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List of abbreviations 

 

D   Dissolved (<0.22 µm) 

TD   Total Dissolvable (Unfiltered) 

LP   Labile Particulate (TD – D) 
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Abstract 

 

In the last 20 years the Arctic Ocean has experienced over 32% loss of summer sea ice. 

This loss can influence the cycling of biogeochemical materials, affecting seawater’s biology and 

chemistry. Sea ice is important for the supply of biogeochemical materials (trace metals, 

nutrients, dissolved organic matter, suspended particulate matter, etc.) to the surface waters of 

the polar oceans, but its role is not clear. In this study we focus on trace metals. Understanding 

the accumulation and release mechanisms into Arctic sea ice will clarify the geochemical 

behaviour of trace metals. Both dissolved (D, <0.2 µm), and labile particulate (LP, Total 

Dissolvable - Dissolved) Fe, Mn, and Cd were examined in sea ice and seawater collected from 

the Chukchi Sea, Arctic Ocean. Samples were pre-concentrated utilizing the solid-phase 

extraction NOBIAS Chelate PA-1 resin (Hitachi High-Technologies Corporation) and analyzed on a 

Graphite Furnace Atomic Absorption Spectrometer. Chukchi seawater showed high percentages 

for DMn (71.5%) and DCd (66.3%) with a high percentage of LPFe (94.1%). In seawater, DCd was 

the only metal to correlate with phosphate (R2 = 0.78) indicating a biogeochemical cycling source. 

Chukchi seawater concentrations of Fe and Mn may have been controlled through external 

sources. Sediments (shelf or river) supplied LPFe and LPMn. DFe and DMn were supplied by the 

Alaskan Coastal Current. Trace metal concentrations in Chukchi drifting ice were heterogeneous. 

Drifting ice showed high percentages for the LP fraction (99.2% Fe, 63.6% Mn and 71.2% Cd). This 

data indicated that, regardless of the trace metal behavior in Chukchi seawater, Chukchi drifting 

ice was observed to have a preference to accumulate or retain the LP trace metal fraction. 

To examine possible trace metal accumulation processes utilized by Arctic sea ice, the 

association between trace metal concentrations and ice structure were observed in floe ice. The 

structure of sea ice reflects the process of ice formation, which may aid in the determination of 

accumulation processes. An Arctic sea ice core was examined. Using photographic analysis for 

the percentage of pore area and δ18O analysis, sea ice structure in the core sample showed snow, 

granular, mixed (granular + columnar) and columnar ice. Salinity and nutrients were low, 

indicating brine drainage and multi-year ice. High trace metal concentrations in snow ice 



4 
 

indicated meteoric snow as a source. High concentrations of LPFe in granular ice indicated 

possible particulate trace metal scavenging by frazil ice. Concentrations of LPMn and LPCd were 

low compared to DMn and DCd in granular and snow ice. It is possible that reduction of LPFe and 

LPM after particle entrainment released DMn and DCd, indicating a chemical transformation 

process. Low dissolved and labile particulate trace metal concentrations in mixed and columnar 

ice indicated a release due to brine drainage.  

The accumulation and retention of trace metals into Arctic sea ice may be influenced by 

the form of sea ice. Drifting sea ice can be a long-range transporter of LP metals. Floe ice can 

provide both D and LP metals to the local area. Therefore, sea ice form, processes of sea ice 

formation, chemical transformation and brine release, are important for the accumulation, 

retention and release of trace metals from sea ice. 
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 Chapter 1 

 General introduction 

 

1.1. Introduction 

1.1.1. Loss of Arctic sea ice 

Sea ice in the polar oceans is a vast, poorly understood ecosystem. During winter, sea ice 

covers up to 7% of the world’s surface (Dieckmann and Hellmer, 2010). Sea ice is important for 

processes such as heat and gas exchange between the sea surface and atmosphere (Eicken et al., 

1995), global climate circulation (Zwally et al., 1985) and the formation of bottom water (Comiso 

and Gordon, 1998) in the polar regions. Although sea ice is present in both the Antarctic and 

Arctic, these regions exhibit different characteristics. The Antarctic is a continent that is 

surrounded by the ocean. Within the ocean sea ice forms in a symmetric pattern, up to 2 meters, 

and have high drift speeds moving them to warmer waters where the sea ice then melts. Since 

the Antarctic is surrounded by ocean, humidity is high increasing snow precipitation. In contract, 

the Arctic is almost surrounded by land creating a calm semi-enclosed ocean. Arctic sea ice forms 

in an asymmetric pattern and is less mobile than Antarctic sea ice (NSIDC). In the Arctic region, 

the summer season is characterized by a persistent layer of perennial (multi-year, up to 5 meters) 

sea ice. Multi-year ice is of great importance to the Arctic Ocean. It is a buffer for solar radiation 

as well as a source of freshwater and trace metals to the underlying waters (Eicken et al., 1995). 

Yet increases of Arctic temperature have yielded decreases of sea ice extent (area with no less 

than 15% of ice present; NSIDC). This decline may be linked to global warming. The relationship 

between Arctic sea ice and the global climate was initiated with the 1956 Ewing-Donn theory. 

This theory states that the Ice Age, during the Pleistoncene, occurred when the North and South 

poles migrated to their current Arctic and Antarctic locations. The perceived fluctuations of ice-

free to ice-covered areas mirrored that of glacial and interglacial climate fluctuations (Ewing and 

Donn, 1958). Currently, the Earth is in an interglacial period allowing for the effects of global 

climate change to be highly influential on Arctic sea ice. 
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Increases in Arctic temperatures have remained constant. In recent years, the Arctic has 

seen an increase in atmospheric temperatures by 1.6˚C from October 2016 to September2017, 

over double the global average rate for mean temperatures (Overland et al., 2017). The most 

pronounced temperature increases are observed in the autumn and spring seasons of the Pacific 

and Canadian regions (Przybylak, 2007). Relating this to Arctic sea ice extent, a decreasing trend 

of -13.2% per decade was observed when compared to the sea ice extent averages of 1981 - 2010 

(Perovich et al., 2017). Regarding multi-year ice, a decrease of 7 x 106 km2 to 3.5 x 106 km2 was 

observed from 1980 - 2017 (Comiso et al., 2017). The current observations for sea ice loss have 

increased the importance of sea ice studies and their role in biogeochemical cycling. The loss of 

Arctic sea ice, especially during the summer months, points to an ecosystem shift from multi-

year to first-year ice. This can affect the Arctic by changing it from a calm system to a more 

dynamic environment, possibly changing the interactions between sea ice, ocean and the 

atmosphere.  

1.1.2. Forms of sea ice  

Sea ice is ice that is formed from frozen seawater. There are two major ice types: fast ice 

or pack ice. Fast ice is sea ice that is attached to the shore, or ice associated with land extending 

to the shore, usually forming around coastal areas. Pack ice is a broad term that can be used to 

describe any ice that is not fast ice (Toyota, 2018). The forms of ice that was observed in this 

study were of pack ice: floe ice and deformed drifting ice. Floe ice can be composed of either 

first-or multi-year ice, and reach thicknesses greater than 2 m (Toyota, 2018). In response to 

mechanical, current, or thermal stress, ice floe can travel westward, away from the coast into the 

Arctic (Maykut, 1985; Eicken et al., 2005). Floes can be over 10 km across (Toyota, 2018) and 

protected from wave stress in the interior of the floe. Therefore, the structure of sea ice can be 

determined as a result of formation processes. Drifting ice, for the purposes of this study, was 

used to describe free floating deformed sea ice (such as brash ice). Drifting ice can reside in a 

transition area between an ice floe and the open ocean (the marginal ice zone) where high energy 

creates a dynamic area (Smith, 1987; Maykut, 1985; McPhee et al., 1987). Drifting ice in the 

transition area is characteristically composed of smaller sizes (20 - 30 m diameter; Wadhams et 
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al., 1988). Strong influences from wind and wave stress (Häkkinen, 1986; Wadhams et al., 1986) 

can break up, or collide, drifting ice and advanced melting (McPhee et al., 1987) can further 

degrade the ice. This indicates that drifting ice may be more permeable than sea ice from a 

protected ice floe, inhibiting determination of the ice structure. If the overall decline in multi-

year summer ice continues, is it possible that the Arctic may turn into an ice-free summer within 

this century (Massonnet et al., 2012). In response to this transition and the ultimate loss of sea 

ice, both regional and global biogeochemical cycling processes may be greatly impacted (Thomas 

and Dickmann, 2003; Vancoppenolle et al., 2010).   

1.1.3. Biogeochemical cycling 

Biogeochemical cycling is the interaction of chemical materials (i.e. iron (Fe), nitrate 

(NO3
-), phosphate (PO4), etc.) traveling via biological (i.e. phytoplankton) and geological (i.e. 

seawater, sea ice, etc.) processes (Hedges, 1992). In the Arctic Ocean, sea ice has a geochemical 

role as it can transport incorporated materials (trace metals, nutrients, dissolved organic matter, 

suspended organic matter, etc.) from areas of formation into new areas (Eicken et al., 2005; 

Masqué et al., 2007). As the loss of Arctic sea ice increases, its effect on the cycling of trace metals 

within the Arctic are unknown. Therefore, this study will focus on trace metals and how they are 

incorporated into sea ice. To accurately measure the chemical composition of sea ice, clean 

methods are needed. In recent years, chemical research on sea ice have aimed to create cleaner 

trace metal methods for sample collection, preparation and analysis. Unfortunately, these 

sampling techniques and measurements are varied (Miller et al., 2015). Efforts have been made 

to make more standardized approaches so that the intercomparison of data will be reliable 

(Miller et al., 2015) as biogeochemical sea ice studies become more frequent. This study follows 

trace metal clean methods that have been described by Takeda and Obata (1995), Nishioka et al. 

(2001) and Tsumune et al. (2005). 

1.1.4. Trace metals of interest 

The biogeochemical cycling of trace metals by sea ice is most noticeable during the spring 

melting season. In the Arctic, sea ice is a source of trace metals to the underlying surface waters. 

The concentrations of trace metals in sea ice have been reported to have elevated levels in 
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comparison to the underlying seawater (Hölemann et al., 1999; Aguila-Islas et al. 2008; Tovar-

Sanchez et al. 2010; Kanna et al., 2014). When sea ice melts, it can release incorporated trace 

metals supplying them into the underlying waters (Grotti et al., 2005; Lannuzel et al., 2007, 2008).  

Aguilar-Islas et al. (2008) found increases of biomass in areas with ice present. In areas without 

ice, nutrient concentrations were high, but Fe and Chl a concentrations were low. They suggested 

that the addition of Fe from melting sea ice allowed phytoplankton to fully utilize the available 

nutrients, in the low salinity surface waters due to melting sea ice, which increased the biomass. 

Increases in biomass as a result of melting sea ice were also observed in the Antarctic showing 

that sea ice can be a source of trace metals to phytoplankton (Lannuzel et al., 2008). Therefore, 

it is important to understand the geochemical role of sea ice in the supply of trace metals. Most 

trace metals act as essential micro-nutrients that are necessary for phytoplankton growth, while 

some can be detrimental. In this study we focused on Fe, manganese (Mn) and cadmium (Cd). 

These three trace metals show different behaviors (REDOX potential, supply source, 

biochemically, etc.) in seawater. For example, Fe is a transition metal allowing for a range of 

oxidation-reduction properties. Iron is used in enzymes and proteins during photosynthetic and 

respiratory electron transport (Morel et al., 1991) that can increase the growth phytoplankton. 

It is a component of catalase, peroxidase and Fe-superoxide dismutase for oxygen cycling. 

Ferredoxin (Fe-sulfur (SO4
-) protein) is used as an electron donor in SO4

-, NO3
- reduction and N2 

fixation. Iron can also have indirect roles such as regulation for cellular metabolism (Morel, 1983; 

Geider and Roche, 1994; Morel et al., 1991). The study of Fe as an essential micro-nutrient for 

phytoplankton increased after the introduction of the “Iron Hypothesis” by John Martin. The 

“Iron Hypothesis” states that dust derived Fe delivered to the Southern Ocean, during the glacial 

period, increased primary productivity resulting in a drawdown of atmospheric carbon dioxide 

(Martin, 1990; Martin et al., 1990). From this idea, studies have not only shown a limitation of 

phytoplankton growth by Fe but have expanded to understanding the role other trace metals as 

well.  

As with Fe, Mn is a transition metal with extensive oxidation-reduction properties 

(Landing and Bruland, 1987; Morgan, 2005; Sunda et al., 1983). In seawater Fe and Mn have 

similar geochemistry (Landing and Bruland, 1987; Shiller, 1997) indicating that these two metals 
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are supplied through similar sources (Saager et al., 1989 and references within). Biologically Mn 

is an essential micro-nutrient used as an electron acceptor during water oxidation in photosystem 

II, the chemical breakdown of toxic superoxide radicles by activation of superoxide dismutase 

and can substitute for Fe(III) in some reactions (Peers and Price, 2004; Sunda, 1989). In contrast 

Cd is not a transition metal but a rare element that can be found in minute amounts within the 

ocean. As an essential element, Cd can increase carbonic anhydrase activity of phytoplankton 

and act as a substitute for other essential metals (Cullen et al., 1999; Morel and Price, 2003). At 

elevated concentrations, usually attributed to industrial pollution (Vallee and Ulmer, 1972), Cd 

can be detrimental to organisms. Increased Cd can alter the permeability of cellular membranes, 

disrupt electron transport, inhibit or activate enzymes, induce phytochelatins (thiol-containing 

peptides used for metal detoxification), limit or inhibit the uptake of macro-nutrients and cause 

oxidative stress (Miao and Wang, 2006; Smeets et al., 2005 and references within; Wang and 

Wang, 2009). Iron, Mn and Cd were chosen as the exhibit both similar and different geochemical 

behaviors within seawater as described above. These behaviors may influence how they are 

accumulated and retained into sea ice.  

1.1.5. Trace metal size fractions 

To gain a better understanding of the biogeochemical cycling of trace metals by sea ice, 

we must first understand the mechanisms for how trace metals accumulate into sea ice. A 

detailed study of trace metals by their size fractions will show the available processes utilized by 

sea ice. Fractionation is broadly defined as the classification of an analyte from a sample due to 

its physical (size, solubility, etc.) or chemical (i.e. redox potential) properties. This is different 

from speciation which is defined as the form of an element due to its isotopic composition, 

oxidation state, and/or molecular structure or complex (Templeton et al., 2000). Size 

fractionation is defined via the filtration of a sample through different pore sized membranes 

(Templeton et al., 2000 and references therein; Nishioka and Takeda, 2000). One of the major 

issues of filtration is contamination. The filter, filtration device and sample bottle must be acid-

washed to avoid outside condemnation to the filtered sample (Nishioka and Takeda, 2000,2001). 

Filtration is usually done within a space that has continuous clean, filtered, air flowing in to 
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maintain a trace metal clean working space. Filtration of each sample must be done with an 

individual filter, and the filtration device cleaned between subsequent samples. This will 

decrease the chance of contamination to the filtered sample. If a lot of particulates are present 

in a sample, the filter must be changed during filtering in order to accurately catch the intended 

fractionated sample (Templeton et al., 2000). Separating trace metals by their size fractions 

allows us to better understand their chemical and physical behaviors in both sea ice and seawater. 

The particulate fraction (P, >0.2 µm or >0.4 µm) represents trace metals associated with particles 

and can be found resting on the filter. The D fraction (<0.2 µm) represents trace metals that pass 

through a filter and are found in the acidified filtrate. For the purposes of this study, both the 

colloidal (between 200 kDa and 0.2 µm) and soluble (<200 kDa) fractions (de Baar et al., 2005; 

Nishioka et al., 2005) are represented collectively in the D fraction. The total dissolvable fraction 

(TD, unfiltered) represents all metals (both metals associated with particulates and metals in the 

D faction) that were dissolved in an acidified matrix (Hurst and Bruland, 2007; Kuma et al., 1998; 

Nishioka et al., 2001). The LP fraction is calculated as the difference between the TD and D metals 

(Cid et al., 2011; Lannuzel et al., 2007). Subtracting out the D fraction from TD will leave the 

dissolvable particulate fraction of trace metals (LP). Figure 1.1, modified from Lannuzel et al. 

(2014), is a schematic of the D and P size fraction during filtration. This study focused on the 

dissolved (D) and labile particulate (LP) trace metal size fractions.  

