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ABSTRACT 

Sea ice plays a critical role in the global ocean, including polar biogeochemical cycles 

and ecosystems. Importantly, sea ice serves as temporal reservoir for key nutrient iron 

(Fe), which is known to limit primary productivity in large parts of the Southern 

Ocean. Iron released from melting sea ice contributes to the formation of important 

phytoplankton blooms, and the carbon drawdown in the marginal ice zone. Although 

the importance of sea ice as a source of Fe for the Southern Ocean has been clearly 

established, the processes leading to the high levels of Fe in sea ice have yet to be 

identified and quantified. In this study, the mechanisms responsible for Fe enrichment 

in sea ice are explored through observations, including in situ ice-growth experiments, 

laboratory ice-growth experiments, and one-dimensional numerical modelling. 

A combination of natural young ice sampling and in situ ice-growth experiments 

conducted under trace metal clean conditions during a winter voyage in the Weddell 

Sea shows that enrichment of Fe and organic matter starts at the very first stages of 

sea ice formation. Results show that physical processes occurring during sea ice 

growth are responsible for early enrichment of both Fe and organic matter into newly 

formed sea ice. The particle size plays a key role, with bigger particles exhibiting 

higher enrichment indices (EI). Dissolved compounds behaved conservatively with 

salt, except dissolved Fe (DFe) and ammonium, which were enriched in the ice 

compared to concentrations in the underlying seawater. Differential behavior of DFe 

and particulate Fe (PFe) is observed for the first time during sea ice formation, 

suggesting a decoupling throughout the whole year. 

The role of organic matter (particulate organic carbon and extracellular polymeric 

substances (EPS)) as a carrier for Fe is then investigated using laboratory ice growth 

experiments. The form of organic matter determines its entrapment rate in forming 



sea ice. The quality of organic matter also influences its association with Fe, and 

therefore the EI of Fe. Biogenic PFe is preferentially enriched compared to lithogenic 

PFe. Higher EI for biogenic PFe are explained by a combination of factors, such as 

size and association to EPS. Organic ligands are thought to drive the enrichment of 

DFe into forming sea ice. 

Finally, a Fe-biogeochemical component was added to the Louvain-la-Neuve sea Ice 

Model (LIM-1D) to explore the initial entrapment of Fe in young sea ice, and to 

identify the biological and physical mechanisms driving the Fe dynamic in older sea 

ice. LIM-1D is a one-dimensional (vertical) biogeochemical sea ice model configured 

to reproduce the typical thermodynamic regimes of first-year Antarctic sea ice. By 

implementing the model with an entrapment factor for PFe and an adsorption rate for 

DFe it is possible to reproduce the high DFe and PFe concentrations observed in 

young sea ice. The activation of biological processes is then needed in order to 

reproduce Fe pattern observed in older sea ice. Specifically, it is crucial to better 

constrain the parameters regulating the fluxes between pools of Fe. This represents a 

first step toward an improved representation of sea ice biogeochemical processes in 

order to introduce them in Earth System Models used for climate simulations. 
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CHAPTER 1 

Introduction 

1.1 General context 

Carbon dioxide (CO2) is the primary driver of recent climate changes (IPCC report. 

2013). The atmospheric concentration of CO2 has increased from 270 ppm in the 

1750’s to over 400 ppm at present (http://www.esrl.noaa.gov/gmd/ccgg/trends/). The 

world ocean plays a key role in the regulation of the Earth’s climate by transferring 

the carbon form the atmosphere into the ocean. The transfer of carbon from the 

atmosphere to the ocean occurs through the physical and the biological pumps of 

carbon demonstrated in Figure 1.1. 

  

Figure 1.1 Schematic of the biological (left) and physical (right) carbon pump in the ocean (from 
Chisholm, 2000) 

 

The uptake of carbon by the ocean primarily happens through physical processes 

where CO2 is dissolved into cold waters and downwelled into the deep ocean via the 
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physical pump (also called the solubility pump). This process is especially efficient in 

the Southern Ocean, whereby the formation of sea ice initiates the sinking of cold 

saline CO2 rich waters to the depths via the formation of Antarctic Bottom water. 

Sequestration of CO2 is also induced by the fixation of CO2 by primary producers, 

followed by a fraction of produced organic matter sinking into the deep waters, 

referred to as the biological pump.  

The Southern Ocean represents only 10% of the world ocean but is responsible for 

sequestering 25% of the atmospheric CO2 (Takahashi et al., 2002). The net primary 

production (NPP) is the amount of carbon capture by plants through photosynthesis. 

The global NPP has been estimated at 104.9 gigatons of carbon per year (Field et al., 

1998). Although marine phytoplankton represents only 0.2% of the global plant 

biomass, its contribution to the global NPP is equal to the contribution from the 

terrestrial biomass (Field et al., 1998). Each year, approximately 16 gigatons of the 

organic carbon produced through photosynthesis by phytoplankton is exported to the 

deep ocean (Falkowski et al., 1998), and isolated from the atmosphere for thousands 

of years (Chisholm, 2000).  

The efficiency of the biological pump in the Southern Ocean is constrained by 

interactions between silicate limitation (Brzezinski et al., 2003), grazing on 

phytoplankton (Atkinson et al., 2001; Dubischar and Bathmann, 1997), light 

availability (Mitchell and Holm-Hansen, 1990; Nelson and Smith, 1991), and iron 

supply to surface waters (Martin et al., 1990; Lancelot et al., 1993; de Baar et al., 

1995; Smetacek et al., 2012).  

1.1.1 The role of iron in the ocean and the iron hypothesis 

Iron (Fe), which is one of the main elements of the Earth crust (Taylor, 1964), is a 

vital nutrient for marine life, and therefore a key player in the carbon cycle. This 
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essential micro-nutrient is used by phytoplankton and sea-ice algae in metabolic 

processes (e.g., in electron transport chains in photosynthesis and respiration, and in 

chlorophyll synthesis Raven et al., 1999; Tortell et al., 1999; Michel and Pistorius, 

2004). Approximately 80 % of the biological requirement of Fe by phytoplankton is 

used for metabolism associated to photosynthesis (Raven et al., 1999). In the Southern 

Ocean, light and Fe co-limit primary production (de Baar et al., 2005; Lancelot et al., 

1993).  

The Fe limitation in the Southern Ocean is referred to as the “iron hypothesis” and 

was initially proposed by Martin (1990). Ice core records demonstrate that the 

atmospheric CO2 concentrations were higher during the interglacial periods compared 

to the glacial periods. Further examination of aeolian dusts particles in ice cores 

suggests that the supply of Fe to the ocean was higher during glacial periods, boosting 

the biological pump in the Southern Ocean and delivering more CO2 to the deep sea, 

consequently decreasing the concentration of CO2 in the atmosphere (Martin, 1990). 

Model calculations have attributed the 30% difference of atmospheric CO2 

concentrations observed between the interglacial-glacial periods to the enhanced 

primary production (Falkowski et al., 1998). More recently, a number of artificial Fe 

fertilisations experiments have confirmed that addition of Fe to the surface ocean 

enhances primary productivity in the Southern Ocean. While it was shown that 

addition of Fe increases the growth rate of phytoplankton, increased carbon export to 

the deep ocean was observed in a small subset of these experiments (Boyd et al., 

2007).  

1.1.2 High-nutrients, low-chlorophyll ocean 

In Fe-deficient waters, phytoplankton is unable to take advantage of the macro-

nutrient-rich (phosphate, silicic acid and nitrate) environment it lives in. These 
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regions are known as a high-nutrient, low-chlorophyll area (HNLC). The Southern 

Ocean is the largest HNLC area in the world ocean (Boyd and Ellwood, 2010), 

however Fe limitation (sub-nano molar level of Fe) is also observed in different parts 

of the global ocean: the subarctic Pacific, the equatorial Pacific and the Southern 

Ocean (Figure 1.2). Together they represent 40% of the global ocean.  

Figure 1.2 Annual average surface water nitrate concentrations (µmol L–1). The nitrate distribution was 
obtained using data from the World Ocean Atlas 2009. The three main HNLC regions are the Southern 
Ocean, the Equatorial Pacific and the Sub-Arctic Pacific (Gledhill and Buck, 2012) 

	
1.1.3 Sources of Fe in the Southern Ocean 

Primary sources of Fe in the Southern Ocean include continental shelf advection and 

sediment resuspension (e.g., Bowie et al., 2009; de Jong et al., 2012, 2015; Johnson et 

al., 1999; Sedwick et al., 2000; Westerlund and Öhman, 1991), upwelling, vertical 

diffusion and deep winter mixing (Blain et al., 2007; de Baar et al., 1995; de Baar and 

de Jong, 2001; Hoppema et al., 2003; Loscher et al., 1997; Tagliabue et al., 2014), 

atmospheric dust depositions and extraterrestrial dusts (Boyd and Mackie, 2008; Boyd 

et al., 2004; Cassar et al., 2007; Johnson, 2001). Due to the remoteness of the 

Southern Ocean, continental dust depositions are extremely low (Gao et al., 2013, 

2001; Jickells et al., 2005; Wagener et al., 2008; Winton et al., 2016). Nonetheless, 
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dust depositions might be important locally. De Jong et al. (2015) showed that 

depositions from the McMurdo Dry Valley and the Mount Erebus volcano are a 

substantial supply of dissolved Fe (DFe) to the nearby sea ice and surface waters.  

Although melting icebergs also contribute to replenish the Antarctic waters with Fe 

(de Baar and de Jong, 2001; Duprat et al., 2016; Hoppema et al., 2003; Lin et al., 

2011), it is believed that it does not significantly contribute to the flux of DFe in the 

upper mixed layer, and therefore has a limited impact on the natural Fe fertilisation of 

the Southern Ocean (de Jong et al., 2015). More recently hydrothermal vents have 

been shown to contribute to the DFe pool of the Southern Ocean (Klunder et al., 

2011; Resing et al., 2015; Tagliabue et al., 2010). Dominant sources differ in space 

and time. Vertical advection dominates in the open ocean (de Jong et al., 2015), while 

lateral fluxes dominate in the continental shelf (de Jong et al., 2012). Supply of 

particulate Fe (PFe) to the coastal area, including land-fast sea ice, is dominated by 

sedimentary inputs (de Jong et al., 2013; Grotti et al., 2005; van der Merwe et al., 

2011; Noble et al., 2013). Melting of glacial ice is thought to be a major source of 

DFe in the Ross Sea (Gerringa et al., 2015; Sherrell et al., 2015). Recent analysis of 

Fe in continental and marine ice from the Amery Ice Shelf confirms this finding in the 

East Antarctic sector (Herraiz-Borreguero et al., 2016). Based on future rates of ice 

shelf basal melt, this fertilization pathway is likely to increase, with important 

implications for the Southern Ocean productivity and CO2 drawdown. 

1.1.4 Role of sea ice as an ocean fertiliser 

Sea ice is not a new source of Fe but it acts as a spatial and temporal reservoir of Fe 

(e.g., Lancelot et al., 2009; Lannuzel et al., 2010; Sedwick and DiTullio, 1997). Sea 

ice meltwaters contribute to up to 70% of the total Fe input in the Antarctic surface 

waters during spring (Lannuzel et al., 2007), and Fe released from sea ice contributes 
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to the formation of intense algal blooms observed in the marginal ice zone in spring 

(Lancelot et al., 2009; Lannuzel et al., 2010, 2007; Sullivan et al., 1993). Recent 

studies estimated the seasonal release of Fe from melting fast ice might support 85% 

of the local primary production in the Ross Sea (de Jong et al., 2013). 

Similarly, Lannuzel et al. (2014a) highlighted the importance of sea ice as a biogenic 

PFe supplier to Antarctic surface waters. These authors estimated that the flux of sea-

ice derived lithogenic and biogenic PFe is an order of magnitude higher than the flux 

of DFe. They calculated that the melting of sea ice sustains up to 40% of the primary 

productivity in the East Antarctic sector (Lannuzel et al., 2014a). The importance of 

sea ice as Fe supplier for Southern Ocean surface waters increases with distance to the 

Antarctic continent and the shelf-break zone (Lannuzel et al., 2016).  

Sea ice extent and volume is predicted to reduce in the future due to climate change 

(e.g., Arzel et al., 2006; Smith et al., 2012). However, sea ice cover in the Southern 

Ocean has expanded slightly since the late 1970’s (e.g., Parkinson and Cavalieri, 

2012; Stammerjohn et al., 2012). Important regional trends exist: increase in sea ice 

extent has been observed in the Ross sea, the Weddell sea and the Indian Ocean 

sector, but a decrease in sea ice extent was observed in the Bellinghausen/Amundsen 

sea sector (Parkinson and Cavalieri, 2012; Stammerjohn et al., 2012). 

Sea ice plays an important role in the physics, the biogeochemical cycles and the 

ecology of the Southern Ocean. Sea ice formation is a major driver of the global 

ocean overturning circulation (e.g., Rintoul et al., 2001). The albedo of sea ice is 

higher than the albedo of the open ocean, reflecting 50 to 70 % of the incoming solar 

radiation (e.g., Brandt et al., 2005). The ecology of the Southern Ocean is also relying 

on the presence of sea ice as a source of food for higher trophic level (e.g., Flores et 

al., 2012; Nicol et al., 2008), and foraging and breeding ground for iconic Antarctic 
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species, such as penguins and seals (Kooyman and Burns, 1999). The presence of a 

sea ice cover impacts the biogeochemical cycles such as CO2 exchanges between the 

ocean and the atmosphere (Delille et al., 2007; Nomura et al., 2010), the Fe cycles 

(e.g., Lannuzel et al., 2010), and the sulphur cycle with sea ice being a major source 

of dimethyl sulfide (Stefels et al., 2007; Trevena and Jones, 2012). Possible 

implication and feedbacks mechanisms of changes in sea ice on these cycles are 

currently poorly understood. To evaluate this impact, it is essential to fully understand 

and quantify the present-day biogeochemical processes associated to sea ice growth 

and melt cycles. 

1.2 Challenges and strategies 

Antarctic sea ice forms from very low Fe-concentration seawater and because 

formation of sea ice rejects impurities, the first data reporting high Fe concentrations 

in sea ice raised questions (Grotti et al., 2005, 2001; Lannuzel et al., 2014a, 2014b, 

2008, 2007; van der Merwe et al., 2011a, 2011b, 2009; Noble et al., 2013). Despite 

growing body on Antarctic sea ice biogeochemistry, the mechanisms leading to Fe 

enrichment in sea ice remain poorly understood. 

The co-occurrence of high concentrations of Fe and organic matter in sea ice (de Jong 

et al., 2013, 2015; Grotti et al., 2005; Lannuzel et al., 2014a, 2014b, 2008, 2007; van 

der Merwe et al., 2011a, 2011b, 2009) suggests coupled processes leading to their 

enrichments. The aim of the thesis is to elucidate and quantify the pathways leading to 

Fe and organic matter enrichment in sea ice. In this work, we use a multi-pronged 

approach, combining field experiment data, laboratory ice-growth data and one-

dimensional (1-D) modelling. 
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1.3 Sea ice formation processes 

1.3.1 Macro-scale 

Sea ice forms through freezing of seawater. Through contact with the cold 

atmosphere, Antarctic seawater temperature drops down to the freezing point (~ -

1.8°C for a salinity of 35 SP). Crystals of frazil ice then start to form on the surface of 

the ocean or at depth (up to 30 m deep in the water column (Penrose et al., 1994)). 

These ice crystals, being more buoyant that seawater, begin to rise towards the surface 

to accumulate at the surface of the ocean where they form a soupy layer of “grease 

ice” or accumulate at the bottom of an existing ice cover (Horner et al., 1992). 

Crystals of frazil ice are 2 to 4 mm in size and can have various shapes from spicules-

like to platelet-like. These crystals form the so-called granular ice (Figure 1.3). In 

calm conditions, crystals of frazil ice continue to accumulate, and form a continuous 

elastic and transparent cover of “nilas” (~ 0.10 m thick). Nilas continues to develop 

into “grey ice” (0.10-0.15 m thick). In turbulent conditions, crystals of frazil ice are 

compressed in pancake ice. Pancake ice is circular piece of ice that can grow to few 

meters in diameter and a couple of tens of centimetres in thickness (Lange et al., 

1989; Maykut, 1985). Pancakes raft and ridge under the action of waves and wind. 

They form an ice sheet once consolidated together.  

Once the water is isolated from the atmosphere, the latent heat required for the 

freezing of seawater is extracted from the ice itself, and congelation ice starts to 

develop downward under the surface ice layer (Figure 1.3). The growth rate is 

determined by the temperature gradient in the ice cover and its effective conductivity. 

Crystals of congelation ice (or columnar ice) grow slower than frazil ice, theoretically 

rejecting impurities more efficiently than frazil ice. Growth of crystals of columnar 

ice is only possible in one direction and a geometric selection occurs. This results in 
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vertically elongated and prismatic crystals that can grow up to several centimetres in 

diameters and tens of centimetres in length. Sea ice continues to grow through the 

winter period. Young ice is defined as the stage between nilas and first-year ice, and 

can be up to 0.3 m thick. As young ice grows, it becomes the so-called first-year ice. 

As indicated by its name, first-year ice is not older than one year and has a thickness 

of 0.3 to up to 2 m (or more). Thermodynamics alone do not determine the ice 

thickness. Internal stress and external forces (wind, currents) play an important role in 

the formation of ridges and rafting of sea ice. 

	
Figure 1.3 Illustration summarizing the main ice textures, growth conditions and timescales for first 
year sea ice (adapted from Eicken, 2003). Photos from J-L Tison and J Janssens. 
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Depending on its location, fast ice refers to the sea ice that fasts along the coast of 

Antarctica and stays attached to the shore. Fast ice is often anchored by grounded 

icebergs. Pack ice refers to the floating sea ice not attached to the continent. Pack ice 

is usually more rafted and ridged than the fast ice because it has formed in a more 

turbulent environment under the action of winds, currents and waves. In Antarctic 

waters, fast ice can be more than a year old, while pack ice is usually first-year ice 

(multi-year pack ice is found in the western part of the Weddell Sea, Hellmer et al., 

2006) and fully melt each spring-summer.  

There are three other ice classes found in Antarctic sea ice according to the presence 

of snow on top on the ice cover, the presence of melting ice or the formation of ice 

due to super cooled waters. The former two usually occur later in the season. Snow 

ice forms when there is negative freeboard (ice depressed below sea level) due to the 

thick snow cover on top of the ice sheet. The seawater infiltrates the snow and forms 

snow ice when the saturated snow refreezes (Fritsen et al., 1998). Like frazil ice, 

crystals of snow ice are granular in shape (Figure 1.3). Measurements of stable water 

isotopes (!18O) are used to distinguish the seawater-derived granular ice from the 

snow ice (Eicken, 1998; Lange et al., 1989). Superimposed ice refers to refrozen snow 

meltwater on top of the ice cover. Platelet ice forms in the water column along the 

Antarctic coastline, usually underneath an ice shelf or an existing sea ice cover 

(Dieckmannn and Hellmer, 2010). 

1.3.2 Micro-scale 

Sea ice is a heterogeneous and porous media consisting of a matrix of pure solid ice 

and liquid saline phase, known as brines. When sea ice forms, only few species of 

ions and molecules with specific charge and size can be incorporated in the ice crystal 

lattice (e.g., fluorine, ammonium and some gases). Most of the impurities present in 
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seawater (e.g., Na+, Cl-, K+, Ca2+, Mg2+) are rejected from the forming ice crystals 

because of electric charges and size constraints (Petrich and Eicken, 2010), and 

become concentrated in the brine inclusions within the ice matrix. As the ice grows 

and cools, brines become more concentrated. They start to move downward and under 

gravity drainage are eventually expulsed from the ice into the ocean and replaced with 

seawater through convection. Ahead of the advancing ice interface, the skeletal layer 

is composed of parallel vertical ice crystals (Figure 1.3). The skeletal layer is highly 

porous and small amount of seawater can be trapped between the growing crystals 

and incorporated in the ice. Niedrauer and Martin (1979) have observed convective 

movements in the skeletal layer (Figure 1.4) and the brine channels. 

1.3.3 Mechanisms of incorporation of Fe and organic matter into sea ice 

Although during formation sea ice rejects impurities, sea ice still holds a large 

reservoir of organic matter (dissolved and particulate) (e.g., Aslam et al., 2012; 

Norman et al., 2011; Thomas et al., 2001; Underwood et al., 2010; Zhou et al., 2014), 

microorganisms (e.g., Becquevort et al., 2009), and Fe (e.g., Grotti et al., 2005; 

Lannuzel et al., 2014a, 2010, 2008, 2007; de Jong et al., 2013; 2015) compared to 

parent seawater. Sea ice genesis can lead to the enrichment of biogenic and lithogenic 

materials through a combination of physical and biological processes that are 

currently not fully understood.  

1.3.3.1 Initial incorporation of impurities 

Although processes leading to Fe enrichment have not been specifically studied, van 

der Merwe et al., (2009) suggest that Fe and extracellular polymeric substances (EPS) 

are co-incorporated into the ice, helped by the sticky properties of EPS. 
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Once crystals of frazil ice have formed at depth in the water column, they rise up to 

the surface. During their ascent they scavenge and harvest impurities such as 

microorganisms, detritus or organic matter (Dethleff, 2005; Garrison et al., 1989; 

Osterkamp and Gosink, 1983; Reimnitz et al., 1993; Weeks and Ackley, 1982). 

Alternatively, impurities can act as nuclei to favour ice formation (Knopf et al., 2010). 

Crystals of frazil accumulate at the surface, and particles can be concentrated by wave 

field pumping through the freshly formed layer of frazil ice (Lindemann et al., 1997), 

or the action of Langmuir cells circulation (Martin and Kauffman, 1981). These 

particles then become attached to, or trapped in between, the ice crystals 

(Weissenberger and Grossmann, 1998). These processes are schematised in Figure 

1.4. Bigger particles (or aggregated particles) are more enriched in sea ice compared 

to smaller particles (Gradinger and Ikävalko, 1998; Riedel et al., 2007; Von Quillfeldt 

et al., 2003). Although, physical processes do not seem to lead to the enrichment of 

bacteria in sea ice, bacteria can be attached to algae and EPS, and then concentrated in 

the ice layer by physical processes explained above (Grossmann and Dieckmann, 

1994; Meiners et al., 2003; Riedel et al., 2007; Weissenberger and Grossmann, 1998). 

The potential role of EPS coating in the bacteria incorporation has been specifically 

highlighted (Riedel et al., 2007), but remains unclear.  

1.3.3.2 Accumulation in columnar ice 

Once a layer of consolidated ice is formed, exchanges of salts and nutrients between 

the ice and the seawater are controlled by convection (e.g., fluid movement induced 

by strong salinity gradients across the ice/water interface (Vancoppenolle et al., 

2010). Lannuzel et al. (2010) proposed that these mechanisms are responsible for 

aggregation of living and dead microorganisms (and associated Fe) at the seawater 

sea ice boundary and subsequent incorporation into sea ice as the ice grows. 
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Figure 1.4 Schematic of the proposed mechanisms of particles entrapment in forming sea ice. 

	
Organic matter, and associated Fe in columnar ice can built-up from the continuous 

development of algae at the bottom of sea ice (Lizotte, 2003; Spindler, 1994). The 

colonization mechanisms would allow the retention and migration of organic matter 

(living and decaying) and Fe towards the internal layers as the ice continues to 

thicken (Lannuzel et al., 2010; Noble et al., 2013, Figure 1.4). 

 

So far, no clear relationship has been found between the ice texture and the 

enrichment in organic matter and Fe. This suggests that frazil ice does not incorporate 

more Fe and organic matter than granular ice (see ice texture in Dumont et al., 2009; 

Lannuzel et al., 2007; van der Merwe et al., 2009b), which is counterintuitive 

considering the physical processes of sea ice formation (illustrated in Figure 1.4).  
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1.4 Sea ice biogeochemistry 

The unique physical structure of sea ice and the processes influencing its formation 

and decay determine the biology and chemistry of the sea ice matrix. Sea ice with a 

columnar ice crystal texture is believed to be permeable when the brine volume is > 

5%, i.e., when the ice temperature is above -5°C and the bulk ice salinity > 5 (“Rules 

of Fives”, Golden et al., 1998). Therefore, the interior of the sea ice is rarely isolated 

from seawater and exchanges between sea ice and the ocean occur from late spring to 

autumn. For ice with a granular sea ice texture, the permeability threshold is thought 

to be around a brine volume of 10 % (Saenz and Arrigo, 2012; Meiners and Michel, 

2017). These exchanges are constrained by the molecular diffusion across the 

diffusive boundary layer (especially in young ice or porous rotten ice, Thomas et al., 

2010), brine convection (Vancoppenolle et al., 2010), and advective processes 

(Thomas and Dieckmann, 2009). Microorganisms are greatly influenced by the 

chemistry of the medium surrounding them, and in turn, can modify it. A good 

example is the alteration of the salt retention and habitability of sea ice by EPS 

produced by sea ice algae or bacteria in the ice (Krembs et al., 2011).  

1.4.1 Iron in sea ice  

1.4.1.1 Overview of Fe measurements in Antarctica 

Martin (1990) was the first to suggest that sea ice could be a source of Fe for Fe-

depleted Southern Ocean surface waters. Following this, few Fe measurements have 

supported this hypothesis (Boye et al., 2001; de Baar and de Jong, 2001; de Jong et 

al., 1998; Loscher et al., 1997; Westerlund and Öhman, 1991) but it is only in 2001 

that the first Fe profile in a sea-ice core was made (Grotti et al., 2001). Reason for this 

early very sparse data was the extremely challenging nature of sampling under trace 
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metal clean conditions in polar environments, and the lack of standardized procedure 

for sea ice sampling. The number of Fe measurements in sea ice has considerably 

increased over the past 2 decades following the development of trace metal sampling 

procedures by Lannuzel et al. (2006) for sea ice, brine and associated seawater. 

Despite this, data are still sparsely distributed around the Antarctic continent and 

locations principally reflect the accessibility of the different sampling sites. The 

Australian East Antarctic sector between 90°E and 150°E is undoubtedly the most 

studied (Figure 1.5, Table 1.1). Among all these studies, only two focused on the 

temporal evolution of the distribution of Fe of a particular ice floe through time: Ice 

Station POLarstern (ISPOL) in Weddell Sea pack ice (Lannuzel et al., 2008) and a 

time-series of fast ice at Casey Station (van der Merwe et al., 2011a). Other studies 

display spatial variation of Fe concentrations in sea ice (Lannuzel et al., 2014a, 2007; 

van der Merwe et al., 2009).  

