice interface, entraining 
some impurities, but most of the seawater is rejected at the ice-seawater interface. However, Antarctic field 
studies have shown Fe and organic matter enrichment of 1 to 2 orders of magnitude over seawater (Grotti et 
al., 2005; Lannuzel et al., 2007, 2008, 2014a, 2014b; van der Merwe et al., 2009, 2011a, 2011b; de Jong et al., 
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2013, 2015). The co-occurrence of high concentrations of Fe and organic matter in the ice suggests coupled 
processes leading to their enrichment (Lannuzel et al., 2007, 2015; Schoemann et al., 2008). Specifically, van 
der Merwe et al. (2009) proposed that Fe can be associated with extracellular polymeric substances (EPS) 
and co-incorporated into the ice.

A combination of biological and physical mechanisms could explain incorporation of biogenic and 
lithogenic materials into sea ice. These mechanisms include: (1) sediment entrapment in newly formed sea 
ice (e.g., Nürnberg et al., 1994; Lindemann et al., 1997; Lindemann, 1998; Smedsrud, 1998; Dethleff and 
Kempema, 2007; Dethleff and Kuhlmann, 2009); (2) dissolved macro-nutrient entrapment (Riedel et al., 
2007; Zhou et al., 2014); (3) dissolved organic matter entrapment (e.g., Giannelli et al., 2001; Ewert and 
Deming, 2011; Müller et al., 2013); and (4) entrapment of particulate biogenic material (e.g., Garrison et al., 
1989; Gradinger and Ikävalko, 1998; Weissenberger and Grossmann, 1998; Różańska et al., 2008).

The proposed processes for incorporation of particulate impurities into sea ice are as follows. When the 
first crystals of frazil ice form in the water column, they are thought to harvest or scavenge the particulate 
matter present in the water column during their rise to the surface (Weeks and Ackley, 1982; Osterkamp 
and Gosink, 1983; Garrison et al. 1989; Reimnitz et al., 1993; Dethleff, 2005). Microorganisms and detritus 
can act as nucleation sites for the ice crystals (Weeks and Ackley, 1982; Knopf et al., 2011). Once particles 
associated with frazil ice crystals have accumulated in the surface water, they can be concentrated under 
the action of Langmuir circulation cells and trapped in newly forming ice (Martin and Kauffman, 1981). 
Although this process has not been particularly well studied in Antarctica, it is considered to be a leading 
mechanism in the formation of sediment-laden sea ice in the Arctic (Dethleff, 2005; Dethleff and Kempema, 
2007; Dethleff et al., 2009). Young Arctic sea ice with high sediment content also contains high dissolved 
metal concentrations, including dissolved Fe (Hölemann et al., 1997). Similarly, the suspended material can 
be concentrated by wave-field pumping passing through the freshly formed layer of frazil ice (Lindemann  
et al., 1997). These particles then become attached to, or trapped in or between, the ice crystals (Weissenberger 
and Grossmann, 1998). Once a layer of ice isolates the water from the atmosphere, thermodynamic ice-growth 
processes dominate, and congelation ice starts to form. When congelation ice grows, exchange of sea salts and 
macro-nutrients between seawater and ice are controlled by convective fluid movement induced by strong 
salinity gradients across the ice-water interface (e.g., Vancoppenolle et al., 2010). These convective movements 
could be responsible for the aggregation at the seawater/sea-ice boundary of living and dead microorganisms, 
which then can become incorporated into the sea ice as the ice continues to grow (Lannuzel et al., 2010). The 
organic matter observed in columnar ice could alternatively originate from in situ biological processes; e.g., 
algal growth within the ice cover (Lizotte, 2003). Bio-accumulation through ice algal growth was suggested 
by Spindler (1994) as a key driver of high concentrations of organic matter (living and dead) in columnar 
ice. Because organic matter contains Fe, this bioaccumulation mechanism would lead to the incorporation 
of Fe in sea ice together with organic matter.

Due to the varying processes involved in sea-ice formation, frazil ice should theoretically be more enriched 
in Fe and organic matter than columnar ice, which forms more slowly and therefore expels impurities more 
effectively. However, this rationale only relies on initial incorporation processes and does not take into 
account in situ biogeochemical, transport and other processes. To date, no relationship between Fe content 
and ice texture has been clearly established (Lannuzel et al., 2007, 2014a; van der Merwe et al., 2009), and the 
relationships between sea-ice formation and the Fe cycle in surface polar oceans remain poorly understood.

The aim of this study was to investigate the potential occurrence and pathways of Fe and organic matter 
enrichment in newly formed sea ice during two in situ time-series ice-growth experiments in the Weddell 
Sea during austral winter. We also explored the entrapment signature in different types of young sea ice col-
lected opportunistically during the voyage. To our knowledge, this study is the first attempt to investigate 
the initial pathways leading to Fe enrichment in Antarctic sea ice.

2. Methods
2.1 Cleaning procedures for trace metal work
All sampling bottles (Nalgene, of low-density polyethylene, LDPE), melting containers (polypropylene, PP) 
and equipment were cleaned following the GEOTRACES recommendations (Cutter et al., 2010). In short, 
they were immersed for one week in 2% (v:v) Decon90 and then rinsed four times with reverse osmosis 
water (ROW) and three times with ultra high purity water (UHP water, Barnstead International, NANO-
pure Diamond polisher) before being soaked in a 50% (v:v) HCl bath (analytical grade Merck EMSURE, 
Germany) for one month. Bottles were then rinsed five times with UHP water in a class-100 laminar flow 
hood before being filled with 10% (v:v) HCl (Ultrapure, Seastar Baseline) and triple-bagged until used on 
the voyage. Before use, bottles were rinsed three times with UHP water and three times with the sample. 
During the voyage, filtration sets and other plastic equipment (Teflon filtration set, tubing, scoop, PP melting 
containers, etc.) were immersed in 20% (v:v) HCl between stations. Equipment used for Fe filtrations was 
thoroughly rinsed with UHP water, 10% (v:v) HCl and UHP water between the processing of the samples.
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2.2 Sampling area
Sea-ice early growth experiments and young ice sampling were conducted during the Antarctic Winter 
Ecosystem and Climate Study (AWECS/ANT-XXIX/6) voyage with RV Polarstern to the Weddell Sea in 
June–August 2013 (Lemke et al., 2014; Figure 1). The first time-series ice-growth experiment (Station 506) 
started on 12 July 2013 in the middle of the Weddell Sea and ended on 14 July 2013. The second experiment 
(Station 517) was performed closer to the Antarctic Peninsula and the continental shelf between 
29 and 31 July 2013 (Table 1). Natural young ice was also collected at five other stations (Stations 486–500; 
Figure 1).

Table 1. Young ice sampling locations and physical parameters

Station 
Number

Location Sampling 
date, 2013

Type of ice Sampling 
method

Snow 
thickness 

(m)

Ice  
thickness  

(m)

Ice  
temperature 

(°C)

Bulk ice 
salinity 

(SP)a

Vb/V 
(%)b

486 61°31 S, 
00°05 W

17 June Unconsolidated 
pancake

Cage + 
gloved 
hands

No snow 0.06–0.07 −5.0 23.7 26

488 62°54 S, 
00°00 W

18 June Semi- 
consolidated 
pancake

Cage + 
TM corer

<0.01 0.30–0.36 −4.1 5.3 6

489 63.54° S, 
00.01°W

19 June Consolidated 
pancake

Cage + 
TM corer

0.03 0.30–0.36 −3.4 6.3 9

496 67.26° S, 
00°01 W

24 June Thin ice Kovacs 
corer + 
Ti-coated 
handsaw

0.04 0.42–0.46 −3.2 8.3 13

500 67°57 S, 
06°39 W

05 July Grey ice Ti-coated 
handsaw

No snow 0.05–0.06 −3.3 18.5 28

506 67°11 S, 
23°00 W

12–14 
July

In situ Exp 1 Ti-coated 
handsaw + 
TM corer

Snow 
removed

See  
Table 2

See  
Table 2

See 
Table 2

See 
Table 2

517 63°34 S, 
51°10 W

29–31 
July

In situ Exp 2 Ti-coated 
handsaw + 
TM corer

Snow 
removed

See  
Table 2

See  
Table 2

See 
Table 2

See 
Table 2

aSeawater salinity (SP) was 34.2, 34.5, 34.8, 34.2, and 34.2 at stations 486, 488, 489, 496, and 500, respectively.
bVb/V = Brine volume fraction
doi: 10.12952/journal.elementa.000123.t001

Figure 1
Sampling location.