1.1.6. Study objectives 

Previous studies have shown that the concentrations of trace metals in sea ice are higher 

than in underlying surface seawater (Grotti et al., 2005; Kanna et al., 2014; Lannuzel et al., 2007, 

2008, 2011, 2015; van der Merwe et al., 2011). Most sea ice studies have occurred in the Antarctic 

Ocean (Grotti et al., 2005; Hendry et al., 2009; Lannuzel et al., 2007, 2008, 2010, 2011, 2014, 

2016; van der Merwe et al., 2011). Whereas sea ice studies for the Arctic region are less (Aguilar-

Islas et al., 2007, 2008; Hölemann et al., 1999; Kanna et al., 2014; Melnikov et al., 2002). The 

Arctic has mostly stable, thick characteristic multi-year ice. The addition of freshwater inputs (i.e. 

river and Pacific Ocean water inflow) encourages sea ice formation by decreasing the 

temperature of surface waters (Aagaard and Carmack, 1989; MacDonald et al., 1995). Thus, 
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Arctic sea ice maybe an important source of trace metals in the Arctic Ocean.  Trace metal studies 

with sea ice observing trace metal size fractions have found variable concentrations. These 

differences may be due to trace metal accumulation processes. Yet the mechanisms behind trace 

metal accumulation into sea ice are unclear (Evans and Nishioka, 2018). Utilization of a tank 

experiment would allow for a trace metal clean, controlled observation of trace metal 

accumulation into sea ice (Janssens et al., 2018). Unfortunately, trace metal clean materials are 

needed. Therefore, the possible major mechanisms of accumulation and release were observed 

in two different forms of sea ice collected from a shelf and basin area.  

 The purpose of this study was to investigate trace metal accumulation mechanisms into 

Arctic sea ice. We first created a trace metal clean pre-concentration method utilizing the NOBIAS 

PA-1 resin with a manual system. This is described in Chapter 2. To gain an understanding of the 

role of sea ice in the geochemical cycling of trace metals we compared D and LP Fe, Mn, and Cd 

concentrations in free floating drifting sea ice with the surrounding surface seawater. This is 

described in Chapter 3. Based on the results from Chapter 3, we noticed differences in the size 

fractions of trace metals within sea ice but did not observe how they accumulated into sea ice. 

To gain more details on the accumulation processes for trace metals into sea ice we compared 

the D and LP concentrations of Fe, Mn and Cd to the structure of sea ice from an ice core samples 

collected from the interior of a sea ice floe. A trace metal clean method was created for the 

planing of sea ice in order to have reliable direct comparison of trace metals to ice structure. This 

is described in Chapters 4. Overall conclusions from these studies allowed us to elucidate on the 

role of different ice types in the geochemical cycling of trace metals in the Arctic Ocean. This is 

explained in Chapter 5. 

  

 

 

1.2. Figures 
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Figure 1.1. Size partitioning between the dissolved, <0.2 µm, (including soluble and colloidal 

size classes) and particulate, >0.2 µm, size fractionated trace metals (modified from Lannuzel et 

al., 2014).  
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 Chapter 2 

 Construction and preparation for trace metal pre-concentration  

 with the NOBIAS PA-1 resin 

 

2.1. Introduction 

In the Arctic Ocean trace metals (i.e. Fe, Cd, etc.) concentrations are low, which prevents 

reliable direct analytical analysis. The size fractions of trace metals present another issue as D 

metals may have lower concentrations than the P fraction. Utilizing a pre-concentration method 

before analysis increases the concentrations of trace metals to detectable levels within a sample 

(Ueda et al., 2010). Pre-concentration can also allow for more reliable analysis as interferences 

resulting from seawater constituents (i.e. salts) are avoided (Sohrin et al., 2008). The resin column 

used for the pre-concentration of size fractionated trace metals from Arctic sea ice and seawater 

was the commercially available NOBIAS Chelate-PA-1 (NOBIAS) resin (150 mg, Hitachi High-

Technologies Corporation). This resin holds some significant advantages over other resins making 

it a powerful tool. The NOBIAS resin is composed of three major components: 1) hydrophilic 

polyhydroxymethacrylate beads increases the accessibility of functional groups to metal ions. 

The beads improve the efficiency of metal adsorption and elution onto and from the resin 

(Persson et al., 2011). The use of a hydrophilic polymer stabilizes the resin, preventing the action 

of swelling or contracting during use (Mizutani et al., 2010). 2) Ethylenediaminetriacetic acid, an 

analogue to EDTA, allows the resin to form five coordinate bonds with metal ions (Minami et al., 

2015; Sohrin and Bruland, 2011). 3) Iminodiacetic acid (IDA) can also prevent the resin from 

swelling during pre-concentration and further increase the resin’s metal affinity (Sohrin and 

Bruland, 2011). The combination of EDTA and IDA allows for the NOBIAS resin to have a high 

enough affinity for trace metals to out compete natural ligands. The use of utilized isotopic 

dilution (Milne et al., 2010; Lee et al., 2011) or UV-oxidization (Biller and Bruland, 2012) can be 

avoided, due to the resin’s high metal affinity. This will allow for multi-element quantitative 

analysis (including Mn and Co) from natural samples (Biller and Bruland, 2012). The NOBIAS can 
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also separate alkaline and alkali-earth metals from sample solutions (Ueda et al., 2010). 

Eliminating the presence of contaminates and interferences (i.e. seawater salts, particulates, 

etc.) during analytical analysis in the resulting eluent. Pre-concentration with the NOBIAS resin 

yields low blank values that can calculate low detection limits for each element of interest (Sohrin 

et al., 2008). Past studies have successfully used the NOBIAS resin to pre-concentrate rare earth 

metals (Hatje et al., 2014; Zhu et al., 2010), uranium from estuarine waters (Takata et al., 2011), 

thorium isotopes (Takata et al., 2011) and neodymium isotopes (Persson et al., 2011). Analysis 

after pre-concentration is usually done on an Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS; Hatje et al., 2014; Lagerstrom et al., 2013; Persson et al., 2011; Takata et al., 2011; 

Sohrin et al., 2008; Zhu et al., 2010), or a Graphite Furnace Atomic Absorption Spectrometer 

(GFAAS; Ueda et al., 2010). For the purposes of this study a GFAAS was used. 

2.2. Preparation 

2.2.1. NOBIAS resin and materials preparation and cleaning  

All reagents used for the pre-concentration of trace metals were of reagent, pure or ultra-

pure chemical grade. Milli-Q water (Millipore Ltd.) was used to prepare all solutions. Standard 

solutions (Fe, Mn and Cd) were made in ultrapure nitric acid (HNO3, 1 M final concentration, 

Tamapure-AA-100). Over time the standard curve slopes became unstable. In order to avoid 

sample value (after analysis) variability, each element’s standard solution was made on the same 

day as analysis. 

Materials used for trace metal pre-concentration were low- and high-density 

polyethylene (LDPE, HDPE, Nalgene Company, Limited) bottles, Teflon bottles, pipette tips, 

Teflon micro-tubing (OD 2-mm, 1-mm ID), and 25 ml plastic syringe (latex free, Henke Sass Wolf). 

Cleaning methods for materials followed documented procedures in Nishioka et al. (2001) and 

Takeda and Obata (1995). Briefly, all materials were submerged in a 5% Extran® (alkaline and 

phosphate-free liquid, Merck) bath for 48 hrs, 72 hrs for pipette tips. With the bottles, care was 

taken to avoid trapping air bubbles while submerged in the bath. Materials were then rinsed with 

reverse osmosis (RO) water and transported to an ultrapure hydrochloric acid (HCl, 4 N final 

concentration, Tamapure-AA-10, Tama Chemical) bath, located under a laminar fume hood in a 
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class 100 clean room, for 24 hrs. All materials were rinsed with Milli-Q water. New Teflon 

materials (bottles and valves) were placed into a 1 : 1 : 1 nitric : sulfuric : hypochlorous acid 

(ultrapure HNO3 : H2SO4 : HClO, Tamapure-AA-100, Tamapure-AA-10) bath and heated to 80°C 

for 6 hrs. New Teflon micro-tubing were connected and a peristaltic pump was used to insert the 

1 : 1 : 1 HNO3 : H2SO4 : HClO solution before placing the micro-tubing in a 80°C water bath for 24 

hrs. After heating, the 1 : 1 : 1 HNO3 : H2SO4 : HClO solution was removed with a peristaltic pump 

into a waste container and Milli-Q water was flushed through the micro-tubes. All materials were 

then placed in a heated (80°C) ultrapure HCl (1 N final concentration) bath for 6 hrs. Separate 

baths were made for new and used bottles. Following the ultrapure HCl (4 N final concentration) 

bath, HDPE and LDPE bottles were filled with ultrapure HNO3 (0.3 M final concentration), and 

heated to 80°C for 6 hrs. All materials were rinsed with Milli-Q water, placed in a Milli-Q water 

bath for 6 hrs before a final Milli-Q water rinse and air dried. GFAAS cups were cleaned in 5% 

Extran® for 72 hrs, rinsed with RO water, placed in an ultrapure HCl (4 N final concentration) bath 

for 48 hrs. The materials were then rinsed with Milli-Q water and air dried. 

 NOBIAS resins were individually cleaned following the methods outlined in Sohrin et al. 

(2008). An acid cleaned 25 mL syringe hand syringe was used to pass the following solutions 

through the resin, in succession, at 5 mL/min.: acetone (Wako Pure), methanol (Wako Pure), 

Milli-Q water, ultrapure HCl-H2O2 (1 M – 0.01 M final concentration, peroxide, Wako Pure), Milli-

Q water, ultrapure NH4 (0.5 M final concentration), and Milli-Q water. Cleaning the resin with 

HCl-H2O2 was necessary to lower the Fe blank values by reducing Fe3+ to Fe2+. This process 

successfully removed all remaining Fe from the resin column (Minami et al., 2015). After the resin 

columns were cleaned, they were individually wrapped in clean plastic before use. 

2.2.2. Pre-concentration manifold preparation and set-up  

An acid cleaned in-line manual manifold, modified from Sohrin et al. (2008) and Kondo et 

al. (2016), was used for the pre-concentration of trace metals with the NOBIAS resin (Fig. 2.1). 

The manifold was set-up in a dust free, class 100, clean room below a HEPA filtered air vent. It 

consisted of three Teflon solution bottles (0.05 M HAcO-NH4AcO buffer, Milli-Q water, and 1 M 

HNO3). The sample line used the 125 mL LDPE bottles that the sample was collected and acidified 
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in. A 4-way valve connected the Teflon micro-tubings from the solution bottles directly to the 

bottom of the resin column. A separate micro-tube was connected to the top of the resin going 

towards the peristaltic pump. A waste line (Teflon micro-tube) ran from the resin column, 

through a peristaltic pump connected with Tygon tubing, into a waste container. To collect the 

eluent, the resin column was disconnected from the manifold and connected to an acid cleaned 

25 mL in the opposite orientation of the sample flow direction.  

After set-up, the manifold was cleaned following procedures described by Sohrin et al. 

(2008) before connecting the cleaned NOBIAS resin. 500 mL of ultrapure HCl : HNO3 (1 M : 1 M) 

was passed through the manifold and allowed to sit in the Teflon micro-tubes for 24 hrs. The 

manifold was rinsed with Milli-Q water. 500 mL of 1 M HNO3 (ultrapure) was passed through each 

line and held for 24 hrs. The manifold was rinsed again with Milli-Q water and the cleaned resin 

column was connected. 1 M HNO3 (ultrapure) was passed through the manifold with the resin 

column attached and held for another 24 hrs. The manifold, with the resin column attached, were 

then rinsed with Milli-Q water. This last step with 1 M HNO3 (ultrapure) was repeated four times 

with no contamination to the manifold. After each 1 M HNO3 (ultrapure) pass, the manifold was 

rinsed with Milli-Q water. Milli-Q water was held in the Teflon micro-tubes flow lines once the 

manifold was cleaned.  

2.3. Methods 

2.3.1. NOBIAS pre-concentration methods 

The buffer solution used for the pre-concentration of trace metals was acetic acid-

ammonium acetate (HAcO-NH4AcO). A 3.6 M HAcO-NH4AcO buffer was made following the 

methods outlined in Minami et al. (2015): 30 g of Acetic Acid, Glacial (Optima Acid, 

Fisherchemical Fisher Scientific; Optima buffer), 70 g Milli-Q water and 50 g 20% NH4OH 

(ultrapure, Tamapure-AA-10) in Teflon bottles. A 0.05 M HAcO-NH4AcO buffer was prepared by 

diluting 3.6 M HAcO-NH4AcO with Milli-Q water than double purifying it with the NOBIAS resin 

before storing the diluted buffer in acid clean Teflon bottles. The 0.05 M HAcO-NH4AcO buffer 

was used to condition the resin column to pH 6 and removed alkali, alkaline earth metals and any 

remaining sea salts that remained in the column (Minami et al., 2015; Sohrin et al., 2008). 
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 After the manifold was set-up, Milli-Q water procedural blanks were made to check for 

contamination from: the manifold materials, pre-concentration solutions and the pre-

concentration method (Table 2.1). The pre-concentration method was modified from Sohrin et 

al. (2008; Fig. 2.2). Before each sample was pre-concentrated, the manifold was cleaned with 15 

mL of 1 M acidic acid (HNO3, ultrapure, Tamapure-AA-100, 1 mL/min.) then conditioned with 30 

mL Milli-Q water (3 mL/min.) and 40 mL of 0.05 M HAcO-NH4AcO (3 mL/min.). During this step, 

a Milli-Q water procedural blank was prepared. 125 g of Milli-Q water was measured on a 

precision scale in an acid cleaned 125 mL LDPE bottle. 1.8 µL of 3.6 M HAcO-NH4AcO buffer was 

added via pipette and the pH was adjusted to 6.0 ± 0.05 with 20% NH4OH (ultrapure). A pH sensor 

(AsOne Compact pH meter, Laquatwin) was used to check the pH of the sample. During 

measurement a small amount of the procedural blank was poured directly on the sensor 

(accuracy ± 0.1). This allowed for the procedural blank to stay clean and limit the chance for 

contamination and misreading. After the pH adjustment step, the procedural blank was loaded 

at 3 mL/min. and 40 mL of 0.05 M buffer at 3 mL/min. followed the sample. To collect the eluent, 

the column was moved to an acid clean hand syringe, in the opposite direction of the flow from 

the solutions, and back-eluted with 10 mL of 1 M HNO3 (ultrapure, 1 mL/min.) into an acid clean 

polyethylene collection tube. The resin was then re-connected to the manifold. A stop watch was 

used to time all solutions. For subsequent samples, the procedure was repeated from the 

beginning cleaning step (1 M HNO3 (ultrapure) at 1 mL/min.) to ensure no cross contamination 

between samples. The concentration factor was individually calculated by dividing the weights 

of the elution and samples. After the samples were analyzed on a GFAAS, their values were 

divided by their concentration factor to determine the original concentration of each sample 

before pre-concentration. 

Sea ice and seawater (D and TD) samples in chapters 3 and 4 followed the pre-

concentration procedure as described above. In chapter 3 particles were observed in the total 

dissolvable sea ice samples, therefore, a new line was made with acid cleaned filters so that the 

sample was filtered (0.22 µm, Durapore, Millipore Ltd.) before loading onto the column followed 

by 40 mL of the diluted buffer. This filtration step allowed for the flow lines to remain clean during 

pre-concentration.  
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2.3.2. GFAAS measurement methods 

For all samples the % absorbance of Fe, Mn and Cd were analysed individually on a GFAAS. 

A standard curve and three analytical blank samples (1 M HNO3, ultrapure) were measured 

before the experimental samples for each element’s run. The analytical blank samples were used 

to calculate the analytical detection limit of the GFAAS for each element. This was determined 

by calculating the standard deviation of all analytical blanks and multiplying this by three. An 

analytical blank was then measured between every 10 samples to ensure no cross contamination 

in the GFAAS sampler between samples. Two analytical blanks were put as the last samples to 

ensure that the GFAAS sampler was cleaned after all samples were ran. 

Each individual sample was measured 5 times, the first measurement was dropped to 

ensure there was no interference from the previous sample’s measurement. The average, 

standard deviation and relative standard deviation (RSD) absorbance values were then corrected 

for by subtracting out the average absorbance value from the analytical blank. This was done to 

account for analytical noise of the GFAAS. To calculate the standard curve, the standards average 

values were graphed by absorbance (%) verses standard (parts per billion, ppb). If the standard 

curve was non-linear, a polynomial trendline was used for the absorbance equation. The 

absorbance equation was used to calculate the sample data in ppb. The sample data was then 

calculated to nano molar (nM) by dividing the ppb value with the desired element’s molecular 

weight and multiplying it by 1000. If the raw calculated data values were below the analytical 

detection limit, the data was considered non-detectable. All raw data was considered reliable if 

the RSD was below 0.5%.  

2.3.3. NOBIAS pre-concentration recovery tests methods 

To measure the recovery of trace metals by the NOBIAS resin, 120 mL of Milli-Q water 

was spiked with known concentrations of Fe, Mn, and Cd (10.03 nM, 1.73 nM and 1.33 nM, 

respectively) from individual 50 ppb stock solutions. All recovery blanks were pre-concentrated 

with the NOBIAS resin and analysed via GFAAS.  

2.3.4. NOBIAS pre-concentration validation tests methods 
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Seawater reference material for trace metals (NASS-6, salinity of 33.5, National Research 

Council Canada) was used to validate the NOBIAS pre-concentration procedure. 30 - 50 g of NASS-

6 (n = 8) was measured via precision scale and placed in acid cleaned LDPE 125 ml bottles. 