Current Fe measurements are not representative of all the seasons. Sampling is indeed 

limited by the schedule of scientific cruises and the active Antarctic season, with very 

few, if any, studies in autumn and austral winter (Table 1.1). Autumn and early winter 

Fe concentrations in sea ice have not been available but are crucial to fully understand 

the biogeochemical Fe cycle associated to sea ice. Table 1.1 summarises currently 

available information including Fe concentration ranges and locations of study sites. 

A full review of Fe studies in sea ice can be found in Lannuzel et al. (2016).  
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The physical and chemical forms under which Fe exists dictate its accessibility for 

microorganisms (Bruland and Rue, 2001). To understand the processes discussed in 

this thesis, it is important to understand the forms of Fe present in sea ice, as a mean 

to approximate its bio-availability for polar micro-organisms. 

Figure 1.5 Locations of fast (red dots) and pack (blue dots) ice cores (Lannuzel et al., 2016). The blue 
shaded colors represent the mean (1979-2007) maximal (September) and minimal (March) sea ice 
extent 

	
1.4.1.2 Physical fractionation 

The physical speciation of Fe is based on an arbitrary size classification, which allows 

comparison between studies. Iron in the ocean and in sea ice actually exists in a 

continuum of size from the soluble fraction (sFe < 0.02 µm) to the particulate fraction 

(PFe > 0.2 or 0.4 µm). The dissolved fraction is operationally defined, and 

traditionally seen as the fraction passing through polycarbonate (PC) membranes 

filters of 0.2 or 0.4 µm pore size, and includes the sFe and the colloidal Fe (0.02 < cFe 

< 0.2 or 0.4 µm). Total dissolvable Fe (TDFe) commonly refers to the unfiltered 
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sample acidified to pH 1.8 for 6 months. TDFe measurements represent the leachable 

Fe fraction and do not include highly refractory Fe species. A strong acid leach (such 

as hydrofluoric acid, HF) is needed to recover this fraction. The PFe is the fraction 

retained on membrane filters of 0.2 – 0.4 µm porosity. 

1.4.1.3 Chemical speciation: redox state and organic complexion 

Iron exists under two oxidation states, Fe (II) and Fe (III). In oxygenated seawater, Fe 

(III) species largely dominate. Fe (III) is thermodynamically more stable than Fe (II), 

and tends to adsorb onto particles and form complexes. (Oxy)-hydroxide formed from 

Fe (III) have a very low solubility in seawater (Liu and Millero, 2002; Millero et al., 

1995), and are accordingly not readily bioavailable for macro-organisms (Kuma et al., 

1996). Fe (III) is therefore easily removed from the surface waters by sedimentation 

of Fe particles (de Baar and de Jong, 2001; Sunda, 2001). Fe (II) is more soluble in 

seawater and is assumed to be the most bioavailable form of Fe in seawater (Shaked 

and Lis, 2012), however Fe(II) is rapidly oxidised by O2 or hydrogen peroxide (H2O2).  

It is commonly accepted that DFe is more bioavailable than PFe. Processes keeping 

the Fe in its dissolved form will therefore enhance Fe bioavailability. Although 

inorganic Fe is the preferred form of Fe for micro-organisms uptake, organic 

complexion of Fe minimises the formation of (oxy)-hydroxide particles and therefore 

increases its residence time in the surface water or in the ice, rendering it more bio-

available for phytoplankton uptake (Johnson et al., 1997; Sunda and Huntsman, 

1997). Over 99% of DFe in the ocean is complexed to organic ligands (e.g., Boye et 

al., 2001a; Rue and Bruland, 1995). More recently, similar results have been found 

for DFe in sea ice (Boye et al., 2001a; Lannuzel et al., 2015). Lannuzel et al. (2015) 

have highlighted the importance of organic complexation in Antarctic fast ice, 

maintaining DFe at much higher levels than seawater concentrations and regulating 
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the solubility threshold between DFe and PFe in the ice. It is expected that pack ice 

also exhibits organic complexation of Fe > 99%. 

Few studies suggested that EPS act as weak Fe-binding organic ligands (Benner, 

2011; Hassler et al., 2011a; Lannuzel et al., 2015; van der Merwe et al., 2009). Iron 

bound to EPS from natural marine bacteria was also more available to phytoplankton 

than Fe bound to siderophores (Hassler et al., 2011a, 2011b) The exact nature of EPS 

and organic ligands in seawater is currently unknown but there are evidences that the 

majority of ligands are of microbial origin (Geider, 1999).  

1.4.1.4 Fe-cycle associated to sea ice 

When sea ice forms in winter, it accumulates Fe to much higher concentrations than 

the concentrations found in seawater (global DFe concentrations in shelf seawaters of 

the Southern Ocean: DFe = 0.61 ± 1.14 nmol L–1, and DFe concentration off shelf 

seawaters DFe = 0.38 ± 0.55 nmol L–1 (Tagliabue et al., 2012), median DFe 

concentration in pack ice DFe = 4.4 nmol L–1 (Lannuzel et al., 2016)). Pack ice and 

fast ice have been found to be enriched in all form of Fe (PFe, DFe, sFe and TDFe) 

compared to seawater (Boye et al., 2001; de Jong et al., 2013, 2015, 1998; Grotti et 

al., 2005, 2001; Lannuzel et al., 2014a, 2008, 2007; Loscher et al., 1997; van der 

Merwe et al., 2011a, b, 2009). While DFe seems to be relatively homogenous 

between pack ice and fast ice (Lannuzel et al., 2010) both lithogenic and biogenic 

PFe, and TDFe concentrations are higher in fast ice by a factor ~7 (Lannuzel et al., 

2016).  

Biological processes (via autothrophic and heterotrophic activities - (Lannuzel et al., 

2010, 2008), and physical processes (such as percolation of DFe contained in brine, 

temperature and sea ice formation processes - de Jong et al., 2007) regulate the 

fractionation of Fe between PFe and DFe in the ice. It is therefore likely that the Fe 
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initially incorporated under a specific form in autumn will not be released in the same 

form in spring. Studies of the release of Fe during spring melt have shown that DFe, 

together with salinity and dissolved organic carbon (DOC), is released first, followed 

by PFe and particulate organic carbon (POC) (Figure 1.6, Lannuzel et al., 2013; van 

der Merwe et al., 2009). This decoupling is likely due to PFe retention within the 

brine channels. Exopolysaccharides have been proposed to be responsible of the 

attachment of PFe to the walls of the brines inclusions in the sea ice matrix (Juhl et 

al., 2011; van der Merwe et al., 2009). Similarly, comparing measured and 

theoretically derived DFe concentrations in the brines, Lannuzel et al. (2016) found 

that only 10% of the DFe is truly dissolved in the brine system. The rest is retained in 

the ice, through attachment to surfaces.  

Once sea ice melts, the fate of Fe in seawater below is likely dictated by its physical 

and chemical speciation (Lannuzel et al., 2016; Schallenberg et al., 2015). For 

particles of identical composition, smaller particles will remain in suspension for 

longer than large particles. Similarly, Fe bound to organic ligands has been found to 

stay longer in suspension than organically-free Fe that tends to form oxy-hydroxide 

and sink (Waite, 2001). Phytoplankton and bacteria can take DFe up, and 

remineralized PFe (Figure 1.6). Dissolved Fe can also scavenge onto particles 

(Lannuzel et al., 2016), and PFe can be exported to the deep ocean (Figure 1.6). At 

end of summer, fraction of the Fe released by sea ice stays in suspension in the 

surface water, associated with microorganisms and detritus (Lannuzel et al., 2010). 

This pool, supplemented by various other sources, is then available for entrapment 

into newly forming sea ice in autumn (Figure 1.6). 
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 Figure 1.6 Schem
atic of the seasonal Fe cycle associated to sea ice in the seasonal ice zone. The black arrow

s represent the m
ain sources and sinks of Fe (rem

ineralization, 
export, shelf advection, upw

elling and vertical diffusion) in the seasonal ice zone. Size of the objects are not representatives of scale. 
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Iron-enriched sea ice drift induces a redistribution of matter from where it has been 

trapped in the first place and therefore, can strongly influence the biogeochemical 

cycles in the Southern Ocean by potentially seeding Fe-limited surface water in 

offshore areas (Lancelot et al., 2009; Lannuzel et al., 2010; Sullivan et al., 1993). The 

role of sea ice formation in governing Fe availability in the Southern Ocean is not yet 

fully understood. It is therefore important to understand the relationship between sea 

ice formation and Fe biogeochemistry, and clarify the temporal storage and transport 

of Fe by the ice.  

1.4.2 Dissolved and particulate organic matter and extracellular polymeric 

substances 

Organic matter is an essential component of the marine food web and carbon cycle 

(e.g., Pomeroy et al., 2007). Organic matter in the ocean is mainly composed of 

biomass of living microorganisms and detrital non-living compounds derived from 

dead microorganisms or excreted by living microorganisms. Organic matter is 

principally composed of carbohydrates, lipids, protein and nucleic acids, and can be 

remineralized as CO2 by heterotrophic organisms. Organic matter occurs in a range of 

size from nanometres to millimetres (Verdugo et al., 2004). Like Fe, the distinction 

between dissolved (DOM) and particulate (POM) organic matter is purely operational 

and depends on the filter porosity. Dissolved organic matter is traditionally defined as 

the fraction passing through a membrane of between 0.2 and 0.7 µm of porosity 

(Thomas et al., 2010). Particulate organic matter is the fraction retained on these 

filters. Practically, GF/F or quartz filters of porosity 0.7 µm are used.  

Transparent exopolysaccharides (TEP) are an important class of compound at the 

interface between particulate organic carbon (POC) and dissolved organic carbon 

(DOC). TEP are gel-like substances formed by accretion of DOC and/or EPS 
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produced by phytoplankton and bacteria in the form of mucus or gels (Ewert and 

Deming, 2013; Verdugo et al., 2004). Extracellular polymeric substances are 

composed of polysaccharides and are rich in carbohydrates and can also contain 

nucleic acids, proteins and lipids. The negatively charged surface of EPS (due to a 

high content of poly-anionic sugars) is stabilised by the presence of cations K+ and 

Ca2+ (Kloareg and Quatrano, 1988; Verdugo et al., 2004). This composition could 

explain the tendency of EPS to adsorb trace elements like Fe (Mancuso Nichols et al., 

2005; Passow, 2002). The sticky properties of EPS determine the interaction of EPS 

with other components of the marine environment (Passow, 2002).  

Extracellular polymeric substances have received a lot of attention recently because of 

their ecological importance (Aslam et al., 2012; Krembs et al., 2011; Meiners et al., 

2004, 2003, 2008). Extracellular polymeric substances in sea ice are thought to act as 

cryoprotectant (e.g., Krembs et al., 2002), to be important in buffering the salinity 

(e.g., Ewert and Deming, 2011), to increase sea ice habitability (Krembs et al., 2011), 

and play a role in attachment and locomotion of microorganisms (Krembs et al., 2011, 

2002; Krembs and Deming, 2008; Meiners et al., 2004, 2003). More recently they 

have been proposed to play a role in the entrapment of Fe into sea ice (van der Merwe 

et al., 2009), and in keeping the DFe in solution (Lannuzel et al., 2015). 

1.5 Laboratory sea ice formation experiments  

Sea ice is a challenging environment to sample and sampling in the field is mainly 

destructive. Polar marine field studies require an extremely high logistical effort, are 

time consuming and expensive, and often limited to measurement during 

spring/summer. Moreover, the study of physical, chemical and biological properties 

of sea ice is extremely difficult due to the complex interactions between them. Sea ice 
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is also characterised by a high spatial and temporal variability and heterogeneity (e.g., 

Meiners et al., 2012). Based on these reasons, it is very difficult to examine a specific 

process or the fate of a chosen parameter. In this context, laboratory ice growth 

experiments are of particular interest. The main arguments for use of ice tank 

experiments are: (1) they provide highly controllable conditions and separation of the 

physico-chemical-biological processes during sea ice growth, (2) their reproducibility, 

and (3) their cost-effectiveness. Furthermore, Antarctic and Arctic field data can be 

refined and compared to the laboratory-based data. Laboratory ice-growth 

experiments however have their limitations (e.g., temporal and scale limitation, ice 

thickness, walls effects), but nonetheless are a powerful way to study sea ice 

processes and refine field data.  

1.5.1 A brief review of main laboratory ice growth experiments 

Laboratory controlled ice-growth experiments show variations in size of the tank, 

source-solution used, type of ice formed (granular vs columnar), and studied 

processes. Early ice tank experiments had special emphasis on the understanding of 

the properties and mechanisms of growing sea ice. Entrapment processes occurring 

during sea ice formation have been in the spotlight since the first ice tank formation 

experiments (Eicken et al., 1998; Garrison et al., 1989; Martin et al., 1995; Reimnitz 

et al., 1993). Later, biological aspects and interaction between microorganisms and 

sea ice as their living environment have been studied (e.g., Ewert and Deming, 2011; 

Krembs et al., 2011; Weissenberger, 1998). 

The INTERICE (I-V) experiments were a series of large-scale sea ice formation in 

controlled conditions investigating different aspects of ice formations. The primary 

focus of INTERICE I and II was on abiotic processes such as bulk salinity 

development in growing sea ice (Cottier et al., 1999), the influence of brine channel 
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evolution on the sea ice algae development (Krembs et al., 2001), the influence of 

waves and current in the incorporation of algae in sea ice (Weissenberger and 

Grossmann, 1998), and the first measurements of oxygen using micro-optode (Mock 

et al., 2002). A biological component was added in INTERICE III, IV and V. 

INTERICE III investigated the biological processes occuring during sea ice formation 

(Thomas and Wilkinson, 2001). Gas composition and content in sea ice were 

investigated and main findings can be found in Verbeke (2005). INTERICE IV 

(Thomas et al., 2009) explored the fractionation of biogeochemical component 

(Geilfus et al., 2012; Thomas, et al., 2009), the production of calcium carbonate 

during sea ice formation (Papadimitriou et al., 2004), and the production of dissolved 

EPS (dEPS) and bacterial growth during sea ice formation (Aslam et al., 2011). Zhou 

et al., (2014) studied the effect of riverine DOM on the sea ice biogeochemistry and 

bacterial activity during the INTERICE V experiment, while Jørgensen et al. (2015) 

found that sea ice formation processes can increase the bioavailability of dissolved 

organic material not only in the brines but also in the seawater below.  

Over the past decade, other large-scale ice tank experiments have flourished and such 

facilities exist now in Canada (SERF – Sea-ice Environmental Research Facility) and 

in the United States (CRREL – Cold Regions Research and Engineering Laboratory). 

Despite the relative abundance of studies on sea ice growth and its impact on 

biogeochemical cycles, to our knowledge, no tank studies have investigated the 

processes leading to the enrichment of Fe in forming sea ice. This thesis constitutes 

the first step forward in addressing this gap. 
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1.5 Modelling sea ice 

“Understanding how sea-ice processes contribute to marine biogeochemistry is 

essential to accurately predict past, present and future climate change responses of 

marine ecosystems in both polar and global oceans.” (Steiner et al., 2016). 

Numerical modelling is the only means to study large-scale processes in a changing 

environment. Changes in sea ice (Arzel et al., 2006; Massom et al., 2013; 

Stammerjohn et al., 2012) are expected to drastically affect biogeochemical cycles, 

including the Fe cycle, in the polar oceans. These changes in biogeochemical cycles 

remain very difficult to predict (Vancoppenolle et al., 2013), and could in return 

impact the global ocean and climate system. 

Sigman et al. (2010) proposed that the strengthening of the Southern Ocean CO2 

uptake in glacial periods was caused by a stronger Fe supply, leading to a more 

efficient use of the nutrients. During these periods, winter sea ice cover was also more 

important (e.g., Gersonde et al., 2005; Stephens and Keeling, 2000), potentially 

impacting the Fe delivery to surface waters during melting period. It is therefore 

crucial to understand the role of Fe and the annual cycle of sea ice formation and 

retreat on the pelagic ecosystem, and more largely as an ocean fertiliser.  

Models representing the Earth system are numerous and various (e.g., Flato et al., 

2013 and references therein). Unfortunately sea ice is usually represented as an inert 

impermeable layer between the ocean and the atmosphere in these models 

(Vancoppenolle et al., 2013). Sea ice biogeochemical models are comparatively 

relatively poorly developed, and therefore poorly represented in global models. There 

is urgent need for further development of sea-ice biogeochemical models and 

coupling with global models. 
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Modelling is an essential step towards the quantification of the Fe budget associated 

to sea ice. While numerical models have been developed to quantify sediment 

incorporation into sea ice (e.g., Sherwood, 2000), these have not been adopted to test 

hypothesis on the incorporation of Fe and biological material into sea ice. At present, 

only a few sea ice biogeochemical models exist (e.g., Arrigo et al., 1993; Moreau et 

al., 2015, 2014; Saenz and Arrigo, 2012; Tedesco et al., 2010; Tedesco and Vichi, 

2012; Vancoppenolle et al., 2010), and are mainly focused on a N-P formulation 

(Sarmiento and Gruber, 2005; Tedesco et al., 2010). Before being added in large-scale 

global biogeochemical models and global Earth System Models (ESM), Fe processes 

have to be implemented in one-dimensional models. 

1.6.1 Modelling Fe in sea ice 

To our knowledge, only two modelling studies have addressed Fe biogeochemical 

processes associated to sea ice. Lancelot et al. (2009) highlighted the importance of 

DFe stored in sea ice for phytoplankton blooms in the Southern Ocean using the 3-

dimensional biogeochemical model SWAMCO (Sea Water Microbial Community 

model) coupled to the ocean-sea-ice model NEMO-LIM (Nucleus for European 

Modelling of the Ocean – Louvain-la-Neuve Ice Model). However, they were not able 

to quantify the influence of melting sea ice as a Fe source for surface waters because 

they used a very simple parameterisation due to a lack of understanding of the 

mechanisms associated with sea-ice Fe capture and release to the ocean. Sea ice Fe 

concentrations were reached by simply pumping the Fe in the seawater until a fix 

concentration was reached in the ice.  

Similarly, Wang et al. (2014) demonstrated the important role of Fe released by sea 

ice in boosting of phytoplankton growth in the marginal ice zone in polar oceans. In 

their Community Earth System Model (CESM) model, Fe was incorporated into sea 
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ice as a passive tracer. Once in the ice, biological processes, chemical reactions and 

Fe speciation were not considered. Simulated Fe concentrations were not able to 

reproduce high Fe concentrations found in sea ice, likely due to missing mechanisms 

of Fe entrapment. 

The study from Lancelot et al. (2009) only considered DFe, whereas Wang et al. 

(2014) did not distinguish between the dissolved and particulate fraction of Fe in sea 

ice. Yet, Lannuzel et al. (2014a) showed that 70% of the PFe stored in the ice could 

become bioavailable for phytoplankton once released in the water column, 

highlighting the potential importance of PFe. It is therefore crucial to differentiate the 

Fe size pools and represent the interactions between the pools of Fe accurately in a 

sea-ice model. There is also a requirement for an improved representation of 

exchanges between the ice and the ocean (Lancelot et al., 2009; Wang et al., 2014). 

1.7 Research questions and outline 

1.7.1 Research questions  

This thesis uses three different methods to address key knowledge gaps in the 

understanding of the incorporation of Fe into newly forming sea ice and subsequent 

biogeochemical cycling. Specifically, these questions are:  

i. What are the pathways leading to Fe and organic matter enrichment in newly 

formed sea ice? 

ii. What is the role of organic matter as a carrier of Fe in sea ice? 

iii. Is it possible to model the initial enrichment of Fe in sea ice, and physical and 

biological processes driving the Fe dynamics in sea ice? 
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1.7.2 Organisation of the thesis 

Chapter 2 describes the in situ ice-growth experiments used to identify the pathways 

leading to the enrichment of organic matter and iron into newly formed sea ice. 

Experimental data are combined with results from natural young ice sampled during a 

winter cruise in the Weddell Sea.  

Chapter 3 focuses on the specific role of organic matter and sea ice algae on the 

incorporation efficiency of Fe into sea ice. Sea ice is grown from different source 

solutions to isolate the role of organic matter and algae in the enrichment of Fe, and 

investigate the influence of the initial Fe concentrations in the seawater.  

Chapter 4, using results from previous chapters and data from the literature, presents 

an implementation of a halo-thermodynamic sea ice model (LIM 1-D) with an initial 

enrichment of Fe during the first stages of ice growth. Iron is added as new 

biogeochemical component to the model to study the main mechanisms driving the Fe 

dynamic in un-deformed first year pack ice.  

Chapter 5 summarises the main findings of this thesis and outline future research 

directions.  
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CHAPTER 2 

Incorporation of iron and organic matter into young 

Antarctic sea ice during its initial growth stages 

This chapter was published as an article under the same title in Elementa, Science of 
the Anthropocene, part of the special issue Biogeochemical Exchange Processes at 
Sea-Ice Interfaces (BEPSII), 4:000123. doi:10.12952/journal.elementa.000123  
 
Supplemental material for this paper has been included in this chapter to facilitate the 
reading. 

2.1 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 et al., 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., 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; 
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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; Rózańska 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 
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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 
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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 collected 

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.   

2.2 Methods 

2.2.1 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, NANOpure 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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2.2.2 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, 

2014; Figure 2.1). 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 2.1). Natural young 

ice was also collected at five other stations (Stations 486–500; Figure 2.1).  

	

Figure 2.1 Location 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.  

	
2.2.3 In situ ice-growth time-series experiments 

 Experiments were conducted in areas of level ice, upwind from the ship and other 
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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 2.2) 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 2.2) 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 (T
1 = 6 h, T

2 = 12 h, T
3 = 

24 h and T
4 = 48 h). The T

1
 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). T
2
, T

3 and T
4
 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 T
4
, 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 containers and melted rapidly onboard in the dark at room temperature, 
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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.  

 

Figure 2.2 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. Cores allocation was as follows for Exp 1: core A, 
temperature and ice texture; core B, salinity and bacterial counts; core C, POC/PON, 
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, macro-nutrients; core D, Chl a; core E, EPS; and F, PFe and 
DFe. 
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2.2.4 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 2.1). 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. 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  
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samples were processed for the same variables as the ice-growth experiments, except 

for bacterial count, which has been measured in the in situ ice-growth experiment 

only.  

2.2.5 Analytical techniques 

2.2.5.1 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 2.2). 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).  

2.2.5.2 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  
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Table 2.1 Y
oung ice sam

pling locations and physical param
eters 

Station 
Location 

Sam
pling 

date, 2013 
Type of ice 

Sam
pling m

ethod 
Snow

 
thickness 

(m
) 

Ice 
thickness 

(m
) 

Ice 
tem

perature 
(°C

) 

Bulk ice 
salinity 

(S
P ) a 

V
b /V

 (%
) b 

num
ber 

486 
61°31 S, 
00°05 W

 
17-Jun 

U
nconsolidated 

pancake 
C

age + gloved 
hands 

N
o snow

 
0.06–0.07 

–5.0 
23.7 

26 

488 
62°54 S, 
00°00 W

 
18-Jun 

Sem
i-consolidated 

pancake 
C

age + TM
 corer 

< 0.01 
0.30–0.36 

–4.1 
5.3 

6 

489 
63.54° S, 
00.01°W

 
19-Jun 

C
onsolidated 

pancake 
C

age + TM
 corer 

0.03 
0.30–0.36 

–3.4 
6.3 

9 

496 
67.26° S, 
00°01 W

 
24-Jun 

Thin ice 
K

ovacs corer + Ti-
coated handsaw

 
0.04 

0.42–0.46 
–3.2 

8.3 
13 

500 
67°57 S, 
06°39 W
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analysis, 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 phtalate (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 determination 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 following 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 2.4) were 

calculated using the macro-nutrient concentration of the underlying seawater 

sampled at the beginning of each experiment (Meese, 1989). 
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2.2.5.3 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 measurement by flow injection analysis with chemiluminescent 

detection (FIA-CL).  

2.2.5.3.1 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 (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). 



	 65	

2.2.5.3.2 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 
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= 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.  

2.2.5.5 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%.  
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2.2.5.6 Chlorophyll a and bacterial counts 

Ice cores were melted rapidly, with gentle shake, 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 (lChl a > 10 µm) and smaller autotrophs (10 µm 

> sChl 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 acetone 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. 

2.2.6. 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.  

2.2.7 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 
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component x and is normalized to salinity to detect specific incorporation processes 

that differ from conservative behavior with bulk salinity.  

  (2.1) 

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.  

2.3 Results 
	
�2.3.1 In situ ice-growth time-series experiments 

2.3.1.1 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 2.1). 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 2.1), 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 2.2. 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)  

EIx =
Sal[ ]source
Sal[ ]ice

.
X[ ]ice
X[ ]source
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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 2.3 a, b).  

Figure 2.3 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 are 
indicated. 

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 2.2). Ice temperatures were slightly lower 

during Exp 2 driven by colder air temperatures (Table 2.2). 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 
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above the 5% theoretical percolation 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 refer to one 

value per time-step (n = 4).  

2.3.1.2 Macro-nutrients, particulate and dissolved organic carbon and nitrogen  

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 concentrations were found in the T4 cores. 

When plotted against salinity, NOx, PO4
3– and Si(OH)4

–
 followed theoretical 

dilution lines (TDL) (Figure 2.4 a–c). Ammonium concentrations in sea ice 

behaved differently compared to the other macro-nutrients, deviating from the 

TDL (Figure 2.4 d). 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 2.5 a, 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. 
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Figure 2.4 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. 

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.  
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Figure 2.5 Particulate organic carbon (POC, grey rectangle, in µmol L–1) and particulate organic 
nitrogen (PON, white rectangles, in µmol L–1) concentrations in the ice and the seawater for each time 
step and during a) Exp 1, b) Exp 2 and c) in 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.: 
unconsolidated pancake, Semi-cons. pcke.: semi-consolidated pancake, Cons. pcke.: consolidated 
pancake.  
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2.3.1.3 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 2.6 a, b).   

The total Chl a (TotChl a = lChl a + sChl a) concentration in sea ice showed large 

variations with a peak at T3 in Exp1 (Figure 2.6 a). No corresponding peak was 

observed in Exp 2 (Figure 2.6 b). 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 2.6 b). TotChl 

a concentrations in underlying seawater were low: below the detection limit for 

Exp 1, and 0.02 μg L–1 for Exp 2 (Figure 2.6 a, 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 TotChl a concentration in Exp 1 and 22–57% 

(average: 39 ± 15%) in Exp 2.   
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Figure 2.6 Extracellular polymeric substances (EPS) concentrations (grey rectangles, 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 and during a) Exp 1, b) Exp 2 and c) in the natural young ice samples. The TotChl a 
concentration in seawater during Exp 1 was below the detection limit (BDL). 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.: unconsolidated pancake, Semi-cons. 
pcke.: semi-consolidated pancake, Cons. pcke.: consolidated pancake. 
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Bacterial concentrations in the ice varied between 1.15 x 105 and 2.90 x 105 cells 

mL–1 in Exp 1 and 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 concentrations 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 2.7). 

