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ABSTRACT

The Arctic Ocean is a dynamic region undergoing rapid change. Sea ice and meteoric water are 

intrinsic components of the Arctic environment that play key roles in its ecosystem, including the 

distributions and cycling of trace elements throughout the pan-Arctic Ocean. Meteoric water 

(e.g., rivers and snow deposition) contributes to the input of trace elements to surface waters, 

while sea ice dynamics contribute to the transport of these constituents across Arctic basins. 

Trace element distributions can provide insights into Arctic processes. The focus of Chapter One 

is on particulate (>0.2 μm) trace elements in Arctic pack ice, associated snow, and underlying 

surface waters collected from September-October 2015 during the US GEOTRACES Western 

Arctic cruise (GN01). This late-season pack ice provides a snapshot of sea ice characteristics in 

regions near the North Pole, within the Makarov and Canada Basins, and can estimate the impact 

melting sea ice may have on particulate trace element inputs to Arctic waters. Chapter Two 

presents on the utility of dissolved barium (dBa), a bio-intermediate element of lithogenic origin, 

as a tracer of meteoric water throughout the Siberian Arctic Ocean. Samples for Chapter Two 

were collected during the 2018 Nansen and Amundsen Basin Observatory System. The 

distribution of dBa in this region may provide useful insights into important shelf processes, such 

as tracing shelf waters along continental slopes. In Chapter 3, additional spatiotemporal 

geochemical parameters (δ18O and salinity) are considered alongside dBa to model how Arctic 

water mass fractions (meteoric, sea ice melt, and Atlantic waters) changed between 2013, 2015, 

and 2018 within the Siberian Arctic Ocean. This dissertation contributes to the understanding of 

Arctic Ocean processes through the application of trace element studies and highlights the 

usefulness of combining tracers to better understand this dynamic environment.
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INTRODUCTION

The Arctic Ocean is a dynamic region that has been of recent scientific interest due to the 

rapid changes observed over the past two decades (Brown et al., 2019; Carmack et al., 2016; 

McPhee et al., 2009). Among these changes are shifts to the freshwater budget and distributions 

(e.g., Carmack et al., 2016; McPhee et al., 2009; Proshutinsky et al., 2009; Rabe et al., 2014), 

progression towards ice-free summers (e.g., Aagaard & Carmack, 1989; Carmack et al., 2015; 

Kwok et al., 2009), and an increase in primary production over some regions (Arrigo & van 

Dijken, 2015). Unique to the Arctic Ocean are the wide, relatively shallow continental shelves 

that encompass ~50 % of the Arctic Ocean's surface area (e.g., Aagaard et al., 1981). Shelf seas 

are essential to key Arctic Ocean processes, such as sea ice formation, mediation of freshwater 

inputs, biogeochemical transformations, the supply (via continental inputs) and regeneration of 

macro nutrients and trace elements, and modulation of heat storage (e.g., Carmack et al., 2015; 

Fransson et al., 2001; Janout et al., 2020; Polyakov et al., 2008; Yamamoto-Kawai et al., 2008).

A generalized structure of the Arctic Ocean water column can be described as 3 layers: 

the polar mixed layer, the halocline layer, and the Atlantic layer (e.g., Alkire et al., 2017). The 

polar mixed layer is a relatively fresh and cold layer that resides at or near the surface of the 

water column (e.g., Morison et al., 2012). The Arctic halocline is a layer of water through which 

salinity increases with depth and separates the fresh and cold polar mixed layer from the warm 

and salty Atlantic layer at depth. The halocline is integral to preventing the upward advection of 

heat, and thus facilitates the formation of sea ice, by capping the warm Atlantic layer (e.g., 

Aagaard & Carmack, 1989; Comiso et al., 2008; Holland et al., 2007; Swift et al., 2005; Zhang et 

al., 2003; 2008).
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The freshwater reservoir, its transport and export are essential throughout the pan-Arctic 

Ocean for dictating the strength and maintenance of the halocline. The Arctic Ocean receives ~ 

10% of the world's annual river discharge, yet contains only ~ 1% of the global ocean volume 

(e.g., Aagaard & Carmack, 1989; Morison et al., 2012). Whereas the major source of freshwater 

to the Arctic Ocean are rivers, the major sink of freshwater is the annual export (~ 2000 to 3500 

km3 yr-1) towards the North Atlantic Ocean via Fram Strait and the Canadian Arctic Archipelago 

(e.g., Koenigk et al., 2007; Schauer et al., 2008). Arctic freshwater export towards the North 

Atlantic Ocean has the potential to impact the North Atlantic deep water formation, a process 

tightly coupled to global thermohaline circulation and carbon sequestration (e.g., Aagaard & 

Carmack, 1989; Koenigk et al., 2007).

Freshwater inputs from continental sources can provide a source of nutrients, such as iron 

and macronutrients, to oligotrophic waters to be utilized for primary production (e.g., Gordeev, 

2000; Holmes et al., 2012). These nutrients are essential to the cellular functions of marine 

micro-organisms and can limit or co-limit primary production in high latitude surface waters 

when light is not limiting (e.g., Sunda, 2012; Venables & Moore, 2010). As the Arctic progresses 

towards ice-free summers, prolonged open waters are expected to extend the growth period 

throughout the Arctic Ocean and accentuating nutrient limitations (e.g., Arrigo et al., 2008; 

Arrigo & van Dijken, 2015).

Integral to the Arctic Ocean is the presence of sea ice. The Arctic Ocean has experienced 

a remarkable 50% decrease in summer sea ice cover in the four decades since satellite 

observations began, and the ongoing loss and alteration of sea ice cover has a wide range of 

implications for Arctic processes (National Snow & Ice Data Center; nsidc.org). During sea ice 

formation, seawater constituents are expelled from the sea ice matrix to form cold, dense, brine- 
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influenced waters (e.g., Reeburgh, 1984; Vancoppenolle et al., 2010). However, salt impurities 

can be incorporated into the sea ice matrix to form concentrated brine inclusions that may 

expand to form brine channels upon the onset of melts (e.g., Dieckmann & Hellmer, 2010). 

During sea ice formation processes, sediments and biogenic particles may get incorporated into 

the sea ice matrix. Atmospheric particles may provide an additional source of trace elements that 

continually collect on the top of the sea ice column via wet or dry deposition (e.g., Bolt et al., 

2020; Garbarino et al., 2002). Sea ice may be a reservoir of dissolved and particulate trace metals 

that can provide a mechanism for the basin-wide dispersal of bioactive elements and macro 

nutrients to surface waters upon the onset of melt (e.g., Clark et al., 2020; Lannuzel et al., 2016; 

Vancoppenolle et al., 2010). Upon the onset of melt, dissolved elements can associate with salt 

inclusions and percolate to surface waters with brine (Lannuzel et al., 2011, 2016). Particles 

retained within the sea ice matrix will thus be decoupled from dissolved elements that percolated 

out with brine and can provide a secondary, steadier source of macro nutrients and trace elements 

to surface waters throughout the duration of melt (e.g., Bolt et al., 2020; Grotti et al., 2005; 

Lannuzel et al., 2011, 2016; Tovar-Sánchez et al., 2010).

Trace elements are of interest due to their nutritional and/or toxic effects to cells, as well 

as tieir usefulness as tracers of oceanograpiic processes. Bioactive trace elements, suci as 

manganese, iron, cobalt, nickel, copper, zinc, cadmium, and lead, can influence tie extent and 

distributions of primary production (e.g., Aciterberg et al., 2018; Aguilar-Islas et al., 2007, 

2008; Kondo et al., 2016; Sunda, 2012; Sunda & Huntsman, 1998). Otier trace elements, suci 

as barium, have well defined differences in their geochemistry's that can be used to trace a wide 

range of processes tirougiout tie Arctic Ocean (e.g., Guay et al., 2009; Falkner et al., 1994; 

Roeske et al., 2012). Trace element studies can provide useful insigits toward understanding a 
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wide range of oceanographic processes. This dissertation discusses particulate trace elements in 

Arctic snow, sea ice, and underlying surface waters as well as the utility of barium distributions 

to improve our understanding of Arctic Ocean processes. The specific aim of this dissertation is 

to investigate the particulate distributions of bioactive trace elements in the Arctic environment, 

and to further determine the practicality of using dissolved barium (dBa) to trace shelf processes 

within the Siberian Arctic Ocean.
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CHAPTER 1: Particulate trace metals in Arctic snow, sea ice, and underlying surface waters 

during the 2015 US Western Arctic GEOTRACES Cruise GN011

1 Bolt, C., Aguilar-Islas, A. M., & Rember, R. (2020). Particulate trace metals in Arctic snow, sea 
ice, and underlying surface waters during the 2015 US Western Arctic GEOTRACES cruise
GN01. ACS Earth and Space Chemistry. https://doi.org/10.1021/acsearthspacechem.0c00208

1.1 ABSTRACT

Sea ice, an intrinsic component of the Arctic system, is undergoing rapid change. Sea ice dynamics 

play a role in the distributions of trace metals in Arctic waters through the incorporation, transport, 

and release of particles derived from atmospheric, sedimentary, and biological sources. Particulate 

(>0.2 μm) trace metals (aluminum (Al), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), 

copper (Cu), zinc (Zn), cadmium (Cd), barium (Ba), and lead (Pb)) were measured from six 

stations in Arctic pack ice, associated snow and underlying surface waters collected from 

September-October 2015 during the US GEOTRACES Western Arctic cruise (GN01). Sampled 

ice contained low sediment loads, was permeable, and had undergone desalination prior to 

collection. To assess the lability and refractory nature of particles from snow, sea ice, and 

underlying surface waters, samples were subjected to an acetic acid leach solution prior to 

complete digestion. In general, particles in snow were of lithogenic origin, with enrichment of Co, 

Ni, Cu, Zn at one station in the Canada Basin. Lower than expected particulate metal loads were 

observed within the sea ice matrix at all stations. Our measurements of the top 1 m of the ice 

column yielded higher loads for Al and Fe, (88 μmol m-2 and 23 μmol m-2, respectively), 

intermediate loads for Mn, Zn, and Ba (0.82 μmol m-2, 0.38 μmol m-2 and 0.12 μmol m-2, 

respectively), and lower loads for Co, Ni, Cu, Cd and Pb (20 nmol m-2, 50 nmol m-2, 40 nmol m-2, 
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1 nmol m-2, and 20 nmol m-2, respectively). Because sediment laden “dirty ice” was not sampled 

during this study, these values likely reflect the lower range of particulate metal loads in Arctic 

sea ice. To determine heterogeneity at the meter-scale (within station) vs. the mesoscale (among 

stations) multiple cores were collected at each sea ice station. Particulate Al and Fe were the only 

two metals with a discernable pattern of greater heterogeneity at the mesoscale for the sampled 

ice. These two metals also showed a distinct atmospheric source, while Cd and Pb appeared to 

have a source from the surface seawater below the ice. Except for Fe, labile particulate metals were 

close to, or at, the detection limit. Low leachable particulate metal fractions in snow and sea ice 

could either reflect prior in situ leaching of particles in contact with brine pockets, and/or a 

consequence of procedural artifacts during melting. As multiyear ice become less abundant in the 

Arctic Ocean, the reservoir of particulate metals previously exported to the North Atlantic via sea 

ice will instead be released within Arctic waters during the melting season, impacting dissolved 

metal loads and the export of particulate metals.

1.2 INTRODUCTION

The presence of sea ice is unique to polar regions and sea ice dynamics provide a mechanism 

for the incorporation and transport of particles and associated metals to offshore waters (Grotti et 

al., 2005; Lannuzel et al., 2011, 2014; van der Merwe et al., 2009; Tovar-Sánchez et al., 2010). 

The Arctic Ocean has experienced a remarkable 50% decrease in ice cover in the four decades 

since satellite observations began, and tie ongoing Arctic warming and altering of sea ice cover 

will affect tie biogeociemical cycling of trace metals witiin tiis small ocean (National Snow & 

Ice Data Center; nsidc.org). Bioactive trace metals, suci as manganese (Mn), iron (Fe), cobalt 

(Co), nickel (Ni), copper (Cu), zinc (Zn), cadmium (Cd), and lead (Pb) are of interest due to tieir 

nutrient and/or toxic effects, as well as tieir usefulness as tracers of oceanograpiic processes 
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(Lopez et al., 2019; Sunda, 1989, 2012). Aluminum (Al) is another trace metal of interest as it 

serves to trace continental input and scavenging processes (Brown et al., 2010). Nutrient trace 

metals are essential to the cellular functions of marine micro-organisms and some have been shown 

to limit or co-limit primary production in high latitude surface waters where sea ice is seasonally 

present (Arrigo et al., 2008; Martin & Fitzwater, 1988). Although dissolved bioactive trace metals 

are considered bioavailable to primary producers and can be quickly assimilated by marine 

microorganisms in surface waters (Rijkenberg et al., 2018), labile metals associated with particles 

[leachable particulate metals (LPM)] can readily dissociate into the dissolved pool and become 

available to primary producers (Berger et al., 2008; Markussen et al., 2016; Ohnemus et al., 2014). 

The release of sea ice particles have been suggested to play an essential role in biogeochemical 

cycling of trace elements in high latitude regions by providing primary producers with an 

additional source of bioavailable trace metals in offshore surface waters (Janssens et al., 2016; 

Lannuzel et al., 2011; Vancoppenolle et al., 2013), and by influencing particle flux and scavenging 

(Cheize et al., 2019).

Particle incorporation into the sea ice matrix is not well constrained. Potential pathways of 

particulate metal incorporation into to sea ice include 1) sediment entrainment during coastal ice 

formation (Eicken et al., 2000; Grotti et al., 2005; Holemann et al., 1999; Janssens et al., 2016; 

Kanna et al., 2014; Kempama et al., 1989; Lannuzel et al., 2016; Pfirman et al., 1995; Tovar- 

Sánchez et al., 2010; Vancoppenolle et al., 2013; van der Merwe et al., 2009); 2) wet and dry 

aerosol deposition (Barrie et al., 1985; Boyle, 2019; Clarke & Noone, 2007; DiMento et al., 2019; 

Gao et al., 2019; Garbarino et al., 2002; Marsay et al., 2018; Pfirman et al., 1995; Shaw et al., 

1995; Shelley et al., 2015; Shevchenko et al., 2003; Warren & Wiscombe, 1980); 3) in situ 

precipitation within brine inclusions (Gleitz et al., 1995; Golden et al., 2007; Janssens et al., 2016; 
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Kanna et al., 2014; Lannuzel et al., 2011; van der Merwe et al., 2009; Reeburgh et al., 1984; 

Vancoppenolle et al., 2010); 4) entrainment of biogenic particles (Janssens et al., 2016; Krembs et 

al., 2002; Lannuzel et al., 2007, 2016; Roesler & Iturriaga, 1994; Staley & Gosink, 1999), and 5) 

incorporation of suspended particles from percolating seawater (Osterkamp & Gosink, 1984). Sea 

ice growth experiments suggest that particle enrichment relative to underlying surface waters 

occurs as soon as sea ice begins to form (Janssens et al., 2016). During early sea ice growth, 

elements associated with particles greater than 10 μm appear to be preferentially enriched relative 

to dissolved constituents (Janssens et al., 2016), which are largely rejected along with brine from 

the sea ice matrix during ice formation. This suggests a decoupling in the incorporation of 

dissolved and particulate trace metals early in ice growth (Janssens et al., 2016). Decoupling in the 

delivery of dissolved and particulate trace metals to surface waters also occurs during melting, 

with particulate trace metals being released at later stages of the melting process (Lannuzel et al., 

2016). The rise in temperature at the onset of melt allows sea ice to become permeable as brine 

pockets expand and connect forming channels that eventually expel their brine to underlying 

surface waters (Petrich & Eicken, 2010; Reeburgh et al., 1984; Vancoppenolle et al., 2010). This 

process of desalination provides an early rapid pulse of dissolved elements to underlying surface 

waters (Grotti et al., 2005; Kanna et al., 2014; Lannuzel et al., 2011, 2016; Petrich & Eicken, 2010; 

Vancoppenolle et al., 2013; van der Merwe et al., 2009; Wang et al., 2014). Unlike the dissolved 

fraction, the bulk of particulate trace metals remains within the sea ice matrix during early 

desalination, providing a steadier secondary source of trace metals to surface waters throughout 

the duration of the melting season (Lannuzel et al., 2011; Vancoppenolle et al., 2013).

The threshold for sea ice to transition from impermeable to permeable occurs when the brine 

volume (Vb) fraction (fraction of the ice column volume that is not sea ice) increases to 5% (Cox 
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Coincidentally, for typical sea ice with bulk salinity of ~ 5, the threshold Vb of ~ 5% is reached 

when T warms to ~ -5 °C (Cox & Weeks, 1983; Golden et al., 2007). This relationship known as 

“the rule of fives” applies to columnar ice, which is the type of ice most common in the Arctic. 

When ice becomes permeable, seawater from below can also seep upwards into the sea ice.

The type of particles incorporated within a given ice floe can affect the partitioning of sea ice 

trace metals towards the end of the season, and thus the timing of their delivery to surface waters. 

Within a 1-year cycle, sea ice particulate trace metals associated with more reactive particles, such 

as fine sediment (Berger et al., 2008; Hurst et al., 2010; Lannuzel et al., 2011, 2014; Markussen et 

al., 2016; Nürnberg et al., 1994) (clay and silt), carbonates (Janssens et al., 2016; Lannuzel et al., 

2016), sulfides (Janssens et al., 2016; Vancoppenolle et al., 2013), labile oxides (Grotti et al., 2001; 

Janssens et al., 2016; Krembs et al., 2002; Lannuzel et al., 2016; Marsay et al., 2018; van der 

Merwe et al., 2011), and organic material (Janssens et al., 2016; Lannuzel et al., 2016; Mackey et 

al., 1980; Spokes & Jickells, 1995) would more readily exchange (within brine pockets) between 

the dissolved and particulate phases as compared to refractory metals contained within the mineral 

lattice of incorporated sediment (Berger et al., 2008). Particles entrained in Arctic sea ice tend to 

be dominated by fine sediment and organic matter (Berger et al., 2008; Eicken et al., 2000; Hurst 

et al., 2010; Lannuzel et al., 2011; Nürnberg et al., 1994), thus particulate metals are likely to be 

associated with labile particles. Melting of a single-year ice cover could provide basin wide 

dispersal of labile and refractory particulate metals, potentially altering the biogeochemical cycling 

of trace metals in the Arctic Ocean (Eicken et al., 2000; Tovar-Sánchev et al., 2010). This study

9
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provides insight into the relative abundance of LPM and refractory particulate metals (RPM) 

within the total particulate metal (TPM) load of Arctic pack ice towards the end of the melting 

season. We also report the partitioning of particulate bioactive trace metals in snow and underlying 

surface waters sampled during the 2015 US Arctic GEOTRACES expedition.

1.3 METHODS

Sample Collection

Pack ice, snow, and under-ice seawater samples were collected in September from six sea ice 

stations north of 82.5 °N during the 2015 U.S. Arctic GEOTRACES cruise (GN-01) (Figure 1.1) 

onboard the USCGC Healy. September 2015 had the fifth lowest Arctic sea ice minimum in 

satellite record, with an extent of 4.41 million square kilometers (1.70 million square miles) 

(National Snow & Ice Data Center). Physical parameters obtained at each ice station are presented 

in Table 1.1. A core collection scheme employed to address intra-station spatial heterogeneity of 

selected ice floes was as follows: Five evenly spaced cores were collected within a 1 m2 area, 

denoted as “inside” cores, and an additional five cores were collected randomly throughout a 10 

m2 area, denoted as “outside” cores (Figure 1.2). This approach was employed to capture 

heterogeneity in trace metal inventories at a small scale (1 m2) and compare it to the heterogeneity 

for a given floe (10 m2 scale), as well as heterogeneity at the mesoscale (km2) from variability 

among ice floes.
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Figure 1.1 The six sea ice stations sampled during 2015 on GN01 are shown in circles. General 
Arctic circulation features (Kondo et al., 2016) of the sampled region are shown with color 
arrows. Pacific inflow includes the Bering Shelf Anadyr Water (BSAW) and the Alaskan Coastal 
Water (ACW)

Cores were sectioned as described below in the “Sample Processing” section. Coring sites were 

selected 30-50 m upwind of the ship to avoid metal contamination from the vessel's exhaust. Sites 

were accessed by foot, with Tyvek suits and booties worn during collection to minimize source 

contamination. The top 1 m of the of sea ice was collected for trace metal analysis with a custom- 

made 1 m long polyethylene and titanium ice corer. Titanium joints held together the polyethylene 

shaft in addition to titanium shoes and cutting blades to reduce metal contamination. Removable 

low-density polyethylene sleeve inserts were used to receive the ice core during drilling. Sleeves 

were utilized to minimize contamination during coring, transportation, and sectioning. Separate 

ice cores were collected to determine sea ice temperature and bulk salinity at 5 cm intervals, which 
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were used to derive brine salinity and brine volume fraction. Chlorophyll a (Chl a) was determined 

at the same intervals from these cores at most stations (Figure S1). These cores were collected 

approximately 30-50 m downwind from the area where trace metal clean cores were collected 

using a Mark II Kovacs corer (Kovacs Enterprise, LLC. Roseberg, OR).

Snow was collected with an acid washed polyethylene shovel and transferred into acid-washed 

polyethylene drum liner held inside a plastic container. The drum liner was sealed immediately 

after collection, a bag was placed on top, and the sample was transferred to the ship for further 

processing. At each station, the volume of snow collected was equal to 70 cm χ 70 cm χ snow 

depth.

Table 1.1 Sea ice station parameters collected in the Arctic Ocean during GN01

Station Number 31 33 39 42 43 46
Date 9/4/2015 9/7/2015 9/11/2015 9/14/2015 9/17/2015 9/19/2015

Longitude 176° 41.785 
W

92° 95.208 W 148° 53.66 W 150° 36.545 W 149° 58.336 W 149° 47.43 
W

Latitude 88° 24.194 N 89° 98.776 N 87° 46.321 N 85° 43.38 N 85° 9.62 N 82° 30.231 N

Cloud cover 100% 80% 100% 50% 40% 70%

Air temperature (oC) -1.17 -8.78 -1.22 -7.43°C -12.43 -9.97

Snow depth (cm) 11 15 11 11 14 9

Water depth (m) 4007 4234 2929 2961 2190 3081

Ice floe depth (cm) 129 131 165 156 153 127

Ice temperature range (0C) -1.55 to-0.47 -1.99 to 0.7 -1.42 to -0.54 -4.09 to -0.9 -5.02 to -1.69 -5.01 to -0.85

* Total meltwater volume 
inside cores (L)

21.380 14.518 21.397 16.037 18.958 17.391

* Total meltwater volume 
outside cores (L)

22.020 19.338 19.349 17.327 15.673 17.541

Bulk salinity range 03-2.6 0.6-3 0-3.3 0.1-4 0-2.8

Brine Salinity range 8.9-29.4 12.9-36.2 10.0-26.1 16.8-44.8 31.1-57.8 16.3-43.3

Brine Volume range 7-22% 6-17% 0-15% 2-14% 2-14% 0-13%

* These volumes represent the total melt water obtained from the 5 (1 m) cores (inside or outside) collected at each station to provide a comparison of the 
different volumes obtained from each set of cores.
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Figure 1.2 Sampling scheme applied at each sea ice station to address vertical and spatial 
heterogeneity. Five ice cores denoted as “outside” were randomly collected throughout an 
approximate 10 m2 area within the ice floe, the 5 ice cores were sliced into 0.2 m intervals from 0 
to 1 m and each corresponding interval was combined to form a single “outside” subsection for 
that ice station. The 5 ice cores denoted as “inside” were collected within a 1 m2 area within the 
ice floe and were subdivided in the exact same manner as the “outside” cores.