Locations of the young ice 
sampling stations (Stations 486, 
488, 489, 496 and 500) and the 
two in situ ice-growth time-
series experiments (Stations 506 
and 517 for Experiments 1 and 
2, respectively) of the AWECS 
cruise in the Weddell Sea during 
June–August 2013. Note that 
only the stations pertaining to 
this dataset are shown.
doi: 10.12952/journal.elementa.000123.f001
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2.3 In situ ice-growth time-series experiments
Experiments were conducted in areas of level ice, upwind from the ship and other activities on the ice to 
avoid contamination. Prior to ice coring, snow was removed using an acid-clean plastic shovel. Collection 
and processing of ice and water samples were conducted using the methods outlined by Lannuzel et al. 
(2006). Seawater was collected from the ice-water interface using a peristaltic pump (E/S Portable Sampler, 
Masterflex) equipped with acid-clean silicon tubes. For each experiment, four rows of holes (Figure 2) were 
drilled through the ice using a trace metal (TM) clean electro-polished stainless steel ice corer previously 
tested for TM sampling (14 cm internal diameter, Lichtert Industry, Belgium; Lannuzel et al., 2006). Each 
row corresponds to an increasing time step and each core (A to F, Figure 2) was allocated to measure one 
of the parameters described below. Holes were cleared of coring debris and slush with an acid-clean plastic 
scoop, which denoted the start of an experiment (T0 = 0 h). Ice was then allowed to grow in each hole and 
subsequently collected at increasing time steps (T1 = 6 h, T2 = 12 h, T3 = 24 h and T4 = 48 h). The T1 samples 
were collected using a titanium (Ti)-coated handsaw (Clauss Titanium). Titanium is a material commonly 
used for trace metal sampling (de Baar et al., 2008; Cutter et al., 2010). T2, T3 and T4 rows were collected 
using the TM-clean corer. No snow precipitation was observed throughout the duration of the experiments. 
Ice samples were melted for a suite of parameters for rows T1, T2 and T3. For T4, the core was long enough 
to cut it into two sections using the Ti-coated handsaw (top = 0.1 m and bottom = the rest of the core). The 
procedure was achieved under a class-100 laminar flow hood (AirClean 600 PCR workstation, Model 300 
Controller, AirClean System).

With the exception of the ice texture sample, ice samples were placed in individual PP melting con-
tainers and melted rapidly onboard in the dark at room temperature, according to Rintala et al. (2014). 
During melting, the sample was gently homogenised to help redistribute the heat evenly and keep 
the melt cool. Melted ice cores and seawater samples were then immediately processed for particulate  
organic carbon (POC) and nitrogen (PON), dissolved organic carbon (DOC), the inorganic macro-nutrients  
ammonium (NH4

+), silicic acid (Si(OH)4
−), phosphate (PO4

3-) and nitrate + nitrite (NO3
− + NO2

− = NOx), 
chlorophyll a (Chl a), extracellular polymeric substances (EPS), bacterial counts, particulate iron (PFe) and 
dissolved iron (DFe), and bulk salinity.

Elementa: Science of the Anthropocene • 4: 000123 • doi: 10.12952/journal.elementa.000123

2.4 Young natural ice sampling
Seawater was sampled 1 m below the ice using a 5-L polyvinylidene fluoride “PRISTINE” sample bottle 
(NIOZ) attached to a kevlar hydrographic wire and activated by a Teflon messenger. A subsample was 
then drawn into LDPE bottles, triple-bagged and brought back to the ship. The methods used to collect 
natural young ice were adapted to the type of ice (Table 1). Unconsolidated pancake ice was collected from 
a cage hanging over the sea ice (Station 486). The ice blocks were collected directly by hand, wearing clean-
room nitrile gloves and clean sleeves (Kanna et al., 2014). Semi-consolidated pancake ice (Station 488) and 
consolidated pancake ice (Station 489) were sampled from the cage using the TM-clean corer. Young 
ice (Station 496) and grey ice (Station 500) were collected upwind from the ship from a refrozen lead.  

Figure 2
Layout of the in situ ice-growth 
experiments.

Layout of the set-up for Exp 1 
and 2 (aerial view). Cores were 
separated by 0.1 m. For each 
time step, one row (cores A–E for 
Exp 1 and A–F for Exp 2) was 
sampled for a suite of parameters. 
T1 sampling was at 6 hours, T2 
at 12 hours, T3 at 24 hours and 
T4 at 48 hours. Core allocation 
was as follows for Exp 1: core A, 
temperature and ice texture; core 
B, salinity and bacterial counts; 
core C, POC/PON, DOC, 
macro-nutrients and Chl a; core 
D, EPS; and core E, PFe and 
DFe. Core allocation during Exp 
2 was: core A, temperature and 
ice texture; core B, salinity and 
bacterial count; core C, POC/
PON, DOC, macro-nutrients; 
core D, Chl a; core E, EPS; and 
core F, PFe and DFe.
doi: 10.12952/journal.elementa.000123.f002
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Grey ice is a type of newly formed sea ice with a thickness of 0.10–0.15 m. It is usually less elastic than nilas 
(thin sheet of transparent ice) and rafts under pressure. Young ice was collected using a SIPRE-type corer 
(Kovacs, 9-cm internal diameter). Approximately 1.5 cm of the outer layer of the core was scraped off using 
a Ti-blade to collect the clean inner core section (Kanna et al., 2014). Grey ice was sampled using the 
Ti-coated handsaw directly from the ice edge. Only the bottom 0.1 m of the core was analyzed for the 
semi-consolidated pancake ice, the consolidated pancake and the young ice. Cutting was processed on site to 
minimize brine loss. The entire core was placed on a trace-metal clean plastic board and cut using a Ti-coated 
handsaw immediately after sampling. For each station, the collected ice sections were placed in individual 
TM-clean PP melting containers and brought back to the ship. With the exception of the ice texture sample, 
samples were allowed to melt onboard in the dark at room temperature (Rintala et al., 2014). The melting 
time varied from 6 hours to approximately 16 hours for the thicker sections. Seawater and natural sea-ice 
samples were processed for the same variables as the ice-growth experiments, except for bacterial count, 
which was determined only for the in situ ice-growth experiments.

2.5 Analytical techniques

2.5.1 Physical variables
In situ ice temperatures were measured using a calibrated probe (Testo 720, precision ± 0.1 °C) inserted into 
4-mm diameter holes freshly drilled into the side (2-cm intervals) of ice core A (Figure 2). Bulk salinity 
(Practical Salinity, SP) of melted ice samples and seawater samples were measured using an Orion Star 3 
conductivity meter (precision ± 0.1). Using the temperature and bulk salinity measurements (core B), brine 
volume fractions (Vb/V) were calculated according to Cox and Weeks (1988), neglecting sea-ice air content. 
Vertical thin sections of ice cores A were prepared (–25 °C in a ship-board cold room) and analyzed using 
cross-polarized light to identify ice textures (granular vs. columnar; Langway, 1958).