Figure 2.7 Bacteria concentration (in cells mL–1) in seawater and ice for each time step during Exp 
1 (grey bar) and Exp 2 (white bar).	 
2.3.1.4 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 2.8 a, 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 2.8 a, 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,  



	 77	

 Figure 2.8 Particulate Fe (PFe) concentrations (grey, in nmol L–1), dissolved Fe (DFe) concentrations 
(white, in nmol L–1) and PFe:DFe ratio (black dots) in the ice and the sea water for each time step and 
during a) Exp 1, b) Exp 2 and c) in 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.: unconsolidated pancake, Semi-cons. pcke.: semi-consolidated pancake, Cons. pcke.: 
consolidated pancake.  
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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).  

2.3.2 Natural young ice 

In this section, when discussing seawater concentrations and TDLs we refer to the 

average seawater concentration (n = 5) using under-ice seawater data from the five 

sampling sites where natural young sea ice was collected, unless mentioned 

otherwise.  

2.3.2.1 Basic sea-ice properties 

The ice samples collected at stations 486, 488 and 489 represented different stages of 

pancake ice formation (Table 2.1). The first stage sampled (Station 486) was a large, 

thin and unconsolidated pancake with a thickness 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 pancake. 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 

2.1). The grey ice (Station 500) was 24 hours old and 0.05–0.07 m thick (Table 2.1).  

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 2.9 c). The bottom of the thin ice core (Station 496) was columnar (data not 



	 79	

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 (unconsolidated 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 2.1).  

 

Figure 2.9 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. Note 
that the entire core is represented here while only the bottom part of the core has been analyzed for 
biogeochemical parameters. The black bar represents the granular ice and the grey bar the columnar 
ice. 

 

2.3.2.2 Macro-nutrients, particulate organic matter and dissolved organic carbon 

and nitrogen 

Macro-nutrient concentrations in natural young ice were lower than in the underlying 

seawater, except for NH4
+ in the unconsolidated pancake. Ammonium ranged from 
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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 2.4). POC and PON concentrations were one order of magnitude higher 

in sea ice than in the underlying seawater (Figure 2.5 c). 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 2.5 c). DOC 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).  

2.3.2.3 Biological data: EPS and Chl a 

The average EPS concentration in underlying seawater was 0.62 ± 0.30 μg xeq L–1 

(Figure 2.6 c). 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 2.6 

c).  

Similar to POC, PON and EPS, salinity-normalized Chl a in sea ice was enriched 

in comparison to underlying seawater (Figure 2.6 c). The bottom section of the 

consolidated pancake ice displayed the highest TotChl 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. lChl a contributed up to 86% (average: 70 ± 15%, n = 5) of the TotChl 
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a in the natural young ice.  

2.3.2.4 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 2.8 

c). 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 2.8 c). 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 2.8 c). The average ratio (22.5 ± 9.0, n = 4) in young ice was 

comparable to the experimental average.  

2.3.3 Property–property relationships 

Using the combined dataset from both experiments and natural ice samples, 

significant correlations (Spearman’s rho, p < 0.05) were observed for PFe and DFe 
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(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 TotChl a, EPS and DFe, and EPS and PFe.  

2.3.4 Enrichment indices 

The enrichment indices for Exp 1 and 2 and natural young ice are summarized in 

Table 2.3. Because the Chl a concentrations in seawater in Exp 1 were below the 

detection limit, enrichment indices for Chl a in this experiment were not calculated. 

Enrichment indices for natural samples were calculated using the corresponding 

seawater concentrations. The enrichment indices confirmed the conservative behavior 

of all macro-nutrients, except NH4
+. Enrichment 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, lChl 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).  

2.4 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. 
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Table 2.3 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 1.8±0.8 

NOx 1.2 1.2 1.2 1.2 1.2 1 1 1.1 1.1±0.2 
PO4

3– 1 1 1.1 1 1 0.9 1 1 0.9±0.1 
Si(OH)4

– 1 1 1.1 1.1 1 0.9 1 1 0.9±0.1 
POC 0.3 3.2 3.3 4.3 51 65 52 95 61.3±49.1 
PON 7.3 7.6 6.8 13 7.4 7.9 9.6 17 36.18±36.55 
EPS 7.5 4.2 3.3 9.7 2.8 3 2.5 3 3.2±3.0 
lChl ad NDg ND ND ND 52 220 80 150 194.7±194.0 
sChl ae ND ND ND ND 18 16 16 20 50.8±125.8 
TotChl af ND ND ND ND 21 34 22 35 115.1±125.8 
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 22 301.4±239.6 
DFe 4.3 6.1 6.1 6 6.9 23 16 4.1 23.93±9.7 

a Values of 1, < 1 or > 1 correspond to conservative, specifically depleted or specifically enriched, 
respectively, relative to bulk salinity. 
b Sampling times, T1–T4, were at 6, 12, 24, and 48 hours. 
c Average ± SD is provided for the natural young ice samples, where n = 5 for macro-nutrients, POC, 
PON, EPS, lChl a, sChl a, TotChl a; n = 4 for PFe and DFe. 
d lChl a refers to Chl a > 10 µm. 
e sChl a refers to 10 µm > Chl a > 0.8 µm. 
f TotChl a refers to lChl a + sChl a. 
g ND = No data; seawater values for Chl a were below detection limit or not available for bacteria. 

 

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). 

2.4.1 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). 
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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 2.3 a). 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 (Petrich 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 2.9 a). 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 
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(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.  

2.4.2 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 exchange, nutrient assimilation and 

remineralization by organisms. Both high macro-nutrient concentrations and no 

deviation from the TDL exclude biological incorporation/accumulation 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 2.3). 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 collected 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 
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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 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 correlation 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 concentrations 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).  

2.4.3 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 
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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. 

2.4.3.1 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 summers 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 2.2 and Figure 2.8). 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 2.2). Less effective 

rejection of impurities associated with a faster growth rate could explain this 

observation, 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 
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might reflect the increased influence of ‘side-freezing’, as evidenced by the thin 

section of the ice core (Figure 2.3). ‘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).	 

2.4.3.2. Biological material: Chl a and EPS  
	
Consistent with previous studies of young sea ice (Grossmann and Dieckmann, 1994), 

TotChl a concentrations 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 
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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 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).  

2.4.3.3. 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 2.3). This trend has been observed in Arctic sea ice 



	 90	

(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. Preferential 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).  

2.4.3.4. 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).  

2.4.4 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 



	 91	

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 channel 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 seawater and above Redfield in the ice (Figure 2.5). This decoupling 

could indicate a preferential incorporation of particulate carbon in sea ice relative to 

particulate nitrogen. Extracellular polymeric substances 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., 
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2003; Papadimitriou et al., 2007), but to our knowledge, this is the first time a 

decoupling of POC and PON has been reported. 

2.5 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 understanding 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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CHAPTER 3 

Insights into the incorporation of iron and organic 

matter in sea ice from laboratory-based ice-growth 

experiments 

3.1 Introduction 

Sea ice is an important reservoir of iron (Fe) in the Southern Ocean (e.g., Sedwick 

and DiTullio, 1997; Lancelot et al., 2009; Lannuzel et al., 2010; Wang et al., 2014). 

Every spring, Fe contained in sea ice is released into surface waters and can trigger 

phytoplankton blooms in the marginal ice zone (Sullivan et al., 1993; Lannuzel et al., 

2007; 2010). However the processes leading to Fe enrichment in sea ice are yet to be 

fully understood.   

The co-occurrence of enrichment of organic matter and Fe suggest that they are 

coupled (Grotti et al., 2005; de Jong et al., 2013, 2015; Lannuzel et al., 2007, 2008, 

2014a; van der Merwe et al., 2009, 2011a, 2011b). It has been proposed that the Fe 

concentration in the ice depends on the concentration in the parent seawater during 

sea ice formation (van der Merwe et al., 2009). These authors also proposed that the 

Fe can be associated with extracellular polymeric substances (EPS) and incorporated 

into the ice together with EPS. Extracellular polymeric substances are produced by 

algae and bacteria (Meiners et al., 2004; Mancuso Nichols et al., 2005a) and have 

been found to be enriched in sea ice (e.g., Krembs et al., 2011; 2002; Meiners et al., 

2004; 2003; Riedel et al., 2006; Underwood et al., 2010; van der Merwe et al., 2009; 
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Ewert and Deming, 2011; Aslam et al., 2012; chapter 2, Janssens et al., 2016). Their 

high stickiness, and negatively charged surface (Decho, 1990; Underwood et al., 

2010) make them a good candidate for metallic anion binding (Croot and Johansson, 

2000; Verdugo et al., 2004). Extracellular polymeric substances exists in a continuum 

of sizes from the dissolved and colloid to the particulate fractions (Verdugo et al., 

2004). Dissolved organic ligands are thought to control the dissolved Fe (DFe) 

distribution in sea ice and might be a crucial actor in Fe enrichment in sea ice 

(Lannuzel et al., 2015).  

Chapter 2 was dedicated to the study of Fe and organic matter enrichment during an 

in situ ice-growth experiment. We showed that ice formation leads to physical 

enrichment of these compounds, with larger particles being preferentially enriched 

compared to smaller particles (chapter 2, Janssens et al., 2016). Nonetheless the 

simultaneous investigation of physical, chemical and biological processes is 

extremely difficult due to the complex interaction between them. In this context, 

laboratory ice-growth experiments are useful to shed light on specific processes. 

These experiments allow to form ice in a controlled environment and from chosen 

source solutions.  

Ice tank experiments and laboratory ice-growth experiment are numerous (e.g., 

INTERICE experiments in Germany – e.g., Geilfus et al., 2012; Krembs et al., 2002; 

Weissenberger and Grossmann, 1998; Zhou et al., 2014; CRREL experiments in the 

United State of America – e.g., Kovacs, 1996; Loose et al., 2009; or SERF 

experiments in Canada – e.g., Else et al., 2015; Galley et al., 2013). To our 

knowledge, none of them have been conducted under the trace metal clean conditions 

needed to study Fe-associated processes. This study aims at understanding the basic 

processes leading to the incorporation of Fe into growing sea ice, and specifically the 
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role of organic matter as a carrier of Fe. We adapted a cold-finger apparatus (Kuiper 

et al., 2003; Ewert and Deming, 2011) for use under carbon and trace metal non-

contaminating conditions. We conducted two sets of experiments to understand the 

role of EPS and organic matter in the enrichment of Fe in sea ice. The first set of 

experiment aimed at quantifying EPS, organic matter and inorganic macro-nutrients 

(hereafter referred as macro-nutrients) entrapment into sea ice. The second set of 

experiments targeted the role that organic matter plays in the enrichment of Fe (DFe 

and particulate Fe, PFe) into sea ice.  Furthermore, the addition of desert dusts and sea 

ice algae was included in the source solutions to investigate the difference between 

lithogenic and biogenic PFe incorporation in sea ice. To our knowledge, this work 

constitutes the first laboratory ice-growth experiments conducted in trace metal clean 

conditions. 

3.2 Methods 

3.2.1 Experiments 

3.2.1.1 Ice texture experiments 

The first set of experiments was ran onboard the RV Polarstern, and aimed at 

identifying the effects of different ice growth rates on ice crystal structure, i.e., ice 

texture. Seawater used for this experiment was collected during a winter cruise in the 

Weddell Sea onboard the RV Polarstern (ANT-XXIX/6, Lemke and Participants, 

2014), using the ship water intake line. The ice was grown at -10°C, -15°C and -20°C 

and processed for ice texture analysis onboard the ship (Table 3.1). 
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Table 3.1 Sum
m
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inium
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3.2.1.2 Extracellular polymeric substances, POC, PON and macro-nutrient 

experiments 

A second set of experiments, EPS, POC, PON and macro-nut. Exp., was run onboard 

the RV Polarstern during a winter cruise to the Weddell Sea (ANT-XXIX/6, Lemke 

and Participants, 2014). Seawater was collected using the ship water intake line, a 

CTD or a peristaltic pump (E/S Portable Sampler, Masterflex) at different locations 

and different depths (Table 3.1) to study the incorporation of extracellular polymeric 

substances (EPS), particulate organic carbon (POC) and nitrogen (PON) and 

inorganic macro-nutrients (nitrate+nitrite: NO2+NO3=NOx, silicic acid: Si(OH)4
-, 

phosphate: PO4
3-, and ammonium: NH4

+). The first source solution was surface 

seawater (Surface SW, ship water intake line). The second source solution (Deep SW) 

was deep seawater collected with the CTD at 4300 m deep. In the third source 

solution (Surface SW + XG), 5 mg L–1 of xanthan gum (XG) from Xanthomonas 

campestris (Sigma-Aldrich) was added to the surface seawater sampled with a 

peristaltic pump (E/S Portable Sampler, Masterflex) at the ice-water interface. To do 

so, a stock solution of 1000 mg L–1 XG was made and sonicated for 60 min using a 

Bandelin Sonopuls sonicator. The stock solution was then diluted 10 times in Ultra 

High Purity (UHP) water (Millipore, Gradient A10) and sonicated for 30 min before 

being added to the surface seawater. 

3.2.1.3 Iron experiments 

A third set of experiments aimed at assessing the role of organic matter in the 

incorporation of Fe into growing sea ice. Experiments were conducted under trace 

metal clean conditions. Surface seawater was collected on the 9th of October 2015 

from Trumpeter Bay, (Tasmania – 43°16 S, 147°39 E) using a shore-line, and stored 
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in acid-clean low-density polyethylene (LDPE, Nalgene) carboys. The sampling depth 

was approximately 2.5 m. In the home laboratory, seawater was filtered through 

polycarbonate (PC) membranes (Sterlitech, pore size: 0.4 µm) at low vacuum (< 0.13 

bar) using an acid-clean PC filtration apparatus (Sartorius) under a class-100 laminar 

flow hood (AirClean 600 PCR workstation, Model 300 Controller, AirClean System). 

Filtered seawater (FSW) was divided into separate bottles for separate sets of 

treatments. Triplicates bottles were then spiked with different Fe sources. Added 

concentrations were selected to reach detectable Fe signals during analyses. The first 

source solution, ‘FSW + PFe’, was obtained by adding 30 µM of lithogenic PFe (PFe 

> 0.4 µm) to the FSW. We used dusts particles < 20 µm, collected in the Atacama 

desert, Chile (European Southern Observatory, Paranal) and assumed a composition 

of 5% (w:w) of Fe, similar to the Earth’s Crust (Taylor, 1964). 

A second source solution, ‘FSW + DFe’, was obtained by adding 30 µM of DFe (DFe 

< 0.4 µm) into the FSW using a commercial solution of FeCl3 1,000ppm (Merck).  

Two complementary sets of experiments were run after UV-treatment of the FSW.  

Filtered seawater was dispensed into acid-clean 500 mL Teflon fluorinated ethylene 

propylene (FEP) bottles (Nalgene) and placed between ultraviolet lamps inside a 

black PVC chamber for 15 min. This step of UV exposure ensured the destruction of 

any dissolved organic matter (DOM) present in the solution (Queroue et al., 2014). 

After UV exposure, PFe or DFe was added to the source solution following the steps 

adopted in treatments ‘FSW + PFe’ and ‘FSW + DFe’. The latter treatments are 

referred to as ‘UV-FSW + PFe’ and ‘UV-FSW + DFe’. 

A final experiment was carried out using FSW to which 44 mL of melted bottom sea 

ice containing algae was added. The ice sample was collected at Davis station, 

Antarctica in November 2015. This treatment, named ‘FSW + Algae’, aimed at 
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studying the incorporation of biogenic PFe in sea ice. A list of the treatments is given 

in Table 3.1.  

3.2.2 Sea-ice growth set-up  

The experimental set-up and manipulations were conducted in a custom-made clean 

plastic bubble onboard the RV Polarstern (Ice texture Exp., EPS, POC, PON and 

mcro-nut. Exp.); and under a class-100 laminar flow hood in the home-laboratory 

(AirClean 600 PCR workstation, Model 300 Controller, AirClean System) for 

experiments on the incorporation of Fe (Iron Exp.). Ice was grown using a cold-finger 

apparatus first described by Kuiper et al. (2003) and Ewert and Deming (2011), 

modified for use under carbon and trace metal non-contaminant conditions. The cold-

finger was fully made of titanium (Ti) and cooled with a circulating bath (Wise Circu, 

WCR-P22) using ethanol as coolant. (Figure 3.1).  

The cold-finger was immersed straight in a custom-cut square acid-clean 2 L PC 

container (Nalgene) filled with different source solutions of seawater (Table 3.1). The 

PC container was placed into an insulated box made of foam insulation sheet 

(TechLite®) and placed on a magnetic stirrer to insure the homogeneity of the source 

solutions during the experiments.  

At the end of each experiment, the ice was carefully removed from the remaining 

seawater and removed from the cold-finger. Ice was allowed to melt at room 

temperature in an acid-clean PC container. A diagram of the experimental set up and 

workflow is shown in Figure 3.1. Both remaining seawater and melted ice were 

analyzed for the list of parameters described below. Prior to each treatment a T0 

sample was collected for measurements of the same parameters in the source 

solutions 
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Figure 3.1 Schematic of the cold-finger experiment for the Ice texture Experiment (Ice texture Exp.), 
the Exopolysaccharides, POC, PON and macro-nutrients experiment (EPS, POC, PON and marco-nut 
Exp.) and the iron experiment (Iron Exp.). The entire set-up was placed in a custom-made clean plastic 
bubble (Ice texture Exp. and EPS, POC, PON and macro-nut. Exp.), or under a laminar flow hood 
(Iron Exp.). The cold-finger was connected to a circulating water bath with ethanol at -15°C (not 
represented). Experiments were run in triplicates. For each experiment the volume at T0 was 1350 mL. 
The ice was formed at -10°C, -15°C and -20°C for 24, 8 and 6.45 hours respectively for the Ice texture 
Exp., and -15°C for 8 hours for the EPS, POC, PON and marco-nut. Exp. and the Iron Exp.. Once 
formed, the ice was removed from the cold-finger, and processed for ice texture (Ice texture Exp.), or 
allowed to melt at room temperature before further processing (EPS, POC, PON and macro-nut. Exp. 
and Iron Exp.). Both remaining seawater (Rem. SW) and ice were processed for parameter described in 
the method section.  



	 108	

3.2.3 Physical variables: salinity and ice texture 

Salinities (practical salinity, SP) of seawater, bulk ice and remaining seawater were 

measured using a portable salinity probe (YSI Incorporated model 30, precision 

±0.1). Vertical and horizontal thin sections of the ice were prepared following the 

method of Langway (1958). Thin sections were observed through 2 cross-polarized 

filters and photographed following methods described in detail in chapter 2. 

3.2.4 Biogeochemical variables 

3.2.4.1 Extracelullar polymeric substances  

Melted ice and seawater samples were homogenized and filtered onto PC membranes 

(0.4 µm, Millipore) under low vacuum (< 0.13 bar) to avoid cell lysis. Filters were 

stained with 500 µL of a solution of Alcian Blue (AB, GX8 Sigma, 0.02% AB in 

0.06% acetic acid). Excess dye was removed by rinsing the membrane with 2 mL of 

UHP water (Millipore, Gradient A10). Membranes were then stored individually at –

20°C in the dark until analysis. Concentrations were determined colorimetrically 

using the method of Passow and Alldredge (1995) and modified by van der Merwe et 

al. (2009). Concentrations were computed using the filter capture efficiency of 4%  

from van der Merwe et al. (2009).  

3.2.4.2 Dissolved and particulate organic material and macro-nutrients  

All glassware used for POC and DOC analysis were soaked in a 2% (v:v) HCl 

solution (analytical grade Merck EMSURE Germany), rinsed with UHP water, 

wrapped in aluminium foil and combusted at 450°C for 4 hours. In between triplicates 

and treatments, glassware was rinsed with UHP water, soaked in a 2% (v:v) HCl 

solution (analytical grade, Merck EMSURE Germany) for 8 hours and rinsed 

thoroughly with UHP water. Samples for POC were filtered onto pre-combusted 25 
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mm quartz filters (Sartorius). A subsample of 40 mL of the filtrate was collected in a 

pre-combusted glass vial for DOC analysis. 20 mL of the filtrate was subsampled in 

two 10 mL plastic tubes for macro-nutrient (NOx, Si(OH)4
-, PO4

3-, and NH4
+) analysis. 

Dissolved organic carbon and POC samples were stored at –20°C in the dark until 

analysis. After acidification of the filters (30 µL of 10 % (v:v) HCl, Ajax Finichem) 

to remove inorganic carbon, POC and PON concentrations were determined using a 

Thermo Finnigan EA 1112 Series Flash Elemental Analyser (precision 1%) at Central 

Science Laboratory (CSL, University of Tasmania). Dissolved organic carbon 

concentrations were measured by high-temperature catalytic oxidation using a TOC 

analyzer (Total Organic Carbon Analyser TOC-L CPH, Shimadzu), following the 

method by Qian and Mopper (1996). Silicic acid was analyzed using a photometric 

analyzer (Aquakem 250) and PO4
3-, NOx and NH4

+ were analyzed with a Lachat Flow 

injection analyzer following the methods by Grasshoff et al. (2009). Detection limits 

were 0.1 mg L–1 and 0.002 mg L–1 respectively for each method. 

3.2.4.3 Iron and aluminium 

All sampling LDPE bottles, PC containers, PC filtration sets, petri-dishes and other 

equipment in contact with the samples were cleaned following GEOTRACES 

recommendations (Cutter et al., 2010). Polycarbonate membranes for PFe and PAl 

were soaked in a 10% (v:v) HCl for a week, thoroughly rinsed with UHP water 

(Barnastead International, NANOpure Diamond polisher) and stored in UHP water 

until use. Before and between treatments and triplicates, the cold-finger was 

thoroughly rinsed with UHP water. Between triplicates, equipment used for Fe 

filtrations was thoroughly rinsed with UHP water, soaked in a 10% (v:v) HCl solution 

for 16 hours and rinsed 5 times with UHP water.  
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Immediately after removing the ice from the PC bottle, the remaining seawater was 

filtered onto 0.4 µm pore size 47 mm diameter PC membrane filters (Sterlitech) using 

an acid-clean PC filtration set (Sartorius) under gentle vacuum (< 0.13 bar). The filter 

was collected for measurements of PFe and PAl (particles > 0.4 µm) concentrations 

and placed in acid-clean petri-dishes. 60 mL of the filtrate was collected in LDPE 

bottles (Nalgene) and acidified to pH 1.8 for DFe analysis. Once fully melted, the 

same process was applied to the melted sea ice. Filters were stored individually in 

acid-clean petri-dishes, triple bagged and kept at –20°C in the dark until analysis. The 

LDPE bottles containing the dissolved fraction were kept at ambient temperature until 

analysis. 

Filters for PFe and PAl determination were digested using a mixture of strong acids 

following the method described in Bowie et al. (2010). Dissolved Fe samples were 

diluted 10 times to reduce sea salt interference on the analyzer. Particulate metals and 

DFe concentrations were then measured at the Central Science Laboratory (University 

of Tasmania) using an Inductively Coupled Plasma Mass Spectrometer (ICP-MS, 

Element 2) following methods described in Bowie et al. (2010).  

3.2.5 Segregation coefficient and enrichment index 

The partition coefficient, Keff is used to describe the proportion of solute that is 

retained in sea ice. 

!!""# = ! !"#
! !"#$%& !"#$%&"'

             (3.1) 

where [X]ice and [X]source solution is the concentration of the component X in the ice and in 

the source solution respectively.  

To assess the enrichment of the ice in each component compared to sea salt, we 

calculated the enrichment index (EIx, Gradinger and Ikävalko, (1998)).  
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          (3.2) 

where [Sal]source is the salinity of the source solution, and [Sal]ice is the salinity of the 

ice. Enrichment index of 1, <1 or >1 will correspond to conservative, depletion or 

enrichment, respectively, of the component X as compared to bulk salinity. 

3.3 Results 

3.3.1 Ice texture and salinity 

The ice texture was dominated by columnar ice (Figure 3.2 a, b). The texture reflected 

the geometry of the cold-finger. Except for small differences in the size of the ice 

crystals, temperature had no effect on the texture.  

Salinities of bulk-ice samples, as well as in the remaining seawater, were consistent 

throughout the experiments, with a mean bulk-ice salinity 

	
Figure 3.2 Thin section of a. the horizontal (black line) and b. vertical (grey line) cross-section of the 
sea ice grown at -15°C. 
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of 14.5 ± 1.3 SP (mean ± standard deviation (SD), n = 24) and a mean salinity of 39.6 

± 1.3 (n = 24) for remaining seawater. The different growth temperatures applied to 

the samples did not affect the way that sea salts were incorporated into sea ice (mean 

Keff = 0.43 ± 0.04).  

In the rest of the section, we present the results of the 3 different treatments (Surface 

SW, Deep SW, and Surface SW + XG) in the EPS, POC, PON and macro-nut. Exp. 

This is followed by the results on UV and Fe treatments of the Iron Exp. ((UV-)FSW 

+ PFe, (UV-)FSW + DFe and FSW + Algae). 
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3.3.2 Extracellular polymeric substances, POC, PON and macro-nutrients 
experiments 

3.3.2.1 Enrichment indices of macro-nutrients and EPS 

Enrichment indices were close or equal to one for the macro-nutrients in Surface SW, 

Deep SW and Surface SW + XG in each treatment (mean±SD = 1.0±0.09, n = 9), 

except NH4
+ that was enriched in the ice in each treatment. Highest EINH4+ was found 

in the Deep SW treatment (Figure 3.3). Extracellular polymeric substances 

enrichment was variable between treatments. Lowest EIEPS was observed in the Deep 

SW treatment, while highest EIEPS was observed in the Surface SW treatment (Figure 

3.3). Highest EINH4+ corresponded to the lowest EIEPS and vice versa. 

 

	.

	
Figure 3.3 Enrichment indices (EI) of exopolysaccharides (EPS), ammonium (NH4+), silicic acid 
(Si(OH)4

-), nitrate + nitrite (NOx) and phosphates (PO4
3-) in the EPS, POC, PON and macro-nut. Exp. 