Water under the ice was collected from a hole in the ice drilled using the Kovacs corer. The hole 

was covered with a tent (ice fishing tent) and allowed to sit undisturbed for at least 1 hr. Unfiltered 

seawater was collected at various depths across the upper 20 m into acid cleaned 2 L high-density 

polyethylene (HDPE) bottles using Teflon coated Tygon tubing and a rotary pump with plastic 

wetted parts (IWAKI magnetic drive pump, model WMD-30LFY-1 15). The Tygon tubing was 

kept underwater at specific depths by attaching it to a marked Kevlar line, which was used to 

secure a plastic-encased weight 5 m below the end of the Tygon tubing.
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Sample Processing

All plasticware that came in contact with samples was cleaned following trace metal clean 

procedures endorsed by the GEOTRACES Program (Cutter et al., 2010). After collection, the 

polyethylene inserts containing the ice core were carefully removed, capped, and transferred to 

plastic bags. Bagged inserts were transferred to the ship's walk-in freezer until processing. TM 

cores were processed inside a temperature control chamber (set to -15 °C) under HEPA filtered 

air. The upper 1 m of the sea ice column was sampled at each station. All cores were then sectioned 

into five ~20 cm subsections using a custom-made titanium chisel. The five subsections for each 

depth horizon (inside or outside cores) were combined (see Figure 1.2) into five separate melting 

chambers and allowed to melt overnight (Figure S2). This provided melt water to generate two sea 

ice vertical profiles, one for inside cores and one for outside cores. Meltwater volumes for 

combined subsections are listed in Table 1.1. The melt water was gently shaken and then filtered 

through a 90 mm, 0.2 μm Supor® filter discs using ultra-pure N2 gas to pressurize the chamber 

34.5 kPa (5 psi). Filters were air dried under positive pressure HEPA filtered air, and once dried, 

filters were stored in pre-clean plastic sleeves, and brought back to the University of Alaska 

Fairbanks (UAF) for further processing. Drying filters is one of the standard procedures 

recommended by the GEOTRACES program for storage of particulate samples (Mackey et al., 

1980).

The snow was melted at room temperature inside the sealed drum liner in a HEPA filtered bubble 

on the ship; once melted the sample was homogenized by gentle shaking. A subsample was 

transferred into an acid cleaned 2 L HDPE bottle, and suspended particles were collected off-line 

onto a 47 mm, 0.2 μm Supor® disc held in a Teflon filter holder (Savillex). Filters were dried and 

stored in the same manner as the filters containing sea ice particles.
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Suspended particles in unfiltered seawater were collected offline and treated in the same manner 

as suspended particles in the snow melt.

Particle Processing

The 90 mm Supor® filters were quartered and 47 mm Supor® filters were halved using a cleaned 

ceramic knife. Subsections were folded and loaded into clean polypropylene 2 mL vials (VWR), 

and leached following the “HAcT*+R,” procedures described in Berger et al., 2008. Briefly, 1 mL 

of a 25% acetic acid (Optima grade) and 0.02M hydroxylamine hydrochloride (Alfa Aesar™, 99% 

purity) solution was directly added to the 2 mL vials containing halved filters. Immediately after 

the addition of the 25% acetic acid solution, 2 mL vials were put into a boiling hot water bath for 

10 minutes and left to cool for 2 hours. After samples were cooled, vials were centrifuged and the 

acetic acid solution was extracted and placed into a 15 mL Teflon beaker, being careful not to 

disturb the sediment plug if present. Filters were rinsed 4 times with 500 μL MilliQ® water and 

after centrifugation, the rinses were transferred to the 15 mL Teflon beaker. The solution in the 

Teflon beakers was then set to dry to a pearl on a hot plate at 115°C. Once dry, 100 μL of 

concentrated Optima HNO3 was added and used to dissolve the pearl and then set to dry 

completely. The leached metals were transferred from the Teflon beakers with 3 rinses (2 ml each) 

of 1N Optima HNO3 into trace metal clean 15 mL centrifuge tubes. The 2 mL vials containing the 

filters were temporarily stored in a refrigerator at 1.6°C until further processing.

Leached filters were digested following the procedure labeled “digestion 2” in Ohnemus et al., 

2014. Briefly, Supor® filter subsections were removed from the 2 mL vials and placed into 10 mL 

acid cleaned Teflon vials where 4 mL solution containing 10% MilliQ® water, 20% concentrated 

Optima HF, 40% concentrated Optima HCl, and 20% concentrated Optima HNO3 was added. After 

ensuring that the Teflon vials were tightly capped, samples were placed on a Teflon coated hotplate 
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set to 115 °C and left to digest for 12 hours. Vials were then removed from heat and the acid mix 

was carefully poured into a secondary trace metal clean 15 mL Teflon vial once solution was 

cooled; care was taken to not transfer any of the digested filter into the secondary vial. Digested 

filters were then rinsed 3 times with 500 μL of MilliQ® water and the rinses were also carefully 

transferred to the secondary Teflon vials. The secondary vials were then left uncapped and heated 

directly at 115 °C until dry. Once dry, 1 mL of a 50% concentrated Optima HNO3 solution, 15% 

Ultratrace H2O2, and 35% MilliQ® water solution was added to the secondary vials and left 

uncapped to dry down to a pearl at 115 °C. The pearl was fully dissolved with 0.5 mL of 

concentrated Optima HNO3 and transferred to the trace metal clean 15 mL centrifuge tube, the vial 

was then rinsed 5 times with 1N Optima HNO3 solution (total of 9.5 ml) for a final concentration 

of ~10 % HNO3.

Trace Element Quantification

Certified reference materials from the National Research Council Canada (HISS-1 (Hibernia 

Shelf sediments), BCR-14 (marine plankton), and MESS-3 (Beaufort Sea)) were digested in the 

manner described above to test methodology and assess percent recoveries (Table 1.2). We used 

~10 mg of certified reference materials to better match particle mass in our samples. Although the 

CRM digested masses were lower than the certified mass, this did not appear to affect our 

recoveries, as recoveries ranged from 80% (TPPb in BCR) to 137% (TPFe in BCR) in most cases. 

However, poor recoveries were obtained for TPCd in HISS (733%) and TPCo in BCR (28%), the 

two lowest certified values. Acetic acid leaches were not carried out, as recoveries could not be 

quantified since the reference materials only certified total metal content. Quantification of leached 

and digested particulate trace elements in snow, sea ice, and seawater was obtained using multi

element external standards. Analysis was carried out by high resolution inductively coupled 
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plasma mass spectrometry (HR-ICP-MS) using a Thermo-Finnigan Element 2 at the International 

Arctic Research Center (IARC) within UAF. Blank filters were leached and digested in the same 

manner as samples. Detectable metals measured in the blanks were averaged and subtracted from 

respective sample values. Leach and digest solutions for samples and blanks were diluted 10-fold 

to reduce their viscosity and prevent clogging of the uptake tube during analysis. Additional 

dilutions were performed to quantify Al and Fe when concentrations exceeded the highest 

standard. Calibration standards made in 2% QHNO3 were analyzed at the beginning and the end 

of each run. A mid-range standard was also analyzed after every 20 samples. A 200 μL Indium 

spike (10 ppb) was added to samples and standards to monitor the instruments performance. Limits 

of detection (LOD) were determined using the variability (3 σ) in the quantification of the 0 

standard (2% QHNO3) during all the runs. The LOD were higher for Al (2 nM) and Fe (4 nM), 

followed by Mn (0.4 nM), Cu and Zn (0.07 nM), Ba (0.06 nM), Ni (0.05 nM), Pb (7 pM), and Cd 

(3 pM).

Table 1.2 Recoveries for Certified Reference Materials.

Al Mn Fe Co Ni Cu Zn Cd Ba Pb

HISS-1 reference value (mg∕kg) 7300 66.1 2460 n/a 2.2 2.3 4.9 0.024 n/a 3.1

HISS-1 measured average (mg∕kg)
(n=20) 7087 62.8 2661 BDL 2.3 2.2 5.2 0.176 188 3.2

Standard deviation 537 5 364 BDL 0.7 0.4 1.8 0.040 22 0.2

Recovery (%) 97 95 108 n/a 106 96 105 733 n/a 103

BCR-414 reference value (mg∕kg) 2992 299 1850 1.43 18.8 29.5 111.6 n/a n/a 4

BCR-414 measured average (mg∕kg)
(n=16) n/a 254 2536 0.4 18.8 32.9 139.3 0.783 38 3.2

Standard deviation 781 12.5 192 0.3 2.6 0.8 4.4 0.188 10 0.2

Recovery (%) n/a 85 137 28 100 112 125 n/a n/a 80

MESS-3 reference value (mg∕kg) 85900 324 43400 n/a 46.9 33.9 159 n/a n/a 21.1

MESS-3 measured average (mg∕kg) 
(n=20) 82202 274.2 43227 16 41.9 32.7 163.6 0.638 1132 22.2

Standard deviation 3189 81 4872 1 11 12 42 0.021 128 2.7

Recoveiy (%) 96 85 100 n/a 89 96 103 n/a n/a 105
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1.4 RESULTS

The sea ice conditions encountered during this late summer/early fall cruise made it difficult to 

find floes with structural integrity that did not break apart upon contact with the ship, and that were 

deemed safe to occupy and sample. This, along with the lack of sampling of sediment laden ice 

bias the type of ice that was collected during this study. This data set is also biased to the upper 1 

m of the sea ice column, and precludes the bottom layer, where sympagic algae is typically found 

(Figure S1). In general, sampled sea ice cores had textures that were predominantly columnar, with 

the upper 10 cm having granular texture characteristic of snow ice. Overlying snow accumulation 

were greatest at the North Pole Station (15.4 cm) with all other stations having snow depths ranging 

from 9.4 cm to 11.4 cm. Sea ice core temperatures and bulk salinities were measured in 5 cm 

intervals along the cores. The sampled ice was warm, especially at Stations 31, 33, and 39 where 

the ice columns were between -1 and 0 °C, while at Stations 42, 43 and 46 the ice columns were ~ 

-2.5 °C with colder temperatures at the surface, reflecting air temperatures at the various stations. 

Bulk salinity increased along the ice column from 0 (or close to 0) at the surface to ~ 3 at the 

seawater interface. Brine volume fraction was calculated using these temperature and bulk salinity 

data according to Cox and Weeks (1983). The obtained range of brine volume fractions was from 

0% in the upper 10 cm of the cores, to ~15% in the bottommost 40 cm of the cores. At Stations 

31, 33, and 39, brine volume fractions greater than 5% were observed starting at approximately 30 

cm from the top of the core, while at Stations 42, 43 and 46 this horizon was observed starting at 

45 cm from the top of the core. The range of temperature, salinity, and brine volume fraction of 

the sampled sea ice suggest ice floes in this late season were permeable (Rule of 5s), and that brine 

loss had already taken place over most of the ice column. Differences in total melt volume from 
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the combined set of cores (“inside” or “outside”) highlight the variability in sea ice density within 

a given station (Table 1.1).

In the following sections particulate metal values are presented in nM concentrations for all 

metals except Cd and Pb, which are presented in pM concentrations.

Total Particulate Metal Distributions

Total particulate bioactive trace metal values from snow and the average of 20 cm-layer intervals 

from inside cores and outside cores taken from the pack ice are presented in Figure 1.3, with 

corresponding values in the underlying surface waters (upper 20 m) presented in Table S1. The 

highest total particulate metals in snow were measured at the northern most station, Station 33 (the 

North Pole), while the lowest values were observed at Station 39. Total particulate metals 

measured in snow collected at the North Pole were elevated by several orders of magnitude relative 

to the other ice stations, and values measured at Station 39 were close to or below the detection 

limit for most metals. In general, the concentration of TPM in snow was higher than the range of 

values found in sampled sea ice, even when not considering the snow collected at the North Pole 

station. Ratios of TPM to TPAl in snow showed TPMn, TPFe, and TPBa were close to the upper 

continental crust (UCC) ratios (Taylor & McLennan, 1995) (Table 1.3) at all stations, while TPCo, 

TPNi, TPCu, TPZn, and TPPb exhibited greater enrichment at stations south of 88° N (Table 1.3).
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Figure 1.3 Snow and sea ice total particulate metal concentrations along the six sea ice stations 
sampled during September 2015 on GN01. Snow values are shown in surface maps (color 
indicates concentration), while sea ice vertical profiles depicting the average of “inside” and 
“outside” cores for a given section (error bars represent 1 SD) are presented in scatter plots.
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Figure 1.3. Continued.



Figure 1.4 Snow and sea ice LPM concentrations along the six sea ice stations sampled during 
September 2015 on GN01. Sea ice vertical profiles depicting the average of “inside” and 
“outside” cores for a given section (error bars represent 1 SD) are presented in scatter plots , 
while snow values are shown in surface maps for metals not found below detection limit (color 
indicates concentration).
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Figure 1.4. Continued.



Table 1.3 Molar ratios of TPM/TPAl in snow collect during September 2015 on GN01 compared 
to reported UCC ratios (Taylor & McLennan, 1995).

In general, there was good agreement between sea ice TPM profiles generated from the 

combination of inside cores and outside cores (Figure 1.3). The distribution of TPM in the sea ice 

tended to be higher within upper section for most metals, except for TPPb, which had its highest 

concentration in the bottommost section of the ice cores (Figure 1.3). Also, in general, TPM 

decreased in concentration down the sea ice column, especially TPAl and TPFe, while others such 

as TPMn and TPCo had no distinct patterns in their vertical distribution. At most stations the top 

section of sea ice contained a layer of snow/ice, and TPAl, TPFe, TPNi, TPBa and TPPb had their 

highest sea ice concentration within this section at the North Pole station. At Station 42, TPCu, 

TPCd and TPBa were elevated at the bottommost section of the ice cores relative to all other 

stations.
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Station Ti/Al Mn/Al Fe/Al Co/Al Ni/Al Cu/Al Zn/Al Ba/Al Pb/Al

31 6.93E-02 3.99E-03 0.25 1.83E-04 5.14E-04 9.06E-05 4.94E-03 l.55E-03 4.17E-05

33 4.89E-02 2.52E-03 0.25 1.76E-04 3.12E-04 1.58E-04 1.32E-03 1.23E-03 6.83E-05

39 9.92E-02 4.37E-03 0.23 1.96E-04 7.27E-04 3.03E-04 1.67E-03 1.47E-03 9.07E-05

43 5.81E-02 2.04E-02 0.27 3.42E-04 6.66E-04 6.45E-04 1.25E-03 1.69E-03 1.09E-04

46 1.66E-01 3.26E-03 0.25 1.88E-04 7.61E-04 6.74E-04 1.16E-03 2.03E-03 8.24E-05

42 1.97E-01 8.74E-03 0.41 2.99E-04 1.55E-03 1.67E-03 5.80E-03 2.44E-03 1.37E-04

UCC ratios55 4.88E-02 3.70E-03 0.21 5.70E-05 1.14E-04 1.30E-04 1.30E-04 1.30E-03 3.20E-O5



Leachable Particulate Metal Distributions

Leachable particulate bioactive trace metal values from snow and the average of inside and 

outside cores taken from pack ice are presented in Figure 1.4, with corresponding values in the 

underlying surface waters (upper 20 m) presented in Table S1. The leachable fraction for Cd, Ba, 

and Pb in snow were below the detection limit at all stations. Other metals also exhibited LPM 

values near or below their detection limit except for Station 33 (the North Pole), where higher 

concentrations were observed. Also, snow contained slightly elevated LPCo, LPCu, and LPZn at 

Station 42.

In general, as observed for TPM, there was good agreement between sea ice LPM profiles 

generated from the combination of inside cores and outside cores (Figure 1.4). Sea ice LPCo, 

LPNi, LPCu, and LPCd were found close to or below their detection limit throughout the ice 

column, LPZn was also found at low concentrations at all stations and throughout the ice column 

(< 2 nM). The profiles for LPAl, LPFe, and LPPb exhibited structure at all stations. In particular, 

at Station 33 (the North Pole) sea ice contained higher leachable concentrations of these metals at 

the surface and decreased with depth. Similar to TPMn, LPMn did not show a specific pattern 

within the sea ice column at any of the stations and was found at concentrations below 5 nM. In 

contrast to snow, LPBa and LPPb were measurable throughout the sea ice column at all stations.

In early fall 2015, the upper 20 m of the water column was well-mixed at stations where sea ice 

was collected. However, suspended TPAl and TPFe exhibited layers of elevated values at some 

stations (33, 39, 43 and 46) while other TPM had somewhat homogeneous values throughout the 

water column at any given station (Table S1). At most stations LPNi and LPBa as well as RPZn 

were below detection limit. At Station 46, TPPb exhibited elevated values at all depths compared 

to all other stations (Table S1).
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The partitioning between LPM and RPM in snow and sea ice (Table S2) showed differences 

between these two substrates except for LPNi and LPCd, which tended to be below detection limit 

in both environments. Sea ice contained slightly higher LPAl (3-5%) compared to snow (1-3%). 

The leachable fraction of PMn and PFe were also higher in the sea ice (on average 76% and 19%, 

respectively) compared to snow (on average 19% and 6%, respectively). The partitioning of these 

two metals was more variable than that of PAl in both substrates, with LPMn ranging from 0-34% 

in snow and 61-86% in sea ice, and LPFe ranging from 0-11% in snow and 8-29% in sea ice. As 

noted above, LPBa and LPPb were below detection limit in snow, but they were highly variable 

in sea ice ranging from 3-56% for LPBa and 14-52% for LPPb. In contrast, LPCo, LPCu, and 

LPZn tended to be below detection limit in the sea ice column but were found at variable fractions 

in snow (9-66%, 19-35%, 12-62%, respectively). Shown in Figure 1.5 are examples of the

partitioning between LPM and RPM in snow and sea ice (Station 31 - Makarov Basin and Station 

43 - Canada Basin). The %LPM for sea ice was calculated by combining inside and outside cores 

and considering the concentration and volume at each depth horizon.

Figure 1.5 Particulate metal partitioning between LPM and RPM in snow (a) and sea ice (b) at 
Stations 31 and 43 in the Arctic Ocean during September 2015 on GN01. Values were obtained 
from combined concentrations of the ten sea ice depth horizons (5 each from inside and outside 
cores).
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Table 1.4 Total Particulate Metal Inventories for the Top 1 m of the Ice Column collected in the 
Arctic Ocean during September 2015 on GN01.

Station Al Mn Fe Co Ni Cu Zn Cd Ba Pb
Inside (μmol∕m2) (μmo1∕m2) (μmol∕m2) (μmol∕m2) (μmol∕m2) (μmol∕m2) (μmol∕m2) (nmol∕m2) (μmol∕m2) (nmo1∕m2)

31 52 0.6 11 0.01 0.03 0.01 0.22 BDL 0.11 5
33 237 0.9 63 0.04 0.06 0.04 0.26 0.60 0.30 15
39 88 0.6 20 0.02 0.07 0.05 0.44 0.14 0.18 15
42 44 0.8 18 0.01 0.05 0.13 0.31 0.11 0.18 15
43 67 0.8 17 0.01 0.03 0.02 0.06 BDL 0.07 34
46 56 0.5 14 0.01 0.03 0.01 0.07 BDL 0.06 19

Outside
31 78 1.1 19 0.02 0.06 0.04 0.14 0.19 0.08 10
33 151 0.6 43 0.03 0.06 0.03 0.42 1.20 0.15 18
39 62 1.4 16 0.04 0.04 0.02 0.14 3.41 0.06 24
42 50 0.5 15 0.01 0.07 0.04 0.11 BDL 0.05 14
43 121 1.5 30 0.04 0.07 0.04 0.15 0.43 0.12 13
46 43 0.4 13 0.01 0.04 0.04 2.30 2.17 0.04 17

Meter-Scale Loadings (between inside and outside cores)
Average

31 65 0.8 15 0.01 0.05 0.03 0.18 0.19 0.09 7
33 194 0.7 53 0.04 0.06 0.03 0.34 0.90 0.22 17
39 75 1.0 18 0.03 0.05 0.04 0.29 1.77 0.12 19
42 47 0.7 17 0.01 0.06 0.09 0.21 0.11 0.12 14
43 94 1.1 24 0.03 0.05 0.03 0.10 0.43 0.09 23
46 50 0.5 14 0.01 0.04 0.03 1.18 2.17 0.05 18

Stdev
31 18 0.4 5 0.01 0.02 0.03 0.05 0.13 0.02 3
33 61 0.2 14 0.01 0.00 0.00 0.11 0.42 0.10 2
39 18 0.5 3 0.01 0.02 0.02 0.21 2.31 0.09 6
42 4 0.2 2 0.00 0.01 0.06 0.14 0.08 0.09 1
43 39 0.5 9 0.02 0.03 0.01 0.06 0.30 0.04 14
46 9 0.1 1 0.00 0.01 0.02 1.57 1.53 0.01 1

% RSD
31 28 46 34 52 51 106 29 71 22 40
33 31 25 27 20 2 15 33 47 46 14
39 24 53 18 55 41 59 75 130 70 34
42 9 32 12 7 19 72 68 71 81 7
43 41 41 40 60 66 43 61 71 41 61
46 17 U 6 6 21 69 133 71 17 7

Mesoscale Loadings (among stations)
Average 88 0.8 23 0.02 0.05 0.04 0.38 1 0.12 17
Std dev 57 0.3 15 0.01 0.02 0.03 0.62 1 0.08 7
% RSD 65 43 65 57 33 79 160 115 65 43

Total Particulate Metal Inventories in Sea Ice

Inventories of TPM (Table 1.4) are calculated from cumulative metal loads (in μmol m-2 for all 

metals except TPCd and TPPb, which are in nmol m-2) of the two groups of cores (inside and 

outside) sampled and the area covered by the 5 core groupings sampled at each station. These 

provide an estimate of the particulate metal load per square meter for the top 1 m of the ice column 

at each of the stations. Concentrations for TPCd were below detection limit for most ice depth 

horizons, thus the calculated inventories are based on few strata at each station (Table 1.4). In 

general, TPMn, TPCo, TPNi, TPCu and TPZn inventories in sea ice were less than 1 μmol m-2 at 
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most stations, with relatively low variability among stations for most metals. Inventories for TPBa 

and TPPb were also fairly consistent with an overall average of 0.12 μmol m-2 and 17 μmol/m2, 

respectively. In contrast, inventories for TPFe and TPAl were higher, ranging from 15 to 53 

μmol∕m2, and 47 to 194 μmol m-2, respectively. The North Pole station (Station 33) contained the 

highest TPM inventories for Al, Fe, Ni, Zn and Ba, which were driven by elevated concentrations 

in the upper most section of the sea ice. Similarly, at Station 33, concentrations in the top layer of 

the sea ice drove the relatively high inventories for TPCu and TPPb.