Samples were pre-concentrated and analysed via GFAAS for Fe, Mn, and Cd.  

2.4. Results 

2.4.1. Procedural blank, recovery test and reference materials 

  Milli-Q water procedural blanks were pre-concentrated for Fe, Mn and Cd. The pre-

concentration detection limit (DL), after the pre-concentration step and analysis on the GFAAS, 

was determined for each element by multiplying the standard deviation (SD) of the Milli-Q 

procedural blanks, by three. This DL was used for the sea ice and seawater samples in chapters 3 

and 4. After the samples were pre-concentrated, their measured values were compared to the 

DL. If the samples were above the DL, then their measured values were calculated with the 

concentration factor and reported. The final in situ DL of our method varied depending on the 

pre-concentration factor used for each sample type but resulted in the following averages: 0.3 

nM for Fe, 0.06 nM for Mn and 0.0002 nM for Cd (Table 2.1). Recovery of Fe, Mn and Cd from 

spiked Milli-Q water blanks after pre-concentration was 102.1 ± 5.6%, 100.3 ± 1.8%, and 106.3 ± 

5.1% respectively (Table 2.2).  

Recovery for each metal agreed with Sohrin et al. (2008) and Minami et al. (2015) published 

data. Three samples, from this study, were used to represent the recovery data as these samples 

were the most stable and repeatable. Values of NASS-6 seawater reference materials (n = 8) 

measured in this study after pre-concentration showed: 9.5 ± 1.3 nM Fe, 11.2 ± 1.4 nM Mn and 

0.3 ± 0.1 nM Cd. Measured seawater reference values were comparable to the certified values 

(National Council of Canada; Fig. 2.3).  

2.5. Summary 

 The analysis of trace metals in Arctic sea ice and seawater is problematic as 

concentrations are typically low. One way to overcome this is with the use of a concentration 

step, of the samples in question, before analysis. The NOIBAS PA-1 chelating resin was chosen 
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for its high affinity towards trace metals and its ability to separate out seawater constituents 

during pre-concentration. The manifold used for this study was an in-line manual system. The 

manifold consisted of Teflon bottles and tubing with Tygon tubing to minimize contamination. 

To ensure the eluent of the Milli-Q water procedural blanks were not contaminated, the NOBIAS 

resin was back hand eluted with acid cleaned 25 mL hand syringes. To minimize contamination 

during the pre-concentration step, an Optima Glacial Acid buffer was made in Teflon bottles. 

Milli-Q water procedural blanks had low trace metal values with low detection limits. These 

methods were implemented in the NOBIAS pre-concentration method for trace metal analysis in 

this study (Chapters 3 and 4). The recovery for all interested metals (Fe, Mn, and Cd) with spiked 

Milli-Q recovery blanks agreed with published data. The validation of the NOBIAS pre-

concentration method with NASS-6 reference seawater yielded data that were within range of 

certified values from the Nation Research Council Canada. Based on the results of this study, 

metal pre-concentration utilizing the NOBIAS PA-1 resin on an acid cleaned in-line manual 

manifold is trustable and reliable for the determination of low trace metal concentrations in 

Arctic sea ice and seawater. 
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2.6. Figures 
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Table 2.1.  Detection limit for Fe, Mn and Cd determined from multiplying the standard deviation 

of the 125 mL Milli-Q water procedural blank by three. The detection limit was calculated after 

the pre-concentration step and analysis with the GFAAS. The final in situ detection limits were 

lower as they were calculated with the pre-concentration factor. 

  
avg ± SD Detection Limit

a

 in situ Detection Limit
b

 

Element n (nM) (nM) (nM) 

Fe 6 3.3 ± 1.3 3.9 0.3 

Mn 6 0.57 ± 0.24 0.7 0.06 

Cd 6 0.007 ± 0.0006  0.002 0.0002 

a 3*SD of Procedural Blank 

b 3*SD of the procedural blank after calculation with the pre-concentration factor 
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Table 2.2. Recovery of Fe, Mn, and Cd from spiked Milli-Q water. Samples were pre-concentrated 

with the NOBIAS resin.  

    Added 

This Study 

Recovery (%) 

Sohrin et al. 

(2008) 

Minami et al. 

(2015) 

Element n (nM) avg ± SD avg ± SD avg ± SD 

Fe 3 10.03 102.1 ± 5.6 77 ± 11 92.9 ± 9.2 

Mn 3 1.73 100.3 ± 1.8 100 ± 3 106 ± 4 

Cd 3 1.33 106.3 ± 5.1 101 ± 9 105 ± 6 
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 Chapter 3 

 Quantitative analysis of Fe, Mn and Cd from sea ice and seawater  

 in the Chukchi Sea, Arctic Ocean 

 

3.1. Introduction 

In the Arctic Ocean, the decline of sea ice has become more evident in recent years. This 

can have great impacts on the underlying water’s physical and chemical structures and 

productivity (Eicken and Lange, 1989; Fritsen et al., 1994; Macdonald et al., 1999). Currently, 

trace metal profiles in sea ice are very limited. A study done on Fe in the marginal, Sea of Okhotsk 

showed that snow and sea ice TDFe and DFe concentrations were higher than those observed in 

seawater under the sea ice (Kanna et al., 2014). Tovar-Sanchez et al. (2010) observed that multi-

year ice in the Greenland current and Fram Strait were more enriched with trace metals when 

compared to the underlying seawater. These studies indicate that sea ice in the Arctic Ocean may 

be a potential source of trace metals.  

In the Antarctic region, sea ice has been observed to accumulate Fe up to two orders of 

magnitude higher than the underlying surface waters (Grotti et al., 2005). Within sea ice, the 

distribution and concentrations of trace metal size fractions have been observed for and 

compared to seawater (Lannuzel et al., 2010, 2011a, 2011b, 2014). In addition, observations of 

Antarctic sea ice brine have been shown to influence nutrient and trace metal interactions, along 

with possible retention or release from the ice interface (Hendry et al., 2009; Lannuzel et al., 

2007, 2008; van der Merwe et al., 2011). Within the Arctic region, the study of trace metals in 

sea ice are not as extensive as for the Antarctic (Aguilar-Islas et al., 2007, 2008; Hölemann et al., 

1999; Kanna et al., 2014; Melnikov et al., 2002). Although studies from both the Arctic and 

Antarctic regions have shown that sea ice is able to accumulate trace metals, the mechanism 

behind trace metal accumulation into sea ice remains unclear. It is possible that trace metals 

accumulate during ice formation and sediment entrainment processes and are then transported 

as ice is exported from the area of formation into new areas (Eicken et al., 2005; Masqué et al., 
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2007; Nϋrnberg et al., 1994; Pfirman et al., 1995, 1997). This gives sea ice a geochemical role as 

a transporter of incorporated materials. Eicken et al. (2005) observed a westward export of 

sediment-laden sea ice in the Chukchi and Beaufort Seas. This suggests that sea ice can be a 

potential source of trace metals in the Arctic Ocean as they are released along with entrained 

sediments during ice melt. 

Understanding the processes of how trace metals accumulate into sea ice is very 

important to gain a clearer understanding of the role for trace metals geochemical cycling in the 

polar oceans. In this chapter, the concentrations of Fe, Mn and Cd in Chukchi drifting sea ice were 

compared to Chukchi seawater. Dissolved (<0.2 µm), and LP concentrations of Fe, Mn and Cd 

were observed. Labile particulate represents the dissolvable particulate metal size fraction and 

was determined by taking the difference between TD (unfiltered) and the D size fractions 

(Lannuzel et al., 2007; Cid et al., 2011). Iron, Mn and Cd have different characteristics of source, 

sink, cycle and redox potential in seawater. Thus, they were used to investigate the trace metal 

accumulation features of Arctic sea ice.  

  

3.2. Materials and methods 

3.2.1. Sampling location and sample collection 

All materials used for the sampling and analysis of sea ice and seawater followed trace 

metal clean sample collection and preparation methods. LDPE bottles, Teflon bottles and devices 

were acid cleaned as described in chapter 2.   

Sea ice was collected during the Oshoro-Maru cruise in July 2013. Three individual free 

floating sea ice (drifting ice) pieces were collected in the Chukchi Sea, about 8 - 16 km downwind 

from the sea ice edge. The ship approached the drifting ice from the downwind direction, to avoid 

the ship’s exhaust, at three different locations: Ice 1) 70˚58’ N, –165˚24’ W; Ice 2) 71˚3’ N, –

164˚28’ W; and Ice 3) 70˚48’ N, –164˚9’ W (Fig. 3.1). The three drifting ice pieces were within the 

size range of 0.5 m3 to 2.25 m3. Drifting ice was collected using a 1.8 m x 1.8 m nylon sling 

mounted on a vinyl coated stainless frame. The sling was hung from the ship’s crane from the 
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bow. Once the ice was collected it was placed upon a clean tarp on the ship’s deck. During 

collection care was taken to avoid touching any of the drifting ice surface, with non-acid cleaned 

materials, to avoid contamination. Once on the tarp, each drifting ice sample was individually 

separated into several block pieces using a titanium ice pick. The inside of the ice block was then 

immediately shaved with an acid cleaned ceramic knife and small chips (samples, Ice 1 n = 4, Ice 

2 n = 4, Ice 3 n = 14) of ice were collected into separate acid cleaned polyethylene buckets, double 

wrapped with clean plastic bags, then stored at −20˚C. In an on-shore clean area, each sample 

bucket was placed in an incubator, with double plastic bags, and melted at 20˚C. This decreased 

the chances of sample contamination. Once melted, the sample buckets were transferred to a 

class 100 clean room. The outer bag was removed from each bucket in the clean room; and half 

of the sample’s meltwater was immediately filtered by acid cleaned 0.22 µm filters (Durapore, 

Millipore Ltd.) using acid cleaned Teflon filter holder and acid cleaned Teflon micro-tubing 

connected to a peristaltic pump with Viton Tubing (Cole-Parmer Instrument Company). The Viton 

Tubing was in contact with the waste solution only. For sample filtration, one half of the sea ice 

meltwater was filtered. First a 25 mL wash of meltwater was used to clean the filter and tubing. 

The sea ice meltwater sample was then filtered allowing the filtrate (D) to be collected into acid 

clean 125 mL LDPE bottes. All samples were acidified to pH 1.8 with 0.05 M hydrochloric acid 

(HCL, ultrapure, Tamapure-AA-10, Tama Chemical). After sample filtration of each sample, the 

system was cleaned with Milli-Q water, held for one hour with 0.1 N HCl (ultrapure), then rinsed 

with 0.1 n HCl (ultrapure) and Milli-Q wash before subsequent sampling. The other half of the 

sample meltwater (TD) was immediately placed into acid clean 125 mL LDPE bottes and acidified 

to pH 1.8. Both the TD and D samples for each of the drifting ice pieces were stored for three 

years, at room temperature, before analysis for this study. 

Chukchi surface seawater (~3 m) was collected from off the coast of Barrow Canyon 

(hereafter the Barrow Canyon samples; 70˚34’ N, −160˚50’ W to 70˚57’ N, −161˚48’ W) and off 

the coast of Point Lay (hereafter the Point Lay samples; 70˚44’ N, −164˚36’ W to 71˚2’ N, −164˚28’ 

W, and 69˚32’ N, −166˚34’ W to 70˚23’ N, −165˚33’ W; Fig. 3.1). Seawater was collected near the 

sea ice sampling sites (described above). Sampling was done following the methods outlined in 

Tsumune et al. (2005). Briefly samples were collected via a towed-fish, metal free sampling 



29 
 

system with Teflon tubing (ID 12 mm) covered by polyvinyl chloride (PVC). The tubing opened 

from the towed-fish’s front and water was carried, by air driven Teflon pump, to a clean-air space 

(clean booth, air filtered with a HEPA filter) built into the ship’s laboratory. Sample tubing was 

split into two and surface seawater samples were collected every 30 minutes to 2 hours with 

speeds up to 10 knots. One tube collected surface seawater into acid cleaned 125 mL LDPE bottles 

and the samples were immediately acidified (TD sample, 0.05 M ultrapure HCl, pH 1.8). The other 

tube collected surface water though a 0.22 µm filter (Millipak 100, Millipore Ltd.) into acid 

cleaned 125 mL LDPE bottles and were immediately acidified (D sample). Both the TD and D 

samples were also stored at room temperature after acidification for three years before analysis 

for this study.  

3.3. Trace metal analytical methods 

3.3.1. DFe in seawater samples by flow injection analysis 

Comprehensive observation of surface seawater from the Bering Sea to the Chukchi Sea 

was conducted to measure DFe (Nishioka et al., Unpublished results). The seawater samples from 

Point Lay and Barrow Canyon used in this study are part of the comprehensive data set from the 

Bering Sea to the Chukchi Sea (Nishioka et al., Unpublished results); and were used to compare 

with one another. In an on-shore clean room DFe was initially analyzed, in all seawater samples 

3 – 6 months after sampling, with the chemiluminescence and flow injection method (detailed in 

Obata et al., 1993). Once analyzed, the seawater samples were stored for three years at <pH 1.8. 

After this time period, seawater samples from Point Lay and Barrow Canyon were re-analyzed 

for the current study by pre-concentration via the NOBIAS chelating resin and analyzed for total 

dissolvable and DFe, Mn, and Cd on a GFAAS. Pre-concentration of the sea ice and seawater 

samples were performed as explained in detail in chapter 2. 

3.4. Results 

3.4.1. Physical properties in Chukchi seawater 
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Temperature, salinity and nutrients were measured in the seawater samples as part of a 

comprehensive observation from the Bering Sea to Chukchi Sea (Nishioka et al., Unpublished 

results). In the Point Lay samples observed in this study, temperature ranged from 2.2 to 9.5°C 

and in the Barrow Canyon samples the temperature ranged from 0.5 to 2.2°C (Fig. 3.2a). Salinity 

ranged from 26.9 to 30.7 in the Point Lay samples and 29.7 to 32.4 in the Barrow Canyon samples 

(Fig. 3.2b).  

The nutrient data, given in detail in Nishioka et al. (Unpublished results), was used to 

calculate N** for both the Point Lay and Barrow Canyon samples (Fig. 3.2c). N** was calculated 

as shown in equation 1: 

N** = 0.87(N - 16P) + 2.90 µmol / kg       (1) 

N** ranged from -2.5 to 2.0 µmol / kg in the Point Lay samples and -10.8 to -1.9 µmol / 

kg in the Barrow Canyon samples. 

3.4.2. Dissolved metals from Chukchi sea ice and seawater 

 The concentration factor is presented in ranges for sea ice (4.2 – 8.6 times) and seawater 

(4.2 – 8.6 times) due to sample volume variability. Dissolved Fe in drifting ice samples ranged 

from 0.9 − 10.8 nM. Ice 1 held significantly higher concentrations (avg. 6.08 ± 3.3 nM, Fig. 3.3a, p 

<0.05, n = 4) when compared to Ice 2 and 3. The trend of DFe concentration showed Ice 2 to have 

lower concentrations (avg. 1.2 ± 0.2 nM, n = 4) than observed in Ice 3 (avg. 2.4 ± 1.4 nM, n = 14). 

Dissolved Fe in seawater ranged from 2.3 − 10.7 nM. Concentrations of the Point Lay samples 

(avg. 5.1 ± 2.4 nM, n = 16) were similar to the Barrow Canyon samples (avg. 4.5 ± 0.6 nM, n = 8).  

Dissolved Mn in drifting ice samples ranged from 1.4 − 35.9 nM. As seen with DFe, Ice 1 

held significantly higher concentrations of DMn (avg. 19.9 ± 10.1 nM, Fig. 3.3b, p <0.05, n = 4) 

when compared with Ice 2 and 3 (5.5 ± 1.3 nM, n = 4 and 5.0 ± 2.2 nM, n = 14, respectively). 

Dissolved Mn in seawater ranged from 13.9 − 109.7 nM and was observed to have significantly 

higher concentrations than found in sea ice (p <0.05). Dissolved Mn concentrations observed in 

the Point Lay samples had significantly higher concentrations (avg. 46.6 ± 30.0 nM, p <0.05, n = 

8) than the concentrations observed in Barrow Canyon samples (avg. 18.3 ± 2.9 nM, n = 16).  
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Dissolved Cd concentrations were very low (Fig. 3.3c). In drifting ice samples they ranged 

from <DL − 0.2 nM. Dissolved Cd did not have any discernible differences between the three sea 

ice samples. In seawater DCd concentrations ranged from <DL − 0.5 nM. The Barrow Canyon 

samples were significantly higher (avg. 0.23 ± 0.1, p <0.05, n = 8) when compared to the Point 

Lay samples (avg. 0.1 ± 0.05, n = 16). 