The error bars represent the standard deviation between triplicates (n = 3). The black line shows the 
limit between enrichment (EI>1) or depletion (EI<1) of each compound.  
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3.3.2.2 Enrichment indices of POC and PON 

All EIPOC and EIPON were well above 1 indicating an enrichment of POC and PON in 

newly formed ice (Figure 3.4). Mean EIPOC and EIPON were 50.5±35.7 (n = 9) and 

8.9±6.4 (n = 9), respectively.  

	
Figure 3.4 Enrichment indices (EI) of particulate organic carbon (POC) and nitrogen (PON) in the 
EPS, POC, PON and macro-nut. Exp. The error bars represent the standard deviation between 
triplicates (n = 3). The black line shows the limit between enrichment (EI>1) or depletion (EI<1) of 
POC or PON.  

 

3.3.3 Iron experiments 

3.3.3.1 Enrichment indices of PFe and DFe 

Dissolved Fe was enriched in sea ice compared to the source seawater solution in 

each treatment (EIDFe > 1) and relatively stable between treatments (mean EIDFe = 

2.2±0.9, Figure 3.3). Dissolved Fe was more enriched than PFe in all treatments, 

except in the FSW + Algae treatment (Figure 3.5). The incorporation rate of DFe 

decreased when UV treatment was applied (Figure 3.5).  
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Ice was enriched in PFe in the treatments where lithogenic or biogenic PFe was 

added:  FSW + PFe (EIPFe = 1.3±1.41, n = 3) and FSW + Algae (EIPFe = 4.7±2.8, n = 

3; Figure 3.5). When lithogenic PFe was added and UV treatment applied, less PFe 

was incorporated in sea ice (UV-FSW + PFe, EIPFe = 0.5±0.3, n = 3) than without 

UV-treatment. The treatment where biogenic PFe was added (FSW + Algae) showed 

the highest EIPFe of all treatments (EIPFe = 4.7±2.8, n = 3). The lowest EIPFe and EIDFe 

were found in the treatment where DFe was added and exposed to UV (UV-FSW + 

DFe), with EIPFe=0.2±0.0 (n = 3) and EIDFe=1.2±1.1 (n = 3), respectively.  

3.3.3.2 Enrichment indices of POC and PON  

Particulate organic matter (POC and PON) was enriched in sea ice in treatments 

where PFe was added. Unlike other parameters, POC was the only compound 

showing a higher EI in UV-treated than in its non-UV treated equivalent. 

The enrichment index of PON (EIPON) was always lower than EIPOC (Figure 3.6).  

Overall, the FSW + DFe and UV-FSW + DFe treatments had the lowest EIs and the 

lowest variability (1.1±0.7, n = 3 and 0.8±0.5, n = 3, respectively).  

The treatments with addition of lithogenic and biogenic PFe (FSW + PFe and FSW + 

Algae) were the only ones where enrichment in all compounds (DFe, PFe, POC and 

PON) was observed relative to the source solution (Figures 3.5 and 3.6). This was not 

the case with the treatments were DFe was added (FSW + DFe and UV-FSW + DFe), 

or when UV light was applied, where, depending on the compound, enrichment or 

depletion was observed. 

3.3.3.3 Particulate Fe to particulate Al ratios 

Aluminium can be used as a tracer of lithogenic Fe inputs. The PFe/PAl molar ratio in 

the ice was elevated in all treatments compared to the Earth crustal ratio of 0.33  
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Figure 3.5 Enrichment indices (EI) of particulate iron (PFe) and dissolved iron (DFe) in each treatment 
of the Iron Exp. The error bars represent the standard deviation between triplicates (n = 3). The black 
line shows the limit between enrichment (EI>1) or depletion (EI<1) of PFe or DFe.  

	

	
Figure 3.6 Enrichment indices (EI) for POC and PON in each treatment of the in the Iron Exp. The 
error bars represent the standard deviation between triplicates (n = 3). The black line shows the limit 
between enrichment (EI>1) or depletion (EI<1) of POC or PON.  

(Taylor, 1964). We observed two different patterns. In the treatments with addition of 

PFe (FSW + PFe, UV-FSW + PFe and FSW + Algae), PFe/PAl was higher in the ice 

than in the remaining seawater (Figure 3.7a). In these treatments, the PFe/PAl ratio 

was 2 to 3 times higher than the crustal ratio, suggesting that an enrichment in PFe 

occurred relative to PAl (Figure 3.7a). The opposite was observed in the treatment 
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where DFe was added (FSW + DFe and UV-FSW + DFe), where the ratio in the ice 

was lower than in the remaining seawater, and PFe/PAl ratios two to three orders of 

magnitudes higher than the crustal ratio (Figure 3.7b). 

3.3.3.4 Correlations 

When pooled together (no distinction between treatments), EIPFe was positively 

correlated to EIPON (Spearman, p < 0.05, R2=0.50, n = 16). Also EIPOC and EIPON were 

positively correlated (Spearman test, p < 0.05, R2=0.89, n = 16). Generally standard 

deviations between successive triplicates were higher when PFe was added to the 

source solution compared to DFe addition. This increase in Fe concentrations from 

one replicate treatment to the next, could reflect the release of soluble Fe after the 

addition of dust to the sample bottle.  

3.4 Discussion 

The similarity in ice and remaining seawater salinities between the different sets of 

experiments shows the reproducibility of our experimental set up. Despite the unusual 

ice texture of the samples, representative processes of the natural environment are 

shown with the conservative behaviour of major macro-nutrients, except NH4
+ as 

previously observed in natural young ice samples (Chapter 2, Janssens et al., 2016) 

and sea-ice tank experiments (Zhou et al., 2014). 
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Figure 3.7 PFe/PAl ratio in the source solution (dark grey), the remaining seawater (light grey) and in 
the ice (white) in a) FSW + PFe, UV FSW + PFe and FSW + Algae treatments, and b) FSW + DFe and 
UV FSW + DFe treatments. The dark line represents the Earth crustal PFe/PAl ratio (Taylor, 1964). 
The error bars represent the standard deviation between triplicates (n = 3). 
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3.4.1 Extracellular polymeric substances, POC, PON and macro-nutrients 

experiments 

3.4.1.1 POC, PON and EPS 

Experimental results indicate that the quantity of EPS in the source solution do not 

dictate its rate of incorporation into newly-formed sea ice. Extracellular polymeric 

substances from deep-seawater was the least enriched in the ice, although it had the 

highest initial concentration (0.10 µg xeq L–1). Also, the addition of XG, a reference 

standard for EPS in marine environments (Passow and Alldredge, 1995), did not 

favour a preferential enrichment compared to the natural EPS in other treatments. 

Deep-sea bacteria have been found to produce EPS (Mancuso Nichols et al., 2005a), 

and it could be that deep water EPS have different surface properties (e.g., number of 

an-ionic groups) or molecular weights than EPS produced in surface waters. Decho 

(1990) found that physicochemical characteristics of EPS are indeed influenced by 

their tertiary structure, itself dependent on the frequency and type of functional groups 

presence on the EPS. This could also affect the incorporation efficiency, with stickier 

EPS being more enriched. These divergences in surface properties of EPS could also 

play an important role in the incorporation of NH4
+. The highest NH4

+ enrichment was 

found when EIEPS was the lowest (Figure 3.3). In an ice tank study, Krembs et al. 

(2011) found that concentrations of EPS were higher in the ice when Melosira 

arctica, a diatom found in Arctic sea ice, was added in the source solution compared 

to ice grown from saline solution containing different concentrations of XG, even if 

the concentration of XG was higher than the concentration of EPS produced by the 

diatom. Similarly, using a cold-finger apparatus similar to ours, Ewert and Deming 

(2011) showed that only the native EPS produced by a cold-adapted marine bacterium 

commonly found in sea ice, was preferentially incorporated in sea ice. Our findings of 
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EPS from surface seawater being the most enriched in sea ice is in line with these 

previous findings, suggesting that the quality of EPS is a key parameter for its 

entrapment into sea ice. 

Higher EIPOC than EIPON are in line with previous reports of POC and PON 

concentrations in young Antarctic sea ice (chapter 2, Janssens et al., 2016). Here, 

POC and PON were more enriched in experiments using Antarctic unfiltered seawater 

compared with experiments conducted with filtered source solutions from Tasmania 

(Iron Exp.). The presence of biogenic material (phytoplankton, bacteria and EPS) in 

the unfiltered Antarctic sample could explain this higher enrichment compared to the 

filtered Tasmanian seawater sample. Also, similar to EPS, the quality of POC 

determines the degree of enrichment in sea ice. Due to its location, the coastal 

Tasmanian sampling site is under influence of terrestrial and anthropogenic input 

bringing large amounts of allochtonous material to the pool of organic matter. This is 

opposed to the Antarctic sampling sites, where the organic matter in the water column 

is mainly autochtonous, and therefore the likelihood of terrestrial input is extremely 

low, if existent. Zhou et al. (2014) revealed that the riverine DOM was less enriched 

in sea ice compared to autochtonous DOM, due to different molecular composition, 

different affinity with the other compounds, and with sea ice. Similarly, Müller et al. 

(2013) showed that the degree of DOC enrichment depends on the chemical 

characteristics of the DOM. Our results suggest that the POC of potential terrestrial 

origin is less enriched in sea ice than the allochtonous Antarctic POC, by an order of 

magnitude.  
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3.4.2 Iron experiments 

3.4.2.1 Lithogenic vs biogenic iron: role of EPS produced by ice algae and 

bacteria 

EIPFe in FSW + Algae has been found to be up to 4 times higher than in any other 

treatment, suggesting a better incorporation of the biogenic PFe compared to the 

lithogenic PFe. The bottom ice sample added to the FSW + Algae treatment was 

dominated by pennate diatoms such a Nitzschia stellate, N. lecointei, Fragillariopsis 

spec. and Entomoneis kjellmanii (data not shown).  

An effect of the size of the particles may have lead to the preferential enrichment of 

biogenic PFe (or Fe-bearing algae) relative to lithogenic PFe (or Fe-bearing dust). The 

dusts added were thieved through 20 µm nylon mesh, while mentioned diatom species 

can be as large as 150 µm in cell size (Scott and Marchant, 2005), and can form 

colonies and ribbon-chain like assemblages (Scott and Marchant, 2005; Aslam et al., 

2012). Better incorporation of larger cells and impurities has been previously 

observed in natural young sea ice (Gradinger and Ikävalko, 1998; Riedel et al., 2007; 

Różańska et al., 2008; chapter 2, Janssens et al., 2016). We could also be witnessing 

the role of EPS in the incorporation of PFe into sea ice.  

Assemblages of diatoms are predominant in autotrophic-dominated sea-ice habitats 

and known to be associated to, and also be the principal producer of EPS (Krembs 

and Engel, 2001; Meiners et al., 2003; 2004; Mancuso Nichols et al., 2005a, 2005b; 

Underwood et al., 2010, 2013). Particulate EPS have been shown to be likely of algal 

origin and quickly enriched into sea ice (Meiners et al., 2003; Riedel et al., 2007). 

Extracellular polymeric substances enrichment has been previously observed in a 

similar cold-finger experiment (Ewert and Deming, 2011), and tank experiments 

(Krembs et al., 2011). The overall negatively charged surface of EPS (Decho, 1990; 
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Mancuso Nichols et al., 2005b) is considered to be important to bind to cationic 

metals such as Fe. In exchange, Fe provides stability to the network by acting as 

bridging ion (e.g., Brown and Lester, 1982; Decho, 1990).  

Moreover, EPS are two to four orders of magnitude stickier than other particles 

(Passow, 2002), therefore potentially further helping the adhesion of PFe to ice 

surfaces.	We can therefore assume that EPS were an important component of the 

added melted bottom ice sample to the source solution in the FSW + Algae treatment, 

resulting in the preferential enrichment in biogenic PFe compared to lithogenic PFe. 

Krembs et al. (2011) have shown that the presence of EPS in the ice changes the 

microstructure of the ice and alters it physical properties. Thus it is also possible that 

these modified properties are beneficial for PFe incorporation (more adapted shape of 

the pores and increased internal sea ice surface area) but this requires further 

investigation. 	

Another argument supporting the preferential incorporation of biogenic PFe is found 

when investigating the PFe/PAl ratio. Assuming that Al is purely of lithogenic origin, 

and comparing the PFe/PAl molar ratio to the Earth crustal ratio of 0.33 (Taylor, 

1964), the excess of PFe represents the biogenic fraction (Lannuzel et al., 2014a). 

Assuming a similar incorporation of lithogenic PFe and lithogenic PAl, the change of 

PFe/PAl molar ratio in the ice can be attributed to the incorporation of the biogenic 

fraction of PFe, or the precipitation of DFe into PFe in the ice. Yet we observed an 

increase of the PFe/PAl ratio in the ice in the FSW + Algae and FSW + PFe 

treatments, indicating a preferential incorporation of the PFe, particularly the biogenic 

PFe fraction (FSW + Algae), and the fraction associated with non-UV-destroyed 

organic ligands (FSW + PFe).  
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The DFe fraction was less affected by the addition of algae than the PFe fraction. Sea 

ice algae are known to produce EPS in the colloidal and soluble form (Aslam et al., 

2012). In this study, we work with a size distinction of 0.4 µm between dissolved and 

particulate fraction. This definition is however operationally defined and organic 

matter consists of a size continuum spanning across the soluble, colloidal and 

particulate fractions. The colloidal material is operationally in the dissolved fraction 

as it is defined as the fraction that can pass through a filter with pore size of 0.1 to 

0.46 µm (Chin et al., 1998). Extracellular polymeric substances range in size from 

microns to hundreds of microns in the marine environment (Sullivan and Palmisano, 

1984; Passow and Alldredge, 1995). Van der Merwe et al. (2009) suggested that 

organically-bound DFe in the ice can reduce their loss to the water column when 

brine drainage occurs by being associated with particles or cells (Sunda, 2001). The 

retention of DFe by EPS would explain the lower EIDFe in the UV-treated FSW + DFe.   

3.4.2.2 Effect of UV treatment on Fe incorporation efficiency: importance of 

organic ligands 

When subject to high UV exposure, dissolved organic matter is degraded and 

ultimately transformed into carbon dioxide (CO2) and water (H2O). The difference 

between the UV- and non UV-treated treatments aimed at understanding the role of 

organic matter, including organic ligands, in the incorporation of Fe into sea ice. It 

has been shown that photochemical reactions alter the concentration and reactivity of 

the organic ligands involved in the complexation/solubilisation of trace metals 

(Moffett, 1995). More specifically, photochemical reduction of organically bound Fe 

decreases ligand-binding strength, rendering the complex Fe more labile and 

increasing its bioavailability (Barbeau et al., 2001).  
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In this chapter, Fe was added to seawater solutions after UV treatment. Different 

enrichment behaviours for Fe and organic matter were observed between UV-treated 

and non-UV treated source solutions.  

As expected, DFe (and PFe) enrichment decreased when UV treatment was applied to 

FSW + DFe. This experiment highlights that the presence of organic matter favours 

the incorporation of DFe into growing sea ice. However, DFe enrichment increased 

when UV treatment was applied to FSW + PFe. In the former treatments, the DFe was 

not present in excess, as such precipitation of DFe into PFe was not observed (see 

section 3.4.2.3). We suggest that, in the latter case the UV treatment resulted in the 

release of dissolved organic ligands from the degradation of particulate organic matter 

(POM).  

These “newly-formed” ligands were then able to complex with DFe and carry the DFe 

into sea ice leading to higher EIDFe in UV-FSW + PFe than in FSW + PFe, where 

dissolved organic ligands were more sparse. We explain the difference in enrichment 

efficiency of DFe in (UV-)FSW+ PFe and (UV-)FSW + DFe by a combined effect of 

“ligand saturation” and precipitation of DFe into PFe (see section 3.4.2.3). The UV-

broken bound effect might have been compensated by the production of new 

dissolved organic ligand available for DFe. However, not enough dissolved organic 

ligands were present in solution to keep the added 30 μM of DFe in solution in the 

FSW + DFe treatment. Free DFe remaining in seawater therefore precipitated into 

PFe, leading to the high PFe/PAl ratios observed.  

As observed in the case of DFe incorporation in the (UV-)FSW + DFe treatments, 

PFe enrichment decreased when UV treatment was applied to FSW + PFe and FSW + 

DFe. This indicates the role of organic matter in the incorporation of PFe in growing 

sea ice. Unlike EIPFe and EIDFe, EIPOC increased when UV treatment was applied to 
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FSW + PFe. It has been proposed that UV-B radiation breaks down not only DOC but 

also POC (Report Montreal protocol, 1999), although the effect of UV on particulate 

organic matter is not clearly defined. Our results show that UV could impact on the 

quality of POC (including large EPS) leading to different incorporation behaviours. It 

is likely that the POC becomes smaller and is then more easily incorporated into the 

ice. This argument however contradicts what has been previously observed in the 

field, where large particles are preferentially incorporated in sea ice (Gradinger and 

Ikävalko, 1998; Riedel et al., 2007; Lannuzel et al., 2014b; Janssens et al., 2016).  

One explanation is that UV-radiations changes the physico-chemical properties of 

organic matter in a way that the PFe-organic matter binding capacity would be 

altered, but the enrichment of POC would be favoured. Organic-free PFe would 

therefore be hardly incorporated, while the UV-induced modifications in the POC 

facilitate its incorporation. It has been shown that the binding potential of EPS is 

greatly influenced by their physico-chemical properties (Krembs and Deming, 2008; 

Verdugo, 2012), properties that are likely to be altered by UV irradiation. Therefore, 

more than the size, the important factor for enrichment of particles would be their 

physico-chemical properties and the tertiary structure/molecular composition/shape of 

the particles. Zhou et al., (2014) suggested that organic matter is initially incorporated 

as particulate organic matter and then converted into dissolved organic matter once in 

the ice. We could be witnessing this process in the FSW + Algae treatment, with the 

transformation of POC into DOC by heterotrophic organisms, leading to lower EIPOC 

than in (UV-)FSW + PFe. Zhou et al. (2014) also showed that different quality of 

DOC impacts the incorporation efficiency. We suggest that this mechanism is also 

applicable to particulate constituents as discussed in section 3.4.2.1.  
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3.4.2.3 Precipitation of dissolved Fe 

The PFe/PAl ratios measured in our samples can give an indication on the level of 

precipitation of DFe into PFe. The addition of DFe into seawater led to very high 

PFe/PAl ratios in the FSW + DFe and UV-FSW + DFe experiments (Fig. 3.7 b). A 

significant amount of DFe (30 µM) was added to these 2 solutions, without addition 

of organic ligands (e.g., EDTA) to balance the addition of DFe and keep it in solution. 

Organic ligands can be produced in situ by sea ice algae and bacteria (Lannuzel et al., 

2015) or supplied externally from sediment resuspension (Croot and Johansson, 2000; 

Buck et al., 2007).	EDTA is synthetically produced and is therefore not an adequate 

model ligand of the natural environment.  

We observed here the precipitation of the non-organically bound excess of DFe into 

the PFe pool (Lannuzel et al., 2014a, 2015), leading to the high PFe/PAl ratios 

observed. This process is even more expressed in the UV-FSW + DFe treatment, 

where the UV exposure breaks the bounds of the Fe-ligand complexes already present 

in the source solution before addition of DFe. The precipitated PFe and remaining 

DFe were then less prone to incorporation into sea ice, as observed by lower EIPFe and 

EIDFe. Two explanations are possible: (1) As previously observed in our study, 

biogenic PFe (low in these experiments) is preferentially enriched in the newly-

formed ice compared to lithogenic PFe. Also, the high PFe concentrations might have 

reached a threshold where the ice is saturated and more incorporation becomes 

impossible. We may observe a decoupling between biogenic and lithogenic PFe 

incorporation. Extracellular polymeric substances have been proposed to be acting as 

a plug retaining salinity in the ice (Krembs et al., 2011). If the biogenic PFe is 

incorporated first, helped by the association to, and then retained in the ice by, EPS, 

the incorporation of lithogenic PFe might not be as efficient and could reach a 
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concentration threshold in the ice. The association of Fe with EPS, as well as the 

room available in the brine channels would therefore determine the incorporation, 

retention, and threshold of PFe in the ice.  

(2) We might witness the key role of organic ligands in transferring DFe from 

seawater to sea ice. Organically-bound Fe would take advantage of the properties of 

the particles it is attached to, to get trapped in the ice as discussed previously (section 

3.4.2.2). It is difficult to distinguish the contribution of each process in these 

experiments and it is likely a combination of both. We note, that Fe concentrations in 

these experiments were above the range of concentrations encountered in the 

Southern Ocean. Nonetheless, these results shed light on the general chemistry of the 

processes. 

3.4.3 Limitations of laboratory ice-growth experiments 

Laboratory ice-growth experiments are a great asset to the field of polar 

oceanography for many reasons. They are logistically easier and cheaper to conduct 

than field experiment and field sampling. Laboratory ice-grown offers a unique 

opportunity to study ice growth from its initial stage of ice formation while the history 

of a natural ice floe is difficult to assess. This type of experiments allows us to isolate 

processes occurring at the onset of ice formation, and study the influence of specific 

parameters, while monitoring the others and keeping them under control. Most 

importantly, replicate measurements are possible in the laboratory while field 

sampling of a natural ice floe always carries the uncertainty of high spatial 

heterogeneity (e.g., Meiners et al., 2012, Williams et al., 2015).  

However laboratory based ice-growth experiments also present drawbacks. First, ice 

growth is limited in space (a few cm3) and time (a few hours). In the cold-finger case, 

the geometry of the system is different from natural ice. Ice crystals are mainly 
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growing horizontally (Figure 3.2), while natural columnar ice exhibits vertical ice 

crystals. Nonetheless, the good agreement of our laboratory-based results with field 

studies shows that the initial incorporation of solutes and particles over a short period 

of time was not affected by the geometry of the ice. The cold-finger setup is, 

therefore, a useful tool to refine and complete field data, and isolate processes that can 

be then included in biogeochemical models. Although laboratory ice-growth 

experiments cannot replace field campaigns, they are a key step towards the 

understanding of biogeochemical cycles associated with sea ice. 

3.5 Conclusion 

This chapter represents the first study dedicated to Fe enrichment in sea ice under 

controlled conditions. The investigation highlights the role of EPS and POC in the 

enrichment of PFe in sea ice. Results also showed that biogenic PFe is preferentially 

enriched compared to lithogenic PFe. Rather than the quantity, it is the quality of EPS 

and POC that determines their entrapment in the ice, with autochtonous POC being 

more enriched than allochtonous POC. The reasons are still unclear, but 

characterisations of these particles would be a step forward to understand the complex 

links between Fe and POM incorporation into sea ice. The quality of POM determines 

its association with PFe, and ultimately the efficiency of PFe incorporation in sea ice. 

UV treatment clearly alters POM and modifies the association of Fe (PFe and DFe) 

with organic matter. This ultimately affects their degree of enrichment. Organic 

ligands responsible for DFe enrichment are also affected by UV treatment. In the 

context of dramatically changing sea-ice environments, it is important to clearly 

identify drivers and quantify processes that affect ice-associated Fe and carbon 

biogeochemical cycling in polar waters.   
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CHAPTER 4 

First representation of iron in a sea-ice 

biogeochemical model  

4.1 Introduction 

Sea ice plays a critical role in regulating the Earth’s climate, and its seasonal cycle 

constitutes one of the biggest changes on the planet’s surface (Arrigo, 2014; Thomas 

2016). The physical interactions of sea ice with the climate have been largely 

represented in global Earth System Models (ESM, e.g., Holland et al., 2006; Serreze 

et al., 2007). In contrast, sea ice impacts on biogeochemical cycles are currently not 

represented in global ESMs even though they are considered to have significant 

influence on the climate system (Vancoppenolle et al., 2013). Sea ice is generally 

represented as a biologically and chemically inert layer between the atmosphere and 

the ocean, and generally considered as impermeable to gas exchanges (Vancoppenolle 

et al., 2013). Exceptions are the recent study from Moreau et al. (2016) investigating 

the carbon cycle associated with sea ice growth and melt using the NEMO-LIM-

PISCES (Nucleus for European Modelling of the Ocean – Louvain-la-Neuve sea Ice 

Model – Pelagic Interactions Scheme for Carbon and Ecosystem Studies) model, and 

the implementation of the Biogeochemical Flux Model (BFM) model with a sea ice 

component by Tedesco et al. (2010). 	

The Southern Ocean is a high-nutrient, low-chlorophyll (HNLC) area, with surface 

waters limited in iron (Fe) (e.g., Boyd and Ellwood, 2010). Despite low Fe 

concentrations in Antarctic surface waters, sea ice is enriched in Fe compared to its 
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parent seawater (Aguilar-Islas et al., 2008; de Jong et al., 2013, 2015; Grotti et al., 

2005; Janssens et al., 2016; Kanna et al., 2014; Lannuzel et al., 2014a, 2008, 2007; 

Tovar-Sánchez et al., 2010; van der Merwe et al., 2011a, b). Iron, together with other 

nutrients and organic matter, is seasonally stored in the ice in autumn and winter and 

transformed by autotrophic and heterotrophic activity (Lannuzel et al., 2010; Meiners 

and Michel, 2016). Under winds and ocean currents forces, sea ice drifts and 

redistributes this biogeochemical material before the ice melts in spring and summer. 

Sea ice acts therefore as a temporal reservoir of Fe for waters of the Southern Ocean 

(e.g., Lancelot et al., 2009; Lannuzel et al., 2010; Sedwick and DiTullio, 1997). Sea 

ice meltwaters can contribute up to 70% of the total input of Fe into Antarctic open 

waters in spring (Lannuzel et al., 2007), thereby exerting a strong control on Southern 

Ocean primary productivity. It is therefore crucial to include sea-ice Fe 

biogeochemical processes into models as a mean to better understand and predict the 

Fe and carbon budget of the Southern Ocean. 	

While sea ice has been included in biogeochemical (BGC) ocean models as a source 

of Fe to surface waters of the polar oceans (Lancelot et al., 2009; Wang et al., 2014), 

these models consider vertically homogenous concentrations of dissolved Fe (DFe) in 

the ice and do not include the particulate Fe fraction (PFe). However, the 

bioavailability of Fe is determined by its chemical speciation and physical 

fractionation and is thus an important specificity to represent in models. Moreover, 

Lannuzel et al. (2014a) found that 71% of the PFe incorporated into Antarctic pack 

ice is biogenic, and that the flux of biogenic PFe released from sea ice is 10 times 

higher than the DFe flux. Biogeochemical processes occurring within the ice and 

affecting the concentrations of Fe in the dissolved and particulate pools are currently 

not represented in models (e.g., Lannuzel et al., 2016; Vancoppenolle and Tedesco, 
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2016). In addition, the existing models are using simplistic parameterisations of the 

mechanisms of Fe incorporation into and release from the sea ice; this is because field 

based work has so far failed to clearly identify and quantify these processes. Many 

uncertainties therefore remain in model studies, such as the quantification of the 

influence of melting sea ice as a Fe source to surface waters, underestimation of the 

DFe input into sea ice or missing mechanisms. 