Percent relative standard deviations (%RSD) of TPM inventories were used to assess the 

heterogeneity of particle loads within the same floe (meter-scale) versus the entire sampled region 

(mesoscale) (Table 1.4). For TPAl and TPFe heterogeneity was clearly greater at the mesoscale 

(65% RSD for both metals) compared to the meter-scale (9 to 41% RSD for TPAl, and 6 to 40% 

RSD for TPFe). In contrast, a clear discernible pattern in heterogeneity for the remaining metals 

(Mn, Co, Ni, Cu, Zn, Ba and Pb) was not observed, as % RSDs varied widely at the meter scale, 

encompassing the value for the % RSD for the mesoscale. This is likely due to the very low 

quantities at which these metals were found at most depth horizons of the sampled ice.

1.5 DISCUSSION

Particulate Trace Metals Measured in Arctic Pack Ice at End of the Melting Season

Results presented here indicate that the late melting season pack ice collected during GN01 in 

the Western Arctic Ocean was permeable yet retained particulate trace metals within its matrix. 

This study addressed heterogeneity in the distribution of trace metals within Arctic sea ice at the 

meter (within station) and mesoscales (among stations) and provides a more robust estimate of the 

concentration of these metals in Artic pack ice than estimates obtained from a single core. Data 

represents the upper 1 m layer of sea ice, as timing constraints precluded sampling the entire sea 
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ice column (sampled ice floe depths ranged from 1.27 to 1.65 m, Table 1.1). The following 

discussion will be often based on average values from combined cores taken at a given station.

Particulate metal concentrations were lower than expected in the ice matrix, with values for most 

metals similar to those observed in East Antarctic pack ice (Lannuzel et al., 2011), where inclusion 

of lithogenic particles would be expected to be lower than in Arctic pack ice given geographical 

differences. Although lower than expected, particulate metals in Arctic pack ice exhibited greater 

concentrations compared to the underlying surface waters for most metals, with the exception of 

TPMn, which contained similar concentrations in the two environments (~ 1-2 nM on average), 

and TPCd and TPPb, which exhibited greater concentrations in surface seawaters. Profiles of TPM 

in sampled sea ice (Figure 1.3) suggest atmospheric deposition appears to enhance values in the 

surface layer of the sea ice for several metals, in particular Al and Fe, while suspended particles in 

percolating sea water could impact particulate trace metal concentrations lower in the sea ice 

column. Given that TPAl and TPFe were found greatly enhanced within sea ice relative to the 

water column (where concentrations were generally BDL), a prolonged melting season would 

mean that sea ice would continue to be a source of these and other metals to underlying Arctic 

waters as ice floes completely melt.

As stated above, the sampled late melting season pack ice was permeable and had undergone 

desalination prior to sampling. This explains why we did not observe a clear relationship between 

brine parameters (bulk salinity, brine salinity, brine volume fraction; ranges shown in Table 1.1) 

and total particulate metal loads, indicating a temporal decoupling in the delivery of particulate 

metals and the delivery of brine to surface waters. Evidence of varying porosity at the meter scale 

is suggested by differences in the total melt water obtained from sets of cores (“inside” vs. 

“outside”) within a given ice station. Retention of particles within the sea ice matrix will result in 
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a later and sustained release of particulate metals to surface waters through the summer, after 

desalination has taken place and melting progresses. This temporal decoupling in the release of 

brines and particles from sea ice has been previously described in Southern Ocean sea ice (Grotti 

et al., 2001; van der Merwe et al., 2011), indicating that the same mechanism for a later, steadier 

secondary pulse of metals to surface waters is at play in both sea ice environments. Particles that 

are retained at the end of the melting season, will augment the particulate trace metal inventory of 

multi-year ice, and will continue to be transported along with the pack ice to be released further 

afield when the ice floe finally melts. This later release of trace metals would be particularly 

important for floes containing “dirty ice”. The late melting season sea ice sampled during our study 

did not contain visible layers of “dirty ice”, nor did it contained visible layers of sympagic algae, 

thus the particulate content presented here is biased towards less particle laden Arctic pack ice.

Our current data cannot confirm whether in general, Arctic multi-year ice tends to contain higher 

particulate trace metal inventories than single-year ice. However, Tovar-Sanchez et al. (2009) 

report much higher concentrations of Fe, Co, Ni, Cu, and Zn in multiyear pack ice collected near 

Fram Strait in summer 2007. Concentrations in their study were determined in acidified unfiltered 

samples; a value analogous to the sum of LPM and the dissolved fraction. Their reported values 

were 1-3 orders of magnitude greater than TPM values reported in our study. Differences in 

concentrations could be explained by variations in sediment inclusions within the sampled ice, 

however Tovar-Sanchez et al. (2009) did not specify whether “dirty” ice was sampled during their 

study. Differences could also arise from the different equipment used during these two studies. 

Nonetheless, this contrast highlights heterogeneity in particulate trace metal content within 

summer pack ice, and challenges in constraining the impact future ice free summers will have on 

trace metal cycling in the Arctic.
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Arctic landfast ice is known to contain greater particle loads than most offshore Arctic pack ice, 

and the limited available data also shows that concentrations of trace metals in sediment-laden 

landfast ice (Campbell & Yeats, 1981; Domena, personal communication, 2017) are greatly 

magnified relative to values observed during our study. This magnification highlights the 

importance of sediment entrainment during sea ice formation near continental landmasses and the 

potential for coastally formed sea ice to transport trace metals into ocean basins if/when landfast 

ice breaks off and becomes part of the pack ice. Higher trace metal loads in sea ice sampled near 

continental sources is also evident in Southern Ocean (Grotti et al., 2005; de Jong et al., 2013; 

Lannuzel et al., 2016; van der Merwe et al., 2011)

Vertical distribution (Figure 1.3) of most metals measured during our study did not exhibit a 

notable pattern along the sea ice column, with the exception of TPFe and TPAl, which clearly 

show an atmospheric signal (highest concentration at the top of the core) at all stations. The 

seemingly random vertical distribution of particulate metals is likely a feature related to the natural 

heterogeneity of particle inclusions into the sea ice matrix. Lack of notable patterns in particulate 

metal loads for metals other than Fe and Al was also observed by Lannuzel et al. (2011) in Southern 

Ocean pack ice (Lannuzel et al., 2011). As it could be expected, in contrast to Arctic pack ice, 

particulate Fe and Al in the Southern Ocean did not appear to show enhancement in sea ice from 

atmospheric input, instead TPFe and TPAl, as well as TPMn, showed enhancement in the 

bottommost layer of landfast ice and pack ice collected near the continental shelf (Lannuzel et al., 

2011), which was attributed to entrainment of suspended lithogenic particles. The range of TPAl 

within the sampled sea ice column was ~1 order of magnitude greater in our study compared to 

Southern Ocean pack ice (Lannuzel et al., 2011), yet other metals measured in both studies were 

within the same range. This is interesting, considering that Arctic pack ice is expected to contain 
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enhanced particle loads given that sea ice can form over wide and shallow (<100 m) Arctic shelves 

(Eicken et al., 2000; Kempama et al., 1989; Nürnberg et al., 1994; Wadhams & Davis, 2000), 

compared to sea ice formed in the Southern Ocean, where Antarctic shelves are narrow and deep, 

resulting in most pack ice being formed over basins (Petrich & Eicken, 2010). The comparable 

TPM concentrations measured in these two studies supports the notion that sea ice sampled during 

our study is representative of sediment deplete ice that likely formed offshore.

Particulate Trace Metals Measured in Arctic Snow

Particulate metals in snow are derived from atmospheric aerosols and represent, along with the 

snow/ice surface layer of sea ice (top 20 cm), an integrated record of aerosol deposition on a given 

ice floe. A notable finding from this study was the high concentrations of trace metals observed in 

snow collected at the North Pole station, where all total particulate metals measured (Al, Mn, Fe, 

Co, Ni, Cu, Zn, Cd, Ba, and Pb) were elevated relative to values in sea ice and snow at other 

stations, and where the snow column was the thickest (~ 15 cm; Table 1.1) and contained a visible 

thin layer of sediment. Similarly, aerosols measured north of 82.5° N during GN01 also contained 

the highest values of these metals at the two collections near the North Pole (Marsay et al., 2018), 

suggesting that the North Pole region could be an area that receives sustained levels of atmospheric 

deposition with relatively high trace metal content during summer.

The long transport of aerosols from the industrialized nations surrounding the Arctic are sources 

of particles to this region, in particular during winter and spring when atmospheric pollutant 

deposition is at its peak (Kanna et al., 2014; Marsay et al., 2018). Studies of Arctic aerosols have 

identified four industrial areas (Norilsk and Kola Peninsula in the Russian Arctic, Northern 

Europe, and North America) as main sources (Boyle, 2019; Shevchenko et al., 2003), and modeled 

air mass back trajectories for GN01 (Marsay et al., 2018) indicated air masses coming from these 
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locations reached our sampling sites, thus it is likely that the snow and the surface layer of ice 

contained aerosols from these regions. Indeed, aerosols collected during GN01 (Marsay et al., 

2018) show enrichment factors (EF) > 10 for Ni, Cu, Zn, Cd and Pb relative to Al, indicating these 

metals were significantly impacted by anthropogenic material due to their high enrichment relative 

to UCC ratios (Taylor & McLennan, 1995). However, ratios of TPM to TPAl (Table 1.3) in the 

snow and the surface layer of sea ice suggests little anthropogenic influence within the integrated 

atmospheric deposition that accumulated over the sampled ice floes at most stations, except for 

Station 42, where TPCo, TPNi, TPCu, and TPZn were greatly enriched (> 10 enrichment factor) 

relative to TPAl in both snow and the top layer of the sea ice (Figure 1.6). Similar to Marsay et al., 

2018, we did not observe enrichment factors greater than 10 for total particulate vanadium, which 

is conventionally used as tracer of combustion products from crude oil; nor did we see enrichment 

factors >10 for TPMn, which can be a tracer of smelting and fuel combustion (Figure 1.6). Little 

anthropogenic influence for these metals has also been reported by other aerosol Arctic studies 

(Gong & Barrie, 2005; Kadko et al., 2016). In contrast to Marsay et al. (2018), we did not observe 

enrichment factors greater than 10 for TPPb, another tracer of anthropogenic aerosols (Figure 1.6). 

Although there was some enrichment in the top layer of the sea ice (EF 1.3 to 4.2) compared to 

the snow (EF 0.8 to 2.6), the enrichment factors were much lower than expected, given that 

suspended particles in surface waters contained highly enriched TPPb relative to TPAl (Table S1), 

suggesting an anthropogenic source of PPb in the Arctic. Aerosol Pb is highly soluble (Chester et 

al., 1994) (~ 99% in rain water), and in-situ leaching as well as procedural artifacts can provide a 

possible explanation for this unexpected result. See discussion below.
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Figure 1.6 Enrichment factors for TPM relative to Al in the upper continental crust (Taylor and 
McLennan, 1995) in snow and the snow/ice layer (found within the upper 20 cm of sea ice) 
collected in the Arctic Ocean during September 2015 on GN01. Whiskers indicate the minimum 
and maximum values, boxes depict the first and third percentile, the median is indicated by the 
solid line, while the average is indicated by the crosses.

Lability of Particulate Trace Metals in the Sea Ice Environment

The increasing trend we observed in particulate metal lability from snow to sea ice to surface 

waters (Figure 1.5 and Table S1) may reflect procedural artifacts in addition to intrinsic difference 

in the particle composition of these pools. As stated above, some aerosols deposited in the Arctic 

are sourced from northern hemisphere industrial regions. The solubility of Arctic aerosols 

associated with snow could be enhanced through anthropogenic and biogenic emissions of sulfuric 

acid, methane sulfonic acid, and their corresponding ammonium salts that increase atmospheric 

acidity in the high Arctic (Bigg & Leck, 2018; Fisher et al., 2011; Kashulina et al., 2003), or 

additional labile aerosols can stem from sea salt aerosol generation within the marine boundary

layer during the summer-fall months (Chi et al., 2015; Struthers et al., 2011), thus it is expected 
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for particles in snow to have relatively high % LPMs. Yet, we observed lower than expected 

fractional solubility for metals in snow (e.g., Pb). The low fractional solubilities measured in snow 

collected during GN01 could be a result of labile aerosols having been leached prior to our 

sampling (during partial melting/refreezing cycles), or having been leached during post-collection 

processing. It is likely that during the 24 hr procedural melting period, highly labile particulate 

metals in aerosols could have dissociated to the dissolved phase, resulting in our filters containing 

particles with diminished LPM fractions. For PMn, photoreduction of manganese oxides in snow 

particles prior to collection could have contributed to the low % LPMn fractions observed in snow 

during GN01.

Sea ice particles exhibited greater lability (Figure 1.5b), with PMn containing, as expected, a 

high percent (~ 80%) leachable fraction, suggesting that in contrast to snow, in situ dissolution 

prior to sampling or procedural artifacts did not greatly alter PMn in the sea ice matrix, although 

a laboratory study (Chi et al., 2015) found higher dissolution rates of Mn oxides in sea ice relative 

to the water column. The low lability of PAl (3-5%) throughout the sea ice cores indicates that 

many of the entrained particles were likely of lithogenic origin. This is supported by the low 

lability of PTi (1-2%; Table S2). The leachable fraction of PFe (8-29%) was more variable 

suggesting that sampled sea ice also contained biological or anthropogenic particles. Variations in 

the leachable fraction of PBa (3-56%) also suggested various types of particles were present within 

the sampled sea ice. Barite formation promoted by bacterial degradation of organic matter within 

brine pockets or precipitated abiotically in brine pockets contain high enough concentrations of Ba 

and sulfate, would result in barite crystal with lower lability (Hendry et al., 2018), than Ba adsorbed 

to lithogenic particles (Thomas et al., 2011). The very low concentrations of PCo, PNi, PCu, and 

PCd yielded leachable fractions that were mainly below of limit of detection.
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Particulate Trace Metal Loads in Arctic Pack Ice

This is the first published study investigating heterogeneity in the distribution of particulate 

bioactive trace metal loads in offshore Arctic pack ice collected at the end of the melting season. 

As previously mentioned, the sampled upper 1 m of the sea ice column contained low particle 

inclusions, resulting in lower than expected concentrations of particulate trace elements. Notably, 

TPCd was found to be BDL within most ice core layers. The concentration of a subset of dissolved 

(<0.2 μm) trace metals collected in conjunction with particulate samples during GN01 (Aguilar- 

Islas, personal communication, 2017) (Table 1.5) highlight the relatively low particulate metal 

loads contained within the sampled pack ice, as dissolved and particulate concentrations were 

similar for Mn, Co, Ni, Cu, and Zn, and TPCd was ~ 1000x lower than dissolved Cd. The low 

particle loads for these metals likely contributed to the lack of emerging pattern in heterogeneity 

when comparing variability at the meter- and mesoscales. We suggest that to obtain a more 

representative value for particulate trace metal loads, it is necessary to collect multiple ice cores at 

random locations within an ice floe. On the other hand, if a study is mainly interested in Fe and 

Al, a single ice core (or duplicate cores) could provide a representative sample at a given location, 

as heterogeneity at the mesoscale was greater than at the meter-scale for these two metals, even 

for this “dirty-ice” free pack ice where atmospheric deposition was the main contributor to PAl 

and PFe inventories in sea ice. A seasonal study that targets different types of sea ice with a wide 

range of sediment inclusions is needed to provide a better idea of spatial and temporal changes in 

heterogeneity.
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Table 1.5 Comparison of snow, sea ice, and underlying surface waters from various polar 
studies.

As multiyear ice becomes less common in the Arctic, the reservoir of particulate metals 

contained within the pack ice that used to exit the Arctic and melt in the North Atlantic, will instead 

be released within Artic waters, and the leachable fraction of these metals may contribute to the 

dissolved metal loads of Arctic surface waters, or particles may contribute to scavenging of 

dissolved metals as they settle through the water column.
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Study Description 
filter size, sampled depths (m), 

(n=number of samples)
Location 

(Lat/Long) Study 
Date

Al 
(nmol/L) 

(min-max)
Mn (nmol/L) 

(min-max)
Fe 

(nmol∕L) (min-max)
Ni 

(nmol/L) (min-max)
Cu 

(nmol∕L) (min-max)
Zn 

(nmol∕L) (min-max)
Cd 

(pmol/L) (min-max)
Ref.

Particulate Metals in Arctic Snow 
>0.2 μm, (n=6) 24.4-4496 0.06-11.01 6.3-1183 0.03-1.24 0.03-0.42 0.02-4.41 BDL-1

Particulate Metals in Arctic Pack Ice 
>0.2 μm, 0-1 (m), (n=60)

82.50-89.990N
92.95-176.76oW

Fall 
2016 9.2-964 0.03-4.86 2-242 BDL-0.30 BDL-0.02 0.03-1.27 BDL-6

This
Study

Particulate Metals in Surface Seawater 
>0.2 μm, 0-20 (m), (n=21)

0.1-79.4 BDL-23 0.6-30 BDL-0.25 0.04-1.76 BDL-0.74 1-876

Dissolved Metals in Arctic Pack Ice 
<0.2 μm, 0-1 (m), (n=60) 82.50-89.99oN Fall

n/a 0.75-17.02 0.15-2.28 0.07-1.36 0.15-1.18 0.60-14.96 3000-64800

75
Dissolved Metals in Surface Secnvater 
<0.2 μm, 0-20 (m), (n=21)

92.95-176.76° W 2016
n/a 3.62-27.95 0.37-3.92 4.91-10.53 2.65-12.00 0.32-20.22 182.4

602.88

Particulate Metals in Beaufort Landfast Ice 
>0.2 μm, 0-1 (m), (n=30)

70.50o-70.67oN
150 W- 

150.25° W

May 
2015

167-
1.67E06 8.19-8190 80.6-

8.06E05 n/a 0.07-708 0.7-688 n/a 59

Particulate Metals in Canadian Arctic 
Landfast Ice 
>0.4 μm, n/a, (n∕a)

74.50°-78°N
60o-110oW

Early
Fall
1978

n/a 27 460 630 129 n/a n/a 58

Metals in Arctic Multiyear Ice
Unfiltered, 0-1 (m), (n=100) 78.8-810N July

n/a n/a 238.9
1509.5 1.1-42.6 10.9-148.1 126-1808 n/a

Metals in Surface Arctic Seawater 
unfiltered, 0-1 (m), (n=10)

3.8-18oE 2007
n/a n/a 5.7-23.1 3.9-4.6 2.1-16.8 2.0-11.1 n/a

Particulate Metals in EastAntarctic Snow 
>0.2 μm, n∕a, (n=9)

0.005-3.257 0.012-0.056 n/a n/a 0.001-0.001 0.007-0.056 0-3000

Particulate Metals in Pack Ice 
>0.2 μm, 0.1 (m), (n=36)

64.13°-65.35°S
116.48o-17.57oE

Fall
2007

0.404
142.485 0.020-1.797 n/a n/a 0.021-1.564 0.027-18.49 20-1632 3

Particulate Metals in Surface Seawater 
>0.2 μm, 0-1 (m), (n=17)

0.022
10.673 0.007-0.141 n/a n/a 0.017-0.070 0.020-0.805 1.0-18.0

Particulate Metals in Terra Nova Bay Sea Ice 
>0.4 μm, 2.4 (m), (n~20) 74.71053oS Summer

n/a 0.131-11.8 26-627 n/a 0.604-3.86 n/a 7-225

47
Particulate Metals in Surface Seawater 
>0.4 μm, 0-3 (m), (n~4)

164.1863oE 2001
n/a 0.334-1.05 28.1-44.9 n/a 0.311-0.642 n/a 5-170



1.6 CONCLUSION

Presented here were the distribution of particulate metals (Al, Mn, Fe, Co, Ni, Cu, Zn, Cd, Ba, 

and Pb) in late season (September-October) snow, offshore Arctic pack ice, and underlying surface 

seawater collected during GN01. Sediment laden sea ice floes, or “dirty ice”, were rarely 

encountered during the expedition, and were not sampled for this study. The collected samples 

were representative of the sea ice environment (upper 1 m of sea ice) encountered north of 82.5° 

N. Temperature and bulk salinity measurements indicated the sampled pack ice was permeable 

and had undergone desalination prior to collection.

Snow exhibited a wide range of particulate metal values influenced by the atmospheric 

deposition histories of each of the sampled floes. Except for Station 42, snow particles were not 

influenced by anthropogenic aerosol input. For Al, Fe, Ni, Zn, and Ba, atmospheric deposition 

appeared to have been a major source to particulate inventories within the upper 1 m of sea ice, as 

the concentration of these metals in the top-most layer provided the main contribution to their sea 

ice inventories.

In general, lower than expected total particulate metal concentrations were observed within the 

sea ice matrix, with values similar or lower to those observed in Antarctic pack ice3. Calculated 

particulate trace metal inventories indicate the type of sea ice sampled likely formed and grew over 

deep waters, entraining the low concentrations of suspended particles in those waters that were 

later augmented by atmospheric deposition. However, most TPM in the sampled sea ice were 

elevated relative to the particle-poor underlying surface waters, with TPAl and TPFe exhibiting 

the greatest difference between the two environments. The TPFe:TPAl ratio in sea ice particles 

was close to the average ratio of the upper continental crust, indicating these particulate metals 

were of lithogenic origin. The low solubility of these metals from lithogenic particles (Aguilar- 
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Islas et al., 2010) contributed to minimizing their transfer from the particulate to the dissolved 

phase within brine inclusions and subsequent loss during desalination. Data presented here 

precluded the bottom layer (> 1 m depth) of sea ice where sympagic algae is typically found. 

Biological particles are likely poorly represented as suggested by Chl a data collected during GN01 

~ 30-50 m away the trace metal cores (Figure S1).

Less variability in particulate metal inventories at the meter-scale (within station) compared to 

the mesoscale (among stations) was observed for TPAl and TPFe, however a discernible pattern 

in heterogeneity did not emerge for other measured metals, likely due to the low concentrations of 

these metals within the particulate phase.