3.4.3. Labile particulate metals from Chukchi sea ice and seawater 

 The LP fraction was calculated as the difference between the TD and D metals as 

explained in Cid et al. (2011) and used to represent dissolvable particulate metals (Lannuzel et 

al., 2007). Labile particulate Fe in drifting ice ranged from 75.9 – 2278.9 nM (Fig. 3.4a). Ice 1 

showed significantly higher concentrations (avg. 1447.8 ± 678.9 nM, p <0.05, n = 4) when 

compared to Ice 2 and 3 (avg. 389.5 ± 132.4 nM and 372.4 ± 283.1 nM respectively). Labile 

particulate Fe in seawater ranged from 12.7 – 702.9 nM. Barrow Canyon samples had significantly 

higher concentrations (avg. 421.8 ± 99.2 nM, p < 0.05, n = 8) when compared to the Point Lay 

samples (avg. 205.2 ± 200.0 nM, n = 16).  

Labile particulate Mn in drifting ice ranged from <DL – 1650.2 nM (Fig. 3.4b). Ice 1 had 

significantly higher concentrations (avg. 781.9 ± 712.0 nM, p <0.05) when compared to Ice 2 and 

Ice 3 (avg. 6.8 ± 2.5 nM and 10.4 ± 7.1 nM respectively). In seawater, LPMn ranged from <DL − 

25.8 nM. Significantly higher concentrations were observed for the Barrow Canyon samples (avg. 

19.5 ± 7.9 nM, p <0.05, n = 8) when compared to the Point Lay samples (avg. 8.7 ± 5.0 nM, n = 

16). 

Labile particulate Cd in drifting ice and seawater was low (Fig. 3.4c). Drifting ice ranged 

from <DL – 1.0 nM, but no discernible differences were observed among the samples. Labile 

particulate Cd in seawater ranged from <DL – 0.2 nM. Barrow Canyon samples were observed to 

have significantly higher concentrations (avg. 0.1 ± 0.06 nM, p <0.05, n = 8) when compared to 

the Point Lay samples (avg. 0.04 ± 0.03 nM, n = 16). 

3.4.4. Percent contribution of dissolved vs labile particulate metals in Chukchi 

sea ice and seawater 
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 The distribution of sized fractioned trace metals (D or LP) within a medium (sea ice or 

seawater) can be determined by analysing the amount (%) of each size fraction within the 

medium (Lannuzel et al., 2014). This percent contribution was calculated by dividing a size 

fraction (i.e. D) by the sum of the size fractions (i.e. D + LP) and multiplying it by 100. In Chukchi 

sea ice the percent contributions for each trace metal are as follows (Table 3.1; % ± SD): 0.8 ± 

0.7% DFe and 99.2 ± 0.7% LPFe, 36.4 ± 22.1% DMn and 63.6 ± 22.1% LPMn, 28.8 ± 28.3% DCd and 

71.2 ± 28.3% LPCd. Sea ice yielded high concentrations of LP metals. For Chukchi seawater, the 

percent contributions for each trace metal are as follows (Table 3.1; % ± SD): 5.9 ± 11.9% DFe and 

94.1 ± 11.9% LPFe, 71.5 ± 20.8% DMn and 28.5 ± 20.8% LPMn, 66.3 ± 25.2% DCd and 33.7 ± 25.2% 

LPCd. Seawater was observed to have high percentages of LPFe with high DMn and DCd. 

3.5. Discussion  

3.5.1. DFe comparison of NOBIAS resin pre-concentration method vs flow 

injection analysis 

Acidified (<pH 1.8) seawater samples (from the Bering Sea to Chukchi Sea) were initially 

analyzed in 2013 for DFe (Nishioka et al., Unpublished results) using flow injection after pre-

concentration with the 8-HQ chelating resin and luminol-hydrogen peroxide chemiluminescence 

detection methods (Obata et al., 1997). Samples were re-acidified to <pH 1.8 and held at room 

temperature in a clean room for 3 years before a portion of the samples (Barrow Canyon and 

Point Lay samples) were pre-concentrated via the NOBIAS resin at pH 6 for the dissolved and 

total dissolvable size fractions in this study. Comparing the DFe data collected with the NOBIAS 

resin pre-concentration method to the flow injection method, the NOBIAS resin data were 1.3 ± 

0.4 (n = 24) times higher than the flow injection data. Both methods for the determination of DFe 

were applied successfully and validated by certified reference materials (NASS-6 reference 

seawater, see chapter 2). A previous study also compared DFe in the same Chukchi seawater 

samples analyzed through flow injection (Hioki et al., 2014) and the NOBIAS resin pre-

concentration method (Kondo et al., 2016). The DFe concentrations observed in Kondo et al. 

(2016) were 1.6 ± 0.5 times higher than those observed in Hioki et al. (2014). One reasoning for 

this is the acidification level in the samples. Seawater acidification allows for the disassociation 
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of metals that are bound to colloids or ligands, thus increasing the concentration of D metals that 

can be analyzed (Bruland and Rue, 2001). Over the course of a couple of years, DFe in the low pH 

seawater samples had a longer time to disassociate with any substrates they were still bound to 

after the initial analysis. It is possible that this allowed for the samples to have higher 

concentrations of DFe that was reflected when pre-concentrated with the NOBIAS resin. Both 

methods are able to give oceanographically correct measurements of DFe that represents the 

chemically-labile dissolvable fraction of Fe in seawater. 

3.5.2. Trace metal trends for Chukchi seawater  

3.5.2.1. Internal source of trace metals 

 Previous studies have stated that the composition of trace metals in Chukchi seawater 

showed high concentrations of LPMn, LPFe, LPCo and LPPb; and high concentrations of DNi, DCu, 

DZn and DCd (Cid et al., 2012; Kondo et al., 2016). Comparisons of observed surface (3 m) values 

for D and LP Fe, Mn and Cd, with the exception of DMn, in the current study were within range 

of Cid et al. (2012; ≤20 m; Table 3.2). Comparisons of the current studies data with Kondo et al. 

(2016; ≤20 m; Table 3.2) surface values yielded higher concentrations, indicating possible annual 

variations in trace metal availability. The trace metal composition of Chukchi seawater from this 

study yielded the percent contributions of DFe (5.9%) DMn (71.5%) and DCd (66.3%; Table 3.1). 

It is possible that the actions of each individual trace metal (Fe, Mn and Cd) within seawater may 

influence their concentrations. To examine the behavior of Fe, Mn and Cd in seawater, their 

relationship with surface phosphate data collected from the towed-fish observation (Bering Strait 

to Barrow Canyon; Nishioka et al. Unpublished results) was examined. A relationship would 

indicate that any biogeochemical cycling processes controlling the removal of nutrients would 

also influence the trace metal (Boyle et al., 1981; Matsunaga and Abe, 1985). Out of the three 

metals, Cd was the only metal that showed a relationship with phosphate (Fig. 3.5c). Dissolved 

Cd and PO4 showed moderately strong correlations (r = 0.88) with a regression of: 

[DCd nM] = 0.24 [PO4 µmol / kg] + 0.042  

R2 = 0.78, n = 24 
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Cid et al. (2012) was also able to observe a relationship between Cd and phosphate in the Chukchi 

and Beaufort Seas. In seawater Cd exhibits a nutrient-type depth profile, low surface 

concentrations resulting from the uptake via phytoplankton and high depth concentrations 

resulting from release by remineralization of biological materials (Boyle et al., 1976; de Baar et 

al., 1994). This allows Cd to mirror phosphate during its cycling in the ocean (Boyle et al., 1976; 

Bruland et al., 1978; Knauer and Martin, 1981) giving it an internal source though biogeochemical 

cycling process.  

3.5.2.2. External sources of trace metals 

Iron and Mn did not show any relationships with phosphate (Fig. 3.5a,b). This indicates 

that Fe and Mn may be controlled through external sources within Chukchi seawater. One 

possible source is river inputs. Shelf sediments can also supply trace metals as they are released 

into the water column (Cid et al., 2012; Kondo et al., 2016). It is possible that the observed high 

concentrations of LPFe and LPMn (Fig. 3.4a,b) from this study indicated that sediments maybe a 

major source to Chukchi seawater. To understand this relationship N** from both sampling sites 

(off the coast of Barrow Canyon and off the coast of Point Lay) were calculated. N** is used to 

trace the variability of nitrogen resulting from denitrification and nitrogen fixation processes 

(Deutsch et al., 2001; Gruber and Sarmiento, 1997). N** is different from N* because N** 

requires N to represent total NO3
- (nitrates, nitrites and ammonia; Nishino et al., 2005). The 

Chukchi Sea has significant ammonia concentrations due to high primary productivity during 

bloom season (Cooper et al., 1997) and both nitrates and nitrites are used during the 

decomposition of organic matter. If N** values are high, equation 1 is reflecting the P signal 

indicating nitrogen fixation occurring within the water column. Low values of N** reflect the N 

signal indicating denitrification within the sediment pore water has occurred (Deutsch et al., 

2001). Therefore, total dissolved inorganic nitrogen (DIN) should be used instead of NO3
- for N to 

accurately account for nitrogen replete or deficient conditions in the Chukchi Sea (N**; Nishino 

et al., 2005; Kondo et al., 2016).  

Observations of the N** showed low values in the Barrow Canyon sampling site of the 

current study (Fig. 3.2c). This indicates denitrification within the sediment pore water and 



35 
 

subsequent release into the water column for this area. It is possible that vertical mixing and 

westward movement of seawater displaced bottom shelf water towards the surface 

(Weingartner et al., 1998; Eicken et al., 2005). Nishino et al. (2005) showed that Chukchi Shelf 

bottom water spread from the Barrow Canyon westward to the outer shelf area by using N** 

minimum values. Kondo et al. (2016) also suggested that high NH4
+ with the Chukchi Sea shelf 

region was due to sedimentary input as opposed to organic matter degradation. Therefore, 

sediments are highly influential in this area.  

The LP fraction represents the dissolvable particulate metals within a sample. Therefore, 

they may be supplied through a sedimentary source. High concentrations of LPFe, and relatively 

high LPMn, were observed in the Barrow Canyon samples (Fig. 3.2i,j). These observations were 

supported by TD/D metal ratios for Fe and Mn (Fig. 3.2d,e). Since the TD fraction represents a 

combination of D and dissolvable particulate metals in a sample; ratio analysis can indicate which 

form is more dominate in a sample. The TDFe/DFe ratios were high, with relatively high 

TDMn/DMn ratios, in the Barrow Canyon samples. This indicates a supply of particulate metals 

for this area. Klunder et al. (2012) observed that high TDFe/DFe ratios indicated a supply of LPFe 

by sediment, river, or sea ice sources. Upon comparison of the low N** values (Fig. 3.2c), high 

TD/D ratios and high LP metal concentrations in the Barrow Canyon samples, the supply of LPFe 

and LPMn was sourced through shelf sediments.  

Elevated DFe and DMn concentrations were observed in the Point Lay samples (Fig. 3.2f,g). 

This indicates that a separate external source supplied this trace metal fraction. In the Chukchi 

Sea different currents can be defined by their salinities and temperatures. From the Bering Strait 

two currents enter the Chukchi Sea from the Pacific Ocean: the Bering Shelf-Anadyr waters 

(salinity from 32 - 33) and Alaskan Coastal Current (ACC, salinity below 32; Coachman et al., 1975; 

Roach et al., 1995; Woodgate et al., 2005). Salinity measured in the Point Lay samples in this 

study, away from the ice edges (samples PL 6 - PL 16), yielded a range of 26.8 - 30.7 (Fig. 3.2b). 

Temperature measured in these samples ranged from 8.4 to 9.5°C (Fig. 3.2a). These values 

indicate that the ACC supply waters to samples PL 6 -PL 16. Comparisons of temperature and 

salinity (Fig. 3.2a,b) and the D metal concentrations (Fig. 3.2f,g) indicate that the ACC supplies 
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DFe and DMn to the Point Lay samples. The ACC is a yearly, coastal current originating from the 

Gulf of Alaska (Royer, 1998; Weingartner et al. 2005). As it flows through the Bering Strait, it is 

freshened from the Yukon river (about 200 km3/yr), contributing up to 200 - 450 km3/yr to the 

Chukchi Sea (Woodgate and Aagaard, 2005). The high river influence in the ACC indicate a river 

water supply of D metals to the Chukchi Sea (Macdonald et al., 1998; Cid et al., 2012).   

In Chukchi seawater DMn concentrations were higher than LPMn concentrations (Fig. 3.2 

g,j, 3.6). High DMn was also observed in the shelf area of the Bering Sea and decreased towards 

the Green Belt area (Hurst et al., 2010). The distributions of Fe and Mn in the ocean are 

dependent on the chemical characteristics of their oxidation states and the ocean’s chemistry, 

physics and biology (Balistrieri et al., 1992). A possible reason for high DMn and high LPFe in the 

water column of the Chukchi Sea may result from chemical reactions between the water column 

and shelf sediments. Reduction in sediment pore water supplies the water column with Fe(II) and 

Mn(II) where they are oxygenated to insoluble Fe(III) and Mn(IV) respectively (Balistrieri et al., 

1992; Mortimer, 1941; Sunda et al., 1983). Iron oxidation from Fe(II) to Fe(III) is faster than for 

Mn. After oxidation Fe can yield colloidal forms that can pass through filters and be analyzed as 

DFe (Stumm and Morgan, 1981), quickly bind with organic ligands (99%; Sunda, 2001; Wu and 

Luther, 1995) or precipitate as Fe(III) oxyhydroxides that can create particulate Fe (Hurst et al., 

2010; Lohan and Bruland, 2008). This in turn can decrease the detectable amount of DFe in 

samples.  

Manganese oxidation is slower than observed for Fe, resulting in DMn to remain in the 

water column longer. Oxidation rates can increase in the presence of bacterial processes 

(Nealson, 1978; Stumm and Morgan, 1981) but are significantly reduced in the presence of light 

(Sunda et al., 1983). Removal processes such as phytoplankton uptake, scavenging of suspended 

and sinking particles (Landing and Bruland, 1987; Sedwick et al., 2000) can also control the size 

fraction concentrations of Fe and Mn in the water column. Although these processes are 

important for the concentration of D and LP Fe and Mn, sediment reductive processes and shelf 

sediments may play a stronger role in the behavior of Fe and Mn within the Chukchi Sea (Cid et 

al., 2012; Kondo et al., 2016). 
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3.5.3. Trace metal trends for Chukchi drifting sea ice  

Iron, Mn and Cd concentrations observed in each of the sea ice samples were 

heterogeneous. It is possible that this is due to the accumulation and release processes in sea ice. 

It was observed that the behavior of Fe, Mn and Cd differed in Chukchi seawater. Iron and Mn 

had external sources (sediments for LPFe and LPMn, and ACC for DFe and DMn) and Cd an 

internal source (biogeochemical cycling processes). The contribution of trace metal in Chukchi 

drifting ice showed high LPFe (99.2%), LPMn (63.6%) and LPCd (71.2%; Fig. 3.4, Table 3.1). When 

comparing Chukchi seawater trace metal concentrations to Chukchi drifting ice trace metal 

concentrations, drifting ice was observed to have higher LP concentrations (Fig. 3.6, Table 3.3). 

This indicates that Chukchi drifting ice has a preference to accumulate or retain the LP fraction 

of Fe, Mn and Cd. A possible explanation for the high concentrations of LP metals (representative 

of dissolvable particulate metals) in Chukchi drifting ice may be due to sediment sources (shelf 

or river; Cid et al., 2012; Kondo et al., 2016). In the Arctic Ocean, the Chukchi shelf provides 

sediments (fine particles such as silt and clays) and a shallow environment (~50 m) where 

scavenging can occur (Nürnberg et al., 1994) during frazil ice formation (Reimnitz et al., 1993; 

Smedsrud, 2001). River inputs add additional particles into the shelf areas (Cid et al., 2012; Kondo 

et al., 2016). During winter storm events, the water is mixed downward, re-suspending shelf 

sediments upward within the shallow shelf waters or polynyas (Eicken et al., 2005; Reimnitz et 

al., 1992). At the same time frazil crystals form, and rise, to the seawater surface. With the 

combination of re-suspending sediments and frazil crystals rising, the frazil crystals combine into 

a solid matrix where it can trap, nucleate or adhere to particulate matter of terrigenous or 

biogenic origin (Eicken et al., 2005; Ito et al., 2017; Reimnitz et al., 1993). This scavenging or 

suspension freezing of particles can allow for particulate trace metals to accumulate into the ice 

(Campbell and Collin, 1958; Reimnitz et al., 1993). Sediment-laden sea ice from the Chukchi and 

Beaufort Seas were associated with frazil ice growth formed in a well-mixed nearshore 

environment (Eicken et al., 2005). In the Antarctic region, high concentrations of PFe (biogenic 

or lithogenic) observed in land-fast ice were determined to be due to coastal shelf sediment re-

suspension (Grotti et al., 2005; Lannuzel et al., 2008, 2010). Within the shelf areas wind speeds, 

up to 25 m s-1, and current speeds, up to 1.5 m s-1, can allow for re-suspended, trace metal bound, 
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sediments to entrain into forming frazil ice (Ito et al., 2017; Eicken et al., 2005). Sediment-laden 

sea ice has been observed to be heterogeneous (Eicken et al., 2005) which can translate to the 

heterogeneity observed in the trace metals concentrations from the Chukchi sea ice. Once ice is 

formed into floes, enrichment of particulate trace metals may occur through wave propagation 

on the consolidated ice (Ito et al., 2017; Spindler, 1994). 