In order to reduce these uncertainties, we implemented a one-dimensional modelling 

framework to study the vertical processes in the ice in a single location, and compute 

the budget of Fe. Here, we use a one-dimensional halo-thermodynamic sea ice model 

(LIM-1D, Vancoppenolle et al., 2010; 2007) to investigate the key processes driving 

Fe dynamics in sea ice. To our knowledge, this is the first biogeochemical sea ice 

model incorporating brine dynamics between layers within the ice, and exchange with 

the ocean (Vancoppenolle et al., 2010), required for the representation of dissolved 

tracer transport in the ice. We investigate the following: (1) the processes leading to 

Fe enrichment in sea ice and, (2) the physical and biological processes driving the Fe 

dynamics within sea ice. Specifically, the questions addressed in this chapter are: (1) 

How can we robustly model Fe dynamics in sea ice and particularly the initial 

entrapment of Fe and the adsorption of Fe in the brine system? (2) What are the 

important parameters that must be constrained to reproduce observed Fe 

concentrations in sea ice? (3) Is it possible to reproduce the temporal evolution of Fe 

using a sea ice model of reasonable complexity? 	

The first part of this study, addressing the first question, is based on model 

simulations of observations carried out during in situ ice-growth experiments in the 

Weddell Sea during Austral winter (chapter 2, Janssens et al., 2016). Using 

parameterisations based on these experiments, the second part of this study 



	 138	

investigates the Fe dynamics in sea ice and the main mechanisms driving the DFe and 

PFe concentrations in undeformed first-year sea ice. These model simulations are 

evaluated using observations from two different sea ice stations, sampled off East 

Antarctica in early spring 2003 (ARISE, Lannuzel et al., 2007) and 2007 (SIPEX, van 

der Merwe et al., 2011b). 	

4.2 The model 

4.2.1 Sea ice physics and thermodynamics 

The LIM-1D model used in this study is a one-dimensional (vertical) sea ice model 

configured to reproduce the typical thermodynamic regimes of first-year Antarctic 

pack ice. The physics are based on the structure introduced by Maykut and 

Untersteiner (1971) and implemented for energy-conservation by Bitz and Lipscomb 

(1999). The brine dynamics follow Vancoppenolle et al. (2010), and snow-ice 

formation occurs when the snow load is heavy enough to depress the ice below 

seawater level, and the flooded surface refreezes (Vancoppenolle et al., 2009). The ice 

is represented by an uniform multi-layer (N layers = 10) column of ice, with thickness 

hi, a bulk-salinity profile S, and temperature profile, T. The thickness of each layer 

increase (ice growth simulation) or decrease (ice decay simulation) at each time step. 

The temperature is computed by solving the heat diffusion equation in the N layers of 

ice (Vancoppenolle et al., 2007). Salt advection-diffusion equations are used to 

compute the change in ice salinity and simulate natural brine convection and 

percolation (Vancoppenolle et al., 2010). Each layer of ice is characterised by a brine 

volume, ez, and a bulk- and brine salinity, Sz and !!, respectively. The heat budget 

between the ocean, the ice, and the atmosphere determines the change in ice and snow 

thickness.  
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Figure 4.1 Schematic representation of a) the vertical grid in the LIM-1D model, where Ck (k = 1, …, 
N) refers to bulk (= ice + brine) tracer concentrations in the kth layer. hs is the snow thickness and hi is 
the ice thickness, FaFe, dFe, eFe the ocean-ice aFe, dFe and eFe flux, Cw

aFe,dFe,eFe the seawater aFe, dFe, eFe 
concentrations, ek the brine of volume of the kth layer. The blue arrow represents the transport of tracer 
between layers of ice. The purple arrow represents the initial entrapment of PFe (aFe + eFe) when sea 
ice grows, and b) the biogeochemistry of Fe in the model. The squares represent the pool of Fe (aFe, 
eFe and dFe). The arrows between pools represent the processes affecting the different pools of Fe. 
Note that the precipitation is represented with dashed line because currently not used in the model. 

4.2.2 Representation of Fe in the model  

4.2.2.1 Sources of Fe in the model 

The main source of Fe to sea ice comes from the Fe-depleted seawater (Lannuzel et 

al., 2016). In this study we consider the ocean as an infinite reservoir of Fe for sea ice. 

Atmospheric dust input in the Southern Ocean is generally considered small (Gao et 

al., 2013; Mahowald et al., 2005; Wagener et al., 2008) except in localised areas near 

the coast (de Jong et al., 2013). We therefore do not consider any potential input of Fe 

to the uppermost layer of sea ice as a result of dust deposition, precipitation, snow ice 

formation or surface flooding. 
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4.2.2.2 Initial Fe enrichment in sea ice 

4.2.2.2.1 Entrapment of PFe 

Observations have shown that only physical processes are responsible for Fe 

enrichment at the onset of sea ice formation (chapter 2, Janssens et al., 2016). 

Therefore, we simulate the fraction of particulate material incorporated in the ice 

during ice growth as being proportional to its original seawater concentration (Csw). 

Based on results from in situ ice-growth experiments, we introduce an entrapment 

factor for PFe (and particulate organic carbon, POC) which is equivalent to the 

enrichment index introduced by Gradinger and Ikävalko (1998), entpt_pfe > 1, to 

reproduce the initial enrichment of PFe in sea ice, as. 	

entpt_pfe = !!"#
!"#

!!"!"#
!"#!"
!"#!"#

   (4.1) 

entpt_poc = !!"#
!"#

!!"!"#
!"#!"
!"#!"#

  (4.2) 

where !!"#!"#/!"#  and !!"!"#/!"#  are the bulk PFe and POC concentration in the ice and 

in the seawater, respectively. !"#!"#and !"#!"are the bulk-ice salinity and the salinity 

of the seawater, respectively.  

4.2.2.2.2 Adsorption of DFe 

Dissolved biogeochemical tracers follow existing brine dynamics evolution and 

biogeochemistry theory, already implemented in the model. In previous versions of 

the model the adsorption of dissolved tracers, onto brine walls and/or organic matter, 

was not represented. Lannuzel et al. (2016) calculated the theoretical concentration of 

DFe in brines [DFe]br using the equation 5.3, and have shown that up to 90% of DFe 

in sea ice is not expunged by brine drainage but is actually retained within the ice.  

[!"#]!" = [!"#]
!!"

   (4.3) 
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Where [!"#]!" is the theoretical concentration of DFe in the brines (in nmol L–1), 

[!"#] is the concentration of DFe in the bulk sea-ice sample (in nmol L–1), and Φ!" is 

the brine fraction. 

As such, we implement the model with an adsorption factor for DFe, 0 < ads_dfe < 1, 

determined from observations as:  

ads_dfe = !"#$%&"'!!"#$%
!"#

[!"#]!"    (4.4) 

At every time step, the fraction of DFe that is subject to brine dynamics is (1-

ads_dfe)*DFe. 

4.2.2.3 Biogeochemistry and dynamic of Fe in the model 

Three pools of Fe are represented in the model (Figure 4.1 b): (1) The particulate iron 

associated with algae (both intracellular and extracellular), aFe, (2) the detrital and 

precipitated particulate iron, eFe, and (3) the dissolved iron, DFe. In the model, we 

diagnose the particulate Fe as PFe = aFe + eFe. Exchanges between the three pools in 

the sea ice are governed by the main biogeochemical processes described below.  

Assimilation (referred here as synthesis, syn_fe) by microorganisms transfers the DFe 

into the aFe pool. 	

syn_fe = !!"#!" . !!"#.!!"#   (4.5) 

Precipitation of DFe increases the eFe concentration via  

pcp_fe = 0                   (4.6),  

and is set to zero due to lack of observational data for parameterisation. 

Cells death (lysis) transfers the aFe to the eFe fraction. 

lys_fe = !!"#!" . !!"#.!!"#   (4.7) 

The DFe fraction is replenished by respiration of the aFe fraction, 

rsp_fe = !!"#!" . !!"#.!!"#   (4.8) 
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and by remineralisation of the eFe fraction (Figure 4.1 b); 

rem_fe = !!"#!" . !!"# .!!"!   (4.9) 

Where rx in equations (4.5), (4.7), (4.8) and (4.9) is the rate of the process x (s–1) as 

computed for carbon; !!!" (dimensionless) specifies how much faster (>1) or slower 

(<1) the process transfers Fe from a pool to the other as compared to carbon transfer. 

This illustrates the decoupling between the carbon cycle and the Fe cycle. This 

representation allows to vary the Fe:C ratio in algae and detrital organic matter. For 

example, if !!"#!"  = 10, Fe is remineralised 10 fold faster than carbon. CdFe, CaFe, and 

CeFe are concentrations of DFe, PFe associated to algae and detrital particulate Fe 

(nmol L–1) in the layer N, respectively (Fig. 4.1 a, b).  

4.3 Experiments/ model set-up 

4.3.1 Observations used for model evaluation 

The model was parameterised with in situ data from the AWECS voyage and model 

outputs were compared with results from two field-studies conducted off East 

Antarctica.  

1. Antarctic Winter Ecosystem Climate Study (AWECS) voyage 	

The rates of entrapment of PFe and adsorption of DFe were calibrated using results 

from two in situ ice-growth experiments (referred here as AWECS Exp 1 and 

AWECS Exp 2) carried out under trace metal clean conditions in the Weddell Sea, 

during Antarctic winter 2013 (July – August) onboard RV Polarstern. These 

experiments were designed to reproduce the first 48 hours of sea ice growth. Over the 

period, samples from both the ice and the underlying seawater were analyzed for 

physical (temperature, salinity, ice texture) and biogeochemical properties 

(chlorophyll a (Chl a), macro-nutrients, PFe and DFe, extracellular polymeric 
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substances (EPS) and bacterial count). A full description of the experimental set-up is 

given in chapter 2 (Janssens et al., 2016). 	

2. Antarctic Remote Ice Sensing Experiment (ARISE) voyage 	

Ice cores and seawater were sampled from a pack-ice floe during the ARISE voyage 

onboard RV Aurora Australis in September/October 2003 between 64˚- 65˚ S and 

112˚ - 119˚ E. Trace metal sampling strategy and biogeochemical regimes are 

described in detail in Lannuzel et al. (2007) and Becquevort et al. (2009). In this study 

we target stations characterised by thermodynamic ice growth (i.e., they showed no 

deformation (e.g., rafting or ridging which cannot be represented in LIM-1D) as 

determined by thin section analysis), and where adequate atmospheric forcing was 

available. 

3. Sea Ice Physics and Ecosystems eXperiment (SIPEX) voyage  

Similarly, ice cores and seawater were sampled during the SIPEX voyage onboard the 

RV Aurora Australis. This third field campaign took place in September – October 

2007 in the East Antarctic sector (110˚ - 130˚ E). A description of the physics and 

biogeochemistry of the ice relevant for this study is presented in van der Merwe et al. 

(2011b). Similar to ARISE, we selected appropriate stations characterised by 

thermodynamic growth and suitable atmospheric forcing.  

4.3.2 Forcing and initialization  

4.3.2.1 Forcings 

AWECS: autumn - winter 

External atmospheric forcing (air temperature, wind speed, air humidity, 

precipitations, incident short and long wave radiations) during AWECS were 

extracted from the shipboard data for the duration of both experiments.   
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ARISE and SIPEX: winter - spring  

We used backward motion trajectories to retrace the initial locations of the sampled 

ice floes during ARISE and SIPEX, and then applied appropriate atmospheric forcing. 

Backward trajectories were calculated using a dataset of AMSR-E-derived maximum 

cross correlation sea ice motion vectors (Kimura, 2004). For each floe we obtain one 

position/day going back to up to 200 days preceding the actual sampling day (Figure 

4.2). Using these dates and locations we extracted the corresponding atmospheric 

forcing using NCEP-NCAR reanalysis for air temperature, air humidity and wind 

speed (Kalnay et al. (1996), 4-time daily values averaged into daily values), monthly 

snowfall values and daily values for incident short and long waves radiations. Start of 

the sea ice formation denotes the start of the simulation. The simulation stops on the 

day of sampling. The duration of the simulation is determined by the number of days 

of simulation that leads to a match between the modelled and observed ice thickness 

(Table 4.1). 
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Figure 4.2 Back trajectories of station ARISE IV (in back) and SIPEX 8 (in red) in the sea ice zone. 
Sampling location is denoted with the dot. 

	
4.3.2.2 Initialization of the model  

The model is initialized with 0.02 m of ice for AWECS simulations and 0.05 m for 

the ARISE and SIPEX simulations.  

Dissolved macro-nutrients (nitrate + nitrite = NOx, silicic acid = Si(OH)4
-, and 

phosphate = PO4
3-), POC, Chl a and Fe concentrations in sea ice are initialized using 

averaged sea ice concentration measured during the 4 time steps of each AWECS 

experiments (Exp 1 and Exp 2). We used in situ seawater concentrations measured at 

the start of each AWECS experiments, which were considered constant in time.  

Similarly, concentrations measured during AWECS Exp 1 (average sea ice and 

seawater concentrations) were used to initialize the model for the ‘CTRL_awecs’ run 

for ARISE and SIPEX simulations. We use AWECS Exp 1 initialization because the 

fit of the model with the observations was slightly better than in AWECS Exp 2. 
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Since we used back trajectories it was not possible to know what was the 

concentration of the seawater at the time of sea ice formation. Our choice of 

initializing with AWECS measurements is justified by that fact that they are the only 

Southern Ocean Fe data available for seawater and young Antarctic sea ice for late 

autumn/early winter. We performed sensitivity analysis of the model to different 

initial sea ice and seawater conditions (see section 4.3.3.2). Initial conditions are 

summarised in Tables 4.1 and 4.3.  

Table 4.1 Parameters used to initialize stations ARISE IV and SIPEX 8, and final ice thickness vs 
modelled ice thickness for stations ARISE IV and SIPEX 8 

Station 
name 

Start of the 
simulation 

End of the 
simulationa 

Simulation 
length 
(days) 

Hi0 (m) 

Observed 
ice 

thickness 
(m) 

Modelled 
ice 

thickness 
(m) 

ARISE IV 05. 05. 2003 01. 10. 2003 150 0.05 0.48 - 0.52 0.52 

SIPEX 8 07. 06. 2007 25. 09. 2007 110 0.05 0.345 0.33 
a End of the simulation = sampling day 

4.3.3 Sensitivity analysis 

4.3.3.1. AWECS experiments: calibration of Fe entrapment and adsorption 

Parameters and initial concentrations in the model were weakly constrained. To 

illustrate how the processes represented in the model influence the DFe and PFe 

concentrations at the onset of sea ice formation, several sets of values for entpt_pfe 

and ads_dfe were tested (Table 4.2). We use ranges from in situ time-series ice-

growth experiments for entpt_pfe (chapter 2, Janssens et al., 2016), and in situ data 

from Lannuzel et al. (2016) for ads_dfe. Entpt_pfe ranged between 3 and 40 (average 

= 10, n = 8) during AWECS Exp 1 and AWECS Exp 2. Ads_dfe can be up to 0.9 

(which means that up to 90 % of the DFe is retained in the brine system). The control 

run (‘CTRL_awecs’) for AWECS Exp 1 and AWECS Exp 2 is calibrated to 
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reproduce concentrations as close as possible to concentrations observed during both 

field experiments, using one set of parameters.  

 

Table 4.2 Runs performed to test the sensibility of the model to the representation of entpt_pfe and 
ads_dfe, and the ability of the model to represent dissolved and particulate Fe in young sea ice. 
Entpt_pfe is the entrapment of PFe (chapter 2), and ads_dfe is the adsorption of DFe (Lannuzel et al., 
2016). 

Run Name entpt_pfe ads_dfe 

1 CTRL_awecs 6 0.75 

2 low_entpt-low_ads 3 0.5 

3 high_entpt-low_ads 10 0.5 

4 low_entpt-mid_ads 3 0.75 

5 high_entpt-mid_ads 10 0.75 

6 low_entpt-high_ads 3 0.9 

7 high_entpt-high_ads 10 0.9 
	

Values were fixed at entpt_pfe = 6 and ads_dfe = 0.75. The ‘CTRL_awecs’ run is 

compared to series of runs with lower and higher entpt_pfe and ads_dfe. The 

combinations tested are summarised in Table 4.2.  

4.3.3.2 ARISE and SIPEX 

We now evaluate the ability of the model to simulate Fe concentrations in sea ice 

collected in late winter to early spring, compared to AWECS, which was collected 

much earlier in the season. A first set of simulations was run to evaluate the effect of 

the initial concentrations on the vertical profiles of macro-nutrients, Chl a, POC and 

DFe and PFe. In the model, the POC = AoC + eoC (4.10), where AoC is the 

particulate organic carbon associated with algae (biogenic), and eoC is the detritic 

particulate organic carbon. The Chl a concentration is calculated using the AoC 

concentration: 
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!ℎ! ! = !"# × !!!!" !  ×12   (4.11) 
Where !!!!" != 0.05 is the Chl a/C ratio in POC from Sarthou et al., (2005). 

Beside the initiation analysis described above, we tested the influence of the 

remineralisation of PFe into DFe and the effects of high algal biomass on the Fe 

cycle. These runs are compared to the ‘CTRL_awecs’ run set-up (entpt_pfe = 6 and 

ads_dfe = 0.75). Table 4.3 provides an overview of the different runs and their 

parameterisations.  

4.4 Results  

4.4.1 AWECS experiments 

4.4.1.1 Sea ice thermodynamics 

Simulated ice temperature, ice salinity and brine volume were compared to mean 

observations. During the AWECS Exp 1 and Exp 2, one measurement was made per 

parameter for time step 6 hours, 12 hours and 24 hours. In the 48 hours time step, 

parameters were measured in the top and in the bottom section of the ice core. The 

average observation in the top section of the ice core in Figure 4.3, 4.4 and 4.5 

represents the average observed concentration for steps 6 hours to 24 hours, and the 

top section of time step 48 hours (n = 4), and associated standard deviation. The  
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bottom observation is the concentration measured in the bottom section of the ice core 

in time step 48 hours (n = 1). An exception is the temperature, which was measured 

every 0.02 m in the four ice cores. Thermodynamic properties of the ice are well 

represented by the model (Figure 4.3 a, b). Simulated temperatures range from ≈-

12°C/-14°C (Exp 1/Exp 2) at the surface of the ice to ≈-2°C at the ice-water interface. 

Modelled salinity profiles show the expected increase of salinity at the bottom of the 

ice, associated with an increase in brine volume, which was computed from 

temperature and salinity according to Cox and Weeks (1988). Therefore, the slight 

overestimation of the temperature at the bottom of the ice is reflected in the brine 

volume, as illustrated in Figure 4.3 a, b for Exp 1 and Exp 2, respectively.  

Figure 4.3 Normalized vertical profiles of mean (in black), minimum, and maximum (in grey) 
temperature (°C), salinity (Sp) and brine volume (%) for a) AWECS Exp 1 and b) AWECS Exp 2. The 
black dots are the mean observations and their associated standard deviation (n=4). 
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4.4.1.2 Macro-nutrients, particulate organic carbon and Chl a 

Simulated concentrations of dissolved macro-nutrients are also in good agreement 

with observations (Figure 4.4 a, b). Similar to salinity, modelled macro-nutrient 

concentrations were slightly overestimated at the bottom of the ice. Generally, the 

model underestimates Chl a concentrations, which however remain in the same order 

of magnitude as the field observations in both experiments. Simulations are consistent 

between Exp 1 and Exp 2, and the shape of the macro-nutrients and Chl a profiles are 

similar in both experiments.  

Particulate organic carbon concentrations are overestimated in Exp 1, and 

underestimated in Exp 2. In contrast to the macro-nutrient vertical profiles, the shape 

of the POC vertical profiles are not similar in Exp 1 and Exp 2. Particulate organic 

carbon concentration increases slightly with depth in Exp 1. In contrast with Exp 1, 

the minimum POC concentration is found at the bottom of the ice (4.81 µmol L–1) and 

the maximum concentration near the surface of the ice (8.85 µmol L–1). In these 

simulations, the processes controlling the initial incorporation of PFe and DFe 

(entpt_pfe and ads_dfe) do not affect the initial incorporation of dissolved macro-

nutrients, Chl a and POC concentrations (Figure 4.4 a, b). 

4.4.1.3 Dissolved and particulate iron  

We analyzed the sensitivity of the model to the initial entrapment of PFe, and the 

adsorption of DFe in the brine system. First we notice that the entpt_pfe generates 

straight vertical profiles of PFe (except in the ‘high_entpt – high_ads’ run in AWECS 

Exp 1). Runs with low entpt_pfe showed flattened vertical profiles of both DFe and 

PFe. The lower the entpt_pfe is, the straighter the DFe vertical profile becomes. 

Implementation of higher entpt_pfe led to a stronger increase of modelled DFe in the 

middle of the ice cores, reflected by a decrease of the PFe concentration at the same 
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Figure 4.4 Normalized vertical profiles of mean concentrations of macro-nutrients (NOx, Si(OH)4

- and 
PO4

3-), Chl a (µg L–1) and POC (in µmol L–1)  for a) AWECS Exp 1 and b) AWECS Exp 2. The black 
dots are the mean concentrations observed, the horizontal black line is the standard deviation (n=4), 
and the blue dot is the seawater concentration. 

	
depth. Maximum observed values for entpt_pfe = 40 and ads_dfe = 0.9 led to 

unrealistically high PFe and DFe concentrations (results not shown). In contrast, the 

observed concentrations were not reproduced when using minimum values of 

entpt_pfe = 3 and ads_dfe = 0.1. Dissolved Fe profiles are affected by the strength of 

the entrapment of PFe and the strength of the adsorption of DFe, while PFe profiles 

are affected only by the strength of the entrapment of PFe. The DFe profile shows a 

“D-shape” (minimum concentration near the surface and in the bottom ice, maximum 

concentration in the middle of the ice column) in Exp 1. The DFe profile shows a 

straight vertical profile in Exp 2. Combined values of entpt_pfe = 6 and ads_dfe = 

0.75 (‘CTRL_awecs’) led to the best estimation of both PFe and DFe profiles in both 

experiments. Mean simulated DFe concentrations in the ‘CTRL_awecs’ run ranged 
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from 1.14 to 2.17 nmol L-1 (average 1.77 nmol L–1, n=10) in AWECS Exp 1, and 0.56 

and 0.95 nmol L-1 (average 0.77 nmol L–1, n=10) in AWECS Exp 2. These results are 

in the same order of magnitude as the observed DFe concentrations (Figure 4.5, black 

dashed line). The simulated PFe concentrations in AWECS Exp 1 varied between 

20.20 nmol L–1 and 26.10 nmol L–1 (average 24.89 nmol L–1, n=10), and between 8.82 

nmol L–1 and 15.40 nmol L–1 (average 9.72 nmol L–1, n=10) in AWECS Exp 2. 

Note that for PFe profiles the ‘low_entpt-low_ads’ and the ‘low_entpt-high_ads’ runs 

are both masked behind the ‘low_entpt-high_ads’ profile in Figure 4.5 a, b. Similarly, 

‘low_entpt-low_ads’ and ‘low_entpt-mid-ads’ runs are hidden behind the ‘high_entpt-

high’ run in Figure 4.5 a, b.  

Figure 4.5 Normalized vertical profiles of mean dissolved (DFe, nmol L–1) and particulate Fe (PFe = 
eFe + aFe, nmol L–1) concentrations for a) AWECS Exp 1, and b) AWECS Exp 2. The black dots are 
the mean concentrations (nmol L–1) observed and the horizontal line is the standard deviation (n=4), 
and the blue dot is the seawater concentration (nmol L–1). The CTRL_awecs run is represented by the 
dashed black line.  
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4.4.2 Representation of ARISE and SIPEX stations 

4.4.2.1 Sea ice thermodynamics 

Station ARISE IV and SIPEX 8 were the 2 only stations fulfilling the selection 

criteria of thermodynamic growth conditions and available adequate forcing. Start and 

end times of the simulations for each station are summarised in Table 4.1. Modelled 

final ice thicknesses match the observations within the centimetre-scale for both 

stations (Table 4.1). The model reproduces the vertical profiles of ice temperature, 

bulk-salinity and brine volume for both stations with good accuracy (Figure 4.6 a for 

ARISE IV, and 4.7 a for SIPEX 8).  

The model shows rapid ice growth until the end of July, when the ice growth eases for 

a few days, and then starts again to reach its maximum ice thickness (≈ 0.63 m) 

during the end of July for station ARISE IV. Ice melt is moderate between end of July 

and September. During the last month of the simulation, the ice thickness stays 

relatively constant (Figure 4.6 b). A similar pattern is observed for SIPEX 8. Here, the 

maximum ice thickness was reached in mid-July, and was approximately 0.5 m 

(Figure 4.7 b).  Temperatures in the ice are colder earlier in the season and match 

closer to atmospheric temperatures at the sea ice surface than at the ice-ocean 

interface. For both stations, we observed a warming event of the ice in July, and a 

corresponding increase of brine volume. As expected, brine volume followed the 

same pattern than the ice temperature.  
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4.4.2.2 Representation of the sea ice biogeochemistry  

4.4.2.2.1 Effect of initial concentrations 

Using the same values for parameters and initial concentrations as the ‘CTRL_awecs’ 

run in AWECS Exp 1, the model performs relatively poorly to quantitatively, and 

qualitatively, reproduce macro-nutrient observations (Figure 4.8 and 4.9, black dashed 

Figure 4.6 a) Normalized vertical profiles of temperature (°C), salinity (Sp) and brine volume (%) (dark 
grey lines) and corresponding observations (black crosses) for ARISE IV. The ice thickness is 
normalized. b) Contoured temperature (°C), salinity (Sp) and brine volume (%). Horizontal and vertical 
axes refer to months and ice thickness (m), respectively. Contours plots show the evolution of sea ice 
from the start of the simulation to the end of the simulation (sampling date). 

line). Dissolved macro-nutrients concentrations are generally underestimated in both 

stations (except for Si(OH)4
- in SIPEX 8), and the general C-shape of their profiles is 

not represented by the model. Both PO4
3- and NOx are underestimated in ARISE IV 

and SIPEX 8, but to a lesser extent in SIPEX 8. Similar results are observed for Chl a 

and POC concentrations. In an attempt to get closer to the observed concentration, in 

the ‘sw_obs’ run, the ice is initialized with the averaged ice concentrations measured 
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on the respective stations rather than AWECS data. Similarly, seawater is initialized 

with respective underlying seawater measured on the sampling day. However, the 

shape of the modelled profile is not affected by this modification in neither ARISE IV 

Figure 4.7 a) Normalized vertical profiles of temperature, (°C), salinity (Sp) and brine volume (%) 
(dark grey lines) and corresponding observations (black crosses) for SIPEX 8, b) contoured 
temperature (°C), salinity (Sp) and brine volume (%). Horizontal and vertical axes refer to months and 
ice thickness (m), respectively. Contours plots show the evolution of sea ice from the start of the 
simulation to the end of the simulation (sampling date). 

nor SIPEX 8 (Figure 4.8 and 4.9, green dotted line). The L-shape of the macro-

nutrients (and POC) vertical profiles remains in SIPEX 8. The L-shape is less distinct 

in ARISE IV.  