2.5.2 Particulate organic carbon and nitrogen, dissolved organic carbon, and macro-nutrients
All glassware in contact with POC, PON, and DOC samples was combusted at 450°C for 12 hours prior 
to the cruise. Onboard and immediately after fully melted, ice and seawater samples were gently shaken to 
homogenize before filtration (200–2,500 mL) onto pre-combusted (450°C, 12 hours) 25-mm quartz filters 
(Sartorius). Forty-mL subsamples of the filtrate were stored in glass vials at −20°C in the dark for later DOC 
analysis. In addition, 20-mL filtrate subsamples were collected in two plastic tubes kept frozen at −20°C for 
macro-nutrient analyses. For DOC analyses, frozen samples were melted overnight in the dark, and DOC 
concentrations were determined by high-temperature catalytic oxidation using a TOC analyzer (Total 
Organic Carbon Analyzer TOC-L CPH, Shimadzu) following the method of Qian and Mopper (1996). 
Quality controls were run using a standard of potassium hydrogen phthalate (reagent grade, Nakalai Tesque, 
Kyoto, Japan) and a solution of hydrogen carbonate and sodium carbonate (reagent grade, Nakalai Tesque, 
Kyoto, Japan). Detection limit for DOC was 0.33 µmol L−1 and precision was 1.5%. Filters for determina-
tion of POC/PON were stored at −20°C until analysis. After drying the filters at 60°C, inorganic carbon 
was removed by adding 30 µL of 10% (v:v) HCl (Ajax Finichem) to the filters. POC and PON contents  
on the filter were determined using a Thermo Finnigan EA 1112 Series Flash Elemental Analyzer (detection 
limit 0.1 µg, precision 1%). Certified standards of sulphanilamide OAS (Elemental Microanalysis Limited, 
Okehampton, UK) were run every 12 samples to ensure the quality of the POC and PON concentrations. 
The macro-nutrients Si(OH)4

−, PO4
3–, NH4

+, and NOx were analyzed at Analytical Service Tasmania follow-
ing the methods recommended by Grasshoff et al. (1999). Phosphates, NH4

+ and NOx were analyzed with 
a Lachat Flow injection analyser (precision 0.5%). The detection limit is 0.002 mg L−1 for each parameter. 
Silicic acid was analyzed using a photometric analyzer (Aquakem 250) with a detection limit of 0.1 mg L−1 
and precision of 2%. Measured certified reference material for nutrients in seawater (RMNS, Kanso, Japan) 
were run to ensure the quality of the nutrient concentrations. Theoretical dilution lines (TDL; Figure 3) were 
calculated using the macro-nutrient concentration of the underlying seawater sampled at the beginning of 
each experiment (Meese, 1989).

2.5.3 Iron
All onboard manipulations for Fe determinations were conducted under a class-100 laminar flow hood 
(AirClean 600 PCR workstation, Model 300 Controller, AirClean System). Sea-ice samples were allowed to 
melt in acid-clean PP buckets at room temperature in the dark. Immediately after melting, dissolved Fe 
(DFe < 0.4 µm) was obtained by collecting 60 mL of the filtrate passed through a 0.4-µm pore size 47-mm 
diameter polycarbonate (PC) membrane filter (Sterlitech) using a Teflon perfluoroalkoxy (PFA) filtration 
apparatus (Savillex, USA) under gentle vacuum (< 0.13 bar) to avoid cell lysis. Polycarbonate filters retaining 
the particulate Fe fraction (PFe > 0.4 µm) were transferred into acid-clean petri-dishes, double-bagged and 
stored at −20°C in the dark until analysis after return to Australia. DFe samples were collected in LDPE 
bottles (Nalgene) and acidified to pH 1.8 using 12 M ultra pure hydrochloric acid (Seastar Baseline, Choice 
Analytical). Samples were stored double-bagged at room temperature for at least 24 hours before measure-
ment by flow injection analysis with chemiluminescent detection (FIA-CL).

Elementa: Science of the Anthropocene • 4: 000123 • doi: 10.12952/journal.elementa.000123
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2.5.3.1 Dissolved Fe. DFe samples were analyzed using a FIA-CL instrument. FIA-CL followed procedures 
by Obata et al. (1993) and de Jong et al. (1998), as described in detail by van der Merwe et al. (2009). The 
detection limit of the FIA-CL method is calculated as three times the standard deviation (SD) of the 
procedural blank. Quality controls were run using international seawater reference samples (Sampling and 
Analysis of Fe (SAFe), deep (D2) and shallow (S), with consensus values of 0.960 ± 0.024 nmol L−1 and  
0.096 ± 0.082 nmol L−1, n = 4, respectively).

2.5.3.2 Particulate Fe. PFe polycarbonate filters were digested in 15 mL Teflon PFA vials (Savillex, USA), 
heated at 95°C for 12 hours on a Teflon coated hotplate (SCP Science), within an ISO 5 ducted laminar 
flow bench, housed within an ISO 7 clean room, using a mixture of 250 µL HCl (12 M, Seastar Baseline, 
Choice Analytical), 250 µL HNO3 (16 M, Seastar Baseline, Choice Analytical) and 500 µL HF (29 M, 
Seastar Baseline, Choice Analytical). The PFA vials were allowed to cool down before being dry evaporated 
for 4 hours at 60°C. The samples were then re-suspended in 10 mL ultrapure 2% (v:v) HNO3 with addition 
of indium as an internal standard to a final concentration of 10 ppb. Concentrations of PFe were determined 
at the Central Science Laboratory (University of Tasmania) using an Inductively Coupled Plasma Mass 
Spectrometer (ICP-MS, Element 2) according to Bowie et al. (2010). Prior to analysis, the instrument was 
purged with alternate 5% (v:v) HCl and 5% (v:v) HNO3 solutions for 1 hour. Finally a 2% (v:v) HNO3 
solution was used to condition the instrument. A linear calibration curve was created using solutions of 0, 1, 
5 and 10 ppb of a mixed standard (QCD Analysts, MISA suite of solutions, Spring Lake, USA). Samples 
were handled in a class-100 laminar flow bench. To ensure a low background recovery the instrument was 
rinsed with a solution of 2% (v:v) HNO3, and a calibration blank (0 ppb) was analyzed as an unknown (n = 3).  
A 10 ppb mixed standard used to monitor instrument drift showed good instrument stability during analysis. 
Analyses of a certified reference material (BCR-414) resulted in a measured mean Fe value (± SD, n = 3) of  
1.76 ± 0.04 g kg−1 compared to the certified (indicative) value of 1.85 g kg−1, for a recovery of 95.2 ± 2.07%. 
The mean value for procedural digested acid blanks (n = 3) was 0.146 ± 0.028 µg Fe L−1; the mean value for 
filter blanks (n = 3) was 3.255 ± 0.829 µg Fe L−1. The limit of detection was calculated as three times the 
standard deviation of the blank, which was 0.085 µg Fe L−1 for the acid blank and 2.488 µg Fe L−1 for the 
filter blank.

Figure 3
Concentrations of macro-
nutrients and their theoretical 
dilution lines.

Concentration (µmol L−1) of  
a) nitrate + nitrite (NOx),  
b) phosphate (PO4

3–), c) silicic acid 
(Si(OH)4

−) and d) ammonium 
(NH4

+) plotted against salinity 
for Exp 1 and 2 and the natural 
young ice. The solid grey line 
represents the theoretical dilution 
line (TDL) for Exp 1, the dashed 
dark line represents the TDL for 
Exp 2 and the dotted dark line 
represents the mean TDL for 
the natural young ice samples 
(n = 5). The TDLs are based 
on the salinity and respective 
macro-nutrient concentrations in 
underlying seawater.
doi: 10.12952/journal.elementa.000123.f003
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2.5.4 Extracellular polymeric substances
Melted ice and seawater samples were homogenized and filtered in triplicate onto 25-mm 0.4-µm pore size 
PC membranes (Millipore) under low vacuum (< 0.13 bar). A volume of 500 µL of 0.2-µm pre-filtered 0.02% 
Alcian Blue (AB, GX8 Sigma) in 0.06% acetic acid was added directly onto the filter and drawn through at 
low vacuum. If the AB stayed on the sample for more than 2 seconds, the filter was considered clogged and 
discarded. The filters were rinsed with 2 mL of Milli-Q water (Millipore, Gradient A10) to remove excess 
dye, placed in a PCR-well and stored in the dark at −20°C until further analysis. A calibration curve was 
performed at the start and the end of the cruise. The calibration curve was achieved by filtering 0, 5, 10 and 
12 mL of a stock solution of 100 mg L−1 of xanthan gum (Sigma-Aldrich). One filter blank was collected 
on every sampling day. EPS concentrations were determined using the colorimetric AB method (Passow 
and Alldredge, 1995) modified by van der Merwe et al. (2009). The semi-quantitative AB method is based 
on the affinity of the AB stain for acid polysaccharides. The method targets particles > 0.4 µm and does not 
penetrate cells. Briefly, samples were extracted in 3 mL of 80% (v:v) sulphuric acid (H2SO4) (reagent grade, 
Merck Germany), measured spectrophotometrically with a Halo RB-10 spectrophotometer, and expressed 
in units of xanthan gum equivalents (xeq). The standard deviation between triplicates was < 10%.