Except for Fe, most LPM measured in snow and sea ice were close to, or at, detection limit. Low 

leachable particulate metal fractions in snow and sea ice could either reflect prior in-situ leaching 

of particles in contact with brine pockets, and/or a consequence of procedural artifacts, as leaching 

of particles could have taken place when snow and ice samples were melted.

This study provided a snapshot of particulate trace metals in late season Arctic pack ice carrying 

low particle loads. This research emphasizes the need for Arctic Ocean temporal studies that 

capture the effect of sea ice processes (e.g., brine expulsion and melt pond formation) on the 

vertical distributions of particulate trace metals, and their inventories in various types of Arctic sea 

ice (e.g., first-year ice, multi-year ice, and dirty-ice). As multi-year ice becomes less abundant in 

the Arctic Ocean, the reservoir of particulate metals previously exported to the North Atlantic, will 

instead be released within the Arctic during the melting season, potentially affecting dissolved 

metal loads in late season surface waters, and the scavenging of dissolved metals throughout the 

water column.
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CHAPTER 2: Utility of barium and stable oxygen isotopes as a tracer of meteoric water along 

the Eurasian continental slope throughout the late Summer of 20182

2 Bolt, C., Alkire, M. B., Rember, R., & Aguilar-Islas, A. M. Utility of barium and stable oxygen 
isotopes as a tracer of meteoric water along the Eurasian continental slope during the early Fall of 
2018

2.1 ABSTRACT

Geochemical tracers, including oxygen isotope ratios (δ18O), salinity, and barium (Ba) are 

applied for assessment of freshwater contributions from atmospheric, riverine, and sea ice melt 

sources. Geochemical tracers, such as δ18O and salinity, can be applied to a three endmember 

Arctic water type analysis to distinguish freshwater contributions of sea ice melt from meteoric 

waters. Differences in river drainage basins allow other geochemical tracers, such as dissolved 

Ba and alkalinity, to potentially distinguish meteoric waters sourced from North American rivers 

(Mackenzie and Yukon) versus Siberian rivers (Ob, Yenisey, Lena, and Kolyma). Throughout 

August and September of 2018 as part of the Nansen and Amundsen Basin Observatory cruise, 

Ba, δ18O, and salinity distributions were sampled along the Siberian continental shelves/slopes 

(Kara, Laptev, and East Siberian) and into subsequent basins (Nansen, Amundsen, and Makarov 

basins, respectively). Relationships in geochemical distributions suggested two different 

spreading pathways of Siberian meteoric waters roughly divided by the Lomonosov Ridge (~ 

140 °E). The utility of Ba as a tracer of meteoric waters was assessed by multiplying the 

estimated water mass fractions by its subsequent Ba endmember along each transect to calculate 

the concentration of expected Ba ([Ba]°). The Ba meteoric endmember was determined by 

utilizing a salinity (corrected for the presence of sea ice melt) versus Ba linear regression 

analysis that produced a y-intercept of 83 ± 5 nM Ba for longitudes less than 135 °E (west of
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Lomonosov Ridge) and a y-intercept of 133 ± 10 nM Ba for longitudes greater than 145 °E (east 

of Lomonosov Ridge). The degree of Ba depletion ([Ba] measured- [Ba]°) was then determined to 

assess how much Ba was removed or remineralized by non-conservative processes. West of the 

Lomonosov Ridge, very little Ba depletion was observed (0 to -5 nM Ba) throughout the water 

column, where east of the Lomonosov Ridge within the Makarov basin, tended to have similarly 

Ba depleted waters (0 to -5 nM Ba) at depths greater than 25 m. However, Ba tended to be 

depleted (-5 to -10 nM Ba) in the upper water column (< 25 m) east of the Lomonosov Ridge, 

with excess Ba (~ 10 to 15 nM Ba) observed along the ESS and slope. Thus, Ba likely behaves 

as a quasi-conservative tracer in the basin, but biologically mediated removal and 

remineralization of Ba from sediments complicates the utility of Ba as a geochemical tracer over 

the continental shelves/slopes. Therefore, the differences in regional processes should be 

considered when utilizing Ba as a geochemical tracer of meteoric waters. We suggest using two 

different meteoric water Ba endmembers within the Siberian Arctic depending on the location 

relative to the Lomonosov Ridge to account for shelf processes and the heterogenous inputs of 

meteoric water to this region.

2.2 INTRODUCTION

The Arctic Ocean is a dynamic region undergoing rapid change, such as increased river 

discharge and reduced summer sea ice extent, with notable acceleration over the past two 

decades (Brown et al., 2019; Carmack et al., 2016; McPhee et al., 2009). The Arctic Ocean is a 

semi-enclosed, estuarine-like basin with large freshwater inputs, receiving ~ 10% of the world's 

annual river discharge (Aagaard & Carmack, 1989; Morison et al., 2012). The distribution of 

freshwater throughout the Arctic Ocean plays an essential role in regulating the heat flux (e.g., 

Aagaard & Carmack, 1989; Hakkinen & Proshutinsky, 2004; Polyakov et al., 2008) by 
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maintaining the Arctic halocline (e.g., Aagaard et al., 1981; Bauch et al., 2009; Guay & Falkner, 

1997).

A generalized structure of the eastern Arctic Ocean (here taken as the portion of the 

Arctic Ocean between 0 °E and 179 °E longitude) water column can be described in three layers: 

the polar mixed layer (approximate depth range of 0 to 20 m), the halocline layer (20 to150 m), 

and the Atlantic layer (150 to 450 m) (e.g., Alkire et al., 2017b). The polar mixed layer is a 

relatively fresh and cold layer that resides at or near the surface of the water column (e.g., 

Morison et al., 2012). The Arctic halocline is a layer of water through which salinity increases 

with depth and it separates the fresh and cold polar mixed layer from the warm and salty Atlantic 

layer at depth; as such, the halocline is integral from preventing the upward advection of heat 

from influencing sea ice (e.g., Aagaard & Carmack, 1989; Comiso et al., 2008; Holland et al., 

2007; Swift et al., 2005; Zhang et al., 2003, 2008). The halocline layer is maintained via inputs 

from various sources, including surface waters freshened by sea ice melt in the Nansen and 

Amundsen Basins and Siberian shelf waters that are heavily influenced by river input and the 

release of high salinity brines (from ice formation) (Rudels et al., 1996).

Changes in the circulation (or distribution) of Siberian shelf waters can have substantial 

impacts on the maintenance of the halocline layer in the eastern Arctic (Boyd et al., 2002; Steele 

and Boyd, 1998). The distributions of freshwater throughout the Arctic basin are governed, in 

part, by the general wind patterns over the Siberian shelves (e.g., Brown et al., 2019). Currently, 

the Arctic has seen a reduction in summer sea ice extent, exposing surface waters to the 

influence of winds (Janout et al., 2020). Wind-induced mass transport of the polar mixed layer 

and halocline waters can dictate the degree with which freshwaters are distributed and 

transported throughout the Arctic Ocean (Carmack et al., 2016). Distribution pathways of major 
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Arctic rivers are largely impacted by localized wind patterns over the shelves (e.g., Bauch et al., 

2010; Janout et al., 2015, 2017) and prevailing wind patterns over the central basin (e.g., Cornish 

et al., 2020; Morison et al., 2012). Understanding the degree of freshwater transport across the 

Siberian shelves can provide valuable insights to better understanding decadal changes to the 

freshwater budget (e.g., Osadchiev et al., 2020).

River runoff is the largest source of freshwater to the Arctic Ocean (e.g., Stuefer et al., 

2017); additional freshwater contributions include Pacific inflow through Bering Strait, net 

precipitation over evaporation, sea ice melt, and glacial runoff. There are six major rivers in the 

Arctic (Mackenzie, Yukon, Kolyma, Lena, Yenisey, and the Ob) that supply ~ 70% of the total 

annual freshwater runoff (Figure 2.1) (e.g., Aagaard & Carmack, 1989). The wind-influenced 

Eurasian continental shelves (Barents, Kara, Laptev, and East Siberian Sea shelves) (Figure 2.1) 

are known to exert a strong, yet variable, influence on the Arctic freshwater budget and have an 

essential role in the modification of freshwaters, Pacific waters, and Atlantic waters (e.g., 

Anderson et al., 2004). Rivers differ in their geochemical signatures due to differences in their 

drainage basins (e.g., lithology, vegetation, landscape, etc.) (e.g., Carmack et al., 2016). Previous 

Arctic studies have had some success utilizing total alkalinity and Ba to separate North American 

versus Eurasian rivers (e.g., Cooper et al., 2008; Tank et al., 2012). Recent Arctic studies have 

continued to explore the utility of rare earth elements (Laukert et al., 2017) and uranium isotopes 

(Rachold, 1999) to better constrain the spreading pathways of individual Siberian rivers. 

However, the use of geochemical tracers to separate individual river contributions in the Siberian 

Arctic Ocean has not yet been accomplished.

Chemical tracers are an integral component of Arctic water type studies as they can 

provide robust estimates of water mass distributions to better constrain freshwater inputs and 
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movement. The four water types that may be observed within the Siberian Arctic Ocean are: 

meteoric water (MW), sea ice melt (SIM), Atlantic water (AW), and Pacific water (PW), the 

latter of which can be encountered in the eastern Siberian Arctic Ocean (Alkire et al., 2019). The 

term MW encompasses coastal freshwater inputs and precipitation that are not derived from SIM 

or PW. Geochemical tracers such as oxygen isotope ratios (δ18O) and salinity (e.g., Alkire et al., 

2015, 2017b) can distinguish sea ice melt from meteoric water while tracers such as barium (Ba) 

or total alkalinity (e.g., Abrahamsen et al., 2009; Guay et al., 2009; Guay & Falkner, 1997; 

Yamamoto-Kawai et al., 2008) can be used to distinguish between North American and Siberian 

river contributions to the meteoric water pools. Previous studies focused on the western (Guay 

and Falkner, 1997; Guay et al., 2009) and central (Alkire et al., 2010; Yamamoto-Kawai et al., 

2005) Arctic Ocean have used Ba to distinguish between North American (~ 400 nM Ba; 

arcticgreatrivers.org) from the Siberian rivers (~ 90 nM Ba; arcticgreatrivers.org) (e.g., Cooper et 

al., 2008; Guay & Falkner, 1997). The focus of this study will be MW distributions within the 

Siberian Arctic Ocean where there is essentially no influence from the North American rivers. 

Due to similarities in the geochemical compositions of the four major Siberian drainage basins, it 

is difficult to utilize tracer studies to distinguish the contributions of individual Siberian rivers. 

However, the recent utility of rare earth element tracer studies have provided insight into the 

potential for differentiating Siberian river distribution pathways throughout the Arctic Ocean 

(Janout et al., 2017; Laukert et al., 2017).

Barium is a bio-intermediate element that can be incorporated into the mineral barite 

during the formation of biological hard parts, such as silicate and carbonate tests (e.g., Lea & 

Boyle, 1990, 1993). Vertical Ba concentrations throughout the water column reflect a nutrient

type distribution, where dissolved Ba can be biologically removed from surface waters and 
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exported to depth with particulate organic carbon where it can be subsequently remineralized 

(e.g., Falkner et al., 1993, 1994). Primary production over shelf seas is expected to increase 

(Arrigo et al., 2008; Arrigo and van Dijken, 2015) as longer periods of open (ice free) water in 

the Arctic Basin are expected to extend the growing period during the summer months (e.g., 

Arrigo & van Dijken, 2015; Comiso et al., 2008). A longer growing period in the Arctic could 

further deplete Ba from surface waters, potentially accelerating the removal and export of Ba 

from surface waters to depth. Previous Ba studies have found good agreement between dissolved 

Ba depletion and particulate organic carbon (POC) flux (e.g., Abrahamsen et al., 2009; Dehairs 

et al., 1997; Thomas et al., 2011). Thus, calculating the dissolved Ba depletion may provide a 

robust proxy of POC flux (Cao et al., 2020; Lemaitre et al., 2018).

This study aims to investigate the utility of Ba, in addition to salinity and δ 18O, as tracers 

of meteoric waters within the Siberian Arctic Ocean (shelves, slopes, and basins). To investigate 

the utility of Ba as a tracer, we will address the depletion of Ba from expected surface water 

concentrations during the 2018 Nansen and Amundsen Basin Observatory System (NABOS) 

cruise. This study disputes the conventional use of a single meteoric water Ba endmember when 

calculating Ba depletion to represent the Eurasian Arctic to account for the differences in 

Eurasian river sources. We posit that western and eastern Siberian river inputs are distributed 

differently throughout the Arctic Ocean and Ba endmembers should reflect the riverine sources. 

Within the last two decades shifts to the freshwater inputs, transport, and residence time 

throughout the Arctic Ocean have been observed, tracer studies can be implemented as an 

additional tool to better constrain MW distributions throughout the Arctic Ocean. We combined 

the use of three chemical tracers (Ba, δ 18O, and salinity) to better understand the shelf-basin 

56



spatial distributions of meteoric water and sea ice melt throughout the surface and subsurface 

water column.

2.3 METHODS

Sample Collection and Analyses

Seawater samples were collected between 21 August and 24 September 2018 as part of 

the Nansen and Amundsen Basin Observatory System (NABOS) cruise aboard the R/V Akademik 

Tryoshnikov. A total of 126 hydrographic stations were sampled across the Kara, Laptev, and 

East Siberian continental shelves and slopes into the Nansen and Amundsen Basins (Figure 2.1), 

73 of which were occupied by the NABOS group (the remaining stations were occupied by 

international collaborators). Two cross-slope transects are highlighted for this study: the Laptev 

Sea continental slope transect (LSCTS; ~126°E) and the East Siberian Sea continental slope 

transect (ESSCST; ~163°E).

The sensor suite utilized during the cruise included a Seabird SBE9 1 1 plus conductivity

temperature-depth (CTD) equipped with dual temperature and conductivity sensors. Additional 

biogeochemical sensors mounted onto the rosette included a Seabird SBE43 dissolved oxygen 

sensor, a WET Labs ECO-FLNTU chlorophyll and turbidity sensor, a WET Labs C-Star 

transmissometer (beam transmission and attenuation), a photosynthetically-active radiation 

(PAR) sensor (Biospherical model QCP2350), and a Satlantic Deep Submersible Ultraviolet 

Nitrate Analyzer (SUNA). A Benthos PSA-916 altimeter was employed to ensure casts ended 

within 5 m of the seafloor. Twenty-four 10 L Niskin bottles were mounted on the rosette for the 

collection of water samples at specified depths. Chemical and biological parameters were 

measured from the water samples, including dissolved oxygen, barium, nutrients, stable oxygen 

isotopes (δ18O), and chlorophyll at regular depth intervals (2 m, 10 m, 20 m, 30 m, 40 m, 50 m,
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60 m, 80 m, 90 m, 100 m, 110 m, 120 m, 130 m, 140 m, 150 m, 200 m, 250 m, 500 m, 750 m, 

1000 m, 2000 m, and 10 m from the bottom depth). The barium, nutrient, and δ18O data are 

discussed here; chlorophyll data will be discussed in a separate companion publication.

Figure 2.1 Nansen and Amundsen Basin Observatory System (NABOS) cruise hydrographic 
stations collected through August-October of 2018. The six major Arctic rivers are italicized, 
basins are bolded, and shelf seas are labelled in North Polar orthographic projection. Our study 
area is highlighted in red with zoomed features displayed on the right. Within the zoomed view 
on the right, two transects are highlighted: the Laptev Sea contiental slope transect (LSCST) 
(~126°E) west of the Lomonosov Ridge is outlined in red and the East Siberian Sea continental 
slope transect (ESSCST) (~163°E) east of the Lomonosov Ridge, is outlined in blue.
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Samples for the analysis of δ18O were collected into 20 mL glass vials, capped, wrapped 

with Parafilm M®, and shipped to the Oregon State Stable Isotope Laboratory for δ18O analysis 

on a Finnegan Mat 251 mass spectrometer via the CO2 equilibration method (e.g., Alkire et al., 

2017b). Estimated uncertainty was ± 0.02 ‰ based on random replicated samples collected from 

the rosette. Internal calibration standards were checked against Vienna Mean Standard Ocean 

Water (VSMOW) to ensure accuracy of the measurements. Nutrient samples were filtered using 

a 0.2 μm cellulose acetate membrane filter and collected into 30 mL HDPE bottles. Samples 

were then frozen and stored at -80 °C and shipped to the International Arctic Research Center at 

the University of Alaska Fairbanks for analysis. Macronutrient samples were analyzed within 6 

months of collection using a Seal Quattro Model 300 Rapid Flow Nutrient Analyzer (5 channels 

for analyzing phosphate, silicate, nitrate, nitrite, and ammonium) (e.g., Dore et al., 1996; Hassler 

and Ellwood, 2019; Janssen et al., 2020). Precision was determined as the mean standard 

deviation computed from the analyses of field replicates collected during the cruise: PO4 (± 0.02 

μM), Si(OH)4 (± 0.17 μM), NO2 (± 0.01 μM), NH4 (± 0.9 μM), and NO3 (± 0.19 μM).

Samples for the analysis of Ba were collected into 25 mL, acid-cleaned HDPE bottles and 

acidified to pH 2 using concentrated Optima nitric acid. Samples were shipped to laboratory 

facilities at International Arctic Research Center within the University of Alaska Fairbanks 

where they were analyzed via isotope dilution (Guay & Falkner, 1997, 1998) and high- 

resolution, inductively coupled plasma mass spectrometry (HR-ICP-MS) using a Thermo

Finnigan Element 2. Briefly, a 10 μg mL-1 135Ba stock solution made from BaCO3 (Spex 

Industry) was diluted gravimetrically one hundred-fold and calibrated using a commercial ICP- 

MS standard to determine the 135Ba-enrichment in the spike. Sampled seawater (100 μL) was 

spiked with 100 μL of a 135Ba-enriched solution and diluted with 9.8 mL with pH 2 MilliQ® 
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water for a final volume of 10 mL. Sample duplicates, standard reference materials, including 

SLRS-5 (river water reference material by National Research Council of Canada) and GSC 

(2009 GEOTRACES coastal surface seawater), were measured every 10 samples to assess daily 

fluctuations with instrumentation and maintain 138Ba/135Ba ratios between 0.7 and 1.0. Precision 

of 138 Ba analyses was determined to be less than 2% based on the mean standard deviation of 

duplicates and standard reference materials.

Water Type Fractions

Water type fractions were calculated following methods described in Alkire et al., 2015.

Briefly, where salinity and δ 18O were measured, a 3-endmember mass balance was used to 

calculate fractions of sea ice melt (SIM), meteoric water (MW), and Atlantic water (ATL). Based 

on observations of the NO parameter (Alkire et al., 2019), it was determined highly unlikely that 

Pacific water was present in the study region (Figure S3); thus, Pacific water was excluded from 

the water type analysis. Assuming the endmembers of salinity (S) and δ 18O are known for each 

water type, the fractional contributions (f) of each water type to its measured constituent can be 

computed (Equations 1-3).
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Estimating uncertainties is necessary when utilizing a combined water type analysis.

Instead of selecting single values defining the salinity and δ18O of each endmember, a range of 

values was assigned to each water type that encompasses the previously observed natural 

variability (Table 2.1). A Monte Carlo simulation was run for the water type analysis was run 

1,000 times for each salinity and δ 18O pair (Alkire et al., 2015). For each iteration, the specific



assignment of the endmembers was randomized using the ranges listed in Table 2.1. Endmember 

ranges for δ 18O and salinity were selected based on previous definitions and stated uncertainties 

in the literature (Cooper et al., 2008; Ekwurzel et al., 2001; Guay et al., 2009) (Table 2.1). The 

average water type fractions were taken as the final estimates of meteoric water, sea ice melt, and 

Atlantic water contribution for each salinity and δ18O pair, and the associated median standard 

deviations were adopted as estimates of the uncertainty in each water type (see Table 1).

Table 2.1 Endmember definitions used in a three-component mass balance for the Siberian 
Arctic Ocean. The central value is the average of literature values given in the top of each box, 
with the defined range (bracketing this central value) listed in italicized type that encompasses 
the natural variability and range of literature values for this region. Ba was not used for the water 
type analysis; listed ranges were used to compute Ba uncertainties for calculated Ba depletion. 
Uncertainties for the errors associated with each water type mass fraction are listed.

Water type Ba (nM) δ18O (‰) Salinity Uncertainties

Sea ice melt 8a 0.2b 4c
±0.4 %

range 0 to 12 -2 to 0.3 2-8

Meteoric water West East -20d 0

range 90 130 -18 to -22 n/a
±0.3 %

80 to 110 to

100 150

Atlantic water 43a 0.3e 34.92e
±0.2 %

range 40 to 46 0.25 to 0.35 34.85 to 35

aGuay et al., 2009; bEkwurzel et al., 2001; cEicken et al., 2002 and Pfirman et al., 2004; dCooper 
et al., 2008; eYamamoto-Kawai et al., 2008

Calculating Ba Depletion

Barium depletion was calculated by subtracting the difference between the

expected/modeled Ba from the observed/measured Ba. Briefly, the expected/modeled Ba is the 
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The Ba concentrations assigned to SIM and ATL were 5 ± 6 nM and 43 ± 3 nM, respectively 

(Taylor et al., 2003) (Table 2.1). Two different endmember values were assigned to MW 

according to the flow weighted averages for the Ob and Lena (west of Lomonosov Ridge) and 

the Yenisey and Kolyma (east of Lomonosov Ridge): a value of 90 nM Ba was assigned to 

stations located west of the Lomonosov Ridge (~ 100 °E to 140 °E) whereas a value of 130 nM 

Ba was assigned to stations located east of the Lomonosov Ridge (~ 140 °E to 165 °E) (Table 

2.1) (arcticgreatrivers.org). The assignment of two different MW endmember ranges is meant to 

differentiate the primary riverine sources of barium to the regions west (Ob & Yenisey Rivers) 

and east (Lena & Kolyma Rivers) of the Lomonosov Ridge (additional details provided in the 

Discussion). Propagated errors from the water type analysis through Ba depletion calculations 

resulted in Ba depletion errors using the 90 nM Ba endmember of ± 3.6 nM depleted Ba and 

when utilizing the 130 nM Ba endmember an error of ± 3.9 nM depleted Ba. We therefore 

suggest that any Ba depletion concentrations with an absolute value that is more or less than 4 

nM Ba be indistinguishable from zero (no depletion).