Below the ice floe, brine channels are a possible avenue for the release or introduction of 

trace metals. Chukchi drifting ice showed low concentrations of the D fraction for Fe, Mn and Cd 

(Fig. 3.3, 3.6). It may be that sea ice released the D metals during brine drainage. As ice forms, 

seawater salts precipitate out into the brine system. Brine that are trapped in the sea ice are 

released into the underlying water due to density differentials when the permeability of sea ice 

increases (Untersteiner, 1968; Maykut, 1985). Through this process, sea ice can release 60 – 70% 

of incorporated dissolved matter (i.e. salts, metals. etc) into the underlying seawater (Giannelli 

et al., 2001). A temporal decoupling showed that particulate Fe (PFe, metals on 0.2 µm filters and 

digested; Lannuzel et al., 2011a) was enriched in Antarctic sea ice. Whereas, DFe was observed 

to be enriched in the brine (Lannuzel et al., 2014; van der Merwe et al., 2011) indicating DFe 

release from sea ice. Particulate metals can be locked into the ice from frazil entrainment or 

attached to brine channels, as observed in Antarctic sea ice, allowing this fraction to be released 

during advanced ice melt (Lannuzel et al., 2007, 2008). It is possible that, due to the late season 

when Chukchi drifting ice was collected and its subsequent high permeability, the observed low 

concentrations of the D metals (Fe, Mn and Cd) is due to brine release. This would allow for the 

LP (dissolvable particulate fraction) to be preferentially retained in the Chukchi drifting ice. This 

indicates that this temporal partitioning of trace metals observed in the Antarctic may occur in 

Arctic sea ice. It is possible that atmospheric deposition (wet or dry) add trace metals to sea ice 

(Fischer et al., 2007; Maenhaut et al., 1996; Wagenbach et al., 1998). Yet the current study did 

not measure snow or identify different ice types before analysis. To clarify the source of trace 

metals and the processes utilized by sea ice to accumulate trace metal, it is necessary to compare 

the concentrations of trace metals to sea ice structure. Therefore, more studies are needed to 

understand the mechanisms for trace metal accumulation into Arctic sea ice.  



39 
 

3.6. Summary 

 Sea ice plays an important role in the biogeochemical cycling of trace metals in the Arctic 

Ocean. Therefore, it is important to understand the mechanisms of trace metal accumulation 

into sea ice. Dissolved and LP Fe, Mn and Cd was observed in Chukchi seawater and drifting ice 

to understand the form and concentrations of trace metal in Arctic sea ice. In Chukchi seawater, 

Fe, Mn and Cd behaved differently. Fe and Mn were controlled by external sources: sedimentary 

inputs for the labile particulate fraction and the ACC for the dissolved fraction, where Cd was 

controlled though internal sources: biogeochemical cycling of phosphate. The metal composition 

of Chukchi seawater showed high percentages for LPFe, DMn and DCd. Comparing the 

concentrations of Chukchi seawater to drifting ice, Chukchi drifting ice had high concentrations 

for LPFe, LPMn and LPCd. The low concentrations of D metals observed in Chukchi drifting ice 

could be due to a temporal partitioning of trace metals from the sea ice (D fraction released with 

the brine; van der Merwe et al., 2011; and the particulate fraction retained until advanced 

melting; Lannuzel et al., 2008) as observed with Antarctic sea ice. Entrainment of sediments 

during frazil formation, in underwater polynyas or leads, can add LP metals to the sea ice (Ackley 

et al., 1987; Reimnitz et al., 1993; Weissenberger and Grossmann, 1998) as well as atmospheric 

deposition onto sea ice (Maenhaut et al., 1996). Based on the results of this study, Chukchi 

drifting ice was observed to have preference to accumulate or retain the LP metals. Future 

studies should focus on collecting drifting sea ice from different locations and seasons then 

compare the sized fractioned trace metal concentrations to the surface seawater. This will help 

expand our understanding of the geochemical behavior of trace metals within sea ice. 
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3.7. Figures 
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Figure 3.3. Concentration of dissolved metals from the three sea ice samples (concentration 

factor range of 4.2 – 8.6 times), and seawater from below Barrow Canyon and off the coast of 

Point Lay (concentration factor range of 2.7 – 3.2 times). Different symbols next to each data bar 

indicate the statistical difference between samples. a) DFe, b) DMn, c) DCd. 
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Figure 3.4. Concentration of liable particulate metals from the three sea ice samples 

(concentration factor range of 4.2 – 8.6 times), and seawater from off the coast of Barrow Canyon 

and off the coast of Point Lay (concentration factor range of 2.7 – 3.2 times). Different symbols 

next to each data bar indicate the statistical difference between samples. a) LPFe, b) LPMn, c) 

LPCd. 
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Figure 3.6. Concentrations of dissolved and labile particulate a) Fe, b) Mn and c) Cd in sea ice and 

seawater. Concentration factors varied between sea ice (4.2 – 8.6 times) and seawater (4.2 – 8.6 

times) due to sample volume variability. Seawater was collected below Barrow Canyon and off 

the shore of Point Lay. Dissolved concentrations are represented in white and labile particulate 

concentrations are in grey. 
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Table 3.1. Mean percent contribution of dissolved and liable particulate trace metals in Chukchi 

sea ice and Chukchi seawater. a) Fe, b) Mn and c) Cd. 

   a) DFe LPFe 

  (% ± SD) (% ± SD) 

Sea Ice  0.8 ± 0.7 99.2 ± 0.7 

Seawater 5.9 ± 11.9 94.1 ± 11.9 

 

  b)  DMn LPMn 

  (% ± SD) (% ± SD) 

Sea Ice 36.4 ± 22.1 63.6 ± 22.1 

Seawater 71.5 ± 20.8 28.5 ± 20.8 

 

  c)  DCd LPCd 

  (% ± SD) (% ± SD) 

Sea Ice 28.8 ± 28.3 71.2 ± 28.3 

Seawater 66.3 ± 25.2 33.7 ± 25.2 

 

  



47 
 

Table 3.2. Comparison of minimum and maximum surface seawater (≤20 m). Dissolved and labile 

particulate Fe, Mn and Cd concentrations from the Chukchi Sea Shelf to the Canada Basin were 

compared to published studies with the current study. 

 

 
This Study Cid et al. 

(2012) 

Kondo et al. 

(2016) 

Element  (nM) (nmol/kg) (nM) 

Fe D 2.3 − 10.7 1.4 – 10.4 1.1 – 2.7 

 
LP 12.7 − 702.9 24.1 – 9300.4 2.7 − 33.4 

 
 

   

Mn D 13.9 − 109.7 0.3 – 26.3 8.2 − 15.0 

 
LP <DL − 25.8 3.8 – 193.9 1.2 – 22.8 

 
 

   

Cd D <DL − 0.5 0.2 – 0.5 0.1 – 0.4 

 LP <DL − 0.2 <DL − 0.09 <DL − 0.2 
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Table 3.3. Raw data from a) sea ice and b) seawater samples. D - dissolved and LP - labile 

particulate. Sea ice pre-concentration factor ranged from 4.2 – 8.6 times and the seawater pre-

concentration factor ranged from 2.7 – 3.2 times. 

 

 

  

a) 
  

Sea Ice 
 

 

 
DFe LPFe DMn LPMn DCd LPCd 

Sample (nM) (nM) (nM) (nM) (nM) (nM) 

1 2.7 1947.6 12.3 33.5 0.04 0.1 

1 3.2 2278.9 10.2 1316.1 <DL 0.1 

1 10.8 875.3 21.3 127.6 <DL 1.0 

1 7.6 689.4 35.9 1650.2 <DL 0.3 

2 0.9 297.2 3.5 5.8 <DL 0.01 

2 1.4 611.0 6.9 10.4 <DL 0.01 

2 1.0 370.5 5.9 7.3 <DL 0.01 

2 1.5 279.2 5.8 3.6 0.03 <DL 

3 1.3 518.5 5.0 17.1 0.02 0.05 

3 2.1 344.2 6.5 10.0 <DL 0.1 

3 2.4 714.0 8.5 15.1 0.02 0.04 

3 2.7 75.9 5.0 <DL 0.2 <DL 

3 1.4 81.5 5.1 2.7 <DL 0.02 

3 5.5 647.8 1.4 21.2 0.05 0.1 

3 1.6 223.2 2.9 12.6 <DL 0.04 

3 4.0 560.2 7.9 15.4 0.1 0.6 

3 1.1 101.3 3.6 2.9 0.02 0.04 

3 0.9 88.6 3.7 3.4 <DL 0.03 

3 5.0 888.9 9.3 17.5 0.03 0.1 

3 3.3 729.3 4.5 19.2 0.08 0.06 

3 1.2 150.8 2.6 5.9 0.03 0.03 

3 1.5 89.4 3.9 1.6 0.03 0.01 
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b) 
  

Seawater 
  

 
DFe LPFe DMn LPMn DCd LPCd 

Sample (nM) (nM) (nM) (nM) (nM) (nM) 

Barrow Canyon 1 4.9 459.5 21.9 18.5 0.1 0.09 

Barrow Canyon 2 4.5 451.4 21.8 15.7 0.09 0.2 

Barrow Canyon 3 4.2 426.7 21.9 <DL 0.09 0.05 

Barrow Canyon 4 3.7 272.4 14.4 25.8 0.2 0.2 

Barrow Canyon 5 3.5 245.7 16.6 20.9 0.3 0.04 

Barrow Canyon 6 5.1 506.1 17.9 25.1 0.3 0.1 

Barrow Canyon 7 5.4 477.2 15.7 25.1 0.3 0.1 

Barrow Canyon 8 4.6 535.5 16.0 24.3 0.5 <DL 

Point Lay 1 3.4 148.8 13.9 12.0 0.07 <DL 

Point Lay 2 3.3 121.0 25.4 5.6 <DL 0.04 

Point Lay 3 4.3 330.1 31.1 10.2 <DL 0.08 

Point Lay 4 5.2 668.4 32.8 16.7 0.06 0.03 

Point Lay 5 5.8 702.9 36.2 17.7 0.07 0.05 

Point Lay 6 5.3 298.4 41.2 <DL 0.2 0.04 

Point Lay 7 3.7 132.1 37.4 9.9 0.2 <DL 

Point Lay 8 2.3 116.2 29.7 9.4 0.08 0.03 

Point Lay 9 2.4 152.2 31.0 12.0 0.06 0.08 

Point Lay 10 2.7 155.8 33.9 10.5 0.09 0.05 

Point Lay 11 5.2 119.5 35.7 4.4 0.09 0.02 

Point Lay 12  5.4 197.1 36.6 0.9 0.1 <DL 

Point Lay 13 3.4 68.2 38.2 <DL 0.07 0.04 

Point Lay 14 10.0 13.5 107.9 10.9 0.2 0.04 

Point Lay 15 10.7 12.7 109.7 8.6 0.2 0.08 

Point Lay 16 8.0 46.9 105.6 9.2 0.2 0.09 
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 Chapter 4 

 Accumulation processes of trace metals into Arctic sea ice: 

Distribution of Fe, Mn and Cd associated with ice structure 

 

4.1. Introduction 

 Comparison of D and LP Fe, Mn and Cd in Chukchi drifting ice yielded high concentrations 

of the LP fraction. These concentrations eclipse those observed in the underlying seawater. 

Seawater trace metal composition also differed from that of drifting ice in that higher 

concentrations of D Mn and Cd were observed. Yet the accumulation and release processes of 

trace metals utilized by drifting ice were not clearly observed. In order to understand the 

biogeochemical cycling of trace metals by Arctic sea ice, it is important to identify the 

mechanisms of how sea ice interacts with trace metals. Therefore, the size fractions of trace 

metals were examined in relation to sea ice structure.  

 Ice structure is an indication of the formation processes utilized by sea ice. Sea ice initially 

forms when seawater is supercooled (-1.86˚C) creating thermohaline mixing by the convection 

of heat from the warmer water at depth to the now cooler surface water. With the aid of wind 

and wave energy frazil ice will form (Eicken, 2003). Frazil ice crystals (3 to 4 mm) form under 

rough conditions (strong winds or rough currents) at the water’s surface, within the water column, 

or along shelf areas (Kempema et al., 1989; Maykut, 1985; Weeks and Ackley, 1986). As frazil ice 

float to the surface they mix with seawater and freshwater (snow or river) to create a slush layer 

that can reduce thermohaline mixing and wind stress (Eicken, 2003; Maykut, 1985; Toyota, 2018). 

Continual freezing and ice condensing forms grease ice that can solidify up to 10 cm depth 

(granular ice; Maykut, 1985) creating calm conditions under the ice. As seawater congeals 

downward in calm conditions it forms vertically elongated, prismatic crystal structures known as 

columnar ice (Eicken et al., 1995; Maykut, 1985). The composition of sea ice is a complex, porous 

matrix. As sea ice forms, salts concentrate into interstitial dense liquid brine. Some of this brine 

is released from the ice to ultimately form dense bottom water (Weingartner et al., 1998), while 
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some can be trapped in ice pockets (brine channels) until ice permeability increases (Golden et 

al., 1998). As brine is retained in sea ice, it can affect the sea ice’s nutrient and trace metal 

composition (Lannuzel et al., 2008; van der Merwe et al., 2011). The rapid decline of multi-year 

ice in the Arctic may affect the biogeochemical cycling of trace metals, hindering the supply of 

these metals to the underlying seawater. 

Observations of ice structure can allow for the detection of the formation process of sea 

ice. It is possible that, as sea ice forms, it may incorporate trace metals into the ice. Trace metals 

may also accumulate into ice after it is established. The processes by which trace metals are 

retained or released from the ice are varied and not clear. In seawater, Fe, Mn and Cd exhibit 

different chemical sensitivity and behavioral (i.e. oxidation-reduction reactions) properties. 

Manganese displays a scavenging-type distribution where it has interactions with particles and 

shelf sediments. Cadmium is an example of a nutrient-type distribution. This metal is influenced 

by biological processes (i.e. phosphate cycle) and organic particulate matter. Iron shows more of 

a scavenging-type distribution and can also display nutrient-type behavior (Bruland et al., 1994; 

Bruland and Lohan, 2006). Comparisons of Fe and Mn yield different reduction potentials 

(Landing and Bruland, 1987; Saager et al., 1989) which may influence the concentrations of their 

size fractions (Evans and Nishioka, 2018). The purpose for this study was to compare the 

concentrations of trace metals to the observed sea ice structure, from a single Arctic core sample, 

to aid in revealing mechanisms behind trace metal accumulation.  

4.2. Materials and methods 

4.2.1. Materials trace metal cleaning process  

Ceramic knifes used during the cleaning (planing) step for sea ice were cleaned in an 

onshore clean room by the following procedure: knives were placed in 5% Extran® (alkaline and 

phosphate-free liquid, Merck) for one day, rinsed with reverse osmosis (RO) water then placed 

in ultrapure hydrochloric acid (0.1 M HCl, Tamapure-AA-10, Tama Chemical Ltd.) for one day. The 

knives were rinsed with Milli-Q water (Millipore Ltd.) and air dried on a laminar flow clean bench 

before use.  
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An acrylic ice holder (Fig. 4.1) was used in the ice planing step to keep the ice core sample 

stable during planing. The ice holder was cleaned by a 5% Extran® bath for one day, rinsed with 

RO water and air dried. Ice samples were prepared by planing in a 137 L freezer (cold tub, 

Panasonic; Fig. 4.1) located in a dust free clean room. The cold tub was covered with clean plastic, 

allowing it to maintain the preset temperature (-20˚C). 24 hrs before ice planing, the cold tub was 

turned on and all planing materials (ceramic knifes, gloves, collection buckets, etc.) were double 

bagged and placed in the cold tub as the tub cooled down to -20˚C. For each subsequent sample 

that was planed, the cold tub was cleaned of previous ice waste generated during planing and air 

dried in the clean room.   

4.2.2. Sea ice sampling 

Sea ice was collected from the Beaufort Sea on August 2013 at ice station 76˚56’N, 

138˚38’W during the JIOS cruise aboard the CCGS Louis S. St-Laurent (Fig. 4.2). Sea ice was 

sampled with a 9 cm diameter corer and the core length was immediately measured with a tape 

measure (Fig. 4.3a). The core sample was then cut in half (50 cm and 53 cm respectively), 

individually placed in coolers and transported to an onboard cold room (-15˚C) before being 

transported to an onshore cold room (-15˚C). The sample was held for 4 years before analysis. 