2.5.5 Chlorophyll a and bacterial counts
Ice cores were melted rapidly, with gentle shaking, at room temperature in the dark for Chl a analysis (Rintala 
et al., 2014). Melted samples were filtered under low vacuum (< 0.13 bar) and low light immediately after 
melting. To distinguish the contribution of larger autotrophs (l Chl a > 10 µm) and smaller autotrophs  
(10 µm > s Chl a > 0.8 µm), samples were size-fractionated by sequentially filtering the sample first onto  
10-µm and then 0.8-µm polycarbonate filters (Millipore, 47-mm diameter). Filters were extracted in ac-
etone and measured fluorometrically using a Turner Designs 10AU fluorometer (in vitro detection limit  
0.02 µg L−1) according to Arar and Collins (1997). Volumes of 20 mL of sea ice and seawater samples from 
the two in situ experiments were fixed with glutaraldehyde (microscopy grade, final concentration of 1%) 
for bacterial counting. Samples were stored at 4°C until analysis at the Finnish Environmental Institute. 
They were then stained with Acridine Orange and counted by epifluorescence microscopy using 
a Leitz Aristoplan epifluorescence microscope equipped with I3 filter and PL Fluotar 100 x 12.5/20 oil 
immersion objective.

2.6. Cross-variable statistics
To evaluate the relationships between variables, non-parametric Spearman’s rank correlations were used. 
For p < 0.05, the strength of the relationship was determined according to Cohen (1988). Data from in situ 
growth experiments and natural young ice samples were pooled together for analysis.

2.7 Enrichment index
For each parameter we calculated the enrichment index, EIx (Gradinger and Ikävalko, 1998). This index is 
based on the effective segregation coefficient keffx of the component x and is normalized to salinity to detect 
specific incorporation processes that differ from conservative behavior with bulk salinity.

 (1)

where [Sal]source and [Sal]ice are the salinity of the underlying seawater and the bulk salinity of the ice, 
respectively, [X]ice is the concentration of the component in the ice and [X]source is the concentration of the 
component x in the underlying seawater. Values of 1, < 1 or > 1 will correspond to conservative, specifically 
depleted or specifically enriched as compared to bulk salinity, respectively.

3. Results
3.1 In situ ice-growth time-series experiments
3.1.1 Basic sea-ice properties
Experiment 1 (Exp 1) was carried out on a first-year sea-ice floe in the central Weddell Sea (Station 506, 
Figure 1). Ice thickness and snow thickness ranged between 0.45 m and 0.71 m (average ± SD: 0.58 ± 0.09 m, 
n = 15), and between 0.12 m and 0.17 m (average ± SD: 0.145 ± 0.018 m, n = 10), respectively.

Experiment 2 (Exp 2) was located in the western part of the Weddell Sea (Station 517, Figure 1), closer 
to the continental shelf. The site had a more rafted and ridged ice cover, and a thicker snow cover (average 
± SD: 0.34 ± 0.02 m, n = 10).

During the experiments, total ice thickness after 48 hours reached 0.24 m in Exp 1 and 0.22 m in  
Exp 2. The ice thickness and ice-growth rate at the end of each time step are summarized in Table 2.  
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We observed a thin layer of granular ice at the surface of the newly formed sea ice (0.030 m in Exp 1 and 0.025 m 
in Exp 2) followed by columnar ice in both experiments. Columnar ice started to grow after 6 hours in  
Exp 1 and less than 6 hours in Exp 2, reflecting the pattern of natural ice formation (Figure S1a, b). Given 
the geometry of the experimental set up, however, it is worth noting that as the new columnar ice started to 
grow, progressive insulation from the ice at the top introduced competition with lateral growth from the cold 
sides of the initial core hole (surrounding ice floe); the effect actually dominated from a depth comparable 
to the diameter of the initial hole. The bulk ice salinity decreased from T1 to T4 as expected for growing sea 
ice (Table 2). Ice temperatures were slightly lower during Exp 2 driven by colder air temperatures (Table 2). 
Average air temperature was –18.3 ± 2.0°C (n = 297) during Exp 1 and –24.8 ± 2.7°C during Exp 2 
(n = 294). Despite the low ice temperatures, brine volumes (Vb/V) were all above the 5% theoretical perco-
lation threshold for columnar ice, indicating a high porosity and therefore permeable nature of the newly 
formed ice (Golden et al., 1998). Note that Vb/V, temperature and salinity values were averaged for the entire 
core in T4 (n = 2). Mean ± SD reported for the results described below (3.1.2–3.1.4) refer to one value per 
time step (n = 4).

3.1.2 Macro-nutrients, particulate organic carbon and nitrogen, and dissolved organic carbon
Nitrate + nitrite (NOx), PO4

3– and Si(OH)4
− showed similar temporal trends in both experiments (data not 

shown). The highest macro-nutrient concentrations were found in the T1 cores, while the lowest concentra-
tions were found in the T4 cores. When plotted against salinity, NOx, PO4

3– and Si(OH)4
− followed theoretical 

dilution lines (TDL) (Figure 3 a–c). Ammonium concentrations in sea ice behaved differently compared to 
the other macro-nutrients, deviating from the TDL (Figure 3d). Concentrations above the TDL suggest 
that different processes are involved in the incorporation or production of NH4

+, leading to the enrichment 
of NH4

+ in the ice.
Unlike macro-nutrients, POC was enriched in sea ice compared to underlying seawater. In general, POC 

and PON exhibited a bell-shaped temporal development in both experiments. POC concentrations in the ice 
in Exp 1 and 2 ranged from 2.9 to 13.6 µmol L−1 and from 8.5 to 15.0 µmol L−1, respectively (Figure S2a, b).  
The underlying seawater concentrations were an order of magnitude lower, with 1.5 µmol L−1 and 0.5 µmol L−1 for 
Exp 1 and 2, respectively. In both experiments, PON concentrations were higher than the underlying seawater 
concentrations. Molar POC:PON ratios in the underlying seawater were below the typical Redfield ratio of 
6.6 for phytoplankton, while ratios were consistently higher in the ice, with mean values of 12.5 ± 5.1 and 
11.7 ± 2.1 for Exp 1 and 2, respectively. DOC concentrations were below the detection limit of 0.33 µmol L−1  
in underlying seawater and sea ice in both experiments.

3.1.3 EPS, Chl a and bacterial counts
Even when filtering for EPS at low pressure (< 0.13 bar) using the AB method, only a fraction of the material 
is retained on the filter (Passow and Alldredge, 1995). We computed EPS concentrations using a filter-capture 
efficiency for xanthan gum of 4.4% (van der Merwe et al., 2009). Although the EPS concentrations were 
higher in Exp 2 than in Exp 1, their evolution as a function of time was similar and displayed a bell-shaped 
development. Concentrations in the ice varied from 0.17 to 0.66 µg xeq L−1 (average: 0.38 ± 0.21 µg xeq L−1) 
in Exp 1. In Exp 2, the concentrations ranged from 0.54 to 0.98 µg xeq L−1 (average: 0.75 ± 0.23 µg xeq L−1).  
Concentrations in the underlying seawater were 0.22 µg xeq L−1 and 0.66 µg xeq L−1 for Exp 1 and 2,  
respectively (Figure S3a, b).