Simulation of DFe portraits two different profiles between ARISE IV and SIPEX 8 

(see also Figure 4.10 for a zoom in). The ‘CTRL_awecs’ run overestimates the DFe 

concentrations in both ARISE IV and SIPEX 8. The ‘sw_obs’ run led to a better 

simulation of the DFe profile, but still overestimated DFe in SIPEX 8. Simulated PFe 
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concentrations remain considerably below observed concentrations at both stations 

and for each run (Figure 4.8 and 4.9). 

In the ‘bott_ice’ run, the initial seawater concentration is set to be equivalent to the 

bottom ice concentration observed at station ARISE IV (Figure 4.8, dotted blue line) 

and SIPEX 8 (Figure 4.9, dotted blue line). The initial concentration of ice stays 

unchanged compared to the ‘sw_obs’ run. Macro-nutrients, Chl a and POC vertical 

profiles are strongly affected by this modification, both qualitatively and 

quantitatively. This parameterisation results in simulated concentrations that are much 

higher than the observed concentrations (except Chl a, which does not increase 

strongly in ARISE IV). The general shape of the profiles fluctuates as well. A S-shape 

is observed for the macro-nutrient profiles in ARISE IV, a Z-shape for POC, and Chl 

a stays very low with a slight increase at the bottom of the ice and around 0.6 

(normalized ice thickness). The increase of macro-nutrients and Chl a all occur at the 

same depth. For station SIPEX 8, the ‘bott_ice’ run leads to the closest match 

between modelled profiles and observations.  

The general shape of Fe profiles is relatively similar for both stations. However, the 

‘bott_ice’ run drives large overestimation of the DFe concentrations, e.g., up to 2 

orders of magnitude in ARISE IV. Here, the effect of the ‘bott_ice’ run on the PFe is 

limited to an increase of PFe in the bottom ice section only (Figure 4.8 and 4.9, blue 

dotted line). Despite the large increase of the PFe concentration in the seawater, 

profiles in the ice are consistently underestimated by the model. The bottom ice 

section in SIPEX 8 is the only portion accurately represented by the model using this 

set-up. Although the profiles need to be refined, these results show that the 

initialization is crucial to reproduce observed concentrations with the model. 



	 158	

	
Figure 4.8 Normalized vertical profiles of macro-nutrients (NOx, Si(OH)4

- and PO4
3- in µmol L–1), Chl a 

(µg L–1), POC (µmol L–1) and dissolved and particulate Fe (nmol L–1) in ARISE IV when varying the 
initial concentrations. Observed concentrations are shown with the black crosses. 

Figure 4.9 Normalized vertical profiles of macro-nutrients (NOx, Si(OH)4
- and PO4

3- in µmol L–1), Chl a 
(µg L–1), POC (µmol L–1) and dissolved and particulate Fe (nmol L–1) in SIPEX 8 when varying the 
initial concentrations. Observed concentrations are shown with the black crosses. 
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4.4.2.2.2 Key parameters controlling the biogeochemistry of Fe  

This part focuses on refining the representation of Fe in sea ice. Therefore, for the 

sake of clarity, only DFe and PFe profiles are displayed for the following runs. In this 

set of runs, we varied the value of the !!"#!"  (equation (4.10)), which is equivalent to 

modifying the remineralisation rate of Fe as compared to the remineralisation of 

carbon. The ‘low_rem_fe’ (Figure 4.10, plain purple line) run and the ‘high_rem_fe’ 

run (Figure 4.10, plain orange line) were initialized with the same concentrations than 

the ‘sw_obs’ run (Figure 4.10, dotted green line). For easier comparison, 

‘CTRL_awecs’ run and ‘sw_obs’ run are also represented in Figure 4.10. As 

expected, lower remineralisation increases the concentration of PFe, and slightly 

decreases the DFe concentrations compared to the ‘sw_obs’ run. Particulate Fe and 

DFe vertical profiles are mirrored in SIPEX 8: the maximum PFe concentration 

corresponds to the minimum DFe concentration and vice versa (Figure 4.10 b). The 

observed high concentration of PFe near the ice surface is not accurately represented 

in SIPEX 8, in any of the runs. However, this is well represented by the ‘low_rem_fe’ 

run in ARISE IV.  

In the previous runs, aFe (particulate Fe associated to algae) concentration was 

negligible compared to eFe concentration (eFe >> aFe). In the last run, ‘high_biol’, 

the initial conditions of aFe are significantly increased in both the ice and the 

seawater (Table 4.3). Simultaneously, we also increased the initial sea ice and 

seawater Chl a concentration. Although DFe concentration remains too low in the 

bottom ice, the representation of the profile of DFe is improved in ARISE IV. The 

shape of the DFe profile in SIPEX 8 stays unchanged, but slightly higher 

concentrations are observed compared to the previous runs. Particulate Fe is not 

affected by the higher initial sea ice and seawater Chl a concentration in ARISE IV. A 
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slight increase of the PFe at depth > 0.2 (normalized thickness) slightly improved the 

representation of PFe profile in SIPEX 8 compared to the “high_rem_fe’ and 

‘CTRL_awecs’ runs. A similar increase is observed in the Chl a and POC profiles 

(result not shown). Parameterization of processes driving Fe dynamics in sea ice has 

therefore a bigger impact on PFe and DFe profiles than the increase of Chl a (used as 

a proxy for sea ice algae) in the model. 

Figure 4.10 Normalized vertical profiles of dissolved and particulate Fe (nmol L–1) in a) ARISE IV, 
and b) SIPEX 8 when varying parameters affecting the biogeochemistry of Fe. They are compared to 
the CTRL_awecs run (dashed black line) and the sw_obs run (dotted green line). The black crosses 
show the observations. In ARISE IV, the observed concentration of PFe being much higher than the 
simulated PFe concentration, the observations are shown on a different portion of plot using a larger 
scale. 

4.5 Discussion 

4.5.1 Sea ice thermodynamic and biogeochemistry 

The modelled temperature, salinity and brine volume profiles are in quantitative and 

qualitative agreement with the observations for both young ice (AWECS) and older 
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ice (ARISE IV and SIPEX 8). The loss of brine due to the extraction of the core is 

known to underestimate the bulk salinity of the sample (Notz et al., 2005). This could 

explain the slight difference between the modelled and the observed salinity (and 

therefore brine volume) profiles during AWECS simulations.  

Although the dissolved macro-nutrients follow the brine dynamic in the model 

(Vancoppenolle et al., 2010), the model performs poorly at reproducing their vertical 

profiles in ARISE IV. On the contrary, nutrients profiles are relatively well 

represented in SIPEX 8, AWECS Exp 1 and Exp 2. It is considered that the ice in 

AWECS Exp 1, Exp 2 and SIPEX 8 was unaltered by biological activity (van der 

Merwe et al., 2011b; chapter 2, Janssens et al., 2016), as opposed to a more important 

biomass in ARISE IV (Lannuzel et al., 2007). Given the difficulty to initialize with 

the correct nutrients and POC profiles in back trajectory model simulations, and the 

coarse representation of primary production in the model (Moreau et al., 2015; 

Vancoppenolle et al., 2010; Vancoppenolle and Tedesco, 2016), the lack of biomass 

in SIPEX 8, AWECS Exp 1 and AWECS Exp 2 may explain the better representation 

by the model of the biologically unaltered in situ nutrients profiles. The poor 

representation of Chl a could likely be improved by the addition of a parameter 

accounting for the initial physical enrichment of algae observed in newly formed sea 

ice, similar to what has been introduced in this work for PFe and POC. Gradinger and 

Ikävalko (1998) and chapter 2 show that algae are highly enriched in the ice at the 

start of sea ice formation. This process is currently not represented in any model.  

As the purpose of this chapter is to investigate the representation of Fe dynamic in sea 

ice, rather than an investigation of the nutrient, POC and Chl a profiles, and the 

sources of error for their misrepresentation, the following discussion will focus on Fe, 

unless the other parameters provide additional support for elucidating Fe dynamics.  
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4.5.2 Discussion on the representation of Fe profiles 

The analysis of the simulated DFe and PFe profiles provides valuable information on 

the relative importance of the different processes driving the budget of Fe in the ice.  

4.5.2.1 Young ice vs older ice 

In this section the main discrepancy between the representation in young ice 

(AWECS experiments) and older ice (ARISE IV and SIPEX 8) are discussed. 

While chapter 2 (Janssens et al., 2016) has shown that only physical processes were 

significant to account for the initial enrichment of Fe in young sea ice, as the season 

progresses, biological activity (and later melting) is an important process in 

controlling the size fractionation and concentrations of Fe in sea ice (Lannuzel et al., 

2007). Consequently, the model performs well at representing the accumulation of 

PFe in young sea ice. Profiles resulting from entrapment during basal ice formation 

are reasonably well represented by the model (AWECS). However, the model 

performs poorly when the observed concentrations are the results of both physical and 

biological processes (ARISE IV and to a lesser extent, SIPEX 8). For AWECS, 

although the initial physical enrichment is not represented in the model for DFe (other 

than the enrichment due to brine convection), the ads_dfe prevents most of the DFe 

from being rejected by brine convection into the ocean, consequently leading to 

enrichment of Fe in sea ice. Although the adsorption of DFe in Lannuzel et al. (2016) 

accounts for ice collected later in the season, these runs show that mechanisms 

responsible for adsorption of DFe in the brine system (either on the walls or 

associated to organic matter) are also valid for very young sea ice. One of the 

proposed reasons for the high adsorption of DFe is the association of DFe with sticky 

organic matter (e.g., EPS, Lannuzel et al., 2015; van der Merwe et al., 2009, chapter 

2). These results suggest that DFe would be directly enriched and retained in the ice 
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with the EPS, or rapidly binding to EPS once in the ice. This result contrasts with 

macro-nutrients which strictly follow brine dynamics when no biological activity is 

represented (Vancoppenolle et al., 2010). The relative high uncertainties associated to 

the bottom ice DFe and PFe concentrations are attributed to the low resolution of the 

observations in AWECS Exp 1 and AWECS Exp 2. Overall, modelled concentrations 

and general shape of the vertical Fe profiles are relatively well represented by the 

model in the case of newly formed sea ice.  

We might therefore consider that the amendment of the model with an entpt_pfe and 

and ads_dfe factor is a reasonable approach to reproduce the physical enrichment of 

both PFe and DFe in young sea ice. Unfortunately, this is not sufficient to accurately 

represent Fe concentration profiles in older sea ice. Other processes must be 

represented (Figures 4.8, 4.9 and 4.10). The following paragraphs explain the 

approaches adopted to improve the Fe representation in sea ice collected later in the 

season.  

4.5.2.2 Effect of the initial Fe concentration 

Similar to macro-nutrients, POC and Chl a, DFe and PFe concentrations are not 

accurately represented by the model in ARISE IV and SIPEX 8 when using the 

AWECS Exp 1 ‘CTRL_awecs’ run. Van der Merwe et al. (2009) found that the 

concentration of Fe in the ice depends on the concentrations in the seawater from 

which the sea ice had formed. To test that hypothesis, we changed the initial Fe 

concentrations of seawater in the ‘sw_obs’ and ‘bott_ice’ runs (and concentrations of 

macro-nutrients, POC and Chl a). The model results support the hypothesis that 

seawater and initial sea ice concentrations play a strong role in Fe distribution in sea 

ice. Moreover, the ‘bott_ice’ run is the most affected by these modifications. 

Importantly, these runs also show that the seawater concentration has a greater 
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influence on results than the sea ice concentration initialization set-up. When seawater 

is initialized with concentrations equivalent to the bottom ice concentration 

(‘bott_ice’ run), and initial ice concentration stays unchanged compared to previous 

run (‘sw_obs’), both shape and magnitude of the macro-nutrients and DFe profiles are 

affected. At this stage, the seawater column in the model has fixed concentrations (no 

profile), and thus it remains difficult to evaluate the best concentration to use to force 

the model. It might be more realistic to set the seawater concentration with 

concentrations measured a few meters under the ice; alternatively concentration 

measured in the skeletal layer, e.g., directly at the ice-ocean interface, could be used? 

The model shows that different compounds respond differently to this initialization, 

as illustrated for DFe, and also Chl a (Figure 4.8 and 4.9). Finally, it is important to 

keep in mind that the seawater concentrations are constant throughout the entire 

duration of the simulations, while in the field, is it likely that this concentration varies 

through the seasonal ice cycle, leading to varying enrichment efficiency.  

Contrary to DFe, PFe is not well represented in any of these three runs, in any of the 

ARISE IV and SIPEX 8 stations (Figure 4.8 and 4.9). The PFe profiles for all three 

simulations are very similar, with the exception of the bottom ice in the ‘bott_ice’ run. 

Despite this, the simulated concentrations remain much lower than the observations. 

Specifically, higher concentrations of PFe near the surface of the ice are currently not 

well represented by the model. This can be partially explained by the fact that 

mechanisms supplying Fe to the upper layer of the ice are not taken into account in 

this study. Flooding of the ice replenishes the uppermost parts of the ice in Fe from 

seawater (Lannuzel et al., 2007; Meiners and Michel, 2016). Moreover, when sea ice 

growth stops (mid-to-end of July), the physical enrichment of PFe stops, and 

mechanisms driving the fluxes between the different sea ice reservoirs of Fe take 
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over, depleting the PFe pool in the current parameterization set-up. Therefore, at the 

end of the simulation, the initial enrichment of PFe is considered to be ‘concealed’ by 

the biogeochemical transformations encountered by PFe. Contrary, DFe supply to sea 

ice occurs during the entire simulation, through convective exchange with seawater 

and the bottom layers of the ice. This could be an explanation for the overestimations 

of the DFe concentrations and the under-respresentation of PFe concentrations in the 

model. 

4.5.2.3 Influence of the biologically mediated processes between PFe and DFe 

We have seen previously that when dynamics of Fe is governed by physical processes 

only, the model performs well at representing the vertical profiles. Currently 

biological processes, such as e.g., remineralisation of PFe into DFe by heterotrophic 

organisms and conversion of DFe into biogenic PFe via uptake by sea ice algae, are 

not well constrained. In this section the uncertainties in coefficients chosen to 

represent the biological activity in the model and their effects on PFe and DFe 

profiles are discussed. In the ‘low_rem_fe’ and ‘high_rem_fe’ runs the 

remineralisation rate of PFe into DFe has been decreased to 10% of the rate of the 

carbon remineralisation, and increased to 200% of the rate of carbon remineralisation, 

respectively to evaluate the influence of this parameter. The value used for 

remineralisation of carbon is probably too high, which could partially explained why 

the simulated profiles are not very accurate. With the ‘low_rem_fe’ run we expect to 

see an increase in the PFe concentration and a decrease of the DFe concentration. This 

is what is observed in the model results, although the in situ profiles are not 

accurately represented. Generally, runs ‘low_rem_fe’ and ‘high_rem_fe’ overestimate 

the DFe and underestimate de PFe concentrations. There are four possible 

explanations for these results: (1) First, the constant used to compute the 
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remineralisation of PFe is likely to be too high, even in the “low_rem_fe’ run. If the 

remineralisation is too important, the PFe pool is over-depleted, and the 

replenishment of DFe is too important. This is what we observed in the PFe and DFe 

profiles (Figure 4.10 a and b).  

(2) Secondly, in these simulations, precipitation of DFe into PFe is set to 0. When not 

bond to organic ligands, DFe can precipitate and form oxyhydroxides in the 

particulate size range (Boye et al., 2001; de Baar and de Jong, 2001). Although no 

observations are currently available about the rate of this mechanism in sea ice, it is 

possibly that Fe precipitation is a significant process transforming DFe into PFe, 

therefore impacting the dynamics of Fe in sea ice. An accurate representation of the 

precipitation rate would be a major step forward towards a better representation of the 

balance of the fluxes between these two reservoirs in the model.  

(3) Thirdly, conversion of DFe to PFe does not only happen as a result of 

precipitation. Van der Merwe et al. (2011b) observed conversion of DFe into biogenic 

PFe via uptake by ice algae in basal layers during the SIPEX voyage. Therefore, 

better parameterization of the biologically mediated exchanges between pools of Fe is 

of primary importance to improve the representation of Fe profiles, and investigate 

bioaccumulation of DFe in ice algae and bacteria. (4) Finally, lithogenic PFe can be 

an important contribution to the pool of PFe in the ice, especially in the fast ice, or in 

the pack ice formed on the continental shelf (Lannuzel et al., 2014a). Current version 

of the model does not depict the lithogenic PFe, potentially missing an important 

source of PFe to the ice. This is particularly true for SIPEX 8 that formed and drift 

very close to the Antarctic continent (Figure 4.2), and was therefore under the 

influence of more Fe of lithogenic origin than ARISE IV (Lannuzel et al., 2014b, 

2007; van der Merwe et al., 2011a).  
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A recent study from Lannuzel et al. (in prep) found that the decrease of DFe in sea ice 

cannot be fully explained by biological uptake only. The reduction of DFe 

concentration is likely a combination of both sea ice algae consumption and 

thermodynamical processes, which is in the line with findings from the model.  

Finally, in the last run, ‘high_biol’ the initial concentration of the PFe associated to 

algae (aFe) was increased to 4 nmol L–1 and 2 nmol L–1 in the ice and the seawater, 

respectively. Concurrently, the carbon associated to algae (AoC) was increased to 

mimic the increase in primary productivity. This last result shows that, both PFe and 

DFe profiles are strongly influenced by autotrophic processes in the model. The 

change of these variables slowly shapes the PFe and DFe profiles towards a better 

representation of the observations. In summary, we have shown that initial 

concentrations, remineralisation of PFe into DFe, and autotrophic activity act in 

combination, and need further investigation to better decipher the Fe dynamics in sea 

ice.  

4.5.3 Suggested improvements for further development of the model  

Considering, that this is the first representation of Fe in a sea ice biogeochemical 

model, a few improvements are suggested to further the development of this model.  

Introduction of an ‘entpt_chla’  

We believe that, with the better parameterisation of the fluxes between the different 

reservoirs of Fe, a better representation of the biological activity in the model is a key 

element toward an accurate representation of the Fe dynamic by the model. A first 

step is to enrich the ice in primary producers at the onset of sea ice formation. The 

introduction of an ‘entpt_chla’ would stand to represent the physical enrichment of 

sea ice in algae as observed in Gradinger and Ikävalko (1998), and in chapter 2 

(Janssens et al., 2016). 
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Coupling Fe cycle with carbon cycle 

Marine carbon and Fe cycles are tightly coupled and controlled by complex 

interactions of competition and synergy between different members of the microbial 

community (Fourquez et al., 2015). Moreover, many studies suggest that the 

enrichment of organic matter and Fe are coupled when trapped in the ice (Lannuzel et 

al., 2015, 2007; Schoemann et al., 2008). As currently represented in the model, the 

Fe cycle is independent of the carbon cycle. It would be advantageous to better 

connect these two essential cycles in the model, e.g., by the addition of a relationship 

between POC and Fe. Schoemann (personal communication) found two relationships 

between POC and detrital PFe in the ice. The relationships are different depending on 

the season (autumn/winter vs spring). Improvement of the model with this relation 

would likely improve the representation of both PFe and POC. 

Precipitation of Fe and role of organic ligands 

We have seen that the accurate estimation of the precipitation of Fe is a key element 

for a better representation of the PFe and DFe profiles. Organic ligands have been 

shown to control the DFe concentration in sea ice (Lannuzel et al., 2016), and keep 

the DFe in solution (Boye et al., 2001; de Baar and de Jong, 2001). Therefore, an 

accurate representation of the organic ligands (including EPS) in the model is a 

necessity to be able to parameterize the precipitation.  

Lithogenic Fe  

Presently PFe is represented by the intra and extra cellular Fe associated to algae 

(aFe) and the detritic PFe (eFe). PFe from lithogenic origin is currently not depicted 

in the model. However, (Lannuzel et al., 2014b) showed that 79 % of PFe in Antarctic 

fast ice can be of lithogenic origin. This contribution is believed to be less in the pack 

ice (modelled in this study) due to the remoteness of the ice from near-shore sources 
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(Lannuzel et al., 2014b). Nonetheless, an improved implementation of the model, 

which includes a reservoir of lithogenic Fe and associated fluxes, would contribute to 

a better representation of the Fe profiles.  

Interaction between physical and biogeochemical processes in sea ice 

All the runs performed in this study show that the thermodynamic and physics of the 

ice are not affected by the changing biogeochemical parameters. However EPS have 

been found to affect the habitability of the ice, altering the physical properties of the 

ice and the saline retention (Krembs et al., 2011). As currently represented in the 

model, dissolved nutrients follow the brine dynamic (Vancoppenolle et al., 2010). In 

return, the brine dynamic is not affected by the presence of organic matter, which 

therefore, limit the accuracy of the representation of the observations. This needs 

further investigation, and is an improvement that could be made in future version of 

the model. 

4.6 Conclusion 

To conclude, the model performs well in representing the vertical distribution in Fe in 

young sea ice and in older sea ice not altered by biological activity. The introduction 

of the entpt_pfe and ads_dfe is an acceptable way to account for the physical 

enrichment of PFe and DFe. Nonetheless, the model performs relatively poorly when 

biological processes are affecting in situ concentrations.  

Initial sea ice and seawater concentrations are of paramount importance to simulates 

the sea ice vertical profiles of macro-nutrients, Chl a, POC and Fe. Later in the 

simulation however, it is crucial to better constrain the parameters regulating the 

fluxes between pools of Fe, and introduce a representation of the lithogenic PFe. In 

future versions of the model it is central to introduce a more realistic representation of 
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the biological processes by a better parameterization of the rate of each processes 

(e.g., remineralisation, lyse, precipitation). At this early stage of the development of 

the model this is not possible to reproduce the temporal evolution of Fe using this 

setup and parameterisation. Indeed, more work needs to be done firstly to be able to 

accurately reproduce the observed vertical profiles.  

This work highlights the difficulty of representing and constraining the complex 

mechanisms driving Fe dynamic in sea ice, mechanisms that are themselves currently 

not well quantified. Nonetheless we have presented a good first representation of Fe 

in sea ice and suggested improvement for future work.   
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CHAPTER 5 

General conclusion and perspectives 

The aim of this thesis was to investigate the processes of incorporation of Fe and 

organic matter in newly-formed sea ice. In this thesis I combined measurements from 

a field study and results from laboratory sea-ice growth experiments to explore the 

pathways leading to the enrichment of Fe and organic matter in sea ice. Findings from 

chapters 2 and 3 were then used to implement the LIM 1-D sea ice biogeochemical 

model with the representation of Fe, and perform a first parameterization, and 

evaluation of the model.  

5.1 General findings 

Chapter 2 reports the first Fe measurements in the autumn/winter season, providing 

valuable insights in the Fe cycle associated with sea ice at the early stages of sea ice 

formation. The results clearly highlight that particles are enriched in sea ice from the 

onset of sea ice formation. Larger particles have higher enrichment indices than 

smaller sizes. Physical processes alone are responsible for this initial enrichment. 

Desalinisation processes did not impact particulate material. Particulate Fe and DFe 

seem to be decoupled when trapped in the ice. When combined with results from van 

der Merwe et al. (2011b) in spring, PFe and DFe distributions in sea ice are thought to 

be decoupled throughout the whole year.  

In the next chapter I carried out laboratory-based ice-growth experiments under 

controlled conditions to explore the role of organic matter as a Fe carrier from 

seawater to the ice. These experiments constitute the first sea-ice formation 

experiments performed under trace metal clean conditions, and in laboratory-
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controlled conditions. Results showed that the enrichment efficiency is regulated by 

the quality rather than the quantity of material present in the initial seawater. I first 

showed that the enrichment of autochtonous organic material was higher than the 

enrichment of allochtonous organic material. Biogenic PFe was more enriched than 

lithogenic PFe in the sea ice, and is likely driven by the presence of EPS of algal 

origin. UV exposure degraded the organic matter in the seawater (including organic 

ligands) and altered the association of Fe and organic material, leading to lower 

enrichment of PFe and DFe in sea ice. This suggests that organic ligands, such as 

EPS, could play an important role in the enrichment of Fe.  

Natural and artificial enrichment indices obtained respectively from chapters 2 and 3 

(Table 5.1) show that the initial enrichment of PFe is more variable than the initial 

enrichment of the DFe. This supports previous findings that sea ice DFe 

concentrations are more homogenous than the PFe concentrations (Lannuzel et al., 

2016). 

Table 5.1 Summary of enrichment indices for PFe and DFe in AWECS Exp 1 and 2 (chapter 2), natural 
young ice (chapter 2), and laboratory ice growth experiments (chapter 3) 

  AWECS Exp 
1 

AWECS Exp 
2 

Natural 
young ice 

Lab 
experiment 

non-UV 
treated 

Lab 
experiment 
UV treated 

PFe 18.5 ± 15.3 40.0 ± 32.3 301 ± 240 2.2 ± 2.2 0.35 ± 0.2 
DFe 5.6 ± 0.88 12.5 ± 8.7 24 ± 10 2.2 ± 0.6 2.3 ± 1.5 

 

Finally, preliminary results from the LIM 1-D study showed that the model is more 

sensitive to the initialization than the biogeochemical parameterisations chosen to 

drive the Fe dynamics within the sea ice. Although DFe and PFe are relatively well 

represented in young ice and older ice with low biomass, the model performs poorly 

in older sea ice (longer simulations) affected by biological activity. The poorly 

quantified parameters driving the Fe biogeochemical cycle (e.g., rate of Fe uptake, 
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role of organic ligands, remineralisation and precipitation), and the absence of 

representation of lithogenic PFe in the model are responsible for this gap between 

observation and simulated profiles. 

