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Key Points 

 The Transpolar Drift is a source of shelf- and river-derived elements to the 

central Arctic Ocean 

 The TPD is rich in dissolved organic matter (DOM), which facilitates long-

range transport of trace metals that form complexes with DOM 

 Margin trace element fluxes may increase with future Arctic warming due to 

DOM release from permafrost thaw and increasing river discharge 

  



Abstract 

 A major circulation feature of the Arctic Ocean is the Transpolar Drift (TPD), a 

surface current that transports river-influenced shelf water from the Laptev and East Siberian 

Seas toward the central basin and Fram Strait. In 2015, the international GEOTRACES 

program included a high-resolution pan-Arctic survey of carbon, nutrients, and a suite of 

trace elements and isotopes (TEIs). The cruises bisected the TPD at two locations in the 

central basin, which was defined by maxima in meteoric water and dissolved organic carbon 

concentrations that spanned 600 km horizontally and ~25-50 m vertically. Dissolved TEIs 

such as Fe, Co, Ni, Cu, Hg, Nd, and Th, which are generally particle-reactive but can be 

complexed by organic matter, were observed at concentrations much higher than expected for 

the open ocean setting. Other trace element concentrations such as Al, V, Ga, and Pb were 

lower than expected due to scavenging over the productive eastern Arctic shelves. Using a 

combination of radionuclide tracers and ice drift modeling, the transport rate for the core of 

the TPD was estimated at 0.9 ± 0.4 Sv (10
6
 m

3
 s

-1
). This rate was used to derive the mass flux 

for TEIs that were enriched in the TPD, revealing the importance of lateral transport in 

supplying materials beneath the ice to the central Arctic Ocean and potentially to the North 

Atlantic Ocean via Fram Strait. Continued intensification of the Arctic hydrologic cycle and 

permafrost degradation will likely lead to an increase in the flux of TEIs into the Arctic 

Ocean.  
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Plain Language Summary 

 A major feature of the Arctic Ocean circulation is the Transpolar Drift (TPD), a 

surface current that carries ice and continental shelf-derived materials from Siberia across the 

North Pole to the North Atlantic Ocean. In 2015, an international team of oceanographers 

conducted a survey of trace elements in the Arctic Ocean, traversing the TPD. Near the North 

Pole, they observed much higher concentrations of trace elements in surface waters than in 

regions on either side of the current. These trace elements originated from land and their 

journey across the Arctic Ocean is made possible by chemical reactions with dissolved 

organic matter that originates mainly in Arctic rivers. This study reveals the importance of 

rivers and shelf processes combined with strong ocean currents in supplying trace elements to 

the central Arctic Ocean and onwards to the Atlantic. These trace element inputs are expected 

to increase as a result of permafrost thawing and increased river runoff in the Arctic, which is 

warming at a rate much faster than anywhere else on Earth. Since many of the trace elements 

are essential building blocks for ocean life, these processes could lead to significant changes 

in the marine ecosystems and fisheries of the Arctic Ocean. 

  



Introduction 

Of all the major oceans on Earth, the Arctic Ocean is the most heavily influenced by 

processes occurring over continental shelves, which cover over 50% of its area (Jakobsson, 

2002). The Arctic Ocean also has the lowest salinity surface waters, a result of limited 

evaporation, high riverine inputs, the annual sea-ice freeze/melt cycle, and restricted 

exchange with other ocean basins (Serreze et al., 2007). These factors combine to impart a 

shelf-derived biogeochemical signature over much of the polar mixed layer, the low salinity 

surface layer influenced by sea-ice and freshwater, even in the central basin.  