The total Chl a (Tot Chl a = l Chl a + s Chl a) concentration in sea ice showed large variations with a peak 
at T3 in Exp1 (Figure S3a). No corresponding peak was observed in Exp 2 (Figure S3b). Concentrations 
in sea ice varied between 0.04 and 0.52 µg L−1 in Exp 1, and 0.03 and 0.17 µg L−1 in Exp 2 (Figure S3b). 
Tot Chl a concentrations in underlying seawater were low: below the detection limit for Exp 1, and 0.02 µg L−1 
for Exp 2 (Figure S3a, b). Large autotrophs were virtually absent in the water but often made up the largest 
fraction in the ice, representing 57–92% (average: 78 ± 15%) of the Tot Chl a concentration in Exp 1 and 
22–57% (average: 39 ± 15%) in Exp 2.

Table 2. Physical properties of the in situ ice-growth time-series samples from experiments 1 and 2

Sampling time Ice thickness 
(m)

Growth rate  
(cm h−1)

Temperature 
(°C)

Bulk salinity  
(SP)

Vb/V (%)a

Designation Time 
step (h)

Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp 2

T1 0−6 0.030 0.045 0.50 0.75 −4.2 −5.2 15.9 18.4 18 17

T2 0−12 0.065 0.060 0.54 0.50 −4.2 −5.9 12.0 15.7 14 13

T3 0−24 0.085 0.095 0.35 0.40 −4.0 −6.9 9.3 11.2 12 9

T4 0−48 0.240 0.225 0.50 0.40 −6.7 −9.9 8.0 10.4 7 6

a Vb/V = Brine volume fraction
doi: 10.12952/journal.elementa.000123.t002
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Bacterial concentrations in the ice varied between 1.15 × 105 and 2.90 × 105 cells mL−1 in Exp 1 and between 
9.53 x 104 and 2.22 x 105 cells mL−1 in Exp 2. The temporal evolution of bacterial numbers in the ice was 
similar in both experiments with highest concentrations found at T1 and the lowest at T4. Bacterial concentra-
tions in underlying seawater were 2.95 x 105 cells mL−1 for Exp 1 and 1.96 x 105 cells mL−1 for Exp 2 (Figure S4).

3.1.4 Iron
Similar to the other particulate fractions, PFe was enriched in sea ice compared to underlying seawater. 
Particulate Fe concentrations ranged from 7.8 to 55.5 nmol L−1 in Exp 1 and 10.1 to 62.5 nmol L−1 in Exp 2  
(Figure S5a, b). Average concentrations were similar in both experiments (Exp 1: 23.7 ± 21.5 nmol L−1; Exp 2:  
26.1 ± 24.4 nmol L−1). Underlying seawater values were 4.5 nmol L−1 in Exp 1 and 1.6 nmol L−1 in Exp 2. The 
highest values were observed at T2 in both experiments. Dissolved Fe was also enriched in sea ice compared to 
seawater and the temporal evolution of DFe concentrations was similar in both experiments (Figure S5a, b).  
Average DFe concentrations in Exp 1 and 2 were 1.0 ± 0.2 nmol L−1 and 1.7 ± 1.3 nmol L−1, respectively. 
PFe:DFe ratios behaved similarly. All ratios in the ice were higher (22.4 ± 16.9 in Exp 1 and 16.5 ± 7.2 in 
Exp 2) than the underlying seawater ratios (7.0 in Exp 1 and 4.7 in Exp 2).

3.2 Natural young ice
In this section, when discussing seawater concentrations and TDLs we refer to the average seawater concen-
tration (n = 5) using under-ice seawater data from the five sampling sites where natural young sea ice was 
collected, unless mentioned otherwise.

3.2.1 Basic sea-ice properties
The ice samples collected at stations 486, 488 and 489 represented different stages of pancake ice formation 
(Table 1). The first stage sampled (Station 486) was a large, thin and unconsolidated pancake with a thick-
ness of 0.06–0.07 m. The second stage was a semi-consolidated pancake (Station 488) of 0.30–0.36 m in thickness.  
Snow was absent on the unconsolidated pancake and less than 0.01 m thick on the semi-consolidated pan-
cake. At station 489, the snow cover was 0.03 m and the ice 0.30–0.36 m thick. Here pancakes were highly 
consolidated. Thin ice was also collected at station 496 with a 0.45 m average thickness and covered with 
0.04 m of snow (Table 1). The grey ice (Station 500) was 24 hours old and 0.05–0.07 m thick (Table 1).

Elongated crystals of granular ice were observed in the unconsolidated pancake. Ice textures of the semi-
consolidated and consolidated pancake exhibited classic patterns of granular ice underlain with columnar ice. 
We observed an intrusion of granular ice between 0.23 and 0.26 m in the consolidated pancake, suggesting 
rafting events (Figure S6c). The bottom of the thin ice core (Station 496) was columnar (data not shown) 
and the grey ice sample (Station 500) was too soft to process for ice texture analysis.

Bulk ice salinities of natural ice samples ranged from 5.3 (semi-consolidated pancake) to 23.7 (uncon-
solidated pancake) with an average of 12.4 ± 8.2 (n = 5). Computed brine volumes of natural ice samples 
ranged from 6.2 to 28.0% (average: 16.5 ± 9.9%, n = 5; Table 1).

3.2.2 Macro-nutrients, particulate organic matter and dissolved organic carbon
Macro-nutrient concentrations in natural young ice were lower than in the underlying seawater, except 
for NH4

+ in the unconsolidated pancake. Ammonium ranged from 0.50 µmol L−1 to 1.50 µmol L−1; NOx, 
from 4.71 µmol L−1 to 16.4 µmol L−1; PO4

3–, from 0.26 µmol L−1 to 1.06 µmol L−1; and Si(OH)4
−, from  

14.2 µmol L−1 to 81.9 µmol L−1. Similar to Exp 1 and 2, all macro-nutrients followed TDLs, except 
for NH4

+ which showed elevated concentrations in sea ice compared to background seawater levels  
(Figure 3). POC and PON concentrations were one order of magnitude higher in sea ice than in the un-
derlying seawater (Figure S2c). Average underlying seawater concentrations for POC and PON were 2.1 ± 
1.3 µmol L−1 and 0.24 ± 0.05 µmol L−1, respectively. Molar POC:PON ratios were of the same order of 
magnitude in the ice and the underlying seawater and higher than the Redfield ratio in all collected natural 
ice samples (Figure S2c). DOC values were below the detection limit of 0.33 µmol L−1 for all natural ice and  
underlying seawater samples, except in two ice bottom sections (data not shown).

3.2.3 Biological data: EPS and Chl a
The average EPS concentration in underlying seawater was 0.62 ± 0.30 µg xeq L−1 (Figure S3c). Except for 
the bottom part of the consolidated pancake ice, EPS concentrations were higher in the underlying seawater 
than in the young ice for each station. The highest concentration in the ice was observed in the grey ice sample 
(0.86 µg xeq L−1) and the lowest in the unconsolidated pancake (0.11 µg xeq L−1; Figure S3c).

Similar to POC, PON and EPS, salinity-normalized Chl a in sea ice was enriched in comparison to 
underlying seawater (Figure S3c). The bottom section of the consolidated pancake ice displayed the highest 
Tot Chl a concentration (2.2 µg L−1) while the lowest concentration was detected in the grey ice (< 0.1 µg L−1). 
Compared to the small autotrophs, large autotrophs were more enriched in the young ice. l Chl a contributed 
up to 86% (average: 70 ± 15%, n = 5) of the Tot Chl a in the natural young ice.
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3.2.4 Iron
Because of possible contamination occurring during sampling, the Fe data for the unconsolidated pancake 
and associated seawater sample (254 nmol L−1 and 52.8 nmol L−1 of PFe, respectively) were discarded from 
the dataset. The dissolved Fe concentration in the seawater at this sampling site was 1.9 nmol L−1, while there 
was no sea-ice DFe data available for this station.

