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Abstract

Concentrations of redox-sensitive elements (S, Mn, Mo, U, Cd, Re) were analyzed in a set
of 27 sediment cores collected along the North American Arctic margin (NAAM) from the North
Bering Sea to Davis Strait via the Canadian Archipelago. Sedimentary distributions and
accumulation rates of the elements were used to evaluate early diagenesis in sediments along this
section and to estimate the importance of this margin as a sink for key elements in the Arctic and
global ocean. Distributions of Mn, total S and reduced inorganic S demonstrated that diagenetic
conditions and thus sedimentary carbon turnover in the NAAM is organized regionally:
undetectable or very thin layers (<0.5 cm) of surface Mn enrichment occurred in the Bering-
Chukchi shelves; thin layers (1-5 cm) of surface Mn enrichment occurred in Barrow Canyon and
Lancaster Sound; and thick layers (5-20 cm) of surface Mn enrichment occurred in the Beaufort
Shelf, Canadian Archipelago, and Davis Strait. Inventories of authigenic S below the Mn-rich
layer decreased about five-fold from Bering-Chukchi shelf and Barrow Canyon to Lancaster
Sound and more than ten-fold from Bering-Chukchi shelf to Beaufort Shelf, Canadian
Archipelago and Davis Strait. The Mn, total S and reduced inorganic S distributions imply strong
organic carbon (OC) flux and metabolism in the Bering-Chukchi shelves, lower aerobic OC
metabolism in Barrow Canyon and Lancaster Sound, and deep O, penetration and much lower
OC metabolism in the Beaufort Shelf, Canadian Archipelago, and Davis Strait. Accumulation
rates of authigenic S, Mo, Cd, Re, and U displayed marked spatial variability that was related to
sedimentary redox conditions along the NAAM. Strong relationships between the accumulation
rates and vertical carbon flux, estimated from regional primary production values and water

depth at the coring sites, indicate that the primary driver in the regional patterns is the supply of
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labile carbon to the seabed. Thus, high primary production combined with a shallow water
column (average 64 m) leads to high rates of authigenic trace element accumulation in sediments
from the Bering-Chukchi shelves. High to moderate production combined with deep water
(average 610 m) lead to moderate rates of authigenic trace element accumulation in sediments
from Lancaster Sound. Low to very low production combined with moderately deep water
(average 380 m) lead to low rates of authigenic trace element accumulation in sediments in the
Beaufort Shelf, Davis Strait and Canadian Archipelago. Authigenic Mo accumulation rates show
a significant relationship with vascular plant input to the sediments, implying that terrestrial
organic matter contributes significantly to metabolism in Arctic margin sediments. Our results
suggest that the broad and shallow shelf of the Chukchi Sea, which has high productivity
sustained by imported nutrients, contributes disproportionately to global biogeochemical cycles

for these redox elements.
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1 Introduction

Continental margins are now recognized as disproportionately important in many global
biogeochemical cycles (Jeandel et al., 2011; Liu et al., 2000a). Although they occupy less than
10% of the global ocean surface area and their waters contribute less than 0.5% of the ocean
volume, almost 90% of new primary production takes place in continental margin areas (Chen et
al., 2003). Continental margin sediments account for as much as 90% of the oceanic burial of
organic carbon (Liu et al., 2010) and are the principal sites of pyrite sulphur burial formed during
microbial oxidation of labile organic matter by sulphate reduction (Berner, 1970; Berner, 1984).
Organic matter and sulphide burial in continental margin sediments represent the major sink
terms in the oceanic budgets of a number of redox-sensitive trace elements, including Mo, U, and
Cd (Berner, 1982; Dunk et al., 2002; McManus et al., 2006; Raiswell et al., 2006; Rosenthal et

al., 1995a; Scott et al., 2008).