4.2.3. Milli-Q ice contamination test  

 The corer used to collect the sea ice was made of metal. Unfortunately, this process can 

contaminate the outer layers of the sea ice sample for trace metal analysis. To account for this 

contamination, sea ice is usually cleaned through planing a couple of centimeters off the outer 

ice layers with acid cleaned ceramic knives. The cleaned inner core of the ice is then analyzed for 

trace metals. To determine the amount of contamination contributed by ice planing materials 

(ceramic knifes, plastics and collection buckets), the coring process and the planing procedure, a 

contamination test was performed on Milli-Q ice. All samples were handled with clean plastic 

gloves and plastic wrap. In an onshore class 100 clean room, two Milli-Q ice samples were 

prepared by freezing Milli-Q water in acid cleaned 500 mL HDPE bottles (tops cut off). The 

resulting ice formed as a cylinder (Milli-Q ice). One day before planing, one of the Milli-Q ice 

samples was removed from the 500 mL bottle and wrapped in aluminum foil (Foil ice). It was 
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placed in the cold tub to mimic contamination resulting from the coring process during sample 

collection. The other Milli-Q ice was left untouched in the freezer before the planing step (Milli-

Q Clean ice). Each Milli-Q ice was planed separately.  

Before ice planing, the ice holder was wrapped in clean plastic and placed in the cold tub 

(-20˚C). For the Foil ice, the aluminum foil was removed before planing. For the Milli-Q Clean ice, 

the ice sample was removed from the bottle and immediately planed to minimize handling. For 

each ice sample two layers (1 cm each) was planed using acid cleaned ceramic knifes. A new, 

clean knife was used to plane each side as evenly as possible. All ice pieces that were in contact 

with the planing materials were collected into acid cleaned 325 mL HDPE jars. The planed ice core 

was collected in acid cleaned HDPE buckets and all samples were melted at room temperature in 

a dust free clean room. Melted samples were immediately acidified by ultrapure HCl (final 

concentration 0.05 M with <pH 2.0, Tamapure-AA-10) and pre-concentrated via the NOBIAS resin 

before analysis on a GFAAS (for pre-concentration methods see chapter 2). The Milli-Q ice 

contamination test results are shown in Figure 4.4 (pre-concentration factor ranging from 4.6 - 

8.7 times, avg. 7.5 times). Planing 2 cm of ice off the outer core sample was enough for trace 

metal analysis as the ice planing materials and procedure did not contribute contamination to 

the ice sample. 

4.2.4. Sea ice planing and preparation 

 When the sea ice core sample was planed, a blank sample (Milli-Q water) was frozen 

(Milli-Q blank) in a 325 mL LDPE jar and set in the cold tub. The Milli-Q blank was used to check 

that the planing conditions were clear of contamination. The planing of sea ice followed the 

methods outlined above. Once 2 cm of the outer ice core was planed, the sample was visually 

observed and separated based on sea ice structure. Pictures of each section were taken with a 

digital camera to aid with the sea ice structure determination. Pictures were transformed to black 

and white and overlaid with a filter to detect the outline of the pore microstructure captured in 

the pictures (GNU Image Manipulation Program, GIMP). The % white area in the transformed 

pictures, the area that represents the outline of the pore microstructure (hereafter porosity %), 

was calculated using R analysis package (R Core Team 2013; Jeroen, 2018; Mouselimis, 2018). 
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This analysis allowed for an objective discrimination between granular and columnar ice, and the 

identification of mixed (granular plus columnar) ice to a certain extent. All planed samples, and 

the Milli-Q blank, were placed in acid clean HDPE buckets and melted at room temperature in a 

clean room. 

 Immediately after melting, samples were separated for trace metal analysis, salinity, δ18O, 

and nutrients. Nutrient samples were re-frozen immediately after melting and stored before 

analysis. To prepare for trace metal analysis, a portion of the meltwater was separated into acid 

cleaned 125 mL LDPE bottles for total dissolvable samples and immediately acidified with 

ultrapure HCl (final concentration 0.05 M with <pH 2.0, Tamapure-AA-10). Another portion of 

meltwater (dissolved) was immediately filtered by 0.22 µm Durapore filters (Milipore) with a 

peristaltic pump (Cole-Parmer Instrument Company), Teflon micro-tubing and a Teflon filter 

holder into acid cleaned 125 mL LDPE bottles. The filtrate was immediately acidified with 

ultrapure HCl (final concentration 0.05 M with <pH 2.0, Tamapure-AA-10). All samples were held 

for 3 weeks in a clean room before analysis. 

4.3. Analytical methods 

4.3.1. NOBIAS pre-concentration method 

The procedure for pre-concentration with the NOBIAS resin (TD and D sea ice samples) is 

explained in detail in chapter 2. All pre-concentrated samples were analyzed on a GFAAS. After 

pre-concentration and analysis with GFAAS, ice core sample data was compared to the pre-

concentrated DL (Table 2.1, chapter 2). Comparison with the pre-concentrated DL allowed for 

accurate detection of the lowest concentrations of elements (Fe, Mn or Cd) within a sample. Pre-

concentrated ice core sample data that was above the DL was calculated with the concentration 

factor (range 2.3 - 3.0 times) and presented within this study. 

4.3.2. Analysis of salinity, δ18O, and nutrients 

 For salinity measurements, a portion of the sea ice meltwater was measured for chloride 

ions using a chloride analyzer (Model SAT-500, Towa Electronic Industry, repeatability: <0.5%). A 

lab standard regression curve (paired salinity and chloride; AUTOSAL 8400B salinometer, Ocean 
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Scientific International Ltd.) was used to determine the salinity of the meltwater from the 

measured chloride values. Oxygen isotopes for sea ice were determined by an isotope water 

analyzer (Picarro, Inc.) with an analytical precision of ± 0.3%. For the nutrient analysis a portion 

of sea ice meltwater that was frozen was re-melted at room temperature in an onshore class 100 

clean room. Samples were analyzed on a continuous flow system autoanalyzer (QuAArto, BL TEC, 

Inc.). Standard solutions were made in Milli-Q water to match the low salinity of the sea ice 

samples. 

4.4. Results 

4.4.1. Physical and chemical properties in sea ice  

 Immediately after the ice sample was collected, the sea ice core length was measured to 

103 cm and photographed (Fig. 4.3a). The sea ice structure was determined by visual inspection 

using the terms defined by Petrich and Eicken (2010). Usually thick (5 mm) and thin (0.5 mm) ice 

sections illuminated by polarized light are used to observe the crystallographic structure (textural 

variability, boundary layers, etc.; Toyota et al., 2004) of sea ice. These sections are cut with a 

metal saw, contaminating the ice samples for trace metal analysis. To avoid adding 

contamination during the ice structure analysis, visual observations, photographic image analysis 

and porosity % analysis were performed on planed ice samples in this study.   

The ice structures of the planed ice core were analyzed in six sections: 0 - 24 cm, 24 - 41 

cm, 41 - 58 cm, 58 - 75 cm, 75 - 91 cm and 91 - 103 cm (Fig. 4.3b). Each section was homogenized 

before separation for salinity, δ18O, nutrients and trace metal analysis. Sections were large to 

account for the volume necessary for the NOBIAS pre-concentration before trace metal analysis. 

The 0 - 24 cm section showed snow/slush-like ice that was in the transition of turning more solid. 

The porosity % (Fig. 4.3c) of this section show 1.9, indicating highly porous ice. A piece of solid 

ice (below 9 cm; Fig. 4.3b) may represent snow that was melted and re-frozen, hinting at multi-

year ice. Sections 24 - 75 cm showed ice with disconnected pore microstructure that was more 

apparent than in the 0 - 24 cm section. The porosity % for each section (0.7%, 1.3%, and 0.6%, 

respectively, Fig. 4.3c) were lower than seen from 0 - 24 cm. From 75 - 91 cm the porosity % (0.5) 

was similar to the 58 - 75 cm section, but lacked obvious pore microstructure. Instead the 
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structure represented solid ice intermixed with ice that had disconnected pore microstructures. 

From 91 - 103 cm solid ice (porosity 0.04%) was observed.  

  Sea ice salinity was observed to be low (1.3 to 2.1, Fig. 4.5a). In first-year ice, typical 

salinity profiles exhibit a C-type profile (Cox and Weeks, 1988) with salinities around 5 - 15 (Eicken 

et al., 1995). As sea ice ages and thickens, desalination processes decrease the salinity to below 

4 characterizing multi-year ice (Cox and Weeks, 1974; Eicken et al., 1995). Therefore, the 

observed salinity for this study indicates multi-year ice. It is possible that brine may have been 

artificially released during the coring process, lowering salinity, nutrient and trace metal 

concentrations within the ice core sample. After coring an adjacent ice core was tested for salinity. 

High salinity values would indicate that brine was present in the adjacent sea ice core after coring. 

If brine was released in the sea ice, before coring, salinity values would be low in the adjacent ice 

core. The concentrations from the adjacent ice core matched the concentrations within the ice 

core sample after a 3 year holding period. Therefore, it is unlikely that the brine was artificially 

released in the sea ice site by coring during sampling. Nutrient concentrations in the ice core 

were below the DL (0.02 µmol/L NO3 + NO2, 0.02 µmol/L PO4, and 0.1 µmol/L SiO2). It is possible 

that the nutrients, along with the salinity, were released from the sea ice during desalination 

before coring. Measured δ18O values are shown in Figure 4.5b and were used to identify source 

water to sea ice. As seawater freezes to form sea ice, it induces the fractionation of oxygen 

isotopes (Toyota et al., 2004; Ukita et al., 2000). This allows for the comparison of δ18O with sea 

ice to determine the water source (freshwater or seawater). During the JIOS cruise, an average 

surface seawater (<50 m) δ18O value for the area near the sampling site was observed at -3.38‰ 

(Yamamoto-Kawai personal comm.). It is possible that sea ice melt, Pacific origin water and river 

water mixed with the surface seawater, to decrease the δ18O value (Yamamoto-Kawai et al., 

2008). A freshwater sample was collected from snow-like ice observed on the surface of the ice 

sample. The δ18O was observed to be -4.1‰ (Surface; Fig. 4.5b), indicating a meteoric snow 

source. Although there was a strong freshwater influence on the seawater in this study, the 

seawater δ18O values was higher than that for the surface snow value allowing for the distinction 

between freshwater and seawater sources during sea ice formation. The sea ice section from 0 - 

24 cm had a δ18O value of -2.6‰. This section may represent a mixture of both freshwater and 
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seawater sources. Sea ice sections from 24 - 103 cm had δ18O values ranging from -1.2 to -0.8‰. 

This indicates that these sections were sourced from seawater (see discussion). The ice structure 

was then determined by comparing the δ18O values with the picture analysis and porosity % 

analysis from each section. Snow ice was dominate for section 0 - 24 cm, granular ice for section 

24 - 75 cm, mixed ice for section 75 - 91 cm and columnar ice for section 91 - 103 cm. The ice 

structures determined from these analyses will be used for the remainder of this study. 

4.4.2. Trace metals 

4.4.2.1. Dissolved metals in sea ice 

 Sea ice concentrations for DFe ranged from 1.1 to 4.8 nM (Fig. 4.6a). Snow (3.1 nM) and 

granular ice (3.6 ± 0.8 nM, n = 3) showed higher concentrations when compared to mixed ice (1.1 

nM) and columnar ice (1.3 nM). Dissolved Mn in sea ice ranged from 1.4 to 11.0 nM (Fig. 4.6c). 

The snow and granular ice showed higher concentrations (5.5 nM and 8.5 ± 3.5 nM, respectively) 

than mixed (1.5 nM) and columnar (1.4 nM) ice. Dissolved Cd in sea ice was low and ranged from 

<DL to 0.2 nM (Fig. 4.6e). Dissolved Cd was only observed in snow (0.1 nM) and granular (0.1 ± 

0.06 nM) ice. Within this sea ice sample the snow and granular ice structures held the highest 

trace metal concentrations. 

4.4.2.2. Labile particulate metals in sea ice 

 Concentrations of LP metals seemed to be dependent on the trace metal. Labile 

particulate Fe in sea ice ranged from 2.2 to 475.6 nM (Fig. 4.6b). The snow (92.3 nM) and granular 

(232.9 ± 172 nM, n = 3) ice had higher LPFe concentrations when compared to the mixed (7.6 

nM) and columnar (2.2 nM) ice. Labile particulate Mn was low in sea ice and ranged from <DL to 

0.5 nM (Fig. 4.6d). Labile particulate Mn was detected in snow (0.5 nM), granular (0.1 nM) and 

mixed (0.08 nM) ice. Labile particulate Cd was also low in sea ice ranging from <DL to 0.08 nM 

(Fig. 4.6f) and only detected in granular ice (0.03 ± 0.03 nM, n = 3). The LP fraction for trace metals 

were high in the snow and granular ice structures as observed with the D fraction. For both 

fractions, concentrations of trace metals were dependent on the metal.  

4.5. Discussion 
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4.5.1. Sea ice stratigraphy and formation processes 

 The formation processes are reflected in the ice structures that are created and 

manifested in distinct vertical sections of an ice core. In the snow ice section, the observed δ18O 

showed a mixture of freshwater (meteoric snow) and seawater and freezes (Fig. 4.5b). Snow ice 

formation may have occurred through a flood-freeze cycle (Ackley et al., 1990). Generally 

meteoric snow will collect and accumulate onto the surface of sea ice. As more snow is added, 

the weight can compress sea ice below the water’s surface. Snow ice can then form as 

accumulated meteoric snow mixes with incoming seawater (Fritsen et al., 1998; Hudier et al., 

1995). At the bottom part of the snow ice section, slush-like ice was observed (Fig. 4.3b, above 

24 cm). Slush ice is created by seawater mixing with snow, further indicating that the flood-freeze 

cycle process may have occurred. 

 A large portion of the sea ice sample was composed of granular ice (Fig. 4.3c). Granular 

ice has two genetic classifications: snow-granular and frazil-granular that can be identified 

through grain (via thick, 5 mm, or thin, 0.5 mm, sections) and δ18O analysis (Toyota et al., 2004; 

Ukita et al., 2000). Since it was not possible to make trace metal clean thick or thin sections for 

grain analysis to classify ice stratigraphy, δ18O was used to differentiate between the two genetic 

classifications. Frazil-granular ice usually has higher δ18O values (seawater) than observed for 

snow-granular ice (freshwater). The δ18O in granular ice for this study yielded high values (-0.8 to 

-1.1‰) due to isotopic fractionation from a seawater source (Fig. 4.5b; Lange et al., 1990; Toyota 

et al., 2004; Ukita et al., 2000). Therefore, the granular ice section was composed of frazil ice. 

The mixed ice section (75 - 91 cm) yielded similar porosity % (0.5) values as observed in the 

granular ice. The photo analysis of the thick section indicated that this structure was not fully 

granular ice but a mixture of granular and columnar ice (Fig. 4.3b,c). Mixed ice may be an 

indication, along with frazil ice, of dynamic growth processes (Toyota et al., 2007). Mixed ice can 

form during rough currents and high winds which can allow for: 1) the formation of new frazil ice 

over established/deformed ice regardless of ice texture, 2) the overlapping of ice sheets, and 3) 

frazil ice formation in between floe gaps caused by rafting/ridging event (Hopkins et al., 1999; 

Lange and Eicken, 1991; Lange et al., 1989). The observed columnar ice within this sample was 
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created through the congelation of seawater in calm conditions (Toyota et al., 2004). This is 

supported by observations of the ice structure from photo analysis (Fig. 4.3b), and low porosity % 

value (Fig. 4.3c). It should be noted that sea ice within a single ice floe is heterogeneous allowing 

for the ice stratigraphy within a floe to be variable. The heterogeneity of sea ice may be due to 

different wind conditions during ice growth (Eicken and Lange, 1989). Therefore, the use of one 

ice core sample represents only a subset of the trace metal accumulation and release 

mechanisms that can affect the composition of Arctic sea ice. 

4.5.2. Sources and accumulation processes of trace metals into sea ice 

Ice structure explains the formation processes utilized by sea ice. Comparing ice structure 

to trace metal concentrations within a single core sample allows the determination of trace metal 

sources. In addition, the determination of possible mechanisms behind trace metal accumulation 

in, and release from, sea ice become clearer. In this study the snow ice showed high 

concentrations of D for all metals and high concentrations of LP for Fe and Mn (Fig. 4.6). This 

indicates that one mechanism for trace metal accumulation into sea ice is snow ice formation 

through the flood-freeze cycle (Ackley et al., 1990). 