5.2 Future work 

Transferring the knowledge gained from biogeochemical processes studied here at the 

micro-scale (e.g., in the brine system or at the ice/water interface) to macro-scale 

(e.g., size of an ice floe), and then into global predictions in a changing environment 

(e.g., global modelling) is very challenging. 

Although this work has shed some light on processes leading to enrichment in organic 

material and Fe in sea ice, new pressing questions have emerged. Based on the 

findings from this thesis, the following section suggests directions for future work to 

be carried out in order to improve the understanding of the Fe cycle associated to sea 

ice, and its role in the Southern Ocean, and develop future predictions in rapidly 

changing environment. 	

5.2.1 Improvement of spatial and temporal resolutions 

Although this work provides the first Fe measurement of sea ice in austral winter, and 

despite the increasing amount of field studies in the past few years, Fe data around 

Antarctica remain sparse, and are principally limited to the spring and summer 

seasons. A better spatial (Pacific and Atlantic sector of the Southern Ocean) and 

temporal resolution (austral autumn and winter) would be an important step towards 

the resolution of the Fe cycle, and the improved understanding of its impacts and links 

on the carbon cycle and the Southern Ocean. There is a need for long-term 

observational platforms throughout the whole year to allow for monitoring of 

seasonal-decadal trends. Currently, the Year Round Ocean Sea Ice Atmosphere 
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Exchanges (YROSIAE) study carried out in Cape Evans is the only long-term (6 

months) biogeochemical survey existing. For example an extension of the time-series 

work that has been done in the fast ice at Casey (van der Merwe et al., 2011a), and 

more recently at Davis would be particularly interesting. Moreover, Lannuzel et al. 

(2010) have observed inter-annual variability in the East Antarctic sector. More 

systematic studies would help to decipher the long terms trends as well as spatial and 

temporal variability (in both pack ice and fast ice), which are also needed to improve 

the parameterization and the initialization of sea ice biogeochemical models, and 

future implementation in global Earth System Models.  

5.2.2 Role of organic ligands and EPS 

In the light of the work carried out in chapter 2 and 3, additional laboratory ice-

growth experiments are required. Small scale studies and characterisation of particles 

within the sea ice microstructure would be of great interest to elucidate the role 

played by organic ligands in the enrichment of Fe, and more generally in driving the 

speciation of Fe (and ultimately its bioavailability for autotrophs and heterotrophs) in 

the sea ice environment. In combination with a better characterisation of the particles 

in the sea ice micro-structure, further development and adaptation of the method 

developed by Middleton et al. (2016) to visualize the development of brine channels 

and convective processes in newly forming sea ice could provide further insights in 

the role played by EPS in altering physical properties of the ice, and could also lead to 

the improvement of mechanisms leading to Fe enrichment. Specifically, a better 

understanding of the processes occurring at the sea ice interface would be a great 

avenue for future research.  
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5.2.3 Fe cycle in a changing sea ice environment 

At a larger scale, the influence of UV on the incorporation of material into newly-

formed sea ice may have significant impacts under climate change scenarios (chapter 

3). While the Antarctic sea ice extent has been increasing over the past 20 years (with 

regional contrast, e.g., Maksym et al., 2012; Williams, 2014), models predict a severe 

decline in sea-ice extent, thickness and ice-cover duration by the end of this century 

(Arzel et al., 2006; Smith et al., 2012). Strong changes in the timing of sea-ice 

formation in some areas of the Southern Ocean (e.g., Stammerjohn et al., 2012; 

Massom e al., 2013) will expose organic matter and Fe present in the surface waters 

to different intensities of UV. As a result, the incorporation and quality of these 

compounds could be affected, leading to significant changes in the biogeochemistry 

of sea ice. Changes in down-welling irradiance e.g., due to changes in cloud cover as 

well as snow thickness on the sea ice may further affect these processes. In this 

context it is critical to further understand of the role of UV on sea-ice biogeochemical 

processes, with particular focus on POC and PFe. Moreover, the incorporation of 

impurities is most likely affected by changes in the timing of sea-ice formation and 

retreat as well as the length of the sea ice season. Shifts in the seasonality of sea ice 

might impact the quality and quantity of materials released in spring. Changes in the 

quality and quantity of Fe delivered during spring melt would further impact the 

primary productivity associated with sea-ice retreat, with repercussions on the higher 

trophic levels, and the biological pump of carbon in the Southern Ocean. 

The accurate modelling of the biogeochemical cycles associated with sea ice, and 

their contribution to marine biogeochemistry will therefore play a key role in 

predicting future climate scenarios. It is essential to focus efforts towards a better 

parameterization of sea ice biogeochemical models, and a better representation of the 
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processes driving the biogeochemical cycle associated with sea ice. Only, then will 

we be able to accurately implement global earth system models with sea ice 

biogeochemical processes, and improve the prediction of the response of marine 

ecosystems, and the carbon pump, in both polar and global oceans to past, present and 

future climate change scenarios.  
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a b s t r a c t

Our study quantified the spatial and temporal distribution of Fe and ancillary biogeochemical
parameters at six stations visited during an interdisciplinary Australian Antarctic marine science voyage
(SIPEX-2) within the East Antarctic first-year pack ice zone during September–October 2012. Unlike
previous studies in the area, the sea ice Chlorophyll a, Particulate Organic Carbon and Nitrogen (POC and
PON) maxima did not occur at the ice/water interface because of the snow loading and dynamic
processes under which the sea ice formed. Iron in sea ice ranged from 0.9 to 17.4 nM for the dissolved
(o0.2 mm) fraction and 0.04 to 990 nM for the particulate (40.2 mm) fraction. Our results highlight that
the concentration of particulate Fe in sea ice was highest when approaching the continent. The high POC
concentration and high particulate iron to aluminium ratio in sea ice samples demonstrate that 71% of
the particulate Fe was biogenic in composition. Our estimated Fe flux from melting pack ice to East
Antarctic surface waters over a 30 day melting period was 0.2 mmol/m2/d of DFe, 2.7 mmol/m2/d of
biogenic PFe and 1.3 mmol/m2/d of lithogenic PFe. These estimates suggest that the fertilization potential
of the particulate fraction of Fe may have been previously underestimated due to the assumption that it
is primarily lithogenic in composition. Our newmeasurements and calculated fluxes indicate that a large
fraction of the total Fe pool within sea ice may be bioavailable and therefore, effective in promoting
primary productivity in the marginal ice zone.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Marine phytoplankton fix aqueous carbon dioxide (CO2) within
the surface ocean through photosynthesis. This process increases
the flux of CO2 from the atmosphere into the ocean and therefore
plays a key role in mitigating green house gas induced global
warming (Sarmiento and Gruber, 2006). When light levels are
sufficient, phytoplankton growth is limited by the availability of
micro-nutrients such as iron (Fe) in remote regions like the
Southern Ocean, where external inputs of Fe are low (Martin and
Fitzwater, 1988; de Baar et al., 1990). Both laboratory and short-
term artificial Fe fertilization experiments unequivocally showed
the importance of Fe in controlling phytoplankton production and
therefore Fe was one of the factors controlling carbon export into
the ocean interior (Boyd et al., 2007). A drawback of artificial

fertilization experiments is the difficulty of effectively quantifying
carbon export into the ocean interior and estimates vary by
2 orders of magnitude (Blain et al., 2007; Pollard et al., 2009).
Although variability in the estimates is high, the CROZEX study in
the Southern Ocean showed that the efficiency of natural fertiliza-
tion from the sub-Antarctic Crozet island was up to 20 times
greater than that of an artificially Fe-enriched site (SERIES, Boyd
et al., 2004) (Blain et al., 2007; Pollard et al., 2009).

Within Fe limited high nutrient—low chlorophyll waters, multi-
ple naturally Fe-fertilized sites have been identified, including
seasonal sea ice, which acts as a ‘capacitor’ to seasonally store Fe.
Antarctic sea ice contains 1–2 orders of magnitude more Fe,
organic matter, and chlorophyll a than under-ice seawater (Grotti
et al., 2005; Lannuzel et al., 2007, 2008; van der Merwe et al.,
2009, 2011a,b; de Jong et al., 2013) and triggers ice-edge phyto-
plankton blooms during the release of these constituents in austral
spring (Sedwick et al., 1997; Lancelot et al., 2009). Given that sea-
ice formation and retreat affects approximately 40% of the entire
Southern Ocean area (Southern Ocean extent¼35"106 km2;
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maximum-minimum Antarctic sea ice extent¼15.2"106 km2;
Thomas and Dieckmann, 2003), the “frozen ocean” may there-
fore constitute the dominant source of Fe to polar waters during
annual melting, and therefore plays a key role in drawing down
atmospheric CO2 levels in the climatically-important Southern
Ocean. There is an urgent need to evaluate how modern-day
climate change will affect the Antarctic sea-ice ecosystem. A
pre-requisite for this is to describe and understand present-day
sea-ice biogeochemical processes. In this context, new field
measurements and sample collection approaches for character-
ization of sea-ice ecosystem dynamics should be a priority.

The East Antarctic is an ideal location to study the role of sea ice
as an ocean fertilizer during the melting season because three
consecutive field studies have been specifically dedicated to Fe
biogeochemistry in this sector: ARISE in pack ice in 2003 (Sept/Oct,
63.5–651S/109–1171E; Lannuzel et al., 2007), SIPEX-1 in pack ice in
2007 (Sept/Oct, 64–65.51S/114–1281E; van der Merwe et al., 2009;
2011a) and a time series in fast ice in 2009 (Casey, Nov, 661S/1101E;
van der Merwe et al., 2011b; Lannuzel et al., 2014). The main
outcomes from these studies were that (1) dissolved Fe concentra-
tions vary seasonally rather than spatially (Lannuzel et al., 2010),
(2) particulate Fe vary spatially, with higher concentrations
observed near the continent or when higher biomass is present
(van der Merwe et al., 2011a) and (3) dissolved Fe is released before
particulate Fe during spring melt (van der Merwe et al., 2011a). Our
previous work also suggested that during the melting season,
dissolved Fe released from sea ice could account for 15 to 70% of
the primary productivity in the East Antarctic sector, and that the
additional Fe supplied in the form of particles may extend the
longevity of the ice-edge bloom (Lannuzel et al., 2014). Building on
our knowledge of Fe sea-ice biogeochemistry in the area, the major
goal of this new field study was 3-staged. First, we wanted to
determine if the mode of ice growth (i.e. thermodynamic versus
dynamic growth) controls the concentration of dissolved and
particulate Fe. The particulate Fe concentration in sea ice was highly
variable during three previous field studies in East Antarctica.
Therefore, our 2nd aim was to evaluate whether the previously
observed variability in pack ice particulate Fe concentration could
be explained by its biogenic or lithogenic composition and further-
more, can this differentiation of particulate Fe determine its avail-
ability for sea-ice algae and phytoplankton when released into
seawater? Finally, based on measured rates of primary productivity
in sea ice and ancillary parameters, our last aim was to assess
whether macronutrients, Fe or light controlled the local productiv-
ity at this time of year.

2. Material and methods

2.1. Collection and handling of samples

Samples were collected during the Australian-led Sea Ice Physics
and Ecosystem eXperiment-2 (SIPEX-2) marine science voyage in
austral winter/spring 2012 (26 Sept–10 Nov, 64–651S/116–1211E,
Fig. 1). The acid-cleaning protocols for sample bottles and equip-
ment followed the guidelines of GEOTRACES (www.geotraces.org).
Contamination-free ice coring equipment developed by Lannuzel
et al. (2006) was used to collect ice cores. Ice cores were triple
bagged and stored at #18 1C until further processing in the home
laboratory. Ice cores were then sectioned under a class-100 laminar
flow hood (AirClean 600 PCR workstation, AirClean System) using a
medical grade stainless steel bonesaw (Richards Medical), thour-
oughly rinsed with ultra-high purity water (18.2 MΩ), and ice
sections were then allowed to melt at ambient temperature in
acid-cleaned 3 L Polyethylene (PE) containers. Melted sea-ice sec-
tions were then homogenized by a gentle shake and filtered

through 0.2 mm pore size polycarbonate filters (Sterlitech, 47 mm
diameter) using Teflons perfluoroalkoxy (PFA) filtration devices
(Savillex, USA) connected to a vacuum pump set on o2 bar to
obtain the particulate (40.2 μm) and dissolved (o0.2 μm) metal
fractions. The collected filtrates (o0.2 μm) were acidified to pH
1.8 using Seastar Baselines HCl (Choice Analytical) and stored at
ambient temperature until analysis in the home laboratory. The
filters retaining the particulate material were stored frozen in acid-
clean petri dishes until further processing.

Standard physico-chemical and biological parameters such as
sea-ice and snow thicknesses, in situ ice temperature, sea-ice and
brine salinities, ice texture, chlorophyll a (Chla), macro-nutrients
(nitrateþnitrite (NOx), phosphate (PO4

3#), silicic acid (Si(OH)4#)
and ammonium (NH4

þ)), dissolved organic carbon (DOC), and
particulate organic carbon and nitrogen (POC and PON) were also
determined in each sample, following the methods described in
van der Merwe et al. (2009). Theoretical brine volume fractions
(Vb/V) were calculated using in situ ice temperatures and bulk ice
salinities and relationships from Cox and Weeks (1983). The full
ice core length was examined under crossed-polarized light to
identify the texture (i.e. columnar vs. granular) according to the
method of Langway (1958). Preparation of the thin sections took
place in a container kept at #25 1C. The thin sections were
obtained by cutting vertical sections of about 6 mm thick using a
band saw. Ice sections were then thinned down using a microtome
blade to reach a final thickness of 3–4 mm and observed under
cross-polarized lights (Fig. 2).

2.2. Analysis of dissolved iron

The acidified filtrates were diluted 5 times, using 2% v-v
ultrapure HNO3 (Seastar Baseline, Choice Analytical) and Fe con-
centrations were determined directly using sector field inductively
coupled plasma magnetic sector mass spectrometry (SF-ICP-MS;
Element 2) following the method described in Lannuzel et al.
(2014). Results for procedural blanks and limits of detection are
presented in Table 1.

2.3. Analysis of particulate iron and aluminium

Filters retaining particulate material (40.2 μm) were digested
in a mixture of strong, ultrapure acids (750 mL 12 N HCl, 250 mL
40% HF, 250 mL 14 N HNO3) in 15 mL Teflons perfluoroalkoxy (PFA)
(Savillex, USA) on a Teflon coated graphite digestion hot plate
housed in a bench-top fume hood (all DigiPREP from SCP Science,
France) coupled with HEPAs

filters to ensure clean air input at
95 1C for 12 h, then dry evaporated for 4 h and re-suspended in 2%
v-v HNO3 (Seastar Baseline, Choice Analytical). The procedure was
applied to filter blanks and certified reference materials BCR-414
and MESS-3 to verify the recovery of the acid digestion treatment.
The concentrations of particulate metals were then determined by
SF–ICP–MS (Bowie et al., 2010). Results for procedural blanks,
limits of detection and certified reference materials are presented
in Tables 1 and 2 and were found fit for purpose. Although we
obtained the concentrations of 18 elements in our sea-ice samples,
we only dicuss Fe here, and used aluminium (Al) concentrations to
fingerprint Fe sources. The other elements will be reported and
discussed in a companion paper.

For statistical analysis, we used a Spearman’s Rho correlation
because the data was non-normally distributed (i.e. non-para-
metric), with Spearman’s rho correlation coefficient R, the number
of data points n, and the level of significance po0.01 or po0.05
(Table 3).
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3. Results

3.1. Sea-ice physical properties

Apart from station 2 which had a thin cover of 0.05 m of snow,
the rest of the sites were covered with a very thick layer of snow,
ranging from 0.25 m at station 3 to 0.74 m at station 6 (Fig. 2,
average 0.39 m). The sea-ice cores collected on our sites ranged
from 0.72 to 1.43 m in thickness (average 0.93 m). Texture-wise,

station 3 was the only typical first-year pack-ice station, with
0.02 m of granular ice underlain by columnar ice. Station 4 also
showed some first year sea-ice features, with 0.29 m of granular
ice underlain by 0.61 m of columnar ice. Overall, granular ice
however dominated the overall ice textures at 64% (Fig. 2). The
snow thickness represented on average 30% of the total ice
thickness. Station 6 showed evidence of rafting processes with
the superposition of granular ice on top of columnar ice in three
consecutive layers.

Fig. 1. Bathymetry, sea-ice cover, ship track and locations of the ice stations visited during the SIPEX-2 voyage. Due to the westward drift of pack ice, the start and end
positions of each station are indicated on the map. Station 2 was sampled on 26.11.2012, station 3 on 03.10.2012, station 4 on 07.10.2012, station 6 on 13.10.2012, station 7 on
19.10.2012 and station 8 on 29.10.2012. Note the location of iceberg B09D during each ice station. The projection is South Pole Stereographic and the map has been rotated
1181 CCW. All data was provided by the Australian Antarctic Data Centre (https://data.aad.gov.au/). Bathymetry data supplied by IBCSO project Arndt et al. (no date). Coastal
polygon supplied by SCAR, Antarctic Digital Database is copyright © 1993–2014 Scientific Committee on Antarctic Research. MODIS images downloaded from NASA
Worldview (https://earthdata.nasa.gov/labs/worldview/).
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The mean in situ sea-ice temperatures increased from #4.8 1C
at station 3, to #3.0 1C at station 4 and up to #1.8 1C at the
remaining sites. The ice temperature profiles were nearly isother-
mal for stations 2, 6, 7 and 8 (Fig. 3A), probably because of the
thick snow cover pushing the ice deep into the ocean and
insulating it against the atmosphere. The mean air temperature
increased from #22.8 1C at station 3, to #10.7 1C at station 4 and
up to #2.9 1C at station 6 (Fig. 3A).

Sea-ice salinities ranged from 3.9 to 18.5, and the vertical
profiles were highly heterogeneous overall. Salinities were gener-
ally higher in the surface layers. Station 3 had the only “C-shaped”
salinity profile of the voyage (Fig. 3B), which is typically observed in
first year winter pack ice (van der Merwe et al., 2009).

The brine volume ratio Vb/V (where Vb¼brine volume and
V¼volume of bulk sea ice) can be used as an indicator of sea ice
permeability. Typically, in columnar ice, when Vb/V o5% (for
salinity of 5 and ice temperature of #5 1C), the ice is considered
impermeable (Golden et al., 1998). Saenz and Arrigo (2012) have
suggested that the permeability threshold of granular ice, formed
by frazil ice accumulation or due to snow ice formation, may be
higher than the permeability threshold of columnar ice, formed by
congelation growth. This can be explained by a more random
distribution of brine pockets and channels in granular sea ice. In
our samples, granular ice dominated, and the mean brine volume
ratio (Vb/V) was 8.3% on average at station 3, 12.0% at station 4 and
14.5–19.6% at the warmer sites. Significant correlations (non-
parametric, Spearman’s rho¼0.56, n¼35, po0.01) were observed
between brine volume and ice temperature. Therefore the increase
in average brine volume appeared to be driven by an increase in
average ice temperature, which is ultimately controlled by increas-
ing ambient air temperatures (Fig. 3A). Station 3 had intermediate
ice sections below the critical Vb/V of 5% for columnar ice,
indicating the impermeable nature of these sections within the
ice. All the other stations had Vb/V 410%, suggesting sea-ice
melting was already underway at the time of sampling (Fig. 3C).

3.2. Sea-ice biogeochemistry

3.2.1. Macro-nutrients, Chla, DOC, POC and PON
Sea-ice concentration ranges of NOx, Si(OH)4# , PO4

3# and NH4
þ

were 0.1–8.2 μM, 1.7–26.6 μM, 0.1–1.9 μM and 0.1–14.3 μM, respec-
tively (Fig. 4A–D). Macro-nutrient concentrations are also shown
plotted versus sea-ice salinity (Fig. 4E–H). The theoretical dilution
line (TDL) was plotted by using the salinity and macro-nutrients
concentration in seawater collected at 1 m below the sea ice. Silicic
acid behaved conservatively with salinity, although most of the
data points were slightly above the TDL (Fig. 4F). The relationship
between Si(OH)4# and ice salinity was statistically significant
(Table 3), however, all other macro-nutrients deviated from their
respective TDL. NOx concentrations were significantly reduced

Fig. 2. Snow thickness (in m), ice thickness (in m) and sea-ice textures (granular and columnar) obtained from thin sections observed under polarized light.

Table 1
ICP–SFMS results in μg/L for procedural digest filter and rinse solution blanks. The
limit of detection (LOD) is 3 times the standard deviation of the filter blank.

Fe (μg/L) Al (μg/L)

0.2 lm PC filter
Average filter blank (n¼3) 0.9970.25 1.3870.61
LOD 0.750 1.82
2% HNO3

Average blank (n¼10) 0.0470.01 0.0670.03
LOD 0.03 0.09

Table 2
ICP-SFMS results in mg/kg for certified referenced material (n¼8), [indicative
value].

Fe (mg/kg) Al (mg/kg)

BCR-414
[Indicative] [18507190] [1800730]
Measured 1880760 2639780
MESS-3
Certified 4340071100 8590072300
Measured 3907671533 7643973321
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relative to the TDL (Fig. 4E), indicating a drawdown of NOx in sea
ice, sometimes until complete exhaustion (station 7). Conversely,
PO4

3# deviated above and below the TDL while NH4
þ concentra-

tions were generally below the TDL (Fig. 4G and H), indicating
accumulation of NH4

þ .
The Chla concentration in sea ice ranged from o0.02 μg/L

at station 6 to 13.7 μg/L at station 7, with an overall average Chla

concentration of 2.272.5 μg/L (Fig. 5A). The highest Chla concentra-
tions occurred in sea-ice interior layers, except for station 6 where
Chla maximum was in the bottom ice layer.

Dissolved organic carbon in sea ice ranged from 0.15 and
2.66 mg/L (average 1.470.7 mg/L). Stations 4 and 7 respectively
exhibited the lowest and highest DOC values. Similar to Chla, the
DOC maxima did not occur at the ice/water interface (Fig. 5B).

Table 3
Spearman’s rank correlation coefficients in sea ice. The number of samples (n) is the sum of all sections and sites used in the correlation analysis. The bold shading marks the
significant correlations. Sigma 2-tailed with n¼po0.05; nn¼po0.01.

Vb/V Chla POC PON DOC NH4
þ NOx PO4

3# Si(OH)4# DFe PFe

Salinity Correlation 0.377n #0.010 0.000 0.158 0.202 0.259 0.261 0.318 0.737nn 0.130 0.099
Sigma 0.023 0.952 0.999 0.358 0.238 0.127 0.136 0.059 0.000 0.448 0.568
n 36 36 36 36 36 36 34 36 34 36 36

Vb/V Correlation #0.087 0.043 0.195 0.172 0.154 0.722nn 0.347n 0.520nn 0.549nn 0.314
Sigma 0.615 0.802 0.254 0.317 0.369 0.000 0.038 0.002 0.001 0.062
n 36 36 36 36 36 34 36 34 36 36

Chla Correlation 0.557nn 0.600nn 0.185 0.436nn 0.048 0.516nn #0.076 #0.056 0.251
Sigma 0.000 0.000 0.280 0.008 0.789 0.001 0.669 0.746 0.139
n 36 36 36 36 34 36 34 36 36

POC Correlation 0.891nn 0.666nn 0.684nn #0.113 0.561nn 0.049 0.022 0.397n

Sigma 0.000 0.000 0.000 0.525 0.000 0.784 0.898 0.016
n 36 36 36 34 36 34 36 36

PON Correlation 0.514nn 0.736nn 0.134 0.770nn 0.193 0.053 0.376n

Sigma 0.001 0.000 0.451 0.000 0.275 0.760 0.024
n 36 36 34 36 34 36 36

DOC Correlation 0.386n #0.141 0.250 0.119 0.113 0.416n

Sigma 0.020 0.426 0.141 0.503 0.513 0.012
n 36 34 36 34 36 36

NH4
þ Correlation 0.076 0.531nn 0.308 0.085 0.428nn

Sigma 0.671 0.001 0.077 0.622 0.009
n 34 36 34 36 36

NOx Correlation 0.485nn 0.525nn 0.323 0.348n

Sigma 0.004 0.002 0.063 0.044
n 34 33 34 34

PO4
3## Correlation 0.478nn 0.125 0.296

Sigma 0.004 0.467 0.080
n 34 36 36

Si(OH)4# Correlation 0.371n 0.245
Sigma 0.031 0.163
n 34 34

DFe Correlation 0.575nn

Sigma 0.000
n 36

Fig. 3. (A) Air and sea-ice temperatures, (B) salinity and (C) brine volume ratios (%) during SIPEX-2. The red dashed line marks the 5% brine volume permeability threshold
for columnar ice. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Particulate organic carbon and PON concentrations in sea ice ranged,
respectively, between 24 and 1088 mg/L (average 3327298 mg/L) and
between 2 and 156 mg/L (average 42741 mg/L). Similar to Chla and
DOC, the POC and PON maxima did not occur at the ice/water interface
(Fig. 5C and D). In the topmost and lower most sections of the ice cover,
the POC:PON ratios were lower and close to the Redfield C:Nmolar ratio
of 6.6 mol:mol typical of phytoplankton (Redfield, 1958). These ice
sections therefore harbor autotrophic activity.

Significant correlations were observed between POC and PON,
and PO4

3# and Chla across all sites (Table 3). Chlorophyll a also
correlated significantly with PON, NH4

þ and PO4
3# .

3.2.2. Iron distributions
Fig. 6 shows the profiles of DFe and PFe concentrations in

collected sea-ice cores. The DFe profiles are highly variable both
between stations and within profiles. The PFe profiles differ
greatly between sampling sites, with stations 7 and 8 noticeably
different. The ranges in sea ice were 0.9–17.4 nM DFe (average
7.574.5 nM) and 0.04–990 nM PFe (average 1337215 nM). Simi-
lar to previous Antarctic studies, our results show high DFe
concentrations in sea ice relative to under-ice seawater (range
0.09–3.05 nM DFe; 15–1000 m deep; Schallenberg et al., this

issue). Significant correlations between DFe and Vb/V (R¼0.55)
and DFe and PFe (R¼0.57) were observed (Table 3).

The fractional solubility of Fe (FS–Fe¼ratio of dissolved to total
Fe concentration) in sea ice varied between 0.01 and 0.98 (average
FS–Fe¼0.1370.16).