The Arctic Ocean is unique among the world’s oceans in that the continental margin
comprises more than one-half (52.9%) of the total ocean area (Jakobsson, 2002). Indeed, the
Arctic margin comprises about 10% of the total continental margin area in the global ocean. The
massive Arctic continental shelves and slopes are, in large part, seasonally ice-free; compared to
other ocean margins, they receive large river water inputs together with large inputs of terrestrial
nutrients, sediment, and trace elements; and compared to the Arctic Ocean basins, they exhibit
much greater sea-ice production, biological productivity, sediment resuspension, and deposition
and regeneration of organic matter (Stein and Macdonald, 2004). Consequently, processes over
the shelves play a dominant role in the Arctic Ocean carbon budget (Chen et al., 2003; Liu et al.,

2000b; Macdonald et al., 2010). The large, relatively productive shelf areas juxtaposed with low
4
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particle-flux interior basins gives rise to a strong boundary-scavenging removal regime in the
Arctic Ocean, which influences the dissolved concentrations of particle-reactive elements, the
distribution of sedimentary sinks, and the advective export to other ocean areas (Cai et al., 2010;
Kuzyk et al., 2013; Moran et al., 2005). For example, scavenging and phytoplankton uptake over
the large, productive shelves lower dissolved iron concentrations in Arctic Ocean surface waters
on a wide scale and consequently the transport of iron to the North Atlantic, where it may impact
nitrogen fixation (Klunder et al., 2012). Thus, it is now widely recognized that an emphasis on
the shallow shelf and slope domains is critical to understanding elemental cycles within the
Arctic Ocean as a whole (Carmack and Wassman, 2006; Stein and Macdonald, 2004). The Arctic
margin appears to contribute significantly to the organic carbon cycle in the global ocean, but it

remains unclear what the significance of these shelves is for other elemental cycles.

Although there are common features for all Arctic shelves (compared to shelves elsewhere)
in terms of seasonal ice cover, large inputs from land and exchange at the shelf edge, each shelf
is distinct in terms of quantity and disposition of freshwater inputs, rates of sediment and
terrestrial organic matter supply, size, water depth, source of saline water, ice production,
physical-biological forcing and food webs (Carmack and Wassman, 2006; Chen et al., 2003).
Even along the NAAM there is tremendous diversity among the shelves. Thus, a major criticism
of our state of knowledge of the continental shelves of the Arctic has been that it is “too
disciplinary, regional and fractured” (Carmack and Wassman, 2006), particularly in the face of
the rapid, unprecedented changes associated with climate warming (IPCC, 2013). With
continuing decreases in ice cover, annual primary production in the Arctic Ocean may increase

as much as three-fold (Arrigo et al., 2008, 2012). Inputs of terrestrial organic matter may also



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

increase dramatically due to increases in river runoff (Shiklomanov and Shiklomanov, 2003),
erosion of soils into rivers (Guo et al., 2012) and coastal erosion (Vonk et al., 2012), in part
supported by widespread permafrost degradation (Lantuit et al., 2013). The effects of changes in
marine and terrestrial carbon cycles on the biogeochemistry within the Arctic Ocean are much
more difficult to predict (cf., Doney et al., 2012; McGuire et al., 2009; Serreze et al., 2007;
Walsh et al., 2011; Macdonald et al., 2015a). Nevertheless, it is clear that a comprehensive
understanding of baseline conditions prior to the changes consequent to the loss of sea ice and
permafrost thaw is essential to detect the direction, magnitude and rates of biogeochemical

changes in the Arctic Ocean (cf., Macdonald et al., 2015b).