In the western Arctic’s Canada Basin, hydrographic fronts serve as barriers to rapid 

shelf-basin exchange processes, thereby eddies and wind-induced upwelling or downwelling 

constitute the primary mechanisms for off-shelf water and material transport and exchange 

(Muench et al., 2000; Pickart et al., 2005, 2013). In the eastern Arctic, however, the 

Transpolar Drift (TPD) is a major current that directly transports shelf water and sea ice 

directly from the Laptev and East Siberian Seas toward the central basin and Fram Strait, a 

major outlet for Arctic waters (Ekwurzel et al., 2001; McLaughlin et al., 1996; Rigor et al., 

2002; Rudels, 2015; Schlosser et al., 1994). The timescale for the trans-Arctic crossing of this 

current is on the order of 1-3 years (Pfirman et al., 1997; Steele et al., 2004); as such, the 

TPD is currently a mechanism for the rapid transport of shelf-derived materials including 

nutrients and carbon to the deep Arctic basin (Kipp et al., 2018; Letscher et al., 2011; Opsahl 

et al., 1999; Wheeler et al., 1997), with potential biogeochemical impacts detected as far 

downstream as the North Atlantic Ocean (e.g. Amon et al., 2003; Gerringa et al., 2015; Noble 

et al., 2017; Torres-Valdés et al., 2013). At present, primary production in the largely ice-

covered central Arctic is light limited; however, surface warming has led to reductions in ice 

cover, as well as increases in river discharge and permafrost thawing (Frey & McClelland, 

2009; McClelland et al., 2004; Peterson et al., 2002; Schuur et al., 2015; Spencer et al., 



2015). With reduced ice cover, the TPD-derived transport of ice-rafted materials might be 

interrupted (Krumpen et al., 2019), though Newton et al. (2017) have shown that in the near 

term (~several decades) long distance ice transport will accelerate as the ice thins and is more 

responsive to the winds. Together, these changes are expected to modify the ecosystem 

dynamics of the Arctic Ocean, with shelf-basin exchange processes playing a significant role. 

In 2015, three nations led cruises to the Arctic Ocean as part of the international 

GEOTRACES program, a global survey of the distributions of oceanic trace element and 

isotopes (TEIs). The Arctic GEOTRACES program represented an unprecedented effort in 

sampling of the Arctic water column from a biogeochemical perspective. High-resolution 

coverage of waters above 84°N captured the TEI fingerprint of the TPD, and will serve as an 

important reference for future studies that focus on climate change impacts in the Arctic. 

Radium isotopes measured during the Arctic GEOTRACES cruises have already been used to 

show that the chemical composition of the TPD is modified during passage over the Laptev 

Shelf, and to suggest that potentially significant changes in the flux of nutrients and carbon 

from the Siberian shelves are already underway (Kadko et al., 2019; Kipp et al., 2018; 

Rutgers van der Loeff et al., 2018). Additionally, Rijkenberg et al (2018) found higher 

dissolved Fe and Slagter et al. (2017) found increased concentrations of Fe-binding organic 

ligands in the path of the TPD relative to adjacent sampling stations. These ligands and the 

associated Fe on the one hand were found to correlate strongly with terrestrial sources, which 

are projected to increase in a changing Arctic. On the other hand, Rijkenberg et al (2018) 

found a local occurrence of Fe limitation over the Nansen basin and hypothesized that 

retreating ice could further exacerbate this nutrient limitation. 

This paper is a synthesis of the distributions of TEIs in the central Arctic Ocean 

associated with the TPD. We examine the origin and fate of TEIs in this important trans-

Arctic conduit and provide a first estimate of the mass transport rate for the TPD, based on 



ice drift trajectories and radionuclide tracers. By combining the TPD mass transport estimate 

with the TEI inventories reported herein, fluxes of these elements to the central Arctic Ocean 

via the TPD are estimated. Finally, we discuss the biogeochemical implications of the 

changing climate on TEI concentrations and fluxes to the Arctic and North Atlantic Oceans. 

Study Area 

The characteristics of water masses in the Arctic Ocean are controlled by bathymetry 

and inflows from the Atlantic and Pacific Oceans. The Arctic has two major basins, the 

Eurasian and Amerasian Basins, which are separated by the Lomonosov Ridge (Rudels, 

2015). The Lomonosov Ridge is an underwater ridge of continental crust that emerges north 

of the Siberian shelves at approximately 140°E. Here we refer to the Amerasian Basin as the 

“western Arctic”, while the Siberian shelves and Eurasian Basin are referred to as the 

“eastern Arctic”. The Eurasian Basin is further divided into the Nansen and Amundsen 

Basins by the Gakkel Ridge, and the Amerasian Basin is divided by the Alpha-Mendeleev 

Ridge into the large Canada Basin and the Makarov Basin. Surrounding these basins are 

wide, shallow continental shelves that occupy over 50% of the Arctic Ocean’s area 

(Jakobsson, 2002). Pacific water flows into the Arctic through the narrow and shallow Bering 

Strait, while Atlantic water enters through the Barents Sea and the Fram Strait (Rudels, 

2009). The major outflows of Arctic waters are through the Canadian Arctic Archipelago and 

Fram Strait, on either side of Greenland, into the North Atlantic (Carmack et al., 2016) (Fig. 