Approximating POC Export from Ba Depletion

Where [Ba]° represents the expected amount of Ba resulting from the mixing of the 

defined water types, the concentration of Ba depletion can be attributed to biological removal of 

dissolved Ba due to particulate organic carbon (POC) export. A Redfield ratio of POC:[Ba]depleted
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fraction of the initial Ba ([Ba]°), calculated from the water mass fractions, that was either 

removed (negative values) or added (positive values) by processes other than simple mixing 

among the three assumed water types:

arcticgreatrivers.org


was applied to estimate POC export and compared to independent studies. A 225 g C:Ba 

(Thomas et al., 2011) was implemented which was calculated by using an average of the upper 

limit of 260 g C:Ba (Broeker and Peng, 1982; Dymond et al., 1992) and a lower limit of 180 to 

200 g C:Ba (Dymond et al., 1992). POC calculations were based on Ba depletion concentrations 

from the upper 50 m of the water column.

2.4 RESULTS

Hydrography

The general vertical water column structure observed during the 2018 NABOS cruise can 

be simplified into a three-layer structure: (1) the mixed layer, (2) the halocline, and (3) the 

Atlantic layer. Superposed on the three-layer vertical water column structure there is a 

geographic difference roughly separated by a prominent physical barrier (Lomonosov Ridge ~ 

140 °E). West of the Lomonosov Ridge, surface waters were warmer inshore than the eastern 

transects because there was less ice present in this region at the time of the cruise, and open 

waters receive more solar heating. Stratification west of the Lomonosov Ridge was more 

pronounced than east of the Lomonosov Ridge and had a thin (~ 20 m) and cold (~ -2 oC) 

halocline and the Atlantic layer extending over a large depth range (≥ 100 m). East of the 

Lomonosov Ridge, the mixed layer was colder (~ -2 oC) and fresher (~ 29). The δ18O within the 

halocline waters east of the Lomonosov Ridge were depleted (-3 to -2 ‰), and thus the extent of 

the mixed layer depth in this region can likely be attributed to the input of sea ice melt and river 

runoff. The thickness of the halocline (> 150 m) east of the Lomonosov Ridge was also greater 

than at the wester transects, depressing the Atlantic layer downward ~ 200 m.
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Figure 2.2 Maps of Ba (nM) (a), temperature (°C) (b), salinity (c), and δ18O (‰) (d) sampled at 
40 m depth at all stations during (August-September) 2018 Nansen and Amundsen Basin 
Observatory System.

Maps in Figure 2.2 depict geochemical parameters (Ba, temperature, salinity, and δ18O) 

measured throughout the NABOS 2018 cruise at 40 m depth. Throughout sampled waters, two 

geochemical regimes can be observed, roughly separated by the Lomonosov Ridge (Figure 2.2). 

In general, waters west of the Lomonosov Ridge were warmer, saltier, isotopically heavier 

(δ18O), and exhibited lower Ba concentrations compared to sampled station s east of the ridge. 

For example, within the upper 40 m, Ba ranged from 35 to 48 nM Ba, temperature ranged from 1 

to 3 °C, salinity ranged from 29 to 34, and δ18O ranged from -2 to 0.5 ‰ west of the ridge. In 

contrast, Ba ranged from 47 to 70 nM, temperature ranged from -2 to -1 °C, salinity ranged from 

29 to 32, and δ 18O ranged from -2.5 to -1 ‰ east of the ridge over the snme depth range.

Geochemical profiles and physical parametnrs are depicted in Figure 2.3 along the Laptev 

Sea continental slope transect (LSCST; ~ 126 °E) and the East Siberian Sea continental slope 
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transect (ESSCST; ~ 163 °E), with a focus on the upper 300 m. A robust signal of shelf/slope 

waters was observed along the ESSCST at ~76 °N centered at a depth of ~ 50 m (bottom depth 

on that shelf) that propagated northward along the transect (Figures 2.3e-h). Along the ESSCST, 

within the upper 50 m of the sampled water column, waters were observed to have a δ18O of ~ - 

2.5 ‰ (Figure 2.3h). Additionally, waters along the continental slope ESSCST had a plume of 

high Ba (~ 80 nM) at a depth of ~ 40 m (Figure 2.3e). A possible front was observed in 

temperature, and to some degree salinity, between 78 °N and 79 °N along the ESSCST (Figures 

2.3f and 2.3g). However, no abrupt fronts were observed along the ESSCST for Ba and δ 18O, 

with a direct connection to shelf modified signals (Figures 2.3e and 2.33h).

Geochemical profiles west of the Lomonosov Ridge (~ 100 °E to 140 °E) were distinct 

from those observed east of the Lomonosov Ridge (~ 140 °E to 165 °E). As an example of the 

differences in stratification between these two regimes, the mean depth of the 34 isohaline was 

<= 50 m along the LSCST but >= 100 m along the ESSCST. Additional differences in δ 18O 

support that there were two different regimes west and east of the Lomonosov Ridge. Along the 

LSSCST, δ 18O values within the upper 25 m were relatively low/negative (~ -2.5 to -1.5 ‰) with 

a break between 79 °N to 81 °N (Figure 2.3). Geochemical parameters between ~25 m and 100 

m depth along the LSCST were 35 nM to 50 nM Ba, -0.5 ‰ to 0 ‰ δ 18O, -2 °C to 0 °C 

temperature, and 34 to 35 salinity (Figures 2.3a-2.3d). Along the ESSCST, the upper 50 m 

indicated a consistent meteoric water influence (~ -2.5 to -1.5 ‰) with geochemical parameters 

consistent with winter remnant waters observed from ~ 50 to 100 m (Figure 2.3).

65



Figure 2.3 Vertical profiles of Ba (a,e), temperature (b,f), salinity (c,g), and δ18O (d,h) along the 
Laptev Sea continental slope transect (~ 126 °E) (a-d) and from the furthest east transect 
collected at the East Siberian Sea continental slope (~ 163 °E) (e-h) during August-September, 
2018. The profiles are restricted to 0 to 300 m to emphasize features of interest in the water 
column. Geochemical parameters overlain with salinity isopycnals ranging from 28 to 35. 
Isopycnals are depicted in white or black to improve visual clarity. Figure generated using a 50 
signal to noise ratio DIVA gridding method.
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Ba Distributions

Barium distribution profiles of the upper 300 m are depicted in Figure 2.3 along the 

LSCST and the ESSCST. Two Ba endmembers, 90 nM Ba (Figure 2.4b and 2.4f) and 130 nM 

Ba (Figure 2.4c and 2.4g), were used to assess observed Ba depletion from expected 

concentrations. Along the LSCST, relatively low Ba concentrations were observed over 0 to 300 

m, except for somewhat higher concentrations observed above the continental slope (~ 76.5 °N 

to 77 °N); lower concentrations reflect the dominance of Atlantic water (~ 40 to 46 nM Ba) 

(Figure 2.4a). In contrast, Ba concentrations in the upper ~ 100 m along the ESSCST were 

higher, particularly at the shelf break where maximum concentrations of 90 nM Ba were 

observed in bottom waters (40 to 50 m). In general, the higher Ba concentrations along the 

ESSCST were associated with ‘excess' Ba (more Ba present than initial Ba [Ba]°) as opposed to 

the negative Ba depletion (less Ba than [Ba]°) generally observed over the LSCST. The 

maximum Ba concentration observed on the shelf/slope of ~ 76 °N on the ESSCST was 

associated with a Ba excess of ~ 20 nM Ba.
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Figure 2.4 Vertical profiles of Ba distributions (a,e) and predicted Ba depletion using a 90 nM Ba 
endmember model (b,f) and a 130 nM Ba endmember model (c,g). Vertical profiles are plotted 
along the Laptev Sea continental slope transect (a-d) and the East Siberian Sea continental slope 
transect (e-h) during August-September, 2018. Ba concentrations overlain with salinity 
isopycnals ranging from 28 to 35. Isopycnals depicted in white or black to improve visual clarity. 
Figure generated using a 50 signal to noise DIVA gridding method.
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Water Mass Fractions

West of the Lomonosov Ridge, higher (~ 0.1) meteoric water (MW) fractions were 

mostly restricted to latitudes < 78 °N, but fractions of 0.05 extended as deep as ~ 100 m over the 

slope (~ 77 °N) (Figure 2.5a). The two most northward stations on the LSCST also exhibited 

higher MW fractions, likely due to influences from the southward-flowing Transpolar Drift 

(Bauch et al., 2013). In general, distributions of MW west of the Lomonosov Ridge were similar 

to those observed along the LSCST (transects not shown), with meteoric water fractions ranging 

from -0.05 to 0.1. Meteoric water was encountered along the LSCST in the upper 100 m of the 

water column with an observed break in meteoric water distributions between 79 °N to 80 °N. 

East of the Lomonosov Ridge, meteoric fractions >= 0.1 extended to 75 m along the length of the 

ESSCST (Figure 2.5d).

Sea ice melt (SIM) fractions west of the Lomonosov Ridge ranged from 0 to 0.1 in the 

upper 20 m. At depths > 20 m, negative SIM values represent brine influenced shelf waters. 

Along the LSCST, the highest SIM fractions (0.1) were observed in waters from 0 to 20 m over 

the Amundsen Basin at ~ 80 °N (Figure 2.5b). SIM fractions east of the Lomonosov Ridge 

ranged from -0.05 to 0.1 in surface waters (< 20 m). Little pack ice was encountered west of the 

Lomonosov Ridge, with the LSCST being completely ice-free at the time of sampling. In 

general, sea ice melt east of the Lomonosov Ridge did not extend into the Makarov Basin, but 

remained in waters less than 25 m depth over the continental slope.

Shipboard observations showed that pack ice was encountered east of the Lomonosov 

Ridge and along the ESSCST. Along the ESSCST, sea ice melt fractions ranged from -0.025 to 

0.1 in waters less than 25 m over the continental slope (Figure 2.5e). Throughout the entire 

sampled region, Atlantic water fractions ranged from 0.75 to 1 and were thus the dominant water 

mass observed (Figures 2.5c and 2.5f). In general, west of the Lomonosov Ridge, Atlantic water 
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mass fractions were greater than 0.96 at depths deeper than ~ 50 m, whereas west of the

Lomonosov Ridge Atlantic water mass fractions greater than 0.96 were not encountered until ~

100 m depth.

Figure 2.5 Sections of meteoric water (a,d), sea ice melt (b,e) and Atlantic water (c,f) fractions 
during August-September, 2018. Sample depths are plotted along the Laptev Sea continental 
slope transect (a-d) and the East Siberian Sea continental slope transect (e-h) as black dots. 
Water mass fractions overlain with salinity isopycnals ranging from 28 to 35. Isopycnals 
depicted in white or black to improve visual clarity. Figure generated using a 50 signal to noise 
DIVA gridding method.
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2.5 DISCUSSION

Previous Arctic studies have suggested that Ba can be utilized as a tracer of meteoric 

water throughout the upper water column (e.g., Cao et al., 2020; Falkner et al., 1994; Guay & 

Falkner, 1998; Guay et al., 2009; Roeske et al., 2012a). However, to be an effective tracer of 

meteoric distributions, two assumptions have been previously made in Arctic and sub-Arctic 

studies; 1) Ba behaves semi-conservatively, and 2) a single Ba endmember (130 nM Ba) is 

representative of all Eurasian river runoff throughout the Eastern Arctic Ocean. Results from this 

study challenge the assumption that a single endmember should be representative of all Eurasian 

river runoff.

Eurasian rivers

The Lena, Ob, Yenisey, and (to a lesser degree) Kolyma Rivers contribute heterogenous 

distributions of meteoric water throughout the Siberian shelves, with the Yenisey and Lena rivers 

contributing the largest annual discharge (arcticgreatrivers.org). The Yenisey River has lower Ba 

input (~ 92 nM Ba) and higher total alkalinity (~ 70 mg CaCO3 L-1) relative to the Lena River (~ 

132 nM Ba, ~ 40 mg CaCO3 L-1, respectively) (arcticgreatrivers.org). However, the Ob river has 

high total alkalinity (~ 100 mg CaCO3 L-1) and high Ba (~ 173 nM Ba) and the Kolyma River has 

low total alkalinity (~ 28 mg CaCO3 L-1) and low Ba (~ 12 nM Ba) (arcticgreatrivers.org). 

Disparities between the Siberian river endmembers complicate the use of tracers to quantitatively 

separate individual Siberian river contributions. Despite the observed geochemical variability, 

previous Arctic studies have utilized a single representative Ba endmember (130 to 140 nM) for 

meteoric waters sourced from Eurasian continental sources (Abrahamsen et al., 2009; Bauch et 

al., 2011; Guay and Falkner, 1998; Guay et al., 2009; Roeske et al., 2012a). Utilizing a Ba 

endmember of 130 nM may be useful in area(s) dominated by the Lena River input; however, 
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regions reflecting predominant input from the Yenisey River (~ 92 nM Ba; arctivgreatrivers.org) 

would not be accurately represented. Possible consequences of mischaracterizing the Siberian 

river runoff as Lena River runoff (instead of Yenisey River runoff), could result in an 

underestimation of meteoric water fractions and/or an overestimation of Ba depletion.

We present evidence that suggests the Lomonosov Ridge provides a physical barrier that 

separates two different Siberian river spreading pathways that were reflected in the dissolved Ba 

distributions. A linear regression analysis of Ba and salinity was applied to our study region east 

and west of the Lomonosov Ridge to estimate the Ba concentration of the river endmember using 

the y-intercept. The presence of sea ice melt can complicate the use of salinity and barium in a 

linear regression analysis; however, this complication can be corrected by utilizing the calculated 

SIM fractions from the Arctic water type analysis (Yamamoto-Kawai et al., 2005, 2008). When 

corrected for SIM, a salinity versus Ba linear regression produced a y-intercept of 83 ± 5 nM Ba 

for longitudes less than 135 °E (west of Lomonosov Ridge) and a y-intercept of 133 ± 10 nM Ba 

for longitudes greater than 145 °E (east of Lomonosov Ridge). A similar east to west gradient 

was observed when the linear regression analysis was restricted to salinities less than 34 (i.e., 

excluding Atlantic water). Thus, we suggest that two different sources supply meteoric waters to 

the study region: observed meteoric waters at stations east of the Lomonosov Ridge are likely 

predominantly sourced from the Lena, whereas meteoric waters observed at stations west of the 

Lomonosov Ridge are likely predominantly sourced from the Yenisey. Recently Laukert et al., 

2017 traced individual spreading pathways of Eurasian rivers, using rare earth elements as tracer. 

Their results support our claim that there are two different spreading regimes of meteoric waters 

roughly separated by the Lomonosov Ridge.
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The utility of Ba as a tracer is imperfect and does present uncertainties. Siberian river Ba 

endmember concentrations have been observed to have seasonal and interannual variabilities 

(arcticgreatriversobservatory.org) and standard deviations in river Ba endmembers should be 

considered when calculating Ba depletion. To account for standard deviations in river Ba 

endmembers, a range of Ba values were assigned to Ba meteoric water endmembers used to 

account for the observed differences in Ba distributions west and east of the Lomonosov ridge. 

West of the Lomonosov ridge, Ba endmembers ranged from 80 to 100 nM Ba, with an average 

of ~ 90 nM Ba. East of the Lomonosov ridge, MW Ba endmembers ranged from 110 to 150 nM 

Ba, with an average of ~ 130 nM Ba river (arcticgreatrivers.org).

To account for the two different sources of meteoric water within the Siberian Arctic, we 

suggest using two endmembers, ~ 90 ± 3.6 nM Ba endmember west of the Lomonosov Ridge 

(Figure 2.6b) and ~ 130 ± 3.9 nM Ba endmember east of the Lomonosov Ridge (Figure 2.6d). 

Stations east of the Lomonosov Ridge are influenced by rivers with higher Ba input (Yenisey 

and Kolyma) and carry significant shelf waters with remineralized Ba (Figures 2.6c and 2.6d). 

Along the ESSCST, remineralization of Ba over the shelf and slope can be observed where Ba 

depletion concentrations are positive from ~ 75 °N to ~ 79 °N (Figure 2.4g). West of the 

Lomonosov Ridge, Ba tended to be somewhat depleted (~ 5 ±1.7 nM Ba) discontinuously along 

the LSCST within the upper 500 m of the slope and into the basin (Figure 2.6b). There was little 

Ba depletion or excess observed along the LSCST, likely due to minimal impacts of biological 

production (in the case of Ba depletion) or organic matter remineralization (in the case of 

excess), except for a few stations close to the shelf. The low Ba depletion that was observed 

could be a consequence of some POC export associated with net community production 

occurring locally and/or upstream. Splitting the two different endmembers depending on location 
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east/west of the Lomonosov Ridge attempts to compensate for the regional distributions of 

different river inputs and the heterogeneous inputs of meteoric waters (Figures 2.4 and 2.6). The 

application of a single endmember throughout the entire eastern Arctic Ocean would bias the Ba 

depletion/excess estimates with the tendency to overestimate Ba depletion and underestimate 

excess Ba east of the Lomonosov Ridge.
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Figure 2.6 Vertical depth profiles of dBa (nM) along the Laptev Sea continental slope transect 
(a) and the East Siberian Sea continental slope transect (c) from the surface to 1000 m during 
August-September, 2018. Concentrations of depleted (negative values) and excess (positive 
values) Ba (nM) depicted using a 90 nM Ba meteoric water Ba endmember along the Laptev Sea 
continental slope transect (b) and a 130 nM Ba meteoric water endmember along the ESSCST 
(d). Figures overlain with salinity isopycnals (28-35). Grey areas indicate gaps in sampling that 
could not be extrapolated with gridding method. Figures produced using DIVA gridding 50:1 
signal to noise ratio.
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Non-Conservative Removal of Ba from Surface Waters

While Ba has been assumed to behave conservatively, previous Arctic studies have 

suggested that Ba can be depleted from expected surface concentrations due to biological 

drawdown from seasonal productivity (e.g., Abrahamsen et al., 2009; Falkner et al., 1993; Guay 

& Falkner, 1997; Roeske et al., 2012a). This nonconservative behavior has been exploited to 

equate Ba depletion with POC export in various regions around the Arctic (Hendry et al., 2018; 

Taylor et al., 2003). The separation of meteoric Ba endmembers to calculate Ba depletion should 

improve estimates of POC export using this technique. Estimates of POC export from the Arctic 

Ocean, especially over the Siberian shelves and slopes, are rather sparse (Lalande et al., 2009a, 

2009b) and the use of Ba depletion as a proxy of POC export may allow for rough estimates to 

become more accessible. As ice free days are expected to extend in the Arctic with reduced 

summer sea ice extent and later fall sea ice formation, the degree of Ba removal from surface 

waters to sediments will likely reflect the expected changes in biological activity (e.g., Arrigo et 

al., 2008).

During the 2018 NABOS cruise, shipboard fluorometry measurements (data not shown) 

were predominately low and nitrate concentrations within the upper 0 to 30 m of the water 

column were close to, or at, 0 mmol m-3 NO3 (data not shown) throughout the study area. Low 

nitrate distributions throughout the upper 30 m of the water column indicated biological 

production was largely remineralized production (NH4-based) and not new/export production 

(NO3-based). The low nitrate and chlorophyll fluorescence strongly suggests little to no active 

new/export production occurred during the cruise. The persistence of low, but nonzero, Ba 

depletion over much of the water column throughout the study area indicates that assessing Ba 
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depletion should be better equated with new/export production over seasonal timescales rather 

than POC export on timescales of days or weeks. (e.g., Arrigo et al., 2008).

As observed in other studies, the degree of excess Ba observed along the ESSCST shelf/slope 

may be sourced from remineralization of shelf sediments/bottom waters or the water column 

(Abrahamsen et al., 2009). However, remineralization of Ba is not necessarily seasonal as 

particulate Ba could be deposited in the sediments for long periods before dissolution and release 

to overlying bottom waters occurs (Dehairs et al., 1997). Assessing the degree of excess Ba may 

provide a better proxy of offshore shelf movement rather than contributing to POC estimations.

Comparing the degree of Ba depletion from previous Siberian Arctic Ocean studies may 

provide insight to temporal changes in the magnitude of Ba removal from surface waters. Figures 

2.6a and 2.6c depict vertical profiles of Ba distributions down to 1000 m depth, where the effects 

of Ba remineralization at depth from biological removal along the continental slope can be 

observed in subsequent Ba depletion (Figures 2.6b and 2.6d), with little impact of 

remineralization observed in the basins. Along the LSCST, observed Ba depletion (between 0 to 

25%) may be sourced from previously biologically scavenged waters from the Barents and Kara 

shelfs, and as such, sampled waters were inherently Ba-depleted and had moved eastward along 

the slope (e.g., Janout et al., 2015, 2017; Laukert et al., 2019). Specifically, where the highest Ba 

depleted waters were observed along the LSCST, were relatively cold (~ -2 °C) and fresh (~ 29), 

and likely originated as nutrient-depleted shelf waters from the Barents and Kara Seas that 

moved eastward along the continental slope, or via the Vilkitsky Strait, as very little generally 

gets advected directly onto the shelf (e.g., Janout et al., 2015; Laukert et al., 2017). Inherent Ba 

depletion signals were likely observed throughout the studied region and the observed excess 

waters (e.g., along the ESSCST shelf/slope region) are indicative of net regeneration over 
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depletion that likely occurred over the shelf. The inherent Ba depleted shelf signals should be 

considered when utilizing Ba depletion as a proxy of POC export along the slopes. For example, 

the presence of an integrated Ba depleted signal along the LSCST may not inform upon POC 

export in the Laptev Sea, but rather applied on a broader scale to provide general insights of 

seasonal POC export over the eastern Arctic slope region.

Comparison of this study to a similar 2007 Eastern Arctic Ocean Ba study yielded 

somewhat similar degrees of Ba depletion with relatively high excess Ba at depth (Roeske et al., 

2012b). Barium values measured at 25 m depth over the Barents and Kara shelf/slope were 

similar to what we observed along the LSCST shelf/slope (Figure 2.7) (Roeske et al., 2012). 

Similar Ba depletion (~ 20%) was observed in surface waters (<10 m) over the Laptev 

continental slope with a large ~ 40% excess Ba observed at depth (Roeske et al., 2012). 