Polar snow is mostly composed of water (99.99%), with less than 1% composed of 

particulate dust and sea salt aerosols (Barrie, 1986; Planchon et al., 2004). The amount of 

contaminates within Arctic snow can fluctuate depending on anthropogenic activities from 

Eurasia and North America, with higher particulate dust available in winter than in summer 

(Krachler et al., 2005). Trace metals, bound to particulate dust, are then deposited onto sea ice 

during snow fall. As snow ice forms, these trace metals can become trapped within the ice 

crystals. Increases in Arctic temperatures have increased water vapor which, along with 

increased anthropogenic emission, has yielded higher precipitation in the Arctic Ocean (Tovar-

Sanchez et al., 2010). Therefore, the high concentrations of LPFe observed in this study may be 

due to meteoric snow. Lannuzel et al. (2007) observed that TDFe and DFe in snow were lower 

than the concentration observed in sea ice from the Antarctic region. This indicates that 

atmospheric deposition was a minor source of trace metals to the snow ice fraction of sea ice 

when compared to seawater influences. The range of DFe (3.1 nM, Fig. 4.6a) from snow ice in 
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this study was comparable to that of Antarctic snow (1.0 - 6.5 nM). Total dissolvable Fe from 

snow ice in this study (92.3 nM Fig. 4.6b) was observed to be higher than in Antarctic snow (1.8 

- 23.7 nM). This indicates that atmospheric deposition may be a source of trace metals to Arctic 

sea ice. Snow ice from the sub-polar marginal Sea of Okhotsk was also observed as comparable 

concentrations of DFe (3.7 ± 1.3 nM DFe) with that of snow ice from this study. Although the 

comparison for the different size fraction of Fe concentrations were variable depending on 

location, the trace metal trend further supports meteoric snow as a source of trace metals to 

snow ice. Another possible mechanism for trace metal accumulation from meteoric snow may 

be the influence of snow meltwater during snow ice formation (Granskog and Kaartokallio, 2004; 

Marsay et al. 2018). In the current study, results from the δ18O analysis yielded the snow ice 

section source water as a mixture of both freshwater and seawater (Fig. 4.5b). Although the 

percent contribution from the two water sources was not quantified; it is possible that meteoric 

snow was a source of trace metals to snow ice. 

The concentration of trace metals was higher in granular ice than observed in snow ice, 

indicating another mechanism for trace metal accumulation into Arctic sea ice. As discussed 

above, the granular ice structure was composed of frazil ice indicating that the high 

concentrations of LPFe (Fig. 4.6b) can be explained by particle entrainment. In the Arctic Ocean, 

frazil ice can form in shallow (<50 m) shelf areas (Dethleff et al., 1998; Eicken et al., 2005; Reimnitz 

et al., 1994). Turbulence in the water column, due to fall storms, can re-suspend shelf sediments 

and smaller particles in the water column. Frazil ice can interlock with these suspended particles 

through suspension freezing and rise together to the water surface (Campbell and Collin, 1958; 

Nürnberg et al., 1994; Osterkamp and Gosink, 1984; Reimnitz et al., 1992). As frazil ice thickens 

(from slush ice to floe ice), particles are entrained into the granular ice structure (Dethleff, 2005). 

Ito et al. (2017) used Acoustic Doppler Current Profiler backscatter data to observe the 

entrainment of sediments by frazil ice. They found that at a wind speed of 15 - 19 m s-1 and a 

current speed of 1.0 - 1.5 m s-1 sediments were re-suspended into the water column where they 

interlocked with the frazil ice. Through this process, trace metal bound sediments and smaller 

particles are also suspension frozen by frazil ice and finally entrained into granular ice (Hölemann 

et al., 1997; Ito et al., 2017; Lannuzel et al., 2010, 2017), increasing the concentrations of 
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sediment/particle associated metals in the sea ice. Lannuzel et al. (2007) reported that the Fe 

concentrations in sea ice, made from seawater, were also due to sediment entrainment. Sea ice 

formed in the southeastern Chukchi and western Beaufort shelf areas is characteristically 

sediment-laden (Eicken et al., 2005). This sea ice can follow the Beaufort Gyre moving westward 

further into the Arctic Ocean. Sea ice collected for this study may have formed in the shelf areas 

of the Beaufort Sea. As the sea ice aged and travelled following the Beaufort Gyre flow, trace 

metals may have been added during ridging events or frazil formation in the leads between floes 

(Lange et al., 1989; Lange and Eicken, 1991; Toyota et al., 2004). Based on the visual observations 

of sea ice melt in the lab, sediments were not detected in this sample. Labile particulate Fe 

showed a trend of higher concentrations in granular ice (232.9 ± 172 nM) when compared to 

mixed and columnar ice (7.6 nM and 2.2 nM respectively; Fig. 4.6). Particulates derived from fine-

grained sediment or organic matter origins (Dethleff, 2005; Kempema et al., 1989; Nürnberg et 

al., 1994) can be influential to trace metals. Comparing the trace metal concentrations from snow 

ice to granular ice yields higher concentrations in the granular ice (with the exception of LPMn; 

Fig. 4.6). In addition, the sea ice sourced from seawater in the current study’s ice sample yielded 

more volume than observed for the snow sourced ice. It is possible that a sediment source from 

a seawater medium is more influential than from atmospheric deposition (Granskog and 

Kaartokallio, 2004). Thus, particle scavenging during the dynamic growth processes used to form 

frazil ice allowed trace metals to entrain and accumulate into the granular structure of sea ice. 

The process of trace metal accumulation by particle entrainment is further supported by 

the concentrations of D and LP Cd observed in granular ice (Fig. 4.6e,f). Cadmium is associated 

with clay materials (Pardue et al., 1992) and with Fe/Mn oxides in oxic sediments (Guo et al., 

1997). As sediments entrain into sea ice, fine silts or clays are effectively retained in the ice 

crystals (Nϋrnberg et al., 1994). It is possible that the observed concentrations of Cd in granular 

ice further indicates the presence of fine particles, possibly sourced from sediments, in this ice 

structure. Dissolved and LP metal concentrations in granular ice were also observed to be 

vertically heterogeneous (Fig. 4.6). The dynamic environment where frazil ice forms and its non-

uniformity (such as shelf seas), have yielded patchy sediment-laden ice within Arctic sea ice 

(Eicken et al., 2005; Garrison et al., 1983). Patchy entrainment of sediments into sea ice can then 
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translate to heterogeneous concentrations of trace metals observed in sea ice (Evans and 

Nishioka, 2018). Based on the observations from this and previous studies (Campbell and Collin, 

1958; Dethleff, 2005; Hölemann et al., 1997; Ito et al., 2017; Lannuzel et al., 2007, 2010, 2017; 

Nürnberg et al., 1994; Reimnitz et al., 1992), the accumulation of trace metals into granular ice 

may be due to frazil ice formation and particle entrainment. 

4.5.3. Release processes of trace metals from sea ice 

Mixed and columnar ice structures in Arctic sea ice yielded trace metal concentrations 

that were low or below the detection limit (Fig. 4.6). This indicates a trace metal release 

mechanism resulting from brine drainage. In the early stages of sea ice formation during fall, 

most of the seawater salts are released from the ice crystal lattice. In sea ice around 0.05 m 

thickness, bulk salinity is about 25. As sea ice thickens (1.5 m) the percent bulk salinity can 

decrease to 5 (Kovacs, 1996). The interstitial salts remaining in the sea ice will concentrate into 

liquid brine (Kingery and Goodnow, 1963; Untersteiner, 1968). Brine drainage occurs when dense 

brine convects through permeable ice from cold (top of the ice) to warm (bottom of the ice; 

Jardon et al., 2013) temperatures. As the ice strives for thermodynamic equilibrium, the 

movement of brine widens brine channels (Petrich and Eicken, 2010) through the ice lattice 

increasing the potential for fluid percolation. Relating the ability of brine drainage with sea ice 

structure, the columnar structure maybe more efficient in releasing brine when compared to the 

granular structure (Lannuzel et al., 2007). Columnar ice structure can form more slowly 

(approximately factor of 2) than granular ice structure (Eicken and Lange, 1989; Weeks and 

Ackley, 1986). The formation of different ice structures dictates the orientation of brine channels 

(Spindler, 1994; Weissenberger et al., 1992). In granular ice the branching of brine channels 

retains the liquid brine until they widen. In the columnar ice structure brine channels have a 

laminar orientation (Petrich and Eicken, 2010). This can allow brine to be rejected more 

efficiently (Janssens et al., 2016; Weissenberger and Grossmann, 1998). In sea ice, nutrients have 

a decreasing linear trend with bulk salinity (Thomas et al., 2010). Therefore, the presence of brine 

can be detected by its salinity and nutrient concentrations. In this study, the nutrient 

concentrations analyzed in sea ice were below the detection limit. This indicates that brine, along 
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with the trace metals, was released from the sea ice. Brine has been shown to retain high 

concentrations of trace metals. In the Antarctic region, concentrations of TDFe and DFe from 

brine sack-holes were two orders of magnitude higher than the surrounding seawater (Lannuzel 

et al., 2007). When compared to sea ice, brine concentrations of DFe were elevated (van der 

Merwe et al., 2011). Dissolved trace metals in brine can thus be influenced by brine release, 

decreasing their concentrations within sea ice (Lannuzel et al., 2007; van der Merwe et al., 2011). 

In contrast, PFe concentrations in Antarctic brine have been observed to be low. This indicates 

that PFe may bind to the brine channel walls or organic matter (Lannuzel et al., 2010). A robust 

community of phytoplankton and bacteria has been observed in the brine channels of the sea ice 

interior (Ackley et al., 1979; Horner et al., 1992) and at the sea ice-seawater interface (Spindler, 

1994). Ice algae and bacteria create exopolymeric (i.e. exopolysaccharides) gel like substances. 

They are composed of uronic acids and sulphates allowing them to act as organic ligands for both 

D and LP fractions within sea ice (Krembs et al., 2002; Lannuzel et al., 2015). Trace metals can 

bind to these ligands, increasing the dissolved concentrations, and bind to brine channels walls 

(Lannuzel et al., 2007, 2015). Phytoplankton were not observed in this ice sample, but they may 

have been present in the brine allowing for some of the dissolved metals to bind to the channel 

walls before collection. Regardless of the sorption properties of brine channel walls, the 

decreasing trend for the trace metals along the virtual profile of the sea ice sample indicates that 

the release of liquid brine can drive trace metal concentrations in the mixed and columnar ice 

structures. 

4.5.4. Chemical transformation of trace metals in sea ice 

 The concentrations of trace metal size fractions were variable within sea ice. For example, 

high concentrations of LPFe, DMn and DCd were observed in the granular ice structure (Fig. 4.6). 

The presence of high LPFe in granular ice indicated that suspended particles, possibly from 

sediments, was a major source of LPFe. During turbulent conditions Fe(III) and Fe(II) are released 

into the overlying water column as sediments are re-suspended (Lohan and Bruland, 2008). Once 

in the oxic environment Fe(II) is quickly oxidized (Landing and Bruland, 1987) creating particulate 

Fe oxides. This reaction was estimated to occur within hours in the bottom waters of the Bering 
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Sea (Lohan and Bruland, 2008). As water temperatures cool (-1.86˚C) and turbulent conditions 

persist, this newly available pool of Fe oxides along with re-suspended sediments containing Fe 

can accumulate as a result of suspension freezing by frazil ice (Ito et al., 2017).  

 Granular ice also showed high concentrations of DFe and low concentrations of LPMn (Fig. 

4.6b,c,d). As discussed above, particle entrainment allowed for the accumulation of LPFe into 

granular ice. Due to their similar behaviors, LPMn concentrations should mimic LPFe, but LPMn 

concentrations were observed to be low (Fig. 4.6d). Therefore, the resulting high DMn observed 

in granular ice can be explained by chemical transformation. The concentration of oxygen in sea 

ice is low, where brine is supersaturated in oxygen (Glud et al., 2002; Rysgaard and Glud, 2004). 

Oxygen concentrations in sea ice can further decrease due to organic matter decomposition from 

bacteria (Rysgaard et al., 2008) or from limited access to wind generated waves (Ackley and 

Sullivan, 1994; Huang et al., 2017). The nutrient concentrations within the sea ice sample were 

low (<DL), therefore, brine release had a greater influence on the oxygen concentration. As 

sediments are re-suspended during turbulent conditions, both Fe and Mn oxides are released 

into the water column. The oxides are then entrained into frazil ice through suspension freezing. 

Manganese has a higher reduction potential than Fe (Froelich et al., 1979; Hatta et al., 2013) 

allowing elevated concentrations of DMn to be represented in the ice structure. Sea ice and snow 

also have the potential to allow for the photochemical transformation of Mn (LPMn to Mn2+) 

within its matrixes (Granskog and Kaartokallio, 2004). Another indication for the chemical 

transformation to D metals in sea ice is its effect on DCd concentrations in granular ice (Fig. 4.6e,f). 

At the sediment-water column interface and in surface sediments, Cd is adsorbed onto the 

surfaces of Fe and Mn oxides. Therefore, the increase in DCd concentrations observed in this sea 

ice sample is mainly due to release from Fe and Mn oxides during the reduction process (Yu et 

al., 2000; Huang et al., 2017). This process can also occur in the suboixc areas of sea ice, making 

chemical transformations another mechanism that can control the concentrations of DMn and 

DCd. 

4.6. Summary 
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 In the Arctic Ocean, sea ice is an important player in the biogeochemical cycling of trace 

metals. However, the processes by which trace metals accumulate into sea ice are not well known. 

Comparing sea ice structure to trace metal concentrations gives a clearer understanding of these 

processes. To determine the structure of sea ice, photographic images, porosity % and δ18O 

analyses were used. The structures observed in sea ice, from top to bottom, are as follows: snow 

ice, granular ice, mixed ice and columnar ice. Analysis of the sized fractionated (D, and LP) trace 

metals (Fe, Mn and Cd) showed that their concentrations differed depending on ice structure. 

The sea ice used in this study had low salinity indicating a multi-year ice sample. In addition, brine 

was determined to be released from the sea ice as both nutrients and salinity were observed to 

be low. Low trace metal concentrations in mixed and columnar ice were also determined to be 

due to the brine release process. The concentration of Fe, Mn and Cd differed among sea ice 

structures, indicating that accumulation processes for trace metals are reliant on sea ice 

formation processes. The observed differences within trace metal size fraction concentrations 

indicated that there are additional controls through external sources: meteoric snow, particle 

entrainment, and reductive processes.  

Figure 4.7a represents a schematic of the possible accumulation and release processes, 

and Figure 4.7b represents the chemical transformation process observed for Mn oxides in 

granular ice. As Fe and Mn oxides have similar behaviors, Figure 4.7b will hold true for Fe oxides 

as well. High concentrations in snow ice indicated that snow ice formation, through the mixing 

of meteoric snow and seawater, can add atmospheric trace metals. High and heterogeneous 

concentrations of LPFe in granular ice indicate particle (possible hydroxide and clay particles) 

entrainment by frazil ice scavenging. During frazil ice formation, sea ice can entrain suspended 

trace metal bound particles (Fe and Mn) that are reflected in granular ice. Once LPFe and LPMn 

(oxides) accumulates into sea ice, it can undergo reduction to release DFe, DMn and (adsorbed) 

DCd in granular ice. This chemical transformation process within sea ice can increase the 

bioavailability of trace metals. Low trace metal concentrations observed in mixed and columnar 

ice show that these structures are unable to retain metals following brine drainage. The 

differences observed in trace metals within sea ice structure show that sea ice formation, 

chemical reduction, and brine release were the processes behind trace metal accumulation and 
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release in this Arctic sea ice. Although the results from this study are promising, this study was 

limited to one ice sample. Therefore, future studies should look to validate the trace metal clean 

sea ice structure analysis by preforming the picture and Porosity % analysis followed by a 5 mm 

and 1 mm thick section analysis. In addition, more studies are needed to compare a larger array 

of sized fractionated trace metal concentrations to sea ice structure for a fuller understanding on 

the mechanisms behind trace metal accumulation in, and release from, sea ice.  
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4.7. Figures 

 

 

 

Figure 4.1. Picture and schematic of cold tub used during the ice core planing step. Cold tub was 

cooled to -20˚C by cooling coils located inside the tub’s chamber. The temperature inside the 

chamber remained consistent below a temperature limit line. Above this line the temperatures 

significantly increased. a) Picture of cold tub, b) cooling coils, c) pre-set temperature limit line, 

and d) ice planing step. 
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Figure 4.2. Location of sea ice sampling site. Sea ice concentration on August 24, 2013 (24 hr 

average) from ECMWF metadata. Black dot – Location of the ice station where sea ice was 

collected. 
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Figure 4.3. Photo and schematic of ice core structure. a) Photo of ice core taken after collection 

from coring with the depth representing the length of the core, b) photos taken after planing (2 

cm), c) transformed planed photo to black and white, with a filter overlaid, to represent the 

outline of the micropores (porosity %), d) schematic of observed sea ice structure. 0 - 24 cm snow 

ice, 24 - 75 cm granular ice, 75 - 91 cm mixed ice and 91 - 103 cm columnar ice. 
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Figure 4.4. Milli-Q Ice Contamination Test. Concentrations of a) Fe, b) Mn, and c) Cd in Milli-Q ice 

without foil (Milli-Q Clean Ice) and Milli-Q ice wrapped in aluminum foil (Foil Ice). Samples were 

planed up to 2 cm and each layer (Layer 1 – Outer 1 cm of ice, Layer 2 – Inner 1 cm of Ice, Core – 

Cleaned ice) was pre-concentrated with the NOBIAS resin. Presented values were above the pre-

concentrated DL and then calculated with the pre-concentration factor (4.5 - 8.6 times). The pre-

concentration factor was determined by the sample weights before pre-concentration and the 

eluent weights after pre-concentration. 
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Figure 4.5. Salinity and δ18O for each ice structure. a) Salinity, b) δ18O, dotted line represents δ18O 

values from the surrounding surface seawater (<50 m; Yamamoto-Kawaii personal comm.). 
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Figure 4.6. Concentrations of dissolved and labile particulate metals for snow ice, granular ice, 

mixed ice and columnar ice. The ice core depth is represented on the y-axis. Error bars are SD 

from GFAAS measurement data. a) DFe, b) LPFe, c) DMn, d) LPMn, e) DCd, f) LPCd. 
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Figure 4.7. a) Schematic of trace metal accumulation and release processes in multi-year Arctic 

sea ice, and b) schematic of chemical reduction process for multi-year Arctic sea ice.