1).  

Salinity is the largest control on water density, and therefore large-scale pressure 

gradients, in the Arctic Ocean. Between the (relatively fresh) North Pacific and the (salty) 

North Atlantic waters, there is a steric height gradient of about a meter, creating a pressure 

gradient across the Arctic from the Pacific down to the Atlantic. Large inputs of freshwater 

along the Arctic coastlines create a sea-surface height gradient from the coasts to the central 



basins, which drives a series of boundary currents in the coastal seas and over the continental 

slope that move water eastward (counter-clockwise) around the Arctic (Rudels et al., 1994; 

Rudels, 2015).   

Overprinted on these perennial pressure gradients, the surface circulation is strongly 

impacted by winds. Predominant atmospheric circulation causes the average sea level 

pressure to be high over the Canada Basin and low over the Eurasian Basin, Barents Sea, and 

Nordic Seas (Hunkins & Whitehead, 1992; Serreze & Barrett, 2011). The resulting winds 

draw relatively fresh water over the Amerasian Basin, and set up the anti-cyclonic Beaufort 

Gyre, and a weaker cyclonic gyre in the Eurasian Basin (Alkire et al., 2015; Bauch et al., 

2011; Carmack et al., 2016; Ekwurzel et al., 2001; Newton et al., 1974; Proshutinsky & 

Johnson, 1997). These two circulation cells converge just north of Siberia to form the 

Transpolar Drift (Rudels, 2015). The TPD extends from the Siberian shelves to the Fram 

Strait, as inferred from ice motion (Rigor et al., 2002) and water mass characteristics 

(McLaughlin et al., 1996).  

The position of the TPD is determined by the Arctic Oscillation (AO), a large-scale 

Arctic climate pattern characterized by sea level pressure anomalies (Fig. 1). The AO is 

highly correlated with the North Atlantic Oscillation (NAO) (Mysak, 2001), sea level 

pressure over the central Arctic, and with sea surface height anomalies along the coastal 

Arctic (Newton et al., 2006).  

During a low or negative AO and NAO, a strong Arctic High exists over the Canada 

Basin, expanding the anticyclonic Beaufort Gyre. In this case, the TPD originates from the 

Laptev and East Siberian Seas and flows over the Lomonosov Ridge (Morison et al., 2006; 

Woodgate et al., 2005) (solid red arrows in Fig. 1). Positive AO and NAO indices produce a 

weak Arctic High, resulting in a smaller Beaufort Gyre (Mysak, 2001). In a persistently 

positive phase of the AO, the TPD shifts eastward towards the Bering Strait, entraining more 



Pacific water from the Chukchi Sea while still receiving a contribution from the East Siberian 

Shelf waters, which are transported farther east along the shelf before entering the TPD 

(Morison et al., 2012; Mysak, 2001) (dashed red arrows in Fig. 1). During the years 

preceding the 2015 Arctic GEOTRACES sampling, the annual average AO was neutral to 

negative, and thus during the expeditions the TPD was located over the Lomonosov Ridge 

(Kipp et al., 2018; Rutgers van der Loeff et al., 2018). Monitoring of atmospheric circulation 

(Morison et al., 2012; Proshutinsky et al., 2009) as well as biogeochemical and water mass 

properties on previous hydrographic transects (Falck et al., 2005; Morison et al., 2012; Steele 

et al., 2004) provide evidence that this position has remained relatively stable over the past 

ca. 30 years.  