However, the 2007 study went further inshore (~ 75 °N, 125 °E) than our ~ 126 °E LSCST and 

sampled a station over the Laptev Shelf where a Ba concentration of ~ 90 nM was observed, ~ 

2.5x higher than what this study measured along the Laptev slope (Figure 2.7) (Roeske et al., 

2012). Likely, the reported elevated Ba was due to remineralization over the Laptev shelf in 

stations that were occupied further inshore. Throughout the 2007 study, a meteoric water Ba 

endmember of 130 ± 15 nM Ba was assigned to represent the entire study area (~ 75 °N to 90 

°N, and ~ 30 °E to 125 °E), where sampled stations within the Siberian Arctic were all located 

west of the Lomonosov Ridge. Because measured Ba concentrations were similar along the 

slope, discrepancies between excess/depleted Ba concentrations between our study and the 2007 

study was likely an outcome of using different meteoric water Ba endmember assignments, 

temporal differences between shelf processes, and/or differences in annual/interannual POC 

export. An additional 2007 Ba study (Abrahamsen et al., 2009) found that the Kara Sea shelf 
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waters west (~ 78 °N, 130 °E) of the LSCST was mostly depleted in the near-surface depths of 

the water column, where nitrate was close to zero. The 2007 study reported a range of 

excess/depleted Ba concentrations -60 to 20 nM Ba west of the Lomonosov Ridge (Abrahamsen 

et al., 2009). In a parallel 2007 study, 234Th/238U disequilibrium was used to provide particulate 

organic carbon (POC) flux estimates for the Eurasian Arctic shelves and central Arctic Ocean 

basin (Cai et al., 2010). The highest mean POC export was observed in the Barents Sea (5.5 ± 

1.2 mmol POC m-2 d-1) followed by the Laptev Sea (2.9 ± 1.8 mmol POC m-2 d-1) (Cai et al., 

2010). Likely, Ba depleted waters observed along the LSCST come from shelf seas where Ba 

was previously removed via biological production. The range of excess/depleted Ba observed in 

this study (-10 to 20 nM Ba) aligns better with estimated POC export observations (Cai et al., 

2010) compared to the range observed in the 2007 Ba study (Abrahamsen et al., 2009). Reported 

POC export values (Cai et al., 2010) were the lowest ever reported in an oligotrophic basin 

(central Arctic Ocean, 0.2 ± 1 mmol POC m-2 d-1). Thus, biological removal of Ba from surface 

waters within the Arctic Ocean basins may be negligible and the assumption that Ba behaves 

conservatively in the basins may be viable. However, the assumption that Ba behaves 

conservatively may not be applicable within the Arctic shelf seas.
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Figure 2.7 Surface maps of literature Ba concentrations (nM) measured at a depth of 25 m 
throughout July and August of 2007 by Roeske et al., 2012. Data made available by PANGAEA 
Data publisher for Earth and Environmental Science. Comparative Ba values from this study are 
outlined in red.

Shelf processes along the wide ESSCST can explain the observed Ba distributions along 

the ESSCST. Unlike the LSCST which observed only Ba depletion, the ESSCST bottom waters 

along the slope exhibited ~ 22% excess Ba from expected values. Likely, waters containing 

excess Ba are remnant shelf winter waters which have higher than expected Ba concentrations 

due to remineralization of POC within shelf sediments. The remnant bottom shelf waters likely 

originated from the previous winters' layer moving offshore along a constant isopycnal. The 

continental slope bottom waters have a distinct shelf signal that likely propagated northward 

along the ESSCST into the Makarov Basin. The negative SIM fraction at the East Siberian 

continental slope can corroborate our claim that winter remnant shelf bottom water is responsible 

for the excess Ba as these waters are influenced by the expulsion of brine during sea ice 

formation (Figure 2.5e). In addition to excess Ba at the continental slope bottom waters, ~ 20% 

Ba depletion was observed within the upper water column (< 10 m) above the East Siberian
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continental slope. Barium depletion in the upper 10 m of the East Siberian Sea and along the 

continental slope can likely be attributed to biological removal. However, a previous Siberian 

Arctic Ba study can corroborate our observations of a homogenous Ba depletion of ~ 10 to 20% 

observed in waters less than 300 m depths along the ESSCST and into the Makarov Basin 

(Roeske et al., 2012). This pattern can likely be explained by low production and export over the 

slopes and deep basins with net remineralization occurring on the shelves that are advected 

northwards into the halocline.

2.6 CONCLUSION

This study aimed to utilize the distributions of geochemical parameters (Ba, δ18O, and 

salinity) to better understand the distribution of meteoric water throughout the Siberian Arctic 

from August to September 2018 during the Nansen and Amundsen Basin Observatory System 

(NABOS) expedition. These data provide a better understanding of river contributions to 

different parts of the Siberian slopes and Eurasian (Amundsen and Makarov) Basin. 

Relationships between distributions in geochemical parameters suggest different spreading 

pathways for Siberian rivers east and west of the Lomonosov Ridge. The utility of Ba as a tracer 

of shelf processes was assessed by calculating Ba depletion using an Arctic water type analysis 

and measured Ba concentrations. Barium depletion calculations were improved by using a two- 

endmember meteoric water assignment to account for the varying contributions of Siberian rivers 

west (90 nM Ba) and east (130 nM Ba) of the Lomonosov Ridge. The degree of Ba depletion can 

be attributed to POC export and remineralization. Thus, measuring Ba may improve upon proxy 

estimates for carbon export. West of the Lomonosov Ridge, little Ba depletion (~ 0 to 5 nM Ba) 

was observed over the continental slope and into the basin. East of the Lomonosov Ridge, Ba 
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tended to be depleted (~ 5 to 10 nM Ba) in surface waters (< 25 m) with excess Ba (~ 10 to 15 

nM Ba) over the East Siberian Shelf. Little Ba depletion (~ 0 to 5 nM Ba) was observed over the 

Amundsen and Makarov Basins. Thus, biological activity may influence the utility of Ba as a 

tracer over shelf seas and slopes, but within the Eurasian basins, biological removal of Ba can be 

considered negligible.

The utility of Ba as a tracer of meteoric waters remains widely disputed. Barium is an 

imperfect tracer of Arctic meteoric waters due to biological removal and estuarine processes. As 

the Arctic Ocean progresses towards ice-free summers, biological activity may further impact the 

utility of Ba as a tracer of meteoric water. However, understanding Ba depletion distributions 

may provide an additional tool for studying the evolution of shelf processes. While uncertainties 

of Ba as a tracer of meteoric water persist, the use of additional geochemical tracers (e.g., rare 

earth elements and total alkalinity) and model simulations can build and improve upon this work.
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CHAPTER 3: Spatiotemporal variability of barium and δ18O inputs to halocline waters along 

Siberian continental slope3

3 Bolt, C., Alkire, M. B., Rember, R., & Aguilar-Islas, A. M. Spatiotemporal variability of barium 
and δ18O inputs to halocline waters along Siberian continental slopes

3.1 ABSTRACT

The Arctic Ocean is undergoing rapid change with notable acceleration within the past two 

decades. This paper investigated the interannual variability of freshwater distribution pathways 

throughout the late summer months (August-September) of 2013, 2015, and 2018 along the 

Siberian continental shelves/slopes (Kara, Laptev, and East Siberian) and into the subsequent 

basins (Nansen, Amundsen, and Makarov basins, respectively) and their relation to broader 

atmospheric circulation patterns over the Arctic Ocean. Spatiotemporal distributions of 

geochemical tracers (δ18O and salinity) were applied to an Arctic water type analysis, which 

produced rough estimates of three Arctic Ocean water mass (sea ice melt, meteoric water, and 

Atlantic water) fractions along the Siberian Arctic continental slopes. Our data of estimated sea 

ice melt and meteoric water distributions showed interannual and regional variability that could 

be related to atmospheric forcings. Prevailing surface wind patterns during late summer 2015 

favored an offshore release of meteoric water, whereas surface wind patterns in 2013 and 2018 

favored a weak onshore retention of meteoric water. This pattern was more apparent along the 

Laptev Sea region. Additionally, spatiotemporal dissolved barium distributions showed a source 

of dissolved barium along the East Siberian shelf bottom waters that extended from the 

shelf/slope into the Makarov basin during the late summer of 2015. In contrast, the late summer 
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of 2018 exhibited a dissolved barium source signal that was confined to the East Siberian 

shelf/slope and did not extend into the basin.

3.2 INTRODUCTION

The Arctic Ocean is a semi-enclosed basin encompassed by wide and relatively shallow 

shelf seas. The Arctic Ocean makes up ~ 1% of the world's ocean volume yet receives ~ 10% of 

the world's annual river discharge (e.g., Forbes, 2019). The Arctic Ocean's large freshwater 

storage creates a density gradient that increases with depth and basin-wide stratification, 

resulting in the estuarine-like characteristic that dominates the Arctic Ocean (e.g., Carmack et al., 

2015). A simplified, general three-layer structure can be utilized to describe the Arctic Ocean's 

vertical composition: a low salinity surface mixed layer, the halocline layer, and the relatively 

warm (>0 °C) and salty (>34) underlying Atlantic waters (AW). The Arctic Ocean's prominent 

cool and relatively fresh layer resides within the upper 200 m of the water column and overlays a 

relatively warm and salty Atlantic-derived waters (AW), creating a prominent halocline where 

salinity increases rapidly with depth as the cooler fresher waters meet the AW (e.g., Spielhagen 

& Bauch, 2015).

The halocline has a pivotal role in preventing the upward advection of heat, and thus 

facilitates the formation of sea ice, by capping the warm AW layer (e.g., Hansen et al., 2008; 

Schauer et al., 2008). Sources of freshwater to the Arctic Ocean include Pacific water inflow via 

the Bering Strait (e.g., Aksenov et al., 2016; Jones et al., 1998; Woodgate et al., 2006), sea ice 

melt (SIM) (e.g., Alkire et al., 2019; Rabe et al., 2014), and meteoric water (MW) (e.g., Alkire et 

al., 2015, 2017; Anderson et al., 2004). The term MW encompasses waters that originated from 

atmospherically derived sources and underwent distillation (such as precipitation) and 

continental runoff (e.g., river runoff, glacial melt, permafrost melt, etc.) (Alkire et al., 2017). The 
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major sink of freshwater (liquid and solid) is the annual export (~ 2000 to 3500 km3 yr-1) via 

Fram Strait and the Canadian Arctic Archipelago towards the North Atlantic Ocean, potentially 

impacting North Atlantic deep water formation, a process coupled to global thermohaline 

circulation (e.g., Aagaard & Carmack, 1989; Koenigk et al., 2007).

Unique to the Arctic Ocean are the wide, relatively shallow continental shelves that 

encompass ~ 50 % of the Arctic Ocean's surface area (e.g., Aagaard et al., 1981). Shelf seas have 

an essential role in key Arctic processes such as sea ice formation, mediation of freshwater 

inputs, support of primary production via nutrient supply, and modulation of heat storage 

(Carmack et al., 2015; Fransson et al., 2001; Janout et al., 2020; Polyakov et al., 2008; 

Yamamoto-Kawai et al., 2008). The shelf seas have a major role in the basin-wide distributions 

of MW, AW, and brine-influenced water that can ultimately ventilate the Arctic Ocean's deep 

waters (e.g., Karcher & Oberhuber, 2002; Schauer et al., 2008; Semiletov et al., 2005). Shelf seas 

are influenced by seasonally high inputs of MW during the spring months (e.g., Holmes et al., 

2012; Overeem & Syvitski, 2010; Rember & Trefry, 2004). The Arctic Ocean's shelves can be 

split into the North American shelf seas (Chukchi, Beaufort and Lincoln Seas) and the Eurasian 

shelf seas (Barents, Kara, Laptev, and East Siberian Seas). Shelf seas from either side of the 

Arctic Ocean mediate large MW inputs from the six major Arctic rivers; the North American 

shelf seas are influenced by seasonal fluvial discharges from the North American rivers 

(Mackenzie and Yukon) and the Eurasian shelf seas are influenced by seasonal fluvial discharges 

from the Siberian rivers (Ob', Yenisey, Lena, and Kolyma) (e.g., Anderson et al., 2004; Klunder 

et al., 2012; Koenigk et al., 2007; Sonke et al., 2018).

In addition to shelf seas, recent studies have suggested that the continental slopes have an 

essential role to the Arctic Ocean system (Bluhm et al., 2020; Janout et al., 2020; Polyakov et al., 
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2020a). Waters along the continental slopes are impacted by MW, SIM, shelf modified waters, 

and the inflows of Pacific water via the Bering Strait and AW via Fram Strait (e.g., Jones et al., 

1998; Laukert et al., 2017; Mysak, 2001). Water masses along the continental slopes contribute 

to the freshwater budget, strength and ventilation rate of the halocline, heat flux and budget, 

nutrient flux, and primary production throughout the Arctic Ocean (e.g., Aagaard et al., 1981; 

Aagaard & Carmack, 1989; Arrigo & van Dijken, 2015; Carmack et al., 2015; Karcher & 

Oberhuber, 2002; Mysak et al., 2001; Polyakov et al., 2020a, 2020b). Should the stratification of 

the halocline weaken, the weakened suppression of AW may result in an upward heat flux, 

potentially accelerating the regional rate of sea ice loss (e.g., Carmack et al., 2015; Hansen et al., 

2008). Additionally, continental slopes have been observed to be regions of relatively high 

biological productivity for the Arctic Ocean (Bluhm et al., 2020).

Spatiotemporal distributions of Arctic water mass distributions, specifically MW, are not 

well constrained throughout the Arctic Ocean. In particular, very little is known about water 

mass distribution pathways throughout the Siberian Arctic Ocean (shelf seas, continental slopes, 

and deep basins), a region that has undergone rapid change (e.g., enhanced freshwater MW 

transport and reduced summer sea ice extent) throughout the past two decades (e.g., Bauch et al., 

2013; Dmitrenko et al., 2008; Osadchiev et al., 2020). Distribution pathways of MW throughout 

the Siberian Arctic Ocean are known to be influenced by localized prevailing (> 1 month) wind 

patterns over the shelves (e.g., Bauch et al., 2011; Janout et al., 2015, 2017) and the larger 

sustained wind patterns over the central basin, which are coupled to differences between the 

Arctic Oscillation and North Atlantic Oscillation (e.g., Ambaum et al., 2001; Cornish et al., 

2020; Morison et al., 2012).
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Differences between individual river drainage basins give rivers unique geochemical 

signatures that have the potential to be utilized to trace regional and individual river spreading 

pathways throughout the Arctic Ocean (e.g., Cooper et al., 2008). Differences between dissolved 

(<0.2 μm) barium (dBa) and alkalinity riverine endmembers have been previously utilized, with 

some degree of success, to tease apart MW contributions from North American rivers versus 

Eurasian rivers over the Canada Basin (e.g., Guay et al., 2009; Yamamoto-Kawai et al., 2008). 

Previous studies have utilized dBa as a tracer of fluvial inputs to provide robust estimates of 

freshwater distributions throughout the Arctic Ocean (Abrahamsen et al., 2009; Hendry et al., 

2018; Roeske et al., 2012; Thomas et al., 2011). However, the application of dBa as a freshwater 

tracer is imperfect as Ba is a bio-intermediate element, as reflected in its nutrient-type vertical 

profiles throughout the water column, and can be scavenged from surface waters via biologically 

mediated processes and subsequently remineralized at depths (e.g., Abrahamsen et al., 2009; 

Roeske et al., 2012). Thus, when utilizing dBa as a freshwater tracer it is important to consider 

the non-conservative nature and account for both the magnitude of Ba depleted in surface waters 

(underestimation) and the excess at depth (overestimation) (Abrahamsen et al., 2009; Roeske et 

al., 2012). Recent Arctic studies have continued to explore the potential utility of other 

geochemical tracers, such as rare earth elements (Laukert et al., 2017), to better constrain 

individual riverine spreading pathways. In addition to river inputs, geochemical tracers, such as 

oxygen isotope ratios (δ18O) and salinity (e.g., Alkire et al., 2017), have been used to provide 

robust estimates of Arctic water masses (MW, SIM, AW, and PW).

This study aims to investigate spatiotemporal distributions of Arctic water masses along 

the Siberian Arctic continental slopes throughout the late summer months of 2013, 2015, and 

2018 as part of the Nansen and Amundsen Basin Observatory System (NABOS) cruises. An
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Arctic water type analysis that utilized the chemical tracers δ18O and salinity was used to 

estimate water mass fractions. Additionally, this study investigates the spatiotemporal 

distributions of dBa throughout the three NABOS cruise years and builds upon the suggestion 

that two Ba endmembers should be used to better represent MW in the Siberian Arctic Ocean, 

rather than the conventional single MW Ba endmember (Chapter Two). The use of two Ba 

endmembers to better represent MW within this region accounts for the differences between the 

western and eastern Siberian river spreading pathways. We compare the distributions of the three 

chemical tracers (dBa, δ18O, and salinity) from the three cruise years to better understand the 

spatiotemporal differences of freshwater (MW and SIM) throughout the surface and subsurface 

of the water column.

3.3 METHODS

Sample Collection and Analyses

Seawater samples were collected throughout 3 expedition efforts as part of the Nansen 

and Amundsen Observatory System (NABOS) during the late summer months of 2013 (23 

August-19 September), 2015 (28 August-26 September), and 2018 (21 August-24 September). 

Samples were collected across the Kara, Laptev, and East Siberian continental slopes and into 

the Nansen, Amundsen, and Makarov Basins of the Arctic Ocean, respectively (Figure 3.1). 

During the 2013 cruise, a total of 116 hydrographic stations aboard the R/V Akademik Fedorov 

were sampled across six transects spanning from ~ 90 °E to 158 °E (Figure 3.1a). During the 

2015 cruise, a total of 94 hydrographic stations were sampled aboard the R/V Akademik 

Tryoshnikov across 5 transects spanning from ~ 95 °E to 180 °E (Figure 3.1b). Of the three 

cruises, the 2015 expedition sampled the furthest east (across the East Siberian Sea continental 

slope). During the 2018 cruise, a total of 126 hydrographic stations were sampled aboard the R/V 
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Akademik Tryoshnikov across six transects spanning from ~ 100 °E to 165 °E (Figure 3.1c). Both 

2015 and 2018 employed similar sampling schemes and shared 3 common cross-slope transects. 

Throughout all three NABOS expeditions, geochemical parameters were collected at regular 

depth intervals (2 m, 10 m, 20 m, 30 m, 40 m, 50 m, 60 m, 80 m, 90 m, 100 m, 110 m, 120 m, 

130 m, 140 m, 150 m, 200 m, 250 m, 500 m, 750 m, 1000 m, 2000 m, and 10 m from the bottom 

depth). During the 2015 and 2018 cruises water column sampling continued to depth intervals of 

1000 m, 2000 m, and 10 m from the bottom depth. The Laptev Sea continental slope transect at ~ 

126 °E (LSCST) was sampled during all three expeditions. Additionally, stations along the ~ 100 

°E transect were sampled relatively consistently in all three cruise years. However, because the 

geochemical distributions were similar to the LSCST, only vertical profiles along the LSCST 

will be presented.

Throughout the three expeditions, hydrographic parameters (salinity, temperature, and 

depth) were measured using a Seabird SBE911plus CTD (conductivity-temperature-depth) 

equipped with dual temperature and conductivity sensors. A Benthos PSA-916 altimeter was 

employed to ensure casts ended within 5 m of the seafloor. Additional biogeochemical sensors 

were attached that measured dissolved oxygen (Seabird SBE43), chlorophyll fluorescence and 

turbidity (Wet Labs ECO-FLNTU), beam transmission and attenuation (WET Labs C-star 

transmissometer), photosynthetically-active radiation (PAR) (Biospherical model QCP2350), 

and nitrate (Satlantic Deep Submersible Ultraviolet Nitrate Analyzer or SUNA). In addition to 

sensors, twenty-four 10 L Niskin bottles were mounted on the rosette to collect samples for Ba, 

δ18O, nutrients, dissolved oxygen, dissolved inorganic carbon, and chlorophyll at specified depth 

intervals.
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Figure 3.1 Nansen and Amundsen Basin Observatory System (NABOS) hydrographic stations collected from August-September 
2013 (a), 2015 (b), and 2018 (c).



Methods for geochemical (δ18O, nutrients, and Ba) sample collection and analysis 

described below follow the same procedures described in Chapter Two. Briefly, seawater for 

δ18O analysis was collected directly from Niskin bottles into 20 mL Cole-Parmer glass vials and 

secured with PTFE-lined caps that were subsequently wrapped with Parafilm M® to prevent 

evaporation. The δ18O vials were shipped to the Oregon State Stable Isotope Laboratory for 

analysis via the CO2 equilibration method using a Finnegan Mat 251 Mass Spectrometer (e.g., 

Alkire et al., 2017). Methodology precision was determined with analysis of shipboard replicates 

and found to be ± 0.04 ‰. Additional quality controls were measured against a standard (Vienna 

Mean Standard Ocean Water (VSMOW) to ensure accuracy of reported δ18O values.

Sampled seawater for Ba analysis was collected into trace metal cleaned (Cutter et al., 

2010) 25 ml Thermo Scientific HDPE wide-mouth bottles and spiked with Optima hydrochloric 

acid (HCl) to pH 2. Ba isotopes were analyzed using high resolution inductively coupled plasma 

mass spectrometry (HR-ICP-MS) at the International Arctic Research Center located within the 

University of Alaska Fairbanks following isotope dilution procedures described in (Guay & 

Falkner, 1997). A Spex Industry standard 135Ba stock solution (10 μg ml ) made from BaCO3, 

was diluted one hundred-fold to make a spike. Enrichment of 135Ba in the spike was determined 

using HR-ICP-MS. Once the ratio of 138Ba∕135Ba in the spike was quantified, 100 μL of sampled 

seawater was spiked with 100 μL of the 135Ba-enriched solution and diluted with 9.8 mL of pH 2 

(Optima grade HCl) MilliQ® water. Quality controls included analysis of shipboard sample 

duplicates, method duplicates, and certified reference materials: SLRS-5 (river water reference 

material by National Research Council of Canada) and GSC (2009 GEOTRACES coastal surface 

seawater). Methodology precision of 138Ba analyses was determined to be less than 2% based on 

the mean standard deviation of duplicates and standard reference materials.
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Water mass fractions were calculated following the methodology outlined in Alkire et al., 

2015. Briefly, three water mass fractions (Atlantic water (AW), sea ice melt (SIM), and meteoric 

water (MW)) were calculated using δ18O and salinity endmembers (Table 3.1). To compare 

temporal changes in water mass fractions, the Laptev continental slope transect (LSCST) will be 

highlighted (~ 126 °E) throughout the 2013, 2015, and 2018 expeditions, as this transect was re

occupied during all three cruise years. Additionally, temporal differences in water mass fractions 

and geochemical parameters along the Laptev to East Siberian Sea transitional continental slope 

transect (ESSCST) (~ 142 °E) and the East Siberian Sea continental slope transect (~ 163 °E) 

that were occupied in 2015 and 2018 will be compared and discussed.

Table 3.1 Endmember definitions used in a three-component mass balance. The central 
value is given in the top of each box, with the defined range (bracketing this central value) 
listed in italicized type. Ba was not used for water type analysis; listed ranges were used to 
compute Ba uncertainties for calculated Ba depletion. Meteoric water Ba endmembers 
listed are for west and east (underlined) of the Lomonosov Ridge (~ 140 °E).

Water type Ba (nM) δ18O (‰) Salinity
Sea ice melt 8a 0.2b 1c

range 0 to 12 -2 to 0.3 8-Feb

Meteoric water West East -2d 0

90 130 -18 to -22 n/arange 80 to 100 110 to 150

Atlantic water 43a 0.3e 34.92e

range 40 to 46 0.25 to 0.35 34.85 to 35

aGuay et al., 2009; bEkwurzel et al., 2001; cEicken et al., 2002 and Pfirman et al., 2004; dCooper 
et al., 2008; eYamamoto-Kawai et al., 2008
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Barium depletion was determined following the procedures outlined in Chapter Two.