Based on the data collected at 6 sections within each core, we
vertically integrated the concentrations of DFe and PFe at each
station (Table 4). We also applied this integration to POC and Chla
concentrations. Depth integrated DFe was the highest at station 6
(16.9 μmol/m2) and the lowest at station 3 (2.2 μmol/m2). Depth
integrated PFe was the highest at station 7 (294.3 μmol/m2) and
the lowest at station 3 (16 μmol/m2). Station 7 also exhibited the
highest depth integrated Chla (3.6 mg/m2) and POC (660 mg/m2)
concentrations.

4. Discussion

4.1. Sea-ice physical properties

Based on the ice temperatures and brine volume ratios in Fig. 3,
three seasonal regimes during SIPEX-2 can be identified: station
3 was a cold winter station, station 4 a transition station, and the

Fig. 4. Upper panel: concentrations (μM) in (A) nitrateþnitrate (NOx), (B) silicic acid (SiOH4
#), (C) phosphates (PO4

3#) and (D) ammonium (NH4
þ), as a function of sea ice

depth (m) during SIPEX-2. Lower panel: sea ice concentrations of (E) nitrateþnitrate (NOx), (F) silicic acid (SiOH4
#), (G) phosphate (PO4

3#) and (H) ammonium (NH4
þ), plotted

against salinity. The red dotted line represents the theoretical dilution line. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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other four stations were warm spring type stations. The increase in
the mean air temperature most likely triggered the warming of the
ice, from the top, as exemplified for stations 3, 4, 6 and 7 (Fig. 3A).
Although the mean air temperatures at stations 2 and 8 were low,
the in situ ice temperatures were relatively warm. The thick snow
cover at station 8 probably insulated the sea ice from the cold
atmospheric conditions. The snow layer was however thin at
station 2. This suggests that the air temperature decreased
recently and did not have time to affect the ice temperatures
before we collected the samples.

Ice textures were dominated by granular ice, which highlights
the presence of either snow ice or frazil ice crystals. Frazil ice

Fig. 5. Concentrations (μg/L) in (A) chlorophyll a (Chla), (B) dissolved organic carbon (DOC), (C) particulate organic carbon (POC), (D) particulate organic nitrogen (PON) and
(E) POC:PON ratios (mol:mol) as a function of sea-ice depth (m) during SIPEX-2. The red dotted line represents the C:N Redfield molar ratio (106:16). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Concentrations (in nM) in dissolved and particulate iron (DFe and PFe) as a function of sea-ice depth (in m) during SIPEX-2. The lower x-axis is the scale for PFe at
station 7.

Table 4
Depth integrated concentrations of Fe (in μmol/m2), Chla and POC (in mg/m2) in sea
ice during SIPEX-2

stations DFe PFe Biogenic PFe Lithogenic PFe Chla POC

2 6.6 73.4 56.6 16.7 2.3 230.7
3 2.2 16.0 10.0 6.0 1.3 233.7
4 4.9 57.2 44.8 12.4 1.2 90.3
6 16.9 74.9 28.1 47.9 1.2 190.2
7 4.3 294.3 250.0 44.3 3.6 657.4
8 8.9 197.0 89.7 107.3 3.0 339.5

Average 7.3 118.8 79.9 39.1 2.1 290.3
Stdev 5.2 105.1 87.6 37.6 1.1 197.0
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forms under dynamic turbulent conditions at high growth rates,
concentrating micro-organisms (living and detrital) by nucleation
of frazil ice crystals or by scavenging cells as frazil crystals float up
through the water column (Garrison et al., 1989; Horner, 1996).
Precipitation of snow and its redistribution through drifts are key
features of the Antarctic pack ice zone (Sturm and Massom, 2010).
Snow layers accumulate on top of the ice cover soon after its
formation. Depending on the sea-ice thickness below, the snow
cover may become thick enough to depress the sea-ice cover and
seawater may then infiltrate into the snow pack. “Snow ice” then
forms by refreezing of the flooded snow and creates a solid layer of
ice on top of the ice floe, which is of granular type (Worby et al.,
1998). Snow ice may then be underlain by frazil ice, which is also
granular. Columnar ice forms slowly compared to granular ice
(Eicken, 2003), and tends to efficiently reject micro-organisms in
the early stage of ice growth (Palmisano and Garrison, 1993;
Weissenberger and Grossmann, 1998). In our samples, no clear
relationship between biological occurrence or Fe and ice textures
was observed.

Ice texture observations suggest that the ice collected at
stations 3 and 4 grew thermodynamically (i.e. due to a decrease
in ambient temperature). Station 6 grew in thickness because of
dynamic processes including rafting (where ice floes raft on top of
each other) and ridging (blocks of ice are pushed onto, and below,
the edge of ice floes). The repeated observation of deformed
columnar ice crystals supports this rafting process. As a result,
the ice core collected at station 6 which was subjected to rafting
was thicker than at station 3 where the ice grew thermodynami-
cally. The snow layer was thick throughout our study, leading to
snow ice formation at several stations. Station 4 displayed 0.16 m
of snow ice, underlain by 0.13 m of frazil ice, and then columnar
ice. This is confirmed by the in situ ice temperatures and salinity
for station 4 where the top 0.16 m of snow ice were warmer and
saltier than the sea ice below (Fig. 3A and B). Snow ice also likely
formed at the snow-ice interface at stations 6, 7 and 8 (Fig. 2). We
did not measure δ18O at the trace metal sampling sites to decipher
snow ice from frazil ice. δ18O was measured in sea ice by other
research groups at the main sampling sites during SIPEX-2 and do
highlight the recurrence of snow ice formation on their sites (Heil
et al., 2016). We consider the same feature applies to the entire ice
floes studied, including the trace metal sampling sites.

4.2. Biogeochemical comparison to previous studies: DFe and DOC
thresholds in sea ice

The 24–1088 mg/L POC concentrations from SIPEX-2 were lower
than the 28–4784 mg/L measured during ARISE (Becquevort et al.,
2009) and 38–3309 mg/L during SIPEX-1 (van der Merwe et al.,
2009) in the same sector, at the same time of the year. The POC:
PON ratios were generally close to the Redfield ratio in bottom ice
but elevated in the internal ice sections. This could be explained by
the relative dominance of carbon associated with exopolysacchar-
ides (EPS) over carbon associated with autotrophs in these ice
layers (Ugalde, 2016). Exopolysaccharides are commonly enriched
in carbon relative to nitrogen when compared to the Redfield ratio
(26 mol:mol; Engel and Passow, 2001). However the very high
POC:PON ratios observed in internal layers (up to 76 mol:mol at
station 3, Fig. 5E) could reflect the extremely low PON concentra-
tions (Fig. 5D) due to nitrogen limitation in these sections (Fig. 4A).

Unlike SIPEX-1 (van der Merwe et al., 2009), DOC did correlate
significantly with POC (R¼0.67) and PON (R¼0.51) during SIPEX-2.
The significant correlation between DOC and POC could indicate an
algal origin for sea ice DOC, as previously observed during spring
blooms in the Arctic (Bunch and Harland, 1990; Smith et al., 1997;
Riedel et al., 2008). However, the measured DOC:POC ratio in sea ice
averaged 7:1 (range of 1:1 to 32:1) which is lower than the mean

global ocean value of 15:1 (Millero, 1996; Kepkay, 2000). One
explanation may be an abiotic transformation of DOC into POC
when a DOC threshold is reached (Becquevort et al., 2009). This
transfer of DOC into POC would also explain the significance of the
relationship observed in our study between DOC and POC (Table 3).

The DFe measured during SIPEX-2 (DFe¼0.9–17.4 nM) was
within the ranges reported during ARISE (DFe¼2.1–26.1 nM;
Lannuzel et al., 2007) and SIPEX-1 (DFe¼0.2–14.4 nM; van der
Merwe et al., 2011a) which were studies located in the same sector
and at the same time of the year. Therefore, although the sea ice
conditions were very different in 2003, 2007 and 2012, the DFe
interannual variability in late austral winter-spring seems low.
Sea-ice thickness, texture and growth (i.e. thermodynamic versus
dynamic) do not seem to control the concentrations of DFe in sea
ice. One hypothesis is that the sources of new and regenerated DFe
are very similar from one year to the other. Fast ice however, does
not incorporate much more DFe than pack ice (Lannuzel et al.,
2010), even when new sources of Fe are only a few tens of meters
away from the collected ice (van der Merwe et al., 2011b). Another
hypothesis is that DFe reaches a maximum concentration thresh-
old in sea ice, which it cannot exceed. This would explain the lack
of spatial variability in DFe concentrations between pack ice
stations during SIPEX-2 (Fig. 6), and between pack-ice and fast-
ice sites collected around Antarctica (Lannuzel et al., 2010). Similar
to DOC and POC, DFe and PFe were also significantly correlated in
sea ice during SIPEX-2 (R¼0.57, n¼36, po0.01). We suggest that
once a threshold is reached for the apparent DFe concentration in
the brine channels, DFe is transformed into PFe. This theory is
further supported by the low fraction of DFe relative to PFe
concentrations typically encountered in sea ice (FS–Fe¼0.13 in
pack ice and FS–Fe¼0.03 in fast ice) compared to open waters
(FS–Fe¼0.5270.19, n¼31, calculated from 0 to 150 m, SAZ-SENSE
data published in Lannuzel et al. (2011)). This process is similar to
what would happen in seawater, however the PFe cannot sink out
in sea ice and therefore lead to the high PFe relative to DFe. To get
an estimate of the DFe threshold value within the brine channels,
we calculate the potential brine DFe concentrations as follows:

DFebrine ¼
DFebulk " brinesalinity

bulksalinity
;

where DFebulk is the concentration of DFe in the melted ice section,
bulk salinity is the salinity of the melted ice section and brine
salinity is calculated as a function of bulk ice salinity and in situ
temperature in that sea ice section.

Our DFebrine concentrations however, do not reach a clear thresh-
old number (DFebrine range¼6.8–173.7 nM and average¼55.17
39.0 nM). Biological uptake and remineralization, as well as organic
ligand concentrations may control the equilibrium between the
dissolved and particulate phase, and therefore shift the solubility
threshold value. Recent work in Antarctic fast ice has shown a linear
relationship between DFe and organic ligands (Lt) concentrations in
sea-ice and brine samples, with [Lt]¼0.90 [DFe]þ4.24 in sea ice
(R2¼0.93, n¼34) and [Lt]¼1.08 [DFe]þ4.86 in brines (R2¼0.98,
n¼12). These results suggest that organic ligands control the con-
centrations of DFe in sea ice. Once the ligands become saturated with
Fe, non-organically bound DFe become scavenged onto particles
(Lannuzel et al., under review).

In the case of PFe, the ranges measured during ARISE in 2003
(PFe¼2.0 –96.6 nM; Lannuzel et al., unpublished data) and SIPEX-
1 in 2007 (PFe¼0.9–217.7 nM; van der Merwe et al., 2011a) were
much lower than SIPEX-2 in 2012 (PFe¼0.04–990 nM). The high-
est PFe concentrations were observed at station 7 (Fig. 6), which is
the closest station to drifting icebergs and the continental shelf.
Note that the range from SIPEX-1 in 2007 includes one fast-ice
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station, for which the PFe concentration was anomalously high at
217.7 nM. Fast ice typically incorporates more lithogenic PFe than
pack ice because of its proximity to continental sources (Grotti
et al., 2005; van der Merwe et al., 2011a,b; Lannuzel et al., 2014).

4.3. Lithogenic and biogenic particulate Fe

4.3.1. Icebergs
Several icebergs were sighted in the area (Fig. 1). Icebergs C28B,

B16, B09F and B09G remained on the continental shelf during the
SIPEX-2 expedition and we suggest that their influence on our ice
stations was therefore minimal. However, Fig. 1 shows that iceberg
B09D closely followed the shelf break during our study, suggesting
it may have dragged along the shelf and stirred some sedimentary
PFe in its path. Station 7 being within 30 km and directly in the lee
of the B09D, the iceberg could have contributed to the incorpora-
tion of dissolved and particulate Fe into the sea-ice cover, either by
direct melting or by stirring up some sediments (Raiswell et al.,
2008). No under ice seawater PFe samples were collected during
SIPEX2 to support this hypothesis. The under-ice seawater profiles
did not indicate that B09D influenced the DFe concentrations at
station 7 (Schallenberg et al., 2016). Note that the sea-ice data are
difficult to directly compare to the under-ice seawater Fe data
presented in Schallenberg et al. (2016). This is because sea-ice and
seawater datasets are somewhat decoupled; i.e. sea ice collected at
station 7 does not necessarily originate from the same location as
seawater collected at station 7.

4.3.2. Lithogenic and biogenic contributions to PFe
One method to evaluate the lithogenic contribution to sea ice is

to compare the Fe/Al ratios in collected samples to the Fe/Al ratios
reported in lithogenic samples from the literature or from specific
locations relevant to the study. Fig. 7 shows that the molar ratios
Fe/Al (1.1570.93, n¼30) in all pack-ice samples are above the
crustal and sedimentary ratios of respectively 0.33 (Taylor, 1964)
and 0.26–0.34 (Angino, 1969; Gasparon et al., 2007). This suggests
that the PFe found in these pack-ice samples cannot be solely from
atmospheric deposition and resuspended sediments. High fast ice
Fe/Al ratios were observed by de Jong et al. (2013) when Chla
concentrations exceeded a threshold (40.5 mg/L), suggesting a
biogenic modification of the elemental ratios in the bottom ice. We
further investigate relative lithogenic and biogenic contributions.

Assuming that Al is solely of lithogenic origin and using the
mean crustal Fe/Al molar ratios typical of lithogenic samples (Fe/
Al¼0.33; Taylor, 1964), it is possible to calculate the lithogenic and
biogenic PFe concentrations in sea ice (Frew et al., 2006).

PFe½ &lithogenic ¼ PAl
! "

ice " 0:33

PFe½ &biogenic ¼ PFe½ &ice# PFe½ &lithogenic

The results show that 29% of PFe was lithogenic in origin (with
[PFe]lithogenic¼35740 nM, n¼30). Assuming that biogenic PFe is
the difference between the total PFe and lithogenic PFe, then the
concentration of biogenic PFe in pack ice was on average
937200 nM (n¼30), which represents 71% of total PFe. The
biogenic contribution represents 87% at station 7, which was the
highest recorded on the voyage. This is consistent with POC and
Chla data which were also the highest at station 7 (Table 4). Rates
of primary productivity in sea ice at station 7 were the second
highest during the voyage with an average of 3.32 mg/C/m2/d
(range 0.04–5.5 mg/C/m2/d), most of which was associated with
the internal algal community (Roukaerts et al., 2016).

The concentrations of PFe in pack ice in the same sector were
much lower in 2003 (2.0–96.6 nM; Lannuzel et al., unpublished
data) and 2007 (0.9–77.7 nM; van der Merwe et al., 2011a) than in
2012 (0.04–990 nM; this study). When using the PFe and PAl
concentrations measured in 2007, we find that the biogenic
PFe concentrations varied greatly between 2007 (0.0–33.9 nM)
and 2012 (0.0–895.5 nM). The high biogenic PFe concentrations
recorded during SIPEX-2 illustrates the bio-accumulation of Fe in
sea ice, potentially because of differences in the water column
characteristics where/when sea ice formed in 2012. The bio-
accumulation of Fe could be due to: (1) high DFe inputs originating
from the continental shelf or icebergs (Schallenberg et al., 2016)
being then actively taken up by sea-ice algae at the ice/water
interface and transferred into PFe (Lannuzel et al., 2007; van der
Merwe et al., 2011a), or (2) biogenic PFe directly incorporated in
sea ice when it originally formed further East potentially on the
continental shelf where productivity (and therefore biogenic PFe)
may have been higher.

4.4. Role of seasonal sea ice as a natural ocean fertilizer

When using the depth integrated DFe, lithogenic PFe and
biogenic PFe concentrations in East Antarctic pack ice from
Table 4, and assuming a 1 m thick ice cover and 30 days of
melting, the estimated Fe flux from melting pack ice to East
Antarctic surface waters in spring 2012 would be 0.2 mmol/m2/d
for DFe, 2.7 mmol/m2/d for biogenic PFe and 1.3 mmol/m2/d for
lithogenic PFe. Therefore, our study highlights that the biogenic
and lithogenic PFe fluxes are an order of magnitude higher than
the DFe flux. Particulate organic matter associated with Fe
(¼biogenic PFe) can be oxidized or remineralized, and release
Fe into the dissolved phase, together with carbon, nitrogen and
silicate. Remineralization processes have been recognized to play
a major role in supplying available Fe to the phytoplankton
community (Hurst and Bruland, 2007; Hutchins and Bruland,
1994). The flux of biogenic PFe released from sea ice being 10
times higher than the DFe flux. The importance of sea ice in
supplying bio-available PFe to the Antarctic surface waters there-
fore cannot be ignored. If only 10% of biogenic PFe is regenerated,
bio-available PFe can match the DFe flux, therefore doubling the
flux of bio-available Fe supplied by melting sea ice to Antarctic
surface waters. Iron associated with lithogenic material can also
become bio-available, but to a much lesser extent than the
biogenic fraction. The size and density of the particles, concen-
tration of organic ligands, ocean mixing, rate of grazing by higher
trophic levels and remineralization processes will control the
concentration of bio-available PFe supplied by sea ice to surface
waters.

Several DFe fluxes have been put forward in the Southern Ocean,
and highlight that atmospheric dust input (continentalþextraterres-
trial) onto pack ice is generally low (i.e. 0.0016 μmol/m2/d; from
Lannuzel et al., 2007). Apart from regional exceptions, it is ack-

Fig. 7. Plot of particulate Fe (PFe) versus particulate Al (PAl) concentrations (in
nM). Earth’s crustal Fe/Al ratio¼0.33 mol:mol is indicated by the red dotted line.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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nowledged that the main source of Fe to Antarctic sea ice comes
from below, either by entrainment from the mixed layer
(¼newþregenerated Fe) or from organic matter and associated
Fe (¼regenerated Fe) left floating in seawater from the preced-
ing summer season (Lannuzel et al., 2010). Modeling studies
have reported that diapycnal diffusion supplies to the Southern
Ocean 0.0016–0.0157 μmol/m2/d of DFe while deep winter
mixing supplies 0.026–0.091 μmol/m2/d (Tagliabue et al.,
2014). With 0.2 μmol DFe /m2/d released to Antarctic surface
waters during the melt season, sea ice supplies more DFe than
all the other mentioned sources put together. As sea ice covers
40% of the Southern Ocean, its role as a natural ocean fertilizer
therefore cannot be ignored.

4.5. Sea-ice biogeochemistry during SIPEX-2: Iron versus light
limitation

Due to favorable environmental conditions at the bottom of ice
floes, ice algal communities typically develop at the ice/water
interface, resulting in maximum Chla, POC and PON, and a char-
acteristic “L-shaped” vertical profile. However, surface flooding can
result in accumulation of biogenic particulate matter in surface
slush layers, leading to C-shaped profiles (Meiners et al., 2012). East
Antarctic sea ice has been reported to harbor primarily bottom
communities (Grose and McMinn, 2003; Meiners et al., 2011).
Interestingly, this was not the case in our study. The complex sea-
ice properties and ice growth mentioned earlier in the discussion
led to heterogeneous distributions of Chla, DOC, POC, PON and to a
lesser extent macro-nutrient concentrations (Figs. 4 and 5).

Silicic acid did follow a conservative model of incorporation in
sea ice i.e. in proportion with salinity gradients, whilst the other
nutrients were either enriched (NH4

þ and PO4
3-) or consumed (NOx

and PO4
3-) in sea ice. Stations 3 and 7 exhibited enhanced Chla, POC

and PON concentrations at the top of the ice cover, suggesting an
active surface community. Station 7 displayed a 0.35 m thick snow
cover on top of 0.72 m of granular ice (Fig. 2), suggesting some
snow ice formed in the top of the ice cover and therefore some
surface flooding occurred. The infiltration of seawater may have
seeded the surface of the ice with nutrients and micro-organisms,
leading to an active surface community at station 7 with a C:N
close to the Redfield ratio and high POC, PON and Chla (Fig. 5). In
contrast, it is unclear at this stage what lead to the high POC and
Chla observed at station 3 in the top layer of the sea ice. The snow
thickness was amongst the lowest measured during SIPEX-2
(0.25 m), the ice textures highlight thermodynamic growth (unde-
formed and level ice) and no snow ice formation. Furthermore, the
ice temperatures and brine volumes indicate that the ice cover was
typical of winter conditions. We suggest that the relatively thin
snow cover led to increased light availability at station 3 compared
to other sampling sites, which led to the development of a surface
community which used the available nutrients initially incorpo-
rated during the early stage of sea-ice formation. This is exempli-
fied by the complete drawdown in NOx at the ice/snow interface
(Fig. 4A and F), compared to the other ice stations where seawater
infiltration replenished the surface community with macro-
nutrients. However, the SiOH4

# concentration remained the high-
est at station 3 (Fig. 4B), suggesting the community developing
was not dominated by diatoms, but most likely Phaeocystis such as
P. Antarctica or P. globulosa. Interestingly, relatively high NH4

þ

concentrations observed at station 3 suggest strong recycling
processes in surface sea ice (Fig. 4D), which supplied regenerated
nitrogen needed for the autotrophic community to maintain
growth rates. However, resupply of new NOx through seawater
infiltration, either by percolation or flooding, would be required
for biomass to increase while maintaining Redfield stoichiometry.

Rates of primary production were measured using stable
isotope uptake incubations on the trace metal site at stations 2,
3, 4, 6 and 7 (Roukaerts et al., 2016). The highest rates were
measured at station 2 (5.5 mg/C/m2/d) followed by station 7
(3.3 mg/C/m2/d). Station 4 had the lowest rates of primary pro-
ductivity (0.04 mg/C/m2/d), in agreement with the low Chla, POC
and PON concentrations measured in sea ice at that station. A clear
increase in primary production was observed during the one-
month expedition, during which the daylight increased by about
3 h. Although we do observe an increase in C uptake rates as the
season progresses, the levels are low and characteristic of pre-
bloom conditions (Roukaerts et al., 2016).

Overall the availability of macro-nutrients and DFe was high
throughout the study (i.e. non limiting concentrations except for
NOx o0.2 μM at stations 3 and 7 in certain sections) and the warm
ice temperatures and high permeability of the ice cover were
favorable for algal growth. However, a common feature was the
thick snow cover on top of the ice at most stations. This feature, on
one hand, led to seawater infiltration which may have favored the
growth of surface communities, but on another hand, may have
restricted incoming light reaching the bottom communities. An
increase of snow thickness by 0.2 m can restrict light transmission
through sea ice by up to 80% (Arrigo, 2003). In our study, snow
thickness averaged 0.4 m and represented almost 30% of the sea-
ice thickness. We therefore suggest that, because of extensive
snow cover witnessed during the expedition, the low light levels
led to the low sea-ice primary productivity (see also Ugalde et al.,
2016; Roukaerts et al., 2016).

The Fe demand of sea-ice algae can be estimated from cellular Fe:
C and primary productivity (PP) (Fedemand¼new PP" (Fe:C)cellular)
where new PP¼0.5–6 mg/C/m2/d (Roukaerts et al., 2016). To the
best of our knowledge, no data on intracellular Fe:C ratios currently
exist for sea-ice algae assemblages. In seawater, this ratio typically
ranges from 10 to 40 μmol Fe:mol C (de Baar et al., 2008; Hassler and
Schoemann, 2009; Sarthou et al., 2005) and not only does it vary in
space and time, but it also varies with the type of phytoplankton.
Iron fertilized sites tend to sit in the higher range of (Fe:C)cellular
ratios (Sarthou et al., 2005). Using a conservative estimation of
(Fe:C)cellular¼10–40 μmol:mol for sea ice algae, we obtain an
Fedemand¼0.4–20 nmol/m2/d in sea ice. This Fedemand is well below
the DFesupply in sea ice¼0.86 μmol/m2/d estimated during the
voyage, confirming that Fe did not limit the primary productivity
in sea ice at this time of year. The DFesupply in sea ice was
approximated by substracting the lowest from the highest DFe
inventory values reported in table 4 (¼16.9–2.2 μmol/m2), and
dividing by the time elapsed between these 2 stations (17 days).

If the growth of the sea-ice community was not directly
controlled by the lack of Fe, the under ice phytoplankton community
may however have been limited by Fe supply later in the season,
when light limitation was alleviated. In the marginal ice zone,
a 0.2 μmol/m2/d supply of DFe from melting pack ice and
(Fe:C)cellular¼10–40 μmol:mol would sustain a gross primary pro-
ductivity of 0.06–0.24 g/m2/d in the East Antarctic sector. Our
Fe-induced productivity estimate represents 10% to 40% of the
0.61 g/m2/d measured in seawater in the marginal ice zone in spring
1996 (Nicol et al., 2000). The higher and lower ends of our estimate
are controlled by the Fe:C range we used, which is based on
phytoplankton cultures and therefore may not match the in situ
ratios. Additionally, if 10% to 70% of biogenic PFe supplied from sea
ice is soluble and therefore becomes available for phytoplankton
uptake, then the Fe fertilization from sea ice can fully account for the
primary productivity value reported by Nicol et al. (2000). Our
estimates clearly demonstrate that the uncertainties on the intra-
cellular Fe:C ratios and on the solubility of PFe have to be addressed
before we can fully appreciate the role of sea ice-bearing Fe in
controlling primary productivity in the marginal ice zone.
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5. Conclusion

Concentrations of DFe in pack ice collected during SIPEX-2
were 2 to 3 orders of magnitude more concentrated than in ice-
free East Antarctic waters (Schallenberg et al., 2016). The SIPEX-2
DFe ranges were found to lie between those previously reported
from the ARISE and SIPEX-1 studies, even though the sea-ice
conditions were very different. Sea-ice thickness, texture and
growth (i.e. thermodynamic versus dynamic) do not control the
concentrations of DFe in sea ice. Instead, we hypothesize that DFe
precipitates into PFe when it reaches a certain in situ solubility
threshold. This threshold may be controlled by the concentration
of Fe-binding organic ligands present in sea ice. Particulate Fe
concentrations did vary between stations, with station 7 displaying
unique characteristics. A strong biogenic PFe signature was
observed at all stations, especially at station 7. Iron supply
estimates highlight the dominance of PFe over DFe in fertilizing
the marginal ice zone, but questions remain regarding how bio-
available PFe may become once released into seawater. The
flooding and dynamic conditions under which sea ice grew during
SIPEX-2, involving rafting and ridging processes, led to unusual
biogeochemical profiles in sea ice. The availability of nutrients,
favorable sea-ice conditions (warm and porous), low primary
productivity and thick snow covers observed throughout the study
suggest that light was the primary factor limiting growth in sea ice
at this time of the year in the SIPEX-2 study area.
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