The characteristics of the upper water column differ on either side of the TPD because 

it generally acts as a boundary between Atlantic and Pacific contributions to the Arctic 

pycnocline. High nutrient, high DOM, low salinity Pacific water is typically observed as an 

“upper halocline” over the Canada and Makarov Basins, where it separates surface waters 

from the Atlantic boundary currents below about 200 meters. Sub-surface distributions of 

nitrate, phosphate and silicate indicate that a layer of nutrient-rich shelf-modified Bering 

Strait Inflow thins and shoals northward from the Chukchi continental slope and dissipates in 

the vicinity of the TPD. Pacific influence is dominant in the Canadian Arctic Archipelago 

(Jones et al., 2003; Jones & Anderson, 2008) and extends north of Greenland to the Fram 

Strait (Dmitrenko et al., 2019; de Steur et al., 2013). Over the Eurasian Basin, the Pacific-

influenced layer is absent, with Atlantic waters occupying the entire water column (Bauch et 

al., 2011).  

 



 

Fig. 1. Map of the Arctic Ocean with the major upper ocean circulation features 

(blue arrows) as well as the Transpolar Drift (TPD; red arrows). The symbols indicate the 

station locations for the two GEOTRACES cruises GN01 (circles) and GN04 (triangles). 

The symbol colors denote the meteoric water fraction at each station. Also shown is the 

approximate location of the TPD origin for the positive (AO+) and negative (AO-) modes 

of the Arctic Oscillation (AO). The 200m isobath is shown in grey.  

Methods 

Sampling and Analyses of TEIs 

The data presented herein was collected primarily during two cruises in 2015 

associated with the Arctic GEOTRACES program. The U.S. GEOTRACES GN01 

(HLY1502) cruise was held aboard the USCGC Healy, while the German GEOTRACES 

GN04 (PS94) cruise was on the R/V Polarstern (Fig. 1). All sampling and analyses were 

conducted according to pre-established GEOTRACES approved protocols (for TEIs) (Cutter 

et al., 2014) and/or GO-SHIP approved protocols (for non-TEIs) (Hood et al., 2010). To 



further ensure quality of TEI data across participating laboratories, extensive intercalibration 

efforts were taken in accordance with GEOTRACES protocols (Cutter, 2013). For example, 

the GN01 and GN04 cruises both occupied the same station within two weeks of each other 

(GN01 station 30 and GN04 station 101), which enabled investigators to intercompare results 

for their respective TEIs. CTD/rosette data and methodologies for PS94 are available via the 

PANGEA database (Ober et al., 2016a, 2016b; Rabe et al., 2016b, 2016a). The GN01 

CTD/rosette procedures are stored on the BCO-DMO database (Landing et al., 2019a, 

2019b). Detailed methodologies can be found in the publications where the original TEI data 

were first reported (in case of Hg: Lamborg et al., 2016, Heimbürge et al., 2015, Agather et 

al., 2019). The GN01 and GN04 Hg species data were intercalibrated at the crossover station. 

Total Hg concentrations agreed well for the majority of sampling depths. The tHg and MeHg 

data have been intercalibrated and validated by the GEOTRACES standards & 

intercalibration committee. 

Linear Mixing Model 

In order to study the provenance and pathways of TEIs carried by the TPD, we must 

quantitatively parse the fraction (f) of source waters in each collected GEOTRACES sample. 

To do so, we use the relatively well-studied distribution of salinity (S), δ
18

O-H2O ratios, and 

the Arctic N-P tracer (ANP; see Newton et al., 2013). These can be used to identify fractions 

of Pacific (Pac)- and Atlantic (Atl)- sourced sea water, sea-ice melt (SIM), and meteoric 

water (Met). The latter includes runoff and net in-situ precipitation. Along the cruise 

transects, in-situ precipitation is expected to be small in comparison with the continental 

runoff; hence fMet will be our primary proxy for determining the water masses most 

influenced by the TPD. The value for each in a sample is expressed as a linear combination of 

the values in its constituent water masses: 

 



fAtl[SAtl] + fPac[SPac] + fMet[SMet] + fSIM[SSIM] = [S]Obs 

fAtl[δ
18

OAtl] + fPac[δ
18

OPac] + fMet[δ
18

OMet] + fSIM[δ
18

OSIM] = [δ
18

O]Obs 

fAtl[ANPAtl] + fPac[ANPPac] + fMet[ANPMet] + fSIM[ANPSIM] = [ANP]Obs 

fAtl  + fPac+ fMet+ fSIM= 1 

This constitutes a 4-dimensional linear system that can be solved in matrix form: 

[f]  =  {C}
-1

[y], 

where [f] is a vector of water-mass fractions, [y] is a vector of the parameter values in 

the sample, and {C} is a matrix of values in the ‘end members’, i.e. the source waters. The 

model assumes 4 end members (Table 1) and 4 equations, so will yield an exact solution.  