For all other stations, PFe was enriched in sea ice with concentrations ranging from 20.1 to 76.7 nmol L−1 
(average: 40.4 ± 25.0 nmol L−1, n = 4) compared to 0.3 to 0.9 nmol L−1 (average: 0.6 ± 0.4 nmol L−1,  
n = 4) in the underlying seawater (Figure S5c). Dissolved Fe was also enriched in natural sea ice compared 
to its underlying seawater. DFe concentrations in the ice ranged from 1.0 nmol L−1 in the semi-consolidated 
pancake to 3.2 nmol L−1 in grey ice. The average sea-ice DFe concentration was 1.8 ± 1.0 nmol L−1 (n = 4). 
Underlying seawater concentrations ranged from 0.2 nmol L−1 to 0.4 nmol L−1 (average of 0.3 ± 0.1 nmol L−1 
(n = 4), Figure S5c). For both PFe and DFe, the highest concentration was detected in the grey ice sample. 
The average PFe and DFe concentrations in natural young ice were of the same order of magnitude as in 
Exp 1 and 2. Similar to our observations in Exp 1 and 2, PFe:DFe ratios in the ice were elevated relative 
to the ratio in the underlying seawater (Figure S5c). The average ratio (22.5 ± 9.0, n = 4) in young ice was 
comparable to the experimental average.

3.3 Property–property relationships
Using the combined dataset from both experiments and natural ice samples, significant correlations (Spear-
man’s rho, p < 0.05) were observed for PFe and DFe (rho = 0.829, n = 14) and bacteria and brine volume 
(rho = 0.830, n = 10) for in situ samples and natural samples. There were strong inverse correlations between 
EPS and NH4

+ (rho = –0.828, n = 15), and POC and brine volume (rho = –0.593, n = 15). Temperature 
was strongly inversely correlated with macro-nutrients except for NH4

+. Bacteria, TotChl a and EPS were 
positively correlated with temperature (rho = 0.733, n = 10; rho = 0.529, n = 15; and rho = 0.518, n = 15, 
respectively). No correlations were observed between EPS and Tot Chl a, EPS and DFe, and EPS and PFe.

3.4 Enrichment indices
The enrichment indices for Exp 1 and 2 and natural young ice are summarized in Table 3. Because the 
Chl a concentrations in seawater in Exp 1 were below the detection limit, enrichment indices for Chl a in 

Table 3. Enrichment indicesa for biogeochemical parameters of in situ ice-growth time-seriesb experiments and natural 
young ice samples

Parameter Experiment 1 Experiment 2 Natural young 
icec

T1 T2 T3 T4 T1 T2 T3 T4

NH4
+ 1.2 1.7 1.6 2.3 1.9 2.7 4.6 6.0 1.80±0.80

NOx 1.2 1.2 1.2 1.2 1.2 1.0 1.0 1.1 1.1±0.20

PO4
3- 1.0 1.0 1.1 1.0 1.0 0.9 1.0 1.0 0.9±0.1

Si(OH)4
- 1.0 1.0 1.1 1.1 1.0 0.9 1.0 1.0 0.9±0.1

POC 0.3 3.2 3.3 4.3 51 65 52 95 61±49

PON 7.3 7.6 6.8 13 7.4 7.9 9.6 17 36.2±36.6

EPS 7.5 4.2 3.3 9.7 2.8 3.0 2.5 3.0 3.2±3.0

l Chl ad NDg ND ND ND 52 220 80 150 190±190

s Chl ae ND ND ND ND 18 16 16 20 50±125

Tot Chl af ND ND ND ND 21 34 22 35 120±120

Bacteria 2.4 1.4 3.4 1.9 2.1 1.4 2.8 1.7 ND

PFe 7.7 40 7.3 19 20 88 30 22 301±240

DFe 4.3 6.1 6.1 6.0 6.9 23 16 4.1 24±10
aValues of 1, < 1 or > 1 correspond to conservative, specifically depleted or specifically enriched, respectively, relative to bulk salinity.
bSampling times, T1–T4, were at 6, 12, 24, and 48 hours.
cAverage ± SD is provided for the natural young ice samples, where n = 5 for macro-nutrients, POC, PON, EPS, lChl a, s Chl a,  
Tot Chl a; n = 4 for PFe and DFe.
dl Chl a refers to Chl a > 10 µm.
es Chl a refers to 10 µm > Chl a > 0.8 µm.
fTot Chl a refers to lChl a + sChl a.
gND = No data; seawater values were below detection limit for Chl a and not available for bacteria.
doi: 10.12952/journal.elementa.000123.t003
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this experiment were not calculated. Enrichment indices for natural samples were calculated using the cor-
responding seawater concentrations.

The enrichment indices confirmed the conservative behavior of all macro-nutrients, except NH4
+. Enrich-

ment indices for all other variables were higher, with values ranging from 1.4 to greater than 200 confirming 
a non-conservative behavior relative to salinity. In Exp 2, l Chl a showed the highest overall enrichment index 
(average: 125 ± 74.2, n = 4). Particulate Fe was most enriched in the natural young ice with an average EI 
of 301 ± 240 (n = 4).

4. Discussion
Our in situ ice-growth experiments provide a new approach to study the incorporation of Fe and organic 
matter into sea ice. Each experiment can be interpreted as a time-series mimicking the onset of sea-ice 
formation. In addition to these experiments, we collected natural young ice at several locations. The thickest 
natural ice sample was 0.45 m thick. Therefore, we believe that our natural samples are only hours or a few 
days old, as sea ice thermodynamically can only grow up to 0.1 m in a single day (Petrich and Eicken, 2010).

4.1 Sea-ice physical properties during experimental and natural conditions
The development of granular ice at the sea-ice surface during the onset of sea-ice formation followed by 
columnar ice growth, e.g., as observed during Exp 1 and 2, is typical for natural sea-ice growth under calm 
conditions (Petrich and Eicken, 2010). Ice crystal orientation at T4 suggests that some ‘side-freezing’, due 
to heat exchange with the surrounding ice floes, occurred in our experiments after 24 h. This effect was also 
observed in the bottom section of the T3 core in Exp 1 (Figure S1a). As discussed further in section 4.3.1, 
‘side-freezing’ may have affected initial incorporation of material and brine dynamics in the bottom part of 
the cores.

Columnar ice formation is generally slower than granular ice formation through frazil accretion (Pet-
rich and Eicken, 2010), and thus impurities are rejected more efficiently (Palmisano and Garrison, 1993;  
Weissenberger and Grossmann, 1998; Weeks, 2010). In accordance with these previous studies, ice bulk 
salinities were higher for the first experimental time steps when granular ice was the dominating ice type.

The lower air temperatures during Exp 2 resulted in a faster ice-growth rate during the first 6 hours of 
the experiment. Despite the cold air temperatures, the ice was relatively warm in both experiments. Indeed 
ice surface temperatures generally decrease slowly after the initial stage of formation (e.g., Notz and Worster, 
2008). Under these conditions, the ice is permeable and gravity drainage possibly occurs within the ice cover.

The irregular size and shape of ice crystals observed in the unconsolidated pancake resembled the texture of 
the first stages of pancake ice formation (Lange et al., 1989; Figure S6a). Conditions at station 486 were very 
dynamic physically, which may explain the differences in this sample compared to other ice samples collected 
under calmer conditions further from the ice edge. These differences are revealed by the ratio between granular 
and columnar ice in the natural samples decreasing with increasing distance from the ice edge: granular ice 
represented 83% of the total ice in the unconsolidated pancake and 53% in the consolidated pancake. Brine 
volumes (Vb/V) were always higher than the 5% percolation threshold for columnar ice (Golden et al., 1998) 
indicating the permeable nature of the ice in all samples.

4.2 Incorporation of dissolved constituents: Conservative and non-conservative behavior
Macro-nutrient concentrations in sea ice are controlled by both physical and biological processes, including 
convective exchanges, nutrient assimilation and assimilation and remineralization by organisms. Both high 
macro-nutrient concentrations and no deviation from the TDL exclude biological incorporation/accumula-
tion processes in our study. Macro-nutrient EI values close or equal to 1 indicate that the incorporation of 
macro-nutrients was coupled with sea salt dynamics (i.e., conservative behavior), except for NH4

+ (Table 3). 
Conservative behavior of macro-nutrients has been observed previously in young sea ice (e.g., Dieckmann 
et al., 1991), which suggests that the processes involved in our ice-growth experiments were similar to those 
occurring in “naturally” forming ice. Although N, Si and P behaved conservatively with salinity, NH4

+ was 
generally enriched relative to salts. This observation is in line with findings from previous studies (Becquevort 
et al., 2009; Zhou et al., 2013). The causes for NH4

+ enrichment remain unclear, but it has been suggested 
that, due to its molecular size and shape, NH4

+ could become incorporated into the ice crystal structure and 
not rejected into the brine system like other macro-nutrients (Gross, 2003).