Briefly, to calculate Ba depletion, results from Chapter Two suggests using a MW dBa 

endmember of 90 ±10 nM Ba when analyzing samples collected from west of the Lomonosov 

Ridge (~ 90 °E to 140 °E) and a meteoric water endmember of 130 ± 20 nM Ba for samples 

collected east of the Lomonosov Ridge (~ 140 °E to 180 °E). The assignment of two different 

meteoric water endmembers accommodates for the differences in major Eurasian riverine (Ob, 

Yenisey, Lena, and Kolyma rivers) contributions throughout our study region. The utilization of 

two different Ba endmembers west/east of the Lomonosov Ridge was based on data collected 

during the 2018 expedition. The application of this method to analyze data collected during the 

2013 and 2015 expeditions will be explored in this study.
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3.4 RESULTS

Hydrography
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Figure 3.2 Maps of salinity (a, f, and k), temperature (°C) (b, g, and l), and δ18O (‰) (c, h, and m), dissolved Ba (nM) (d, i, and n), 
and MW (%) (e, j, and o) at a depth of 20 m from 2013 (a-e), 2015 (f-j), and 2018 (k-o) cruises.



The distributions of salinity, temperature, δ18O, and Ba are depicted in Figure 3.2 at a 

water column depth of 20 m for the 2013 (Figures 3.2a-3.2e), 2015 (Figure 3.2f-3.2j), and 2018 

(Figures 3.2k-3.2o) expeditions. In general, west of the Lomonosov Ridge (longitude < 140 °E) 

subsurface (20 m) Ba (40 to 45 nM Ba) concentrations were similar to AW endmember range 

throughout all three sampled years. Geochemical parameters, specifically δ18O, support that little 

MW was encountered west of the Lomonosov Ridge along the continental slopes throughout all 

three years (Figures 3.2e, 3.2j, and 3.2o). Instead, most of the near-surface freshwater 

encountered west of the Lomonosov Ridge was due to SIM. During the 2013 and 2018 cruises, 

δ18O distributions west of the Lomonosov Ridge were isotopically heavier in the basin (-1 to 0.5 

‰) with values similar to or higher than that of the AW endmember (+0.24 ‰). During the 

2015 cruise, δ18O distributions from ~ 140 °E to 120 °E tended to be isotopically lighter (-4 to -1 

‰) than the other two sampled years. However, during 2015, δ18O values measured west of ~ 

120 °E were similar to the AW endmember (~ 0.5 ‰). Throughout all three cruises, temperature 

ranged from -2 to 0.5 °C with a few stations along the continental slope observed to have 

elevated temperatures (~ 1 to 3 °C). The highest subsurface temperature (3 °C) was observed 

during 2018, along the East Siberian Sea continental shelf at approximately ~ 150 °E.

In general, geochemical parameters east of the Lomonosov ridge (longitude > 140 °E) 

had values indicative of meteoric water influence. During 2013, few stations were sampled east 

of the Lomonosov ridge. 2015 and 2018 subsurface geochemical distributions east of the 

Lomonosov Ridge ranged from 26 to 30.5 (salinity), -5 to -1.5 ‰ (δ18O), and 20 to 70 nM Ba. 

The highest Ba values (70 nM Ba) were observed during the 2015 expedition along the furthest 

east (~ 170-180 °E) transects
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Figure 3.3 Vertical profiles focused on the upper 300 m of the water column along the ~ 126 °E Laptev Sea continental slope transect 
(LSCST) for 2013 (a-d), 2015 (e-h), and 2018 (i-l). Salinity (a, e, and i), temperature (°C) (b,f, and j), δ18O (‰) (c, g, and k), and Ba 
(nM) (d, h, and l) are shown. Figure generated using a 50 noise to signal DIVA gridding method.



Sections of salinity, temperature, δ 18O, and Ba from the Laptev Sea continental slope 

transect (LSCST), with a focus on the upper 0-300 m, are depicted in Figure 3.3 for the three 

cruise years. In each year, salinity was relatively high (> 34) below 50 m (Figures 3.3a, 3.3e, and 

3.3i); however, lower salinity was observed at the Laptev continental slope (~ 77 °N) in 2015 

and 2018, indicative of influence by fresher (~ 28) waters than what was observed in 2013 (~ 

32). Geochemical parameters along the LSCST can be used to describe the interannual 

differences between the typical three-layer vertical structure; the polar mixed layer, halocline, 

and underlying AWs.

In general, δ 18O distributions during the 2013 and 2018 cruises along the LSCST were 

similar, with a slight enrichment of the lighter isotope (~ -2 to -1 ‰) observed within the upper 

25 m of the water column above the continental slope (~ 76.5 to 78 °N) and over the basin 

towards the end of the transect (~ 80 to 81.6 °N) (Figures 3.3c and 3.3k). During 2015, δ 18O 

distributions along the LSCST varied slightly with higher enrichment of the lighter isotope (~ -3 

‰) observed within the upper 30 m of the water column above the continental slope, with a 

plume of isotopically lighter (~ -2 to -1.5 ‰) δ18O values observed along the upper 30 m of the 

transect (Figure 3.3g). In general, Ba distributions along the LSCST throughout all three cruise 

years were similar and mostly exhibited low Ba concentrations (~ 40 nM Ba) (Figures 3.3d, 3.3h, 

and 3.3l). However, during all three cruises, higher barium concentrations (~ 60 nM Ba) were 

observed over the continental slope (~ 76.5 to 78 °N), with an especially strong signal observed 

in 2013 where the “plume” was observed up to 100 m depth; during both 2015 and 2018, the 

higher Ba concentrations were confined to the upper 50 m of the water column (Figures 3.3d, 

3.3h and 3.3l).
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salinity (a and e), temperature (°C) (b and f), δ18O (‰) (c and g), and Ba (nM) (d and h). 
Isopycnals shown with white lines and labels for salinities ranging from 28 to 35. Figure 
generated using a 50 noise to signal DIVA gridding method.
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Sections of salinity, temperature, d18O, and Ba from the ~ 163 °E East Siberian Sea 

continental slope transect (ESSCST), occupied during the 2015 (a-d) and 2018 (e-h), are shown 

in Figure 3.4. In general, geochemical parameters appeared to have more distinct differences 

between the two cruise years east of the Lomonosov Ridge than the LSCST (west of the 

Lomonosov ridge). A freshwater lens (~ 26 to 29) was observed in the upper 25 m during the 

2015 cruise and extended the length of the transect (Figure 3.4a). A lesser freshwater lens (~ 28 

to 30) was observed within a similar depth range in 2018 but did not extend the length of the 

transect (Figure 3.4e). The water mass immediately beneath the freshwater lens is the halocline 

layer (salinity of ~ 31-34) which extended deeper into the basin along the ESSCST during the 

2015 cruise (~ 125 m) than the 2018 cruise (~ 90 m) (Figures 3.4a and 3.4e). Unlike the LSCST, 

cooler waters (~ -2 to -0 °C) were observed to dominate the upper 300 m of the water column 

along the ESSCST throughout the 2015 and 2018 cruises (Figures 3.4a and 3.4f). However, 

during 2015, the warmer (~ 1 °C) AW paralleled the continental slope (~ 77 to 79.6 °N) at a 

water depth of 100 to 300 m where throughout 2018 the AW was capped at 200 m.

In general, δ18O distributions throughout 2018 tended to be isotopically lighter (~ -3 to - 

1.2 ‰) within the upper 50 m of the water column than what was observed during 2015 cruise 

along the ESSCST (Figures 3.4c and 3.4g). However, during the 2015 cruise, the isotopically 

lighter δ18O waters (~ -2 to -1 ‰) extended to 100 m (Figure 3.4c). A plume of higher Ba (~ 60

90 nM Ba) waters was observed over the continental slope along the ESSCST during both cruise 

years (Figures 3.4d and 3.4h). The high Ba plume observed in 2015 extended the entire length of 

theESSCST, whereas in 2018 the observed Ba plume remained over the continental slope (~ 75

76.5 °N) (Figures 3.4d and 3.4h).
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Figure 3.5 Water mass percentages of meteoric water (MW) (a, d, and g), sea ice melt (SIM) (b, 
e, and h), and Atlantic water (ATL) (c, f, and l) along the ~ 130 °E Laptev Sea continental slope 
transect (LSCST) from 2013 (a-c), 2015 (d-f), and 2018 (g-i) cruises. Isohalines ranging between 
28 and 35 are shown as white lines. Figure generated using a 50 noise to signal DIVA gridding 
method.
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Water Mass Fractions

Fractions of sea ice melt (SIM), meteoric water (MW), and Atlantic water (AW) 

observed along the LSCST during the 2013, 2015, and 2018 cruises are shown in Figure 3.5. The 

MW content remained within the upper 100 m of the water column throughout the three cruise 

years along the LSCST (Figures 3.5a, 3.5d, and 3.5g). The MW fractions were highest (~ 10 to 

20 %) along the LSCST during the 2015 cruise (Figure 3.5d). For the 2013 cruise, MW (~ 5 to 

15 %) distributions were estimated to extend the length of the LSCST (Figure 3.5a). The lowest 

percent (~ 0 to 10 %) fraction of MW was observed along the LSCST during the 2018 cruise 

(Figure 3.5g). SIM distributions differed somewhat among the three cruise years, specifically, 

the location where the positive SIM maxima were located as well as the thickness and extent of 

the brine-enriched layer (negative SIM). In 2013, the sea ice maximum was located close to the 

slope (~ 77.8 °N), whereas SIM maxima were located further offshore in 2015 and 2018 (Figures 

3.5c, 3.5f, and 3.5i). In 2013, minimum SIM fractions (i.e., the brine-enriched layer) extended 

the length of thee transect at ~ 50 m depth and then shoaled at the northern end (~ 81 °N) of the 

transect. In contrast, the brine layer was restricted to offshore stations (> 78 °N) and extended 

over a greater depth range (25-100 m) in 2015 (Figures 3.5c and 3.5f). The brine layer appeared 

weakest in 2018; two SIM minima were observed, one over the slope (~ 76.5 to 77 °N) and the 

second further offshore (~ 81 to 81.5 °N) (Figure 3.5h). Throughout all three cruise years, AW 

was the dominant water mass at all depths, with values ranging from 75 to 95 % in the upper 50 

m of the water column and > 95 % at depths greater than 50 m (Figures 3.5c, 3.5f, and 3.5i).

Similar to Figure 3.5, Figure 3.6 depicts the estimated fractions of MW, SIM, and ATL 

from the 2015 and 2018 cruises within the upper 300 m of the water column along the ESSCST 

(~ 160 °E). In general, estimated MW content throughout the 2018 cruise was confined to the 

upper 75 m and its fraction ranged from ~ 5 to 20 % along the entire length of the transect
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(Figure 3.6d). Estimated MW distributions during the 2015 cruise extended down to 150 m and 

ranged from 5 to 20 % along the entire length of the transect (Figure 3.6a). The estimated SIM 

distribution along the ESSCST exhibited differences between the two cruise years. In 2015, SIM 

fractions were largely positive (~ 10 %) within the upper 30 m of the water column over the 

length of the transect. In 2018, SIM fraction ranged from ~ 1 to 10 % in the upper 30 m of the 

ESCST and was restricted to latitudes < 78.5 °N (Figure 3.6e). During the 2015 cruise, brine- 

influenced waters extended from 40 to 150 m and the SIM fraction ranged from ~ -5 to 0 % 

(Figure 3.6b). Throughout the late summer of 2015, there did not appear to be a collection of 

high negative SIM fractions, however, brine was present over the length of the transect. In 

contrast to 2015, SIM estimates for 2018 exhibited concentrated brine-influenced waters in a 

layer between 25 and 75 m offshore (~ 77 to 79 °N) (Figure 3.6e). Similar to the LSCST, AW 

was the dominant water mass at all depths during both cruise years.
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Figure 3.6 Water mass percentages for meteoric water (MW) (a and d), sea ice melt (SIM) (b and 
e), and Atlantic water (ATL) (c and f) along the ~ 160 °E East Siberian Sea continental slope 
transect (ESSCST) from the 2015 (a-c) and 2018 (d-f) cruises. Isohalines are shown with white 
lines and labels for salinities ranging from 28 to 35. Figure generated using a 50 noise to signal 
DIVA gridding method.
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Dissolved Barium Distributions

An alternative assessment of spatiotemporal dBa distributions was done by comparing 

the degree of Ba depletion throughout the 3 cruise years along the Siberian continental slopes 

(Figure 3.7). As suggested in Chapter 2, a 90 nM dBa MW endmember should be used to 

calculate Ba depletion west of the Lomonosov Ridge (~ 140 °E) and a 130 nM dBa MW 

endmember should be used to calculate Ba depletion east of the Lomonosov Ridge to account for 

the two different sources of MW along the Siberian continental slopes (Figure 3.7). To assess 

this for 2013 and 2015, a salinity to dBa linear regression that was corrected for SIM was 

generated to produce Y-intercepts of 83 ± 5 nM Ba (2013) and 79 ± 6 nM Ba (2015) for 

longitudes less than 135 °E (west of Lomonosov Ridge) and a Y-intercept of 145 ± 20 nM Ba 

(2015) for longitudes ≥ 160 °E (east of Lomonosov Ridge). These intercepts suggest some 

interannual variability, but greater regional variability, supporting our suggestion (Chapter Two) 

to use two different dBa endmembers to represent MW east and west of the Lomonosov Ridge. 

Based on other studies in the region (Abrahamsen et al., 2009; Roeske et al., 2012) we determine 

90 nM dBa and 130 nM dBa are more representative given uncertainties.

Barium depletion/excess for all three cruise years were estimated using the above end 

member values. Negative Ba depletion values indicate removal of Ba from expected 

concentrations, whereas positive Ba depletion values represent excess Ba from expected 

concentrations (Figure 3.7). Along the LSCST dBa exhibited little variability and slight depletion 

(~ -10 to 0 nM Ba) during 2013 and 2018, with some variability at the surface during 2015 

(Figures 3.7a-c). Excess Ba (~ 20 nM Ba) within the upper 25 m was observed at ~ 77 °N, while 

Ba removal around ~ 78 °N (~ -20 nM Ba) was observed in the same depth interval (Figure 

3.7b). Likely, this plume of excess Ba is derived from brine-influenced shelf waters, as it 

overlaps with a plume of -5% SIM fraction (Figure 3.5b). The pool of depleted dBa may reflect 
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scavenging onto biological particles (Figure 3.7b). Compared to the LSCST, higher variability in 

excess dBa was observed along the ESSCST during 2015 and 2018. A distinct excess dBa (> 40 

nM) signal from the sediment was observed over the shelf and slope during 2015. Excess dBa 

extended into the basin throughout most of the water column (Figure 3.7d), and a pool of with 

depleted dBa (< -20 nM) over the shelf (above 40 m) were observed during 2015. In contrast a 

somewhat elevated pool of excess dBa (~ 20 nM) was only observed over the slope in 2018, and 

some dBa depletion was observed elsewhere during the transect (Figure 3.7e). Similar to the 

LSCST, the plume of strong dBa depletion over the ESSCST shelf observed in 2015 likely 

derives form biologically mediated removal. The strong regions of dBa excess can reflect 

solubilization of Ba during sedimentary processes.
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Figure 3.7 Ba depletion distributions (nM) along the LSCST (a-c) calculated using the 90 nM Ba 
MW endmember for stations west of the Lomonosov Ridge (~ 140 °E) throughout 2013 (a), 
2015 (b), and 2018 (c). Ba depletion distributions (nM) along the ESCST (d-e) calculated using 
the 130 nM Ba MW endmember for stations east of the Lomonosov Ridge (~ 140 °E) throughout 
2015 (d) and 2018 (e).
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3.5 DISCUSSION

The strength of water column stratification within the Arctic Ocean is mainly dictated by 

the degree of SIM and MW presence, with river water being the main source of MW and sea ice 

dynamics controlling the amount of SIM. Within the past decade, loss of year-round Arctic sea 

ice has made the once protected surface waters more susceptible to the influence of winds and to 

atmospheric heat fluxes, resulting in spatially and temporally more variable water mass 

distributions within the Siberian Arctic Ocean (e.g., Polyakov et al., 2020a; Sun et al., 2020). 

The outflow from Arctic rivers is expected to preferentially form surface-advected fronts because 

available energy for vertical mixing is low on Arctic shelves (Weingartner et al., 1999), or atleast 

it had been until recently. Surface-advected flows are more readily influenced by wind forcings 

(Weingartner et al., 1999). The interannual variability in transport of shelf bottom waters into the 

basin may also be influenced by atmospheric conditions (e.g., Kipp et al., 2019). The influence 

of riverine input and sea level pressure on interannual variations in MW distributions, and the 

influence of sea ice dynamics on SIM along the Siberian Arctic continental shelf and slope are 

discussed below. In addition, we discuss the influence of atmospheric circulation on the transport 

of shelf bottom waters into the basin.

The Influence of River Discharge on Meteoric Water Distributions

Rivers are the largest source of MW to the Arctic Ocean, and the extent of river plumes can 

impact the strength of vertical stratification and the mixed layer depth along the Siberian 

continental slopes (Janout et al., 2020). River discharge from the four major Siberian Arctic 

rivers (Ob, Yenisey, Lena, and Kolyma) are the largest source of MW to our study region (e.g., 

Cooper et al., 2008; Johnson and Polyakov, 2001) and contribute to the buoyancy fluxes that 

help generate the Siberian Coastal Current (SCC) (Weingartner et al., 1999). The discharge rate 
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from these four major rivers varies interannually (Cooper et al., 2009) and it could contribute to 

the interannual variability in MW distributions observed during the three cruise years.

Of the four major Siberian rivers, discharge from the Ob, Yenisey and Lena rivers could 

potentially impact MW distributions west the of the Lomonosov Ridge as well as east of this 

feature because shelf circulation flows eastwardly (Weingartner et al., 1999) along Siberian 

shelves. While discharge from the Kolyma River would only contribute MW east of the ridge. 

The residence time of MW on the Siberian shelves is also variable, averaging 3.5 ± 2 years 

(Bauch et al., 2013, 2009; Ostlund, 1982; Schlosser et al., 1994; van der Loeff et al., 1995). To 

investigate the notion that riverine discharge could contribute to the distribution of MW during 

the cruise years, data from the four major Siberian rivers from 2011 to 2019 was obtained from 

the Arctic Great Rivers Observatory (Figure 3.8). This time window encompasses the three 

cruise years and includes discharge data from two years prior to each cruise.

The highest estimated MW fractions along the LSCST and the ESSCST was observed in 

2015, yet the lowest total combined annual discharge over the nine-year period for the four major 

Siberian rivers was during 2015 (8.5 ×10-4 m3 s-1), with only the Ob River showing greater (3.4 

×10-4 m3 s-1) than average discharge (2.6 ×10-4 m3 s-1) that year. Relative to 2015, the combined 

annual discharge during 2013 and 2018 (12.4 ×10-4 m3 s-1 and 10.0 ×10-4 m3 s-1, respectively) 

bracketed the average over the nine-year period (11.8 ×10-4 m3 s-1). When considering a three- 

year average (2011-2013, 2013-2015, and 2016-2018) of combined river discharge for each of 

the expeditions, the total input of MW from the four major Siberian rivers was less variable (11.3 

×10-4 m3 s-1, 11.8 ×10-4 m3 s-1, 12.5 ×10-4 m3 s-1, respectively). Together these observations 

suggest variability in river input is not a major driver of MW transport onto shelves, slopes, and 

basins. This is corroborated by a study over the East Siberian Shelf (ESS) (Weingartner et al.,
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1999) that concluded changes in annual river discharge could not account for the contrasting 

SCC presence/absence observed during 1993 and 1995. Instead, changes in atmospheric 

circulation patterns have been suggested as a driver of variability in MW distribution throughout 

the eastern Arctic Ocean (Janout et al., 2020; Laukert et al., 2017; Weingartner et al., 1999).

Figure 3.8 Average river discharge (1000 m3 s-1) from the four major Siberian rivers ordered 
from west to east (Ob (red), Yenisey (green), Lena (blue), and Kolyma (purple)) from 2012 
through 2019. Averages were taken during peak discharge months (May-October). Average 
discharge over the 7-year period is depicted with dashed lines for each corresponding river. 
Average total discharge from all four major Siberian rivers is depicted by the solid black line, 
with error bars depicting the standard deviation in the average annual total river discharge. 
Cruise years are highlighted in grey. River discharge data made available by the Arctic Great 
Rivers Observatory (https://arcticgreatrivers.org/).
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The Influence of Atmospheric Circulation on Meteoric Water Transport

General mean sea level pressure (SLP) patterns provide insight into atmospheric forcings that 

could influence MW distributions throughout the Eastern Arctic Ocean (e.g., Dmitrenko et al., 

2008). These, in conjunction with the Arctic Oscillation index (National Oceanic and 

Atmospheric Association; NOAA.gov) provide a measure of the broad atmospheric circulation 

over the Arctic Ocean. A positive Arctic Oscillation index corresponds to a general cyclonic 

atmospheric circulation that promotes coastal downwelling favorable winds (Weingartner et al., 

1999) and will result in alongshore mass transport of surface shelf waters. Thus, in general MW 

will tend to be retained along the Siberian shelves and within SCC. A negative Arctic 

Oscillation index corresponds to a general anticyclonic atmospheric circulation that promotes 

coastal upwelling favorable conditions (Weingartner et al., 1999) and will result in an offshore 

mass transport of surface waters. Thus, MW could be transported towards the basin during these 

conditions (e.g., Bauch et al., 2009). Not only the direction, but also the strength of the winds 

(strength of SLP gradients) can influence the extent to which Siberian River plumes spread over 

the shelf and into the basin (Janout et al., 2020). These two contrasting atmospheric circulation 

patterns over the Arctic Ocean have been used to relate the transport of Siberian River plumes to 

MW distributions on Siberian shelves (e.g., Bauch et al., 2013; Berezovskaya et al., 2002; Janout 

et al., 2015, 2017, 2020).

We compared the monthly Arctic mean SLP (Figure 3.9) to determine generalized wind 

patterns throughout the late summer season (July-August) and to relate these to the variations 

among the MW distributions during the three cruise years. Sea level pressure systems throughout 

the summer months of 2013 were weak and variable, with multiple gradients present during both 

months (Figures 3.9a-b), and with an Arctic Oscillation index that was weakly positive (0.1; 

National Oceanic and Atmospheric Association; NOAA.gov). These conditions do not suggest
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that either onshore or offshore transport of MW was dominant during 2013. However, Janout et 

al. (2020), found that during the late summer months of 2013, Eurasian riverine plumes were 

retained within the Laptev shelf. Thus, it appears that MW during the late summer of 2013 was 

not advected onto the margin/basin in the Laptev shelf region. Although the provenance of the 

MW pool observed at the offshore end of the LSCST (Figure 3.5a) is unknown but we speculate 

that it was transported off the shelf prior to 2013.