Table 1. Endmember parameter values for the water mass analysis linear mixing 

model. References: 
a 

Newton et al. (2013); 
b 

Pacific Water: slope = 14; intersept = -11; 

Atlantic Water: slope = 17; intersept = -2. 

Water Mass Salinity δ
18 

O (‰) Arctic N : P 
a,b 

Atlantic Water 34.92 +0.3 0 

Pacific Water 32.50 -1.1 1 

Meteoric Water 0 -20 0 

Sea-Ice Meltwater 4 Surface +2.6 Surface 

There are several important sources of error, which are discussed in detail by Newton 

et al. (2013) in the context of the 2005 Arctic Ocean Section. Briefly, the least-constrained 

fractions are those of Pacific- and Atlantic- influenced ocean water, which suffer from the 

non-conservative nature of nutrients in the ocean, large scatter in the values in the source 

waters, and potentially from drift in the end-member means with time (Newton et al., 2013). 

Fortunately, our focus here is on the concentration of meteoric waters and this fraction is 



insensitive to nutrient concentrations. Rather, it depends on salinity and δ
18

O with the error 

originating primarily from seasonal and geographical variability in the δ
18

O endmember of 

Arctic rivers (Cooper et al., 2008). Monte Carlo analysis across a reasonable range of 

estimated mean δ
18

O values for runoff yielded errors of about 1% on the meteoric fractions.   

The relationship between each TEI and the meteoric water fraction was determined 

using a linear regression model. The slope, intercept, r
2
 value, and p value for each Hg 

species are reported in Table 2. The effective shelf endmember concentrations of the TEIs 

were calculated using their respective linear regressions at 20% meteoric water, assuming 

that this is the meteoric water fraction of the TPD when it leaves the shelf and that there was 

no significant TEI removal or addition during transport. Meteoric water fractions of 10 – 35% 

have been observed at the point of origin of the TPD in the Laptev Sea (Bauch et al., 2011) 

and its terminus at the Fram Strait (Dodd et al., 2012). During the 2015 GEOTRACES 

expeditions, fractions up to 25% were observed near the North Pole, thus 20% is a 

conservative estimate.  

Table 2. Linear curve fit data and statistics for the Hg species vs. meteoric water 

relationship plots. 

Property slope y-int r2 p 

total Hg (pM) 0.0057 1.16 0.00 0.619 

total MeHg (pM) -0.0054 0.16 0.29 0.005 

MMHg (pM) 0.0026 0.04 0.07 0.371 

Initial estimates of river endmember concentrations were calculated by extrapolating 

the linear regression to 100% meteoric water (regression intercept). These estimates have a 

high statistical uncertainty associated with them due to the extrapolation beyond the 



measured range and other factors that violate the assumptions of the standard estuarine 

mixing model (Boyle et al., 1974; Shiller, 1996), but they still provide a first approximation 

to compare with sparse existing river and shelf sea data. There is some data on TEI 

concentrations in the Eurasian rivers that ultimately feed into the TPD. Most are derived from 

the Arctic Great Rivers Observatory (A-GRO), which began as the Pan-Arctic River 

Transport of Nutrients, Organic Matter and Suspended Sediments (PARTNERS) project 

(Holmes et al., 2019). The weighted averages reported by the A-GRO provide a useful 

comparison for many of the elements discussed in this manuscript, but could be improved 

with measurements of more TEIs in each of the Arctic rivers and knowledge of the relative 

influence of each river in the TPD at a given time. Due to the shelf circulation patterns (Fig. 

1), the major Eurasian rivers (Lena, Ob’, Yenisey, and Kolyma) will exert a stronger 

influence on the TPD than the North American rivers (Mackenzie and Yukon). As such, we 

report herein the discharge weighted average TEI concentrations for the Eurasian rivers only. 