One approach to studying carbon cycling that has yet to be applied to the Arctic continental
margin is the investigation of the sedimentary distribution of redox-sensitive elements such as
Cd, Re, U, and Mo (cf., Crusius et al., 1996; Crusius and Thomson, 2000; Morford et al., 2005,
2012; Tribovillard et al., 2006; Sundby et al., 2004; Calvert and Pedersen, 1993). The premise of
this approach is that the strength of sedimentary carbon turnover, which is controlled by the flux
of labile carbon to the sediments, strongly affects the vertical distribution of redox domains
within sediments (oxic, suboxic, sulfidic), which in turn is reflected in solid-phase redox element
distributions and fluxes (i.e., some elements are removed by dissolution and diffusion, others
concentrated by precipitation) (Froelich et al., 1979; Calvert and Pedersen, 1993). Under suboxic
and sulfidic conditions, other electron acceptors besides O, (such as NO3', Mn(IV), or SO,%)
become important. Thus, sediment profiles of Mn and total and reduced sulphur can provide an
indication of the vertical distribution of the redox domains (Thomson et al., 2001). Other redox

elements such as Re, U, Cd, and Mo form insoluble species under reducing conditions in the
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sediments (i.e., authigenic accumulations). The presence or absence of Re, U, Cd, and Mo
enrichments in sedimentary deposits has been interpreted as an indicator of reducing conditions
and used as a proxy for reconstruction of paleoproductivity and paleoredox conditions in ancient
oceans (Crusius and Thomson, 2000; Tribovillard et al., 2006). Quantitative utilization of redox-
sensitive elements (i.e., statistical analysis of trends in authigenic accumulation rates) remains
rare (cf., McManus et al., 2006; Boning et al., 2004). However, variations in accumulation rates
of authigenic Cd, Re, U, and Mo in continental margins with generally oxygenated waters,
including the Laurentian Trough in the Gulf of St. Lawrence (Sundby et al., 2004), the Strait of
Georgia (Macdonald et al., 2008), the Mid-Atlantic Bight, eastern United States (Morford et al.,
2012) and Hudson Bay (Kuzyk et al., 2011), are consistent with variations in organic matter
forcing (i.e., flux of labile carbon to the seafloor). The strength of sedimentary carbon turnover
controls the rates of many important benthic processes such as denitrification and sedimentary
iron reduction, with feedbacks to nutrient availability and rates of primary production in Arctic
shelf systems (Esch et al., 2013; Horak et al., 2013). Additionally, sedimentary carbon turnover
controls either directly or indirectly the extent to which Arctic sediments may represent a sink
for trace metals (Macdonald and Gobeil, 2012). However, there may be multiple controls on
sedimentary enrichments of trace metals, and multi-element sets of geochemical data provide
opportunities to improve our fundamental understanding of modern oceanic and sedimentary

geochemistry of these elements, and thereby improve their application as paleotracers.

Here, we analyze the distributions and accumulation rates of redox-sensitive elements (S,
Mn, Mo, U, Cd, Re) in a set of 27 sediment cores collected along a section extending from the

North Bering Sea to Davis Strait via the Canadian Archipelago (Figure 1). Based on an
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understanding of the sedimentation rates and surface mixing in these cores (Kuzyk et al., 2013),
and a characterization of the amounts and sources of organic carbon in surface sediments (Gofii
et al., 2013), we use these data to i) document the early diagenetic properties of Arctic margin
sediments along the North American continent, ii) evaluate labile organic supply as a controlling
factor in the concentration profiles and accumulation rates of the studied elements; and iii)

compare the accumulation rates along this margin with rates reported for other oceans.

2 Study Area

The key characteristics that define the NAAM sediments are average water depths, high
degree of river (terrestrial organic matter) influence, large range in primary production, organic
carbon rain rate, and sediment accumulation rate, well-oxygenated bottom waters ([O] >200
umol L) (Carmack et al., 2010), and widespread surface mixing by macrobenthos. Beginning at
the margin’s western extreme (Figure 1), the North Bering and Chukchi Shelves are shallow,
productive shelves, strongly influenced by nutrient-rich Pacific water that enters the Arctic
Ocean through Bering Strait. Due to the import of nutrients, the Chukchi Shelf is one of the most
productive areas in the world ocean; furthermore, due to shallow water depths, organic carbon
production in the water column is tightly coupled to carbon deposition to the sediments
(Grebmeier et al., 1995, 2006). The sediments in the North Bering and Chukchi Shelf regions
support rich benthic communities (Dunton et al., 2005; Grebmeier et al., 