The late summer of 2018 mean SLP gradients (Figures 3.9e-f) were moderate over the 

Siberian Arctic (Figures 3.9e-f) but strengthened in July of 2018 (~ 99 to 100 kPa), generating a 

cyclonic atmospheric circulation pattern over the basin (Figure 3.9e). A more positive Arctic 

Oscillation index (0.5; National Oceanic and Atmospheric Association; NOAA.gov) was 

estimated for this time compared to 2013. While variable, the general cyclonic atmospheric 

circulation pattern observed in July likely drove the MW retention over the Laptev shelf in 2018, 

resulting in the low fractions of MW observed along the LSCST transect during 2018. In 

contrast, greater fractions of MW were observed along the ESSCST during 2018. This is likely a 

reflection of the greater integrated river influence in this eastern portion of our study region, 

although, data on Siberian river plumes during 2018 that might corroborate enhanced presence of 

MW on ESS could not be found.
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Figure 3.9 Northern hemisphere polar stereographic (65 to 90 °N) monthly mean sea level 
pressure (Pa) analyzed at the surface level from July through August of 2013 (a-b), 2015 (c-d), 
and 2018 (e-f). Mean sea level pressure is overlain with the qualitative direction of the wind 
vector (black arrows). Mean sea level pressure presented from the Era-Interim datafile made 
available by the National Ocean and Atmospheric Administration (NOAA) Physical Laboratory.
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Sea level pressure gradients during 2015 were strong over the Siberian Arctic throughout 

July that likely resulted in an anticyclonic general atmospheric circulation over the central Arctic 

Ocean, favoring upwelling winds and the offshore mass transport (Figure 3.9c) of MW. A 

general anticyclonic circulation pattern is suggested by the strong negative Arctic Oscillation 

index (-1; National Oceanic and Atmospheric Association; NOAA.gov) calculated for this time 

window. Under these conditions it is expected for MW to be transported from the shelf towards 

the basin driven by the strong gradient and net anticyclonic atmospheric circulation. Indeed, 

during 2015, MW distributions along the LSCST suggests transport of MW off the shelf into the 

basin (Figure 3.5d). A distinction between 2015 and 2018 is less clear along the ESSCST. A 

main difference here is the greater depth to which MW penetrated in 2015 along the transect. 

The potential presence of mesoscale features, such as an eddy, could explain the vertical dilution 

of the offshore transport of MW during 2015. Such mesoscale eddies are known features along 

the Siberian continental slope (Pnyushkov et al., 2018).

Our analysis of MW distribution relative to atmospheric patterns add to the body of evidence 

(Bauch et al., 2009; Dmitrenko et al., 2005; Proshutinsky and Johnson, 1997; Semiletov et al., 

2000) that atmospheric summer conditions rather than river discharge are key drivers in the 

interannual variability of MW retention or export from Siberian shelves. The last 26 years of 

eastern Arctic Ocean analysis (Polyakov et al., 2003) found that summer atmospheric conditions 

are also closely coupled to summer sea ice cover (e.g., Itkin and Krumpen, 2017; Krumpen et al., 

2020).
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The Influence of Sea Ice Extent on SIM fractions

Within the past decade, the Siberian Arctic shelves have shifted from near year-round ice 

cover to ice-free summers (e.g., Belter et al., 2020; Krumpen et al., 2013). As most of the sea ice 

within the Siberian Arctic Ocean is now first-year ice, the summer SIM fraction is expected to 

exhibit greater interannual variability as ice-free waters respond to atmospheric forcing (e.g., 

Krumpen et al., 2013). The observed interannual SIM fractions along the LSCST and ESSCST 

showed that different regions along the Siberian Arctic Ocean reflect local variability. Monthly 

sea ice extent and concentration from the National Snow and Ice Data Center (NSIDC) was 

utilized to address the observed interannual and local variability during our cruise years.

Sea ice extent for July was similar during the three cruise years (5.7 to 5.8 ×106 km2;

NSIDC.org) (Figure 3.10), with the largest monthly decline observed from July to August 2015 

(~ 2.1 ×106 km2). The Siberian Arctic Ocean was the region where this rapid change in sea ice 

loss was most apparent (Figure 3.10). The sea ice concentrations maps suggest 2013 was the year 

with most sea ice coverage during our sampling months, followed by 2018, with 2015 being the 

year with the least coverage (Figure 3.10). Localized melt along the East Siberian Sea appears to 

have been higher during 2015 than 2018 given the higher positive SIM fractions observed along 

the ESSCST during 2015 relative to 2018 (Figures 3.7 and 3.10). The lower sea ice presence in 

2015 over the ESS (Figure 3.10) could have resulted from a combination of wind driven offshore 

transport and ice melt given the potential for enhanced heat flux promoted by mesoscale activity 

along the East Siberian margin (Pnyushkov et al., 2018) (see above discussion on atmospheric 

circulation during 2015). The direction of sea ice transport has been correlated to atmospheric 

circulation, with strong summertime anticyclonic atmospheric circulation patterns resulting in 

sea ice being pushed offshore from Siberian shelves and into the Transpolar Drift (e.g., 2007), 
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while years with strong summertime cyclonic atmospheric circulation retaining sea ice over 

Siberian shelves (e.g., 2010) (Ogi and Wallace, 2012). Localized sea ice melt fractions along the 

LSCST (Figures 3.5b, e, h) have no discernible correlation to atmospheric circulation, nor to 

estimates of sea ice concentration (Figure 3.10). Further investigation is required to better 

understand drivers of regional differences in SIM fractions.
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Figure 3.10 Sea ice concentrations (%) for July (a-c), August (d-f), and September (g-i) of 2013 
(a, d, and g), 2015 (b, e, and h), and 2018 (c, f, and i). Sea ice concentrations compared to the 
median ice edge from 1981-2010 outlined in pink with sea ice extent area (km2) from the month 
and year listed directly beneath each figure. Figures and data generated by the National Snow 
and Ice Data Center, University of Colorado Boulder (nsidc.org).
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Influence of Atmospheric Circulation on dBa Distributions

Spatiotemporal distributions of dBa obtained during this study showed regional 

differences that suggest dBa distributions are more susceptible to atmospheric forcing over the 

ESS region than over the Laptev Sea region. This is exemplified in the Ba depletion parameter as 

well as in dBa values. As discussed above, the late summer of 2015 was dominated by an 

anticyclonic circulation pattern over the Arctic Ocean that likely promoted offshore transport of 

shelf waters. In contrast, 2018 exhibited a cyclonic circulation pattern over the Arctic Ocean that 

likely led to downwelling favorable winds and alongshore transport of shelf waters. While 2013 

had a more variable and less prevalent atmospheric circulation pattern. Little variability in dBa 

distributions and excess dBa were observed during the three cruise years along the LSCST, while 

along the ESSCST there was a distinct pattern observed for both parameters between 2015 and 

2018. The distribution of dBa and Ba depletion during 2015 suggest there was offshore transport 

of shelf waters, with waters impacted by sedimentary processes exhibiting high dBa 

concentrations and high excess Ba (Figures 3.4d and 3.7d). This signal appeared to have 

extended into the basin, and to have been modified by the potential presence of a mesoscale 

feature over the margin. This excess Ba signal could be reflective of nutrient input into the basin 

derived from bottom shelf waters (Janout et al., 2020) (see Chapter Two). The lowest dBa values 

were found in the upper 40 m throughout the shelf. If this water were transported from inshore 

and pushed offshore, it had likely been in contact with high suspended particulate loads in river 

plumes that may have scavenged dBa. This is supported by the negative (-20 nM) Ba depletion 

parameter values observed in the same region. In contrast, the distribution of dBa and Ba 

depletion during 2018 suggest there was onshore transport, and potentially basin waters were 

sampled at the northern end of the transect. Waters exhibiting Ba depletion were not observed 

over the outer shelf, and subsurface excess Ba was minimal and confined to the shelf break.
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These observations suggest that within the Siberian Arctic Ocean dBa is impacted by 

interactions with suspended and sedimentary particles and do not necessarily follow MW 

patterns.

Implications

Broad circulation patterns in the Arctic Ocean affect the transport of shelf waters, along-shelf 

flows when cyclonic circulation patterns dominate over the Arctic Ocean, and offshore flows 

when anticyclonic circulation patterns are present, with implications for the distribution of MW, 

SIM, and biogeochemical parameters. Years with greater offshore transport of MW result in 

significantly weaker vertical water column stratification over the shelves (Bauch et al., 2009) 

that lead to deeper mixed layer depths that can impact nutrients and light conditions for 

phytoplankton (e.g., Janout et al., 2020). In addition, years with greater offshore transport of sea 

ice could result in higher sea ice export from the Arctic Ocean via the Transpolar Drift, as was 

observed in 2007 (Ogi and Wallace, 2012).

Years with greater alongshore transport of MW can lead to greater communication between 

MW derived from ESS and the Chukchi Sea (Weingartner et al., 1999). This could have 

biological implications, as the SCC is relatively nutrient deficient, but relatively enriched in 

DOC compared to Pacific Water. In addition, years with greater alongshore transport could favor 

higher sea ice formation rates over the shelf due to the stronger stratification and shallower 

mixed layer depths (e.g., Dmitrenko et al., 2008).

3.6 CONCLUSION

The Arctic Ocean is undergoing rapid change with notable acceleration within the past 

two decades (e.g., Carmack et al., 2015). These changes include variability in feedback loops 
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between the atmosphere and the surface ocean (e.g., Alkire et al., 2019; Bauch et al., 2011; 

Berezovskaya et al., 2002). This study utilized spatiotemporal distribution of geochemical 

parameters and broad atmospheric circulation patterns to explain the interannual variability in 

MW and SIM during the late summer months (August-September) of 2013, 2015, and 2018 

along the Siberian Arctic continental slope. Our data shows that regional differences, as well as 

interannual differences, need to be considered to better understand how atmospheric forcing 

affects the transport of MW and SIM over the Siberian Arctic Ocean. Similar to other Arctic 

Ocean studies, we found that the interannual river flux is not sufficient to explain the 

distributions of MW, instead the prevalent atmospheric circulation patterns over the Arctic 

Ocean appears to be the driving force influencing alongshore versus offshore transport of MW. 

Additionally, recent changes in sea ice extent that have resulted in the Siberian Arctic shelves 

experiencing sea ice-free summers allows for greater coupling between the atmosphere and the 

surface ocean. The distribution of dBa and Ba depletion estimates highlight the regional nature 

of the degree of coupling between the atmosphere and surface ocean.

As the Arctic continues to progress towards ice-free summers, distributions of MW and 

SIM are expected to become more variable, as the once capped upper water column becomes 

more susceptible to surface winds. Incorporating the interannual spatiotemporal variability of 

geochemical tracers in Arctic studies can better capture how freshwater distributions throughout 

the Arctic Ocean are evolving. While the use of geochemical tracers has inherent uncertainties, 

these could be minimized as more data becomes available. The use of additional geochemical 

tracers (e.g., rare earth elements) and physical measurements (e.g., mooring deployments) should 

help improve our understanding of the Arctic freshwater budget.
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CONCLUSION

The unprecedented ongoing changes in the Arctic Ocean have had notable acceleration 

over the past two decades, generating enhanced scientific interest for this region (e.g., Carmack 

et al., 2015). Chemical tracers have proven to be useful tools for enhancing understanding and 

constraining changes in oceanographic processes within Arctic waters (e.g., Guay et al., 2009; 

Kipp et al., 2019). This dissertation was focused on studies that addressed particulate (> 0.2 μm) 

trace element loads in Arctic pack ice, and dissolved (< 0.2 μm) barium (dBa) distributions over 

the Siberian Arctic Ocean. Data generated was used to better understand the role of sea ice in the 

biogeochemical cycling of trace elements within Arctic basins, and to further constrain the utility 

of dBa as a tracer of important oceanographic processes in the Siberian Arctic Ocean.

Chapter One discussed particulate distributions of various trace metals of biological 

importance (manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), 

cadmium (Cd), and lead (Pb)) and tracer utility (aluminum (Al) and (Ba)). The chapter provides 

a snapshot distribution for these elements during a single year and a single season (September- 

October 2015) within snow, offshore Arctic pack ice (upper 1 m), and underlying surface 

seawater. Samples were collected north of 82.5 °N over the Canada and Makarov basins during 

the 2015 U. S. Arctic GEOTRACES GN01 expedition.

Results showed that this late-season sea ice was permeable and had undergone 

desalination prior to collection, as indicative by temperature and bulk salinity measurements. 

Additionally, sediment laden “dirty” sea ice was not sampled, as evidenced by the low particle 

loads present in our sea ice samples. The total sea ice particulate metal loads were lower than 

expected given the proximity to continents and broad Arctic shelves. Instead, values were within 

the range that has been observed in Antarctic pack ice (Lannuzel et al., 2011), which forms over 
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the deep basin (Lannuzel et al., 2016). Given this similarity, we postulate that sampled sea ice 

was likely formed over the basins. Because “dirty ice” is known to be present within Arctic pack 

ice (e.g., Eicken et al., 2005), the particulate trace metal input from sea ice calculated from our 

metal loads is biased towards the lower end of the input spectrum. Results presented here 

corroborate the idea that particulate trace metal loads in sea ice can reflect regions of sea ice 

formation, as metal loads tend to decrease with distance from continental sources (Lannuzel et 

al., 2016).

Particulate metals in snow should reflect atmospheric derived particle deposition 

histories, and snow particulate material in our samples were primarily from lithogenic origin 

(metal:Al ratios reflected values similar to those of the upper continental crust (UCC)) with the 

exception of a station in the Makarov basin (Figure 1.1), where an anthropogenic signal was 

observed (elevated metal:Al ratios relative to UCC). Particles in snow were the largest source of 

particulate Al, Fe, Ni, Zn, and Ba to the metal inventories within the upper 1 m of the sea ice 

column.

In general, the lowest amount of particulate trace metals was found in surface waters with 

the exception of Cd and Pb, which were elevated relative to snow and sea ice. Particulate Cd in 

surface waters may reflect biogenic particles, and particulate Pb may reflect adsorption of 

dissolved Pb onto biogenic particles. The low particulate values of most metals in seawater 

highlight the role of snow and sea ice as a reservoir of particulate metals, which can be 

transferred to the water column once the ice melts.

The study described in Chapter One was published in 2020 contributing the first literature 

values of refractory and labile particulate trace metal loads in single-year Arctic pack ice. As 

recent trends in the Arctic have shifted towards predominantly single-year pack ice with the 
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observed loss of multiyear ice (e.g., Comiso et al., 2008), the reservoir of particulate trace metals 

incorporated into the sea ice matrix is more likely to be release within the Arctic Ocean rather 

than being exported to the North Atlantic via the Transpolar Drift (e.g., Comiso et al., 2010; 

Kwok et al., 2009). An enhanced particle load being delivered from sea ice will impact particle 

reactive dissolved elements via enhanced scavenging or enhanced desorption. Thus, an 

understanding of the balance between scavenging and desorption as sea ice particles enter the 

surface ocean is needed to provide insight in how the biogeochemical cycles of particle-reactive 

elements will respond to the shift towards ice-free summers in the Arctic Ocean. We suggest 

future sampling efforts incorporate spatiotemporal studies that can capture how the timing of 

desalination impacts the delivery of trace metals from sea ice, and how the delivery of particles 

affects the balance between scavenging and desorption within the water column. Additionally, 

we recommend trace metal sea ice studies should include various locations within a sea ice floe 

to address heterogeneity and should include the entire sea ice column to ensure sympagic algae 

and other biogenic particles are captured.

Where Chapter One highlighted the importance of trace metal loads in offshore Arctic 

pack ice, Chapter Two addressed the utility of trace elements within the water column, 

specifically dBa. Here, we used dBa distributions in addition to other tracers to better constrain 

the fraction of meteoric water (MW) throughout the upper 300 m of the Siberian Arctic Ocean. 

Data presented in this chapter was obtained from the August to September of 2018 Nansen and 

Amundsen Basin Observatory System (NABOS) expedition. The Siberian Arctic Ocean is 

difficult to access, and this chapter added to the scarce oceanographic data available for this 

region (e.g., Abrahamsen et al., 2009; Alkire et al., 2017; Bauch et al., 2011, 2013; 

Berezovskaya et al., 2002; Janout et al., 2020; Roeske et al., 2012). We found that the dBa 
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distributions during the late summer 2018 pointed to two different spreading pathways of 

Siberian rivers that were roughly separated by the Lomonosov Ridge, a prominent physical 

barrier located at ~140 °E that separates the Amundsen from the Makarov basin. These two 

pathways incorporate water from different Siberian rivers, and given differences in riverine Ba 

input, our data suggests a MW dBa endmember of 90 nM west of the Lomonosov Ridge, and a 

MW dBa endmember of 130 nM east of the Lomonosov Ridge should be used to better represent 

these two different regimes.

As suggested by previous Arctic Ocean studies (Abrahamsen et al., 2009; Thomas et al., 

2011), the degree of dBa removal from expected concentrations reflects the adsorption of dBa 

onto particles, and can be used as a proxy for particulate organic carbon (POC) export. A 

noteworthy finding from Chapter Two is that within the Siberian Arctic, the removal of dBa 

from expected concentrations could also reflect POC export, and thus negative anomalies from 

expected dBa should be considered as a potential proxy for this important parameter throughout 

the Eurasian Arctic. However, to better understand dBa as a proxy of POC the appropriate 

[Ba]removal:POCexport value would need to be implemented. We suggest future work that aims to 

better understand dBa as a proxy of POC export should target studies that improve current 

estimates of [Ba]removal:POCexport throughout the Arctic. Given that the dBa MW endmember 

differs in space (and possibly in time), we expect the ratios of [Ba]removal:POCexport to exhibit 

spatiotemporal differences. If dBa proves to be a useful proxy for POC export, the ease of 

sampling and analysis of dBa would provide a relatively inexpensive and efficient means of 

estimating POC export throughout the Arctic Ocean.

In contrast to adsorption onto particles (dBa removal), the transfer of Ba from the 

particulate to the dissolved phase (excess dBa) can provide another potential use of dBa as a 
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tracer. In this case, the excess dBa from expected concentrations is a potential tracer of the 

transport of bottom shelf waters impacted by remineralization into Arctic basins. An example of 

subsurface waters with excess dBa was observed in the Makarov Basin (Figure 2.4) within an 

isohaline range emanating from the shelf. We suggest future work in other Arctic margins should 

include excess dBa to investigate its use as a tracer of shelf waters with a sedimentary 

remineralization signal. If excess dBa proves to be a useful tracer of shelf waters impacted by 

sedimentary remineralization, then a potential proxy for nutrients derived from shelf 

remineralization could be developed.

The third chapter of this dissertation incorporated dBa, δ18O, and salinity from additional 

NABOS expeditions (2013 and 2015) and built upon our results from Chapter Two. Interannual 

studies of water mass fractions throughout the Siberian Arctic Ocean are valuable for 

understanding the variability in the amount and distribution of freshwater within the Arctic 

Ocean. The Siberian Arctic Ocean receives the input of the four major Siberian Rivers, and thus 

it is important to the freshwater budget of the Arctic (e.g., Holland et al., 2007). Results from 

Chapter Three showed that higher MW and sea ice melt (SIM) fractions were observed 

throughout the sampled region during the late summer of 2015 relative to 2013 and 2018. The 

late summers of 2013 and 2018 tended to exhibit MW and SIM distributions that remained over 

the shelves and did not extend far over the slopes and into basins, in contrast to what was 

observed during 2015. Our analysis of atmospheric circulation patterns indicates that interannual 

differences in atmospheric circulation and sea ice cover explain the observed variability in the 

distribution of MW and SIM among the three cruise years. General atmospheric circulation 

patterns in 2013 and 2015 weakly favored a general cyclonic pattern that would result in 

alongshore retention of MW. However, the late summer of 2015, specifically July 2015, 
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exhibited a general strong anticyclonic atmospheric circulation pattern that would tend to favor 

the offshore transport of MW. The change in sea ice cover over the sampled region from June to 

August was most pronounced from July to August 2015, suggesting a more pronounced sea ice 

melt regime during these 2 months relative to the other months and other cruise years. This was 

corroborated by the higher SIM fraction observed in 2015 relative to other years.

Our water mass analysis assumed Pacific Water (PW) influence was negligible to non

existent in the study region (Figure S3). However, we suggest the use of an additional tracer 

(such as nitric oxide (NO)) could be included in future studies of this region to better constrain 

the degree of PW intrusion into the Siberian Arctic Ocean. Additionally, sampling further east 

(closer to the Chukchi shelf) is recommended, as it would better capture the spatiotemporal 

intrusion of PW. We expect atmospheric circulation patterns and sea ice cover are important 

drivers in the distribution of MW, SIM and PW, and suggest these drivers should be considered 

in future studies.

As summer sea ice extent continues to decline (e.g., Bhatt et al., 2014) and changes in the 

hydrological cycle lead to an increase in the input of MW (e.g., Morison et al., 2012), 

constraining Arctic circulation over the shelves and continental slopes becomes increasingly 

more pertinent. Tracer studies may provide an additional tool to better understand and predict the 

Arctic's response to a changing climate. Advances in the chemical analysis of seawater have 

significantly improved our use of tracers in the past decade. However, the nature of tracer studies 

incorporates broad assumptions that should continue to be assessed and constrained with each 

implementation. Here, we have added information about the provenance and distribution of 

particles in the Arctic offshore sea ice environment and provided more accurate MW dBa 

endmembers to be used in water mass analysis. In addition, we have highlighted interannual 
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variability in estimated freshwater mass distributions that can be explained by looking at 

atmospheric circulation and sea ice extent. Some of the analytes presented during this 

dissertation tend to be highly contamination-prone (e.g., Fe), while others are not (e.g., Ba). The 

work conducted for Chapter One required stringent trace metal clean techniques during 

sampling, processing, and analysis that added to the cost and reduced the efficiency in generating 

the data for Chapter One. On the other hand, sampling and analysis of dBa was relatively simple, 

which allowed for the higher volume of data presented in Chapters Two and Three.

Because the Arctic Ocean is a dynamic region that plays an essential role in global 

climate regulation, it has generated enhanced scientific interest in the past decade, with 

international collaborative oceanographic programs becoming more prominent and some 

American institutions (e.g., U. S. Navy) shifting focus towards the Arctic. Two international 

efforts, NABOS and GEOTRACES, as well as a scholarship from the Office of Naval Research 

(SMART scholarship) contributed to this dissertation.
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