It has been suggested that the seasonal stages of sea-ice formation control the stocks of DFe in sea ice 
(Lannuzel et al., 2010). Although our DFe concentrations are relatively low compared to other studies col-
lected in winter, spring and summer (Westerlund and Öhman, 1991; de Jong et al., 1998; Lannuzel et al., 
2007, 2008, 2013, 2014a; van der Merwe et al., 2009, 2011a), our study provides the first evidence that sea ice 
begins to accumulate DFe as soon as it forms and grows in late autumn and early winter. Following this initial 
physico-chemical enrichment, DFe concentrations in sea ice subsequently increase as the ice ages through 
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the season, likely due to biogenic processes (Lizotte, 2003; Thomas et al., 2010) or detrital remineralization 
processes, e.g., transformation of PFe into DFe.

Ammonium and DFe were the only two dissolved components in our study showing a non-conservative 
behavior by enrichment in the ice. Lannuzel et al. (2015) suggested that negatively charged dissolved EPS 
would complex DFe and, aided by their stickiness, lead to the enrichment of DFe in sea ice. Similar processes 
have been suggested for NH4

+ (e.g., Gradinger and Ikävalko, 1998; Krembs et al., 2002). The lack of correla-
tion between EPS and DFe, as well as between EPS and NH4

+ in our study, does not support this hypothesis, 
and these processes remain unclear at this stage.

Some studies have reported a conservative behavior of DOC with salinity during ice formation (Giannelli 
et al., 2001; Amon, 2004), while other studies report elevated stocks of DOC within the ice (e.g., Carlson and 
Hansell, 2003; Riedel et al., 2008; Zhou et al., 2014). We believe that the extremely low DOC concentra-
tions in seawater in our study led to the low DOC levels observed in newly formed sea ice. The two DOC 
peaks observed in the ice may be a result of a local solubilization, e.g., destruction of cells incorporated into 
the ice (Ewert and Deming, 2013).

4.3 Incorporation of particulate constituents: Factors influencing enrichment
High EI values for POC, PON, Chl a, EPS and PFe indicate that the desalinization processes occurring after 
initial entrapment in growing sea ice impact dissolved sea salts but not particulate materials. While dissolved 
sea salts are efficiently flushed out of the ice and rejected to the water column, a disproportionate fraction of 
particulate materials remain in the ice, possibly attached to the walls of the brine channels.

4.3.1 Growth rate and ice texture
Enrichment indices from our experiments suggest that frazil ice incorporates less POC than columnar 
ice. The same trend is observed in the natural young ice samples: unconsolidated pancake ice and grey ice 
showed lower EI values for POC than columnar ice. This trend is contrary to the classical theory of organic 
matter incorporation into sea ice (scavenging and harvesting; e.g., Reimnitz et al., 1993), but consistent with 
previous field data where granular ice is not necessarily more enriched than columnar ice (Lannuzel et al., 
2014a). The slightly lower POC concentrations found in our samples compared to other studies later in the 
season (e.g., Lannuzel et al., 2008; Dumont et al., 2009) support observations of seasonal accumulation of 
POC in Antarctic sea ice.

Furthermore, the relatively high underlying seawater PFe concentrations in our study compared to 
values measured later in the season support the hypothesis that organic matter and Fe from previous sum-
mers can remain in suspension in the water column during autumn (Lannuzel et al., 2010). We note that 
the PFe (and POC, PON and EPS) concentrations in columnar ice seem to be impacted by the ice-growth 
rate (Table 2 and Figure S5). We observed a decrease in the PFe concentration between T2 and T3 of  
Exp 1 followed by an increase in PFe between T3 and T4, when the local growth rate increased. This 
increase in PFe was not observed in Exp 2 where the growth rate remained stable throughout the experiment  
(Table 2). Less effective rejection of impurities associated with a faster growth rate could explain this observa-
tion, but this explanation may need clarification with longer experiments in future. Alternatively, the increase 
of POC, PON, EPS and PFe in the T4 core of Exp 1 might reflect the increased influence of ‘side-freezing’, 
as evidenced by the thin section of the ice core (Figure S1). ‘Side-growth’ would likely decrease the efficiency 
of the gravity-driven brine drainage, resulting in increased bulk ice concentrations. Supporting this inference, 
the effect is enhanced in Exp 1, where ‘side-freezing’ started earlier. Also, the combination of vertical and 
lateral heat sinks might explain the increase in the ice-growth rate observed in the bottom part of the core. 
Nonetheless, due to the very young age of the ice and the low POC (and Chl a) concentrations, we believe 
that physical incorporation at the very onset of sea-ice formation was the main mechanism responsible for 
PFe enrichment. Our data suggest that granular ice growth does not incorporate more Fe than columnar ice 
growth (no general trend in EI values for PFe in granular or columnar ice), confirming previous results in 
Antarctic pack ice (Lannuzel et al., 2007, 2008, 2014a; van der Merwe et al., 2009).

4.3.2. Biological material: Chl a and EPS
Consistent with previous studies of young sea ice (Grossmann and Dieckmann, 1994), Tot Chl a concen-
trations in both experiments and the sampled natural young sea ice were low. During the experiments, the 
photoperiod was short (approximately 3.5 hours during Exp 1 and 7 hours during Exp 2) with irradiance not 
exceeding 6.9 W m−2 and 123.4 W m−2 during Exp 1 and 2, respectively. Given this environmental setting, 
we consider that in situ autotrophic growth or increase in intracellular Chl a following the incorporation 
into sea ice (Aguilera et al., 2002) was unlikely. Decreasing TotChl a: Phaeopigment ratios from seawater 
to sea ice (data not shown) support this hypothesis. Peaks of Chl a in Exp 1 and 2 could be the result of a 
combination of contamination by surrounding older ice (i.e., corer not completely vertical when sampling) 
and a potential effect of spatial patchiness of Chl a in the ice and the seawater from which the ice formed 
(e.g., Meiners et al., 2012). Spatial heterogeneity is inherent to sea ice and was minimized by sampling cores 
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close to each other (e.g., 0.10 m). Nonetheless, separate cores were needed to obtain sufficient material for 
analysis of the various parameters.

Sea ice and seawater EPS concentrations were also low compared to previous reports (e.g., Meiners 
et al., 2004; van der Merwe et al., 2009). Very low EPS production in early spring has been observed together 
with low biomass when low stress conditions were encountered in Antarctic pack ice (Ugalde et al., 2016). 
Although concentrations were low, Chl a and EPS were both enriched in the ice.

Unlike previous studies (Krembs and Engel, 2001; Meiners et al., 2003; Riedel et al., 2006), EPS did not 
correlate positively with either Chl a or bacteria, suggesting that the EPS in young ice measured in this study 
did not originate from production in the ice. Exopolymers can form abiotically from dissolved precursors 
(Passow, 2002; Orellana et al., 2011). Combined processes of low biomass and the absence of EPS precursors, 
such as DOC, could explain the low EPS concentrations encountered in our study. Also, Riedel et al. (2007) 
suggested that during the winter period, sea-ice EPS may be broken down or change chemically so that 
these EPS would not be detected by the AB method. We conclude that in our study, only abiotic processes 
were responsible for EPS enrichment in sea ice, leading to relatively low enrichment compared to previous 
studies where biotic and abiotic processes acted in combination (Meiners et al., 2003; Riedel et al., 2007).

4.3.3. Size of the particles
Overall, dissolved components were much less enriched in the ice than the particulate components, with 
bigger cells (or aggregated cells) showing particularly high enrichment indices (Table 3). This trend has been 
observed in Arctic sea ice (Gradinger and Ikävalko, 1998; von Quillfeldt et al., 2003; Riedel et al., 2007) and 
has also been reported from an Antarctic fast ice study, where 97% of Fe incorporated in sea ice was in the 
form of PFe (Lannuzel et al., 2014b). In their study, large particles (> 10 µm) represented 80% of the PFe 
pool, indicating that the size of the particles is important.