Most importantly, any differences between the effective river endmember and the mean river 

concentrations should not be interpreted in a quantitative manner; rather, this analysis is 

meant only to give the reader a sense of the relative influence of rivers and/or estuarine 

removal/addition processes on the TEIs that are transported to the central Arctic Ocean via 

the TPD.  

Results and Discussion 

We define the lateral extent of the TPD as ~84°N (in the Canada Basin) to 87°N (in 

the Eurasian Basin) for waters in the top 50 m. These boundaries were chosen qualitatively 

based on the distributions of the meteoric water fraction and TPD-influenced TEIs (Fig. 2). 

For example, there is a sharp concentration gradient for chromophoric dissolved organic 

matter (CDOM), dissolved organic carbon (DOC), dissolved Fe, and 
228

Ra at stations north of 

84°N 150°W, which coincides with a front between high and intermediate meteoric water 



fractions (~250 km along the section distance in Fig. 2). On the Eurasian side of the transect, 

there is minimal meteoric water influence south of 87°N (~1100 km along the section 

distance in Fig. 2). The TPD can be characterized generally by this high meteoric water 

component, which is due to large river contributions to the Siberian Arctic shelves. However, 

the meteoric water fraction alone cannot be used to delineate the western boundary of the 

TPD because the Beaufort Gyre in the Canada Basin contains a significant and growing 

freshwater component sourced from eastern Arctic rivers (Giles et al., 2012; Morison et al., 

2012; Rabe et al., 2011, 2014).  

As a function of depth, the elevated TEI concentrations and meteoric water fractions 

are confined to the upper 50 m. The 50 m cutoff also serves to exclude the halocline from our 

analysis, which is rich in certain TEIs and nutrients like silicate (Fig. 2g), and is influenced 

by different ventilation processes and source water masses than the TPD (Aagaard et al., 

1981). The data presented herein are shown mainly as a function of the meteoric water 

fraction and were collected in the upper 50 m of the water column for all stations north of 

84°N, which includes the polar mixed layer and the TPD.  

 



 

Fig. 2. Section plots for key trace element and isotope concentrations along a 

transect that spans two GEOTRACES cruises and bisects the Transpolar Drift. The 

stations included in the contour plots is shown on the map inset for (g) and the distance is 

relative to a station located at 82°N, 150°W. 

 

Trace Element and Isotope Distributions, Sources, and Sinks 

Mercury 

Among all stations located north of 84°N and shallower than 50 m, total mercury 

(tHg) ranged from ~0.5-2.5 pmol L
-1

, methyl-mercury (MeHg, the sum of mono- and 

dimethyl-mercury) ranged from <0.05-0.22 pmol L
-1

, monomethyl-mercury (MMHg) ranged 

from <0.05-0.20 pmol L
-1

, and dimethyl-mercury (DMHg) ranged from <0.05-0.12 pmol L
-1

 

(Fig. 3).  



 

Fig. 3. Total Hg (a) and MeHg (b) concentrations as a function of the meteoric 

water percentage at stations from the GEOTRACES GN01 (red circles) and GN04 (blue 

circles) cruises. Data are restricted to 0-50 m for stations north of 84°N. Regression lines 

are shown for variables with significant (p<0.05) relationships with meteoric water. 

Contrary to all other open ocean basins, total Hg concentrations were enriched in 

surface waters. Total Hg and MeHg correspond well to the few previous observations 

available in the central Arctic Ocean (Heimbürger et al., 2015) and the Canadian Arctic 

Archipelago (F. Wang et al., 2012; K. Wang et al., 2018): tHg surface enrichment followed 

by a shallow MeHg peak at the halocline and in the Atlantic waters below. Prior to the 2015 

GEOTRACES campaign, there were no MMHg and DMHg data for the central Arctic Ocean. 

Similar to other open ocean basins, MeHg concentrations were depleted in surface waters, 

likely due to a combination of MeHg photodemethylation, MMHg uptake into phytoplankton 

and DMHg evasion to the atmosphere. Although ice can act as a barrier to air-sea gas 

exchange and hinder elemental Hg (Hg
o
) evasion (DiMento et al., 2019), no significant 

differences were observed between the MeHg concentrations at ice covered versus non-ice 

covered stations. Looking forward, ice thinning and melting in the central Arctic (Krumpen et 

al., 2019) may reduce this barrier. 