74 
 

 Chapter 5 

 Overall conclusions 

 

5.1 Summarized conclusions of each chapter 

The increase in Arctic temperatures has resulted in the decrease of summer, multi-year, 

Arctic sea ice. The decreased presence of sea ice may adversely affect the cycling and 

biogeochemistry of trace metals in the Arctic Ocean. To gain better insights on the relationship 

between sea ice and trace metals; we must understand how sea ice acquire and retains trace 

metals. Therefore, the goal of this study was to investigate the mechanisms behind trace metal 

accumulation into, and release from, Arctic sea ice. 

 The concentrations of dissolved (D) and labile particulate (LP) Fe, Mn and Cd were 

observed in Arctic sea ice (drifting and interior floe ice) and seawater. The differences in 

geochemical behavior among Fe, Mn and Cd will allow for a better understanding of how sea ice 

acquire trace metals. All samples were prepared, in a class 100 clean room, by a trace metal clean 

pre-concentration method utilizing the NOBIAS PA-1 chelating resin (NOBIAS, chapter 2). This 

ensured that trace metal concentrations at low levels in sea ice or seawater samples were 

elevated to detectable levels when analyzed on a Graphite Furnace Atomic Absorption 

Spectrometer (GFAAS). The pre-concentration step before analysis also prevented analytical 

interferences from the salts that may have been present in the sea ice or seawater matrices. 

Dissolved Fe in Chukchi seawater was analyzed by two different methods: flow injection method 

and the NOBIAS pre-concentration method (Chapter 3). Comparisons of the two methods, with 

the same samples, showed that analysis with the NOBIAS pre-concentration method was 1.3 ± 

0.4 times higher than the flow injection method due to a longer sampling storage time. Although 

the two methods were different, they were oceanographically correct and represent the 

chemically-labile dissolvable fraction of DFe in seawater. In addition, the comparison of these 

two methods further supports the accuracy of the NOBIAS pre-concentration method.  
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 Trace metals in Chukchi seawater were supplied through internal and external sources 

(chapter 3). Cadmium had an internal source though the biogeochemical cycling of phosphate. 

Labile particulate Fe and LPMn were externally sourced through sediments (shelf or river). 

Dissolved Fe and DMn had a separate external source via the Alaskan Coastal Current. In 

seawater, DMn concentrations were higher than DFe. This may have been a result of reduction 

processes within the sediments followed by supply to the water column. Manganese oxidizes 

slower than Fe, allowing for DMn to have a longer residence time in the water column. In Chukchi 

Sea drifting ice, both the D and LP trace metal concentrations were heterogeneous. The LP 

fraction for all observed trace metals was high. The low trace metal concentrations in the D 

fraction resulted from brine release or wave propagation. Therefore, drifting ice had a preference 

to accumulate or retain the LP trace metal fraction. To understand how trace metals accumulate 

into sea ice, D and LP Fe, Mn and Cd were observed in relation to the sea ice structure of 

individual interior floe ice samples. 

 Multi-year sea ice was collected from the interior of an ice floe from the Canada Basin 

(chapter 4). Sea ice samples yielded low salinity and nutrients indicating multi-year ice and a 

release of brine. Sea ice was measured to 103 cm upon collection. In order to make a trace metal 

clean analysis of the sea ice structure, a combination of picture analysis (taken after ice planing 

(2 cm)), % micropore analysis (porosity %; calculation of the % white area of a black and white 

photo that was overlaid with a filter by R software) and δ18O were utilized. Sea ice structure was 

determined to be snow, granular, mixed (granular + columnar) and columnar ice. Based on high 

D and LP concentrations in snow ice, trace metal accumulation occurred during snow ice 

formation. High LPFe concentrations in granular ice indicated trace metal accumulation occurred 

during suspension freezing by forming frazil ice followed be entrainment during granular ice 

formation. Chemical transformation process increased D metal concentrations. High DMn and 

DCd in snow ice was due to photochemical reduction.  In granular ice, the high concentrations of 

DMn and DCd were due to the reduction of Fe and Mn oxides after entrainment. The low 

concentrations observed in mixed and columnar ice structures were due to brine release. 

 The two different sea ice forms, degraded drifting and floe ice collected from the interior 

of the ice zone, used for the observation of trace metals in this study expressed different trends 
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in the concentrations of D and LP trace metals. It is possible that the environment surrounding 

the sea ice may influence trace metal concentrations in sea ice. If this is correct, then it is 

important to understand the conditions of sea ice and its surrounding area, to clearly elucidate 

the trace metal accumulation mechanisms. 

5.2 Retention of trace metals in drifting ice vs sea ice from the interior of an 

ice floe 

In the Arctic Ocean, drifting ice and sea ice from the interior of the ice zone (floe ice) 

exhibit different physical characteristics. For example, the age and ice structure were identified 

for the ice floe sample. This was not possible with the drifting ice samples as they were more 

degraded. Drifting ice was highly influenced by seawater waves, which can give the ice oxic 

conditions and allow it to be more mobile than floe ice. Whereas, floe ice was more stable, had 

limited interactions with seawater waves creating a more suboxic environment (Table 5.1). It is 

possible that physical and environmental differences between the two ice forms observe in this 

study can influence the internal concentrations of trace metals. Therefore, the concentrations of 

D and LP Fe, Mn and Cd were compared between the drifting and interior floe ice. For the D metal 

concentrations, significant differences were not observed between drifting and floe ice (Fig. 5.1). 

It is possible that brine drainage maybe a driving factor for the release of D trace metal 

concentrations, especially in floe ice. In contrast, drift ice is heavily influenced by constant wave 

flushing. Thus, wave propagation may have also released D metals from the drifting ice. Floe ice 

is protected from wave influence as drifting ice or the outside edge of the floe dampens wave 

energy (Ackley and Sullivan, 1994). This can restrict oxic seawater (waves)-sea ice interactions to 

the interior of the ice floe. Restricted seawater interaction and the process of brine drainage can 

create suboxic areas in sea ice (Glud et al., 2002). Within these areas the reduction of 

accumulated metal oxides increases the concentration of bioavailable D metals, even after brine 

has been released, over time. In addition, accumulated LP metals in snow ice can be reduced 

through photochemical reduction (Granskog and Kaartokallio, 2004). Adding to the overall 

concentrations of D metals in floe ice over time. Whereas, the consistent influence of waves on 

drifting ice can force the more immediate release of D metals from the drifting ice. Leaving the 
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LP fraction of metals to be retained in the sea ice until release during the advanced melting stage 

(van der Merwe et al., 2011). 

 Comparing the concentrations of LP metals in the two ice forms showed that drifting ice 

held elevated concentration for all three LP metals compared to floe ice (Fig. 5.2). This was a 

result of LP metal addition by seawater waves to drifting ice. As current and wind speeds increase 

at the seawater surface, Langmuir circulation allows for disturbed bottom sediments and 

particles to vertically rise towards the water surface (Dethleff et al., 2009). Vertical mixing allows 

the particles to remain in the water column and, through wave propagation, can introduce LP 

trace metals into the drifting ice. This was observed in Arctic slush ice where sediment 

concentrations were similar to those in the surrounding seawater (Kempema et al., 1989). 

Although floe ice held lower concentrations of LP metals, high concentrations of LPFe was 

observed (snow and granular ice structures). The mechanisms for the elevated LPFe 

concentrations in sea ice from this study was 1) snow ice formation and 2) particle scavenging in 

floe ice, and 3) wave filtration that can supply LP fraction of all metals in drifting ice. Both LPMn 

and LPCd concentrations were low in floe ice. This was driven by chemical transformation 

(reduction) in the snow and granular ice structures. 

5.3 Biogeochemical cycling of trace metals by sea ice 

This study was able to determine that the accumulation of trace metals into sea ice, and 

the release or supply of trace metals to surface waters was dependent on the form of sea ice. 

Comparing the trace metal concentrations, along with the observed accumulation or release 

mechanisms, among the two ice forms (Table 5.2) showed that brine drainage is a mechanism 

for trace metal release. As sea ice initially forms frazil ice crystals, suspension freezing of 

suspended particles from the water column occurs. As sea ice thickens, forming a granular ice 

structure, the release of brine decreases the oxygen concentrations in the formed floe ice. This 

can initiate the reduction of entrained Fe and Mn oxides, increasing the concentrations of D 

metals over time. Further thickening of sea ice forms mixed and columnar ice structures. Where, 

due in part to the slow formation process and the brine channel structure (increased permeability 

leading to brine drainage, further widening the brine channels), trace metals (D or LP) are not 
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retained. Above the granular ice, atmospheric derived LP metals will accumulate via snow ice 

formation. As the snow ice absorbs UV-light, accumulated LPMn can be reduced, increasing DMn 

and DCd (as it is released from the oxide) over time. Since wave action on floe ice is restricted, 

floe ice can be stable. This gives floe ice the ability to be a long-term local storage and/or source 

of D and LP metals. When the floe ice deforms, constant wave action can flush out the D metals 

from the ice and add LP metals that are available in the surface waters. The continual flushing of 

seawater introduces oxygen into the ice matrix, eliminating the chance for D metals to increase 

through oxide reduction. The retention of LP metals and the high mobility of the more deformed 

drifting ice can allow it to be a long-range transporter of LP metals (Fig. 5.3). Drifting ice can travel 

further into the Arctic where it will melt during the spring season in trace metal limited surface 

waters. As LP metals are released, they may become bioavailable to phytoplankton (Hurst and 

Bruland, 2007; Hurst et al., 2010; Kanna and Nishioka, 2016). Thus, the transport of potentially 

bioavailable LP metals by drifting ice may increase productivity in the Arctic Ocean. It is unclear 

if a shift from a multi-year to a first-year ice summer sea ice environment will hinder the supply 

of bioavailable trace metals in the Arctic Ocean. If climate change eliminates the presence of 

Arctic summer sea ice, the supply of trace metals to surface seawaters will come from external 

sources (shelf sediments, rivers, glacier melt). These sources do not have the ability of winter 

storage, which can affect primary productivity, especially during the spring season (Lannuzel et 

al., 2016). The role in the remineralization of trace metals by animals that rely of the sea ice 

habitats will also be affected (Tovar-Sanchez et al., 2007; Lannuzel et al., 2016). Therefore, more 

studies are needed to understand the affects the loss of sea ice will have on the biogeochemical 

cycling of trace metals in the Arctic Ocean.  

One of the major limitations of this study is the low number of samples for each chapter. 

More study is needed using samples from: 1) different sampling locations and 2) different 

seasons. Different sampling locations should include different areas of the Arctic Ocean and 

different locations within a single ice floe. Observing samples collected in different seasons may 

show different processes that occur in sea ice. This may hold true for the mixed and columnar ice 

structures. In winter the sea ice temperature will be lower, restricting brine drainage. It is possible 

that this in turn will affect trace metal concentrations. During brine drainage, brine will exchange 
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with underlying seawater within the brine channels which can supply trace metals. This study, 

using samples collected in the summer, did not observe upward flooding of seawater. In addition, 

different forms of ice should be observed for trace metal concentrations. Ridging or rafting, that 

occurs when seawater has rough conditions, may influence trace metal concentrations but these 

processes were not observed in this study. Decaying ice at different stages can also reflect 

differences in trace metal concentrations that will aid in the understanding of accumulation or 

release mechanisms.  

5.4 Future Directions 

From this thesis study, some of the available trace metal accumulation and release processes 

were determined within drifting ice, collected from the marginal ice zone located in a shallow 

shelf area, and a single ice core sample, collected from the interior of the ice zone in an ice floe. 

In order to directly observe these processes that are utilized by sea ice, a trace metal clean tank 

experiment should be performed. Tank experiments can allow for processes to be observed 

under a controlled environment. In previous studies, ice formation (frazil, grease, pancake, etc.; 

Martin and Kauffman, 1981, Wadhams et al., 1988; Newyear and Martin, 1997; Weissenberger 

and Grossmann, 1998; de la Rosa and Maus, 2012; Toyota and Koda, 2016), scavenging followed 

by entrainment (Reimnitz et al., 1993; Smedsrud, 2001), gas exchange (Tison et al., 2002; Nomura 

et al., 2006) organic and inorganic nutrient accumulation (Giannelli et al., 2001; Janssens et al., 

2016) processes has been observed. As trace metal clean conditions have become more 

prevalent in sea ice studies, tank experiments for trace metal (i.e. Fe) incorporation (Janssens et 

al., 2018) have become necessary.  

A tank experiment observing the accumulation process, particle scavenging for granular ice, 

and the release process, brine drainage for columnar ice, should be performed. Toyota and Koda 

(2016) were able to successfully create granular and columnar ice structures in order to observe 

ice production rates under turbulent and calm conditions. Janssens et al. (2018) was able to 

observe that growing columnar ice preferentially accumulated biogenic PFe (from sea ice algae) 

when compared to lithogenic PFe (from dust). This points to the importance of sea ice algae for 

the retention of trace metals within the ice matrix. Based on the results of this thesis study, 
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granular ice held higher concentrations of trace metals (either biogenic or inorganic) than 

columnar ice. The high concentrations were due to particle scavenging by forming frazil crystals. 

As columnar ice forms, brine drainage occurs. Since trace metals were released with the brine, it 

is possible that forming columnar ice will not retain the amount of available trace metals when 

compared to granular ice. The use of tank experiment will allow for the observation of sized 

fraction (D, TD, LP, etc.) trace metals (biogenic or inorganic) accumulation and/or release as 

granular or columnar ice forms.  

In chapter 4, the objective determination of sea ice structure used a combination of 

picture analysis, Porosity % analysis and δ18O analysis. Although this analysis is novel, it allows 

for trace metal clean processes to be observed. To validate this process, a second study is needed. 

Sea ice is highly heterogenous. To avoid any difference due to this a single core should be 

collected from the interior of the ice zone. To determine sea ice structure, the core will first follow 

the methods detailed in Ch. 4, planed up to 2 cm and photographed. Then the planed core will 

follow the methods outlined in Toyota et al. (2004) where a 5 mm to 1 mm thick section is cut. 

The cut sections will be placed on polarized light or observe the crystallographic structure. The 

remaining core will be cute into sections based on the observed ice structure and the δ18O will 

be analyzed. This study should be performed on multiple cores collected from different sites. This 

will ensure and/or validate that the methods suggested in Ch. 4 will work on sea ice with different 

ice structures.  
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5.5 Figures 

 

Figure 5.1. Trace metal concentrations of dissolved Fe, Mn and Cd in drifting ice from the Chukchi 

Sea (in green) and sea ice from the interior of an ice floe in the Canada Basin (in blue). Trace 

metal concentrations from the inner floe ice samples are represented by the determined sea ice 

structure and compared to the drifting ice. Error bars are representative of the standard 

divination.  
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Figure 5.2. Trace metal concentrations of labile particulate Fe, Mn and Cd in drifting ice from the 

Chukchi Sea (in grey) and sea ice from the interior of an ice floe in the Canada Basin (in red). Trace 

metal concentrations from the inner floe ice samples are represented by the determined sea ice 

structure and compared to the drifting ice. Error bars are representative of the standard 

divination.   
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Table 5.1. Comparison of the physical characteristics between drifting ice from the Chukchi Sea 

and sea ice from the interior of an ice floe in the Canada Basin. 

 

 

  

Sea Ice 

Form 

Age of 

Ice 

Ice 

Structure 

Ice 

Condition 
Mobility 

Wave 

Influence 

Oxic 

Condition 

Drifting 

Ice 
- - Permeable High High High 

   Floe    

Ice 

Multi-

Year 
Identifiable Variable Stable Low to none Low 
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Table 5.2. Comparison of the observed accumulation or release process between drifting ice 

from the Chukchi Sea and sea ice from the interior of an ice floe in the Canada Basin. 

   

Sea Ice 

Form 

Brine 

Drainage 

Particle 

Scavenging 

by Frazil 

Wave 

Filtration 

High 

LPFe 

Chemical 

Transformation 

(Reduction) 

Differences 

within Ice 

Structure 

Snow 

Ice 

Drifting 

Ice 
O - O O - - - 

Floe  

Ice 
O O - O O O O 
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