The higher EI for large autotrophs compared to smaller autotrophs suggests that the size of the algae, or 
potential chain formation and aggregation, is a key factor in enrichment of autotrophs within sea ice. Prefer-
ential incorporation of algae ≥ 5 µm has been reported previously (Gradinger and Ikävalko 1998; Riedel et al., 
2007) and cell-associated EPS may contribute to the selection of large autotrophs during sea-ice formation 
(Gradinger and Ikävalko, 1998).

4.3.4. Role of organic ligands
It has been shown that dissolved organic ligands (e.g., EPS) control the concentration of DFe and maintain 
it at threshold concentrations in natural Antarctic sea ice (Lannuzel et al., 2015). This mechanism is also 
potentially the case in our ice-growth experiments, with low EPS concentrations in our samples leading to 
aggregation/precipitation of DFe into PFe. The potential and multiple roles that EPS play in the incorporation 
of dissolved and particulate matter into sea ice clearly require further investigation (Lannuzel et al., 2015).

4.4 Decoupling between PFe and DFe, and POC and PON during ice growth
A decoupling between the PFe and DFe pools has been observed during the melting of sea ice (van der 
Merwe et al., 2011a). Our study shows a decoupling between PFe and DFe in the early stage of sea-ice 
formation, therefore suggesting a decoupling between the two fractions throughout the entire year. During 
ice formation, and assuming absence of biological activity, the PFe:DFe ratio in ice and seawater should be 
similar unless these two size fractions are incorporated into the ice differently. Higher ratios in the ice, in 
both experiments and the natural samples, demonstrate that the sea ice is more enriched in PFe compared to 
DFe during the early stages of its formation. One way to explain this increase in PFe would be preferential 
retention of the particulate fraction during brine convection. Also, since brine convection remains active within 
the skeletal layer during ice growth (Notz and Worster, 2008, 2009), it provides both a continuous input of 
Fe to the brine system and selective return of DFe to the underlying seawater. Supporting this scenario is 
the fact that the grey ice sample, the thinnest of our dataset, is the one displaying the highest PFe, DFe and 
EPS concentrations. We could be witnessing the importance of EPS in scavenging PFe (and DFe) at the 
very early stages of ice formation. Lowest concentrations in thicker samples could be the result of a ‘dilution’ 
compared to what we observed at the sea ice/seawater interface.

A similar decoupling was observed for POC and PON, with POC:PON lower than Redfield in the sea-
water and above Redfield in the ice (Figure S2). This decoupling could indicate a preferential incorporation 
of particulate carbon in sea ice relative to particulate nitrogen. EPS C:N ratios lie above the Redfield ratio 
(Riedel et al., 2007; Niemi and Michel, 2015). The slight enrichment in EPS in the ice is therefore considered 
to contribute to this change in C:N ratios. The time scales during which both experiments were conducted 
and the age of the natural sea ice are indeed very short to induce any changes in the phytoplankton/sea-ice 
algal community and metabolism leading to a modification of the C:N ratio. Decoupling of DOC and DON 
has been previously observed (e.g., Thomas et al., 2001; Krell et al., 2003; Papadimitriou et al., 2007), but to 
our knowledge, this is the first time a decoupling of POC and PON has been reported.
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5. Conclusion
Our results show that only physical processes lead to the enrichment of particles and DFe in the very early 
stages of ice formation. The size of the particles plays a key role, with larger particles being preferentially 
enriched in sea ice. Combined with previous studies, the observed decoupling of PFe and DFe when trapped 
in the ice suggest a decoupling between PFe and DFe throughout the whole year. Our study is unique in  
its specific dedication to understanding the incorporation processes of Fe into newly formed sea ice, which 
are critical to understand in a changing sea ice environment. However, a few key questions remain open:  
what, specifically, is the role of EPS and organic ligands in the incorporation of Fe into sea ice, and what is  
the impact of ice-growth rate on these enrichment processes? The next steps towards improving understand-
ing would be through the combination of controlled laboratory studies of sea-ice growth under varying 
initial conditions, small-scale studies of location and characterization of particulate matter within the sea-ice  
microstructure, and Fe-based biogeochemical modelling for sea ice.
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Supplemental material
• Figure S1. Ice texture for Exp 1 and 2. 

Ice texture for a) Exp 1 and b) Exp 2 for each time step. The black bar represents the granular ice and the grey bar 
the columnar ice. Total ice thickness (in m) and time steps (T1–T4) are indicated. 
doi: 10.12952/journal.elementa.000123.s001

• Figure S2. Particulate organic carbon and nitrogen concentrations and POC:PON ratio in ice and seawater. 
Concentrations of particulate organic carbon (POC, grey bars, in µmol L−1) and particulate organic nitrogen (PON, 
white bars, in µmol L−1) in the ice and the seawater for each time step (T1–T4) during a) Exp 1 and b) Exp 2 and 
in c) the natural young ice samples. The black dots are the molar POC:PON ratios. In the natural ice samples, the 
seawater concentration is the mean of each seawater concentration corresponding to the different ice samples (n = 5). 
The error bars correspond to the standard deviation of the seawater concentrations (n = 5). Sw refers to seawater, 
Uncons. pcke. to unconsolidated pancake, Semi-cons. pcke. to semi-consolidated pancake, and Cons. pcke. to con-
solidated pancake. 
doi: 10.12952/journal.elementa.000123.s002

• Figure S3. Extracellular polymeric substances and total Chl a concentrations in ice and seawater. 
Extracellular polymeric substances (EPS) concentrations (grey bars, in µg xeq L−1) and total Chl a concentration 
(TotChl a, black dots, in µg L−1) in the ice and the seawater for each time step (T1–T4) during a) Exp 1 and b) Exp 
2 and in c) the natural young ice samples. The TotChl a concentration in seawater during Exp 1 was below the 
detection limit. In the natural ice samples, the seawater concentration is the mean of each seawater concentra-
tion corresponding to the different ice samples (n = 5). The error bars correspond to the standard deviation of the seawater 
concentrations (n = 5). Sw refers to seawater, Uncons. pcke. to unconsolidated pancake, Semi-cons. pcke. to semi-
consolidated pancake, and Cons. pcke. to consolidated pancake. 
doi: 10.12952/journal.elementa.000123.s003
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• Figure S4. Bacterial count in ice and seawater for the in situ ice-growth experiments. 
Bacteria concentration (in cells mL−1) in seawater and ice for each time step (T1–T4) during Exp 1 (grey bars) and 
Exp 2 (white bars). 
doi: 10.12952/journal.elementa.000123.s004

• Figure S5. Particulate and dissolved iron concentrations and PFe:DFe ratio in sea ice and seawater. 
Particulate Fe (PFe) concentrations (grey bars, in nmol L−1), dissolved Fe (DFe) concentrations (white bars, in nmol L−1) 
and PFe:DFe ratio (black dots) in the ice and the seawater for each time step (T1–T4) during a) Exp 1 and b) Exp 2 
and in c) the natural young ice samples. In the natural ice samples, the seawater concentration is the mean of each 
seawater concentration corresponding to the different ice samples (n = 4). The error bars correspond to the standard 
deviation of the seawater concentrations (n = 4). No iron data (ND) are available for the unconsolidated pancake. 
Sw refers to seawater, Uncons. pcke. to unconsolidated pancake, Semi-cons. pcke. to semi-consolidated pancake, and 
Cons. pcke. to consolidated pancake. 
doi: 10.12952/journal.elementa.000123.s005

• Figure S6. Ice texture for the natural young ice samples. 
Ice texture and ice thickness (in m) of the natural young ice at a) unconsolidated pancake station 486, b) semi-
consolidated pancake station 488 and c) consolidated pancake station 489. The black bar represents the granular ice 
and the grey bar the columnar ice. Note that the entire core is represented here while only the bottom part of the 
core has been analyzed for biogeochemical parameters. 
doi: 10.12952/journal.elementa.000123.s006
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