Samples with elevated meteoric water fractions (>15%) were characterized by higher 

tHg concentrations (up to ~2 pmol L
-1

), though there was no significant correlation between 



the two variables. This might be because rivers are not the only source of tHg to the water 

column. Mercury also enters the Arctic Ocean via atmospheric deposition and oceanic inputs, 

mostly from the Atlantic Ocean (Cossa et al., 2018; Outridge et al., 2008; Soerensen et al., 

2016; Sonke et al., 2018). However, the lack of correlation between total Hg and meteoric 

water input in the TPD is surprising given the substantial input flux predicted from 

measurements of Hg in Arctic rivers. Sonke et al. (2018) derived a discharge-weighted tHg 

concentration of 46 pmol L
-1

 for the monitored Eurasian rivers, with values of up to 191 pmol 

L
-1

 in the spring freshet (Yenisei River). This result implies a large loss of Hg in estuaries and 

shelves, which may be the result of atmospheric evasion (Fisher et al., 2012; Sonke & 

Heimbürger, 2012). A more recent box model study reveals that a portion of the evading Hg 

is in the form of DMHg (Soerensen et al., 2016). Estuarine and shelf sediments might also act 

as sinks for Hg entering from pan-Arctic rivers (e.g., Amos et al., 2014), but this idea remains 

to be tested for this basin.  

The MeHg species had no significant correlation to meteoric water fraction above 

84°N. Since shelf sediments can be sources of MeHg (e.g., Hammerschmidt & Fitzgerald, 

2006; Hollweg et al., 2010), we might expect a correlation to meteoric water inputs. The lack 

of such a correlation suggests that either MeHg produced on the Eurasian shelves was lost to 

demethylation processes during the ~6-18-month transit from the shelf-break to the central 

Arctic Ocean, or that production in the mixed layer is a stronger source than the shelves. 

Large subsurface maxima in methylated Hg species (Agather et al., 2019; Heimbürger et al., 

2015) suggests a third source for MeHg in the TPD could be diffusion from the MeHg 

species-rich halocline (Soerensen et al., 2016). 

In the future, climate warming is expected to increase Hg inputs to the Arctic 

drastically as permafrost contains large Hg stocks (Schuster et al., 2018). The Arctic reservoir 

with the highest relative proportion of MeHg, often representing more than 40%, is generally 



open ocean sea water (Heimbürger et al., 2015). It is primarily the ocean-sourced MeHg that 

bioamplifies to harmful levels, putting Arctic wildlife and human health at risk. The 

additional input of Hg and DOC might further stimulate MeHg production in the Arctic 

Ocean. Future coupled ocean-atmosphere numerical models (e.g. Fisher et al., 2012; Zhang et 

al., 2015) and box model assessments (e.g. Soerensen et al., 2016) designed to constrain 

Arctic Hg cycling will need to consider Hg cycling and transport associated with the TPD.  

Conclusions 

Intensification of the hydrologic cycle and permafrost degradation may result in the 

release of about 25% of the carbon stored in Arctic soils in the next 100 years (Gruber et al., 

2004). According to the NOAA Arctic report card (Osborne et al., 2018), the 2018 

summer/autumn discharge for the largest rivers flowing into the Arctic was 20% greater than 

in the 1980-89 period and will continue to increase. These changes will have a substantial 

effect on the riverine supply of DOM into the Arctic Ocean, as well as the long-distance 

transport of TEIs within the Transpolar Drift that are likely complexed by this organic matter, 

including Fe, Co, Ni, Cu, Th, and possibly the REEs.  

While the halocline contains ample nutrient concentrations, the increased freshwater 

inputs are strengthening water column stratification, which could further limit nutrient inputs 

via vertical mixing processes (Rudels et al., 1991). Hence, increased macro- and micro-

nutrient concentrations delivered to the central Arctic Ocean via the TPD may play an 

important role in upper ocean productivity in the coming decades, since, for example, nitrate 

already limits primary production in some Arctic locations (Tremblay & Gagnon, 2009), as 

does Fe in the case of one large under ice bloom (Rijkenberg et al., 2018). In the case of Fe, 

whether limitation will occur in the changing Arctic will depend on the interplay between 

nutrient utilization ratios (Rijkenberg et al., 2018) and projected increases of ligand-borne, 

specifically humic-borne, terrestrial dFe (Slagter et al., 2017, 2019). 



The complexity of physical and biochemical factors and their interplay, such as the 

effect of increased river runoff and stratification on the saturation state of aragonite 

(Yamamoto-Kawai et al., 2009), combine with scarcity of data to make future effects of TPD 

influence on the central Arctic difficult to predict (Carmack & McLaughlin, 2011). However, 

DOM is strongly related to hydrographic parameters and biogeochemical cycles in the shelf 

seas and TPD (Amon et al., 2003; Granskog et al., 2012), but has the advantage of relatively 

simple measurement via remote sensing in ice-free waters (Fichot et al., 2013; Juhls et al., 

2019; Matsuoka et al., 2017) or in-situ instrumentation capable of high vertical resolution 

such as the fluorometers deployed on these cruises. Looking to the future, this makes CDOM 

a powerful tracer of climate change impacts on a multitude of Arctic system processes (e.g. 

Stedmon et al., 2015). 

For some TEIs, the sediments within the broad and shallow eastern Arctic shelves 

play a dominant role in their cycling and signature within the TPD. Radium isotopic ratios 

and a mass balance calculation point to shelf sediments as the dominant source of 
228

Ra 

carried by the TPD (Kipp et al., 2018). While 
228

Ra is not a biologically important TEI, it acts 

as a quasi-conservative tracer of other shelf-derived materials like Ba, which has TPD 

concentrations that cannot be fully explained by a river source. The Ra-derived evidence of 

active sediment-water exchange processes in the eastern Arctic coastal zone supports the 

apparent strong sinks for Pb and V, which are known to be removed by particle scavenging 

and/or reduction processes in shelf sediments. Increased 
228

Ra levels in the TPD therefore 

suggest that the concentrations of these other TEIs may be affected both positively (Ba) or 

negatively (Pb, Al, Ga, and V) under a changing climate where shelf sediments are exposed 

to wind-driven mixing under reduced ice cover.  

The TEIs that have the strongest correlation with meteoric water fraction are those 

that are known to form complexes with organic matter. As a result, other than dilution via 



mixing, their concentrations, which are significantly elevated relative to other ocean basins, 

are preserved in the TPD over distances >1000 km and timescales of up to 18 months.  It is 

therefore reasonable to expect that this TEI “fingerprint” of the TPD would be carried beyond 

the ice covered central Arctic Ocean, through Fram Strait, and into the ice-free surface waters 

of the North Atlantic Ocean as seen for Arctic river DOM (Amon et al., 2003; Benner et al., 

2005; Granskog et al., 2012). In the present day, the TEIs transported in the TPD may 

become participants in biogeochemical processes of this ocean basin, or in the future be 

utilized closer to their source as the pan-Arctic ice cover is reduced with warming 

temperatures. This new utilization would apply to an increasingly ice-free Arctic Ocean 

including the Canada Basin, where the Beaufort Gyre (Fig. 1) is known to entrain and store 

an increasing amount of freshwater sourced from eastern Arctic rivers (Giles et al., 2012; 

Morison et al., 2012; Rabe et al., 2011, 2014). 

Lastly, our understanding of the effects of the changing climate on Arctic Ocean TEI 

concentrations and fluxes has been greatly hampered by a lack of data, mainly due to the 

logistics and expense of conducting oceanography at high-latitudes where icebreakers are 

required for sampling. Geopolitical issues have resulted in large data gaps for the eastern 

Arctic shelf seas. In the near future, international collaboration through long term 

observatories at key locations and Arctic gateways, synoptic surveys (e.g. 

http://www.synopticarcticsurvey.info) and advances in technology (e.g. floats, gliders, ice 

tethered sensors and samplers) may provide the temporal and spatial coverage needed to 

address some of the pressing unanswered questions posed herein.   

http://www.synopticarcticsurvey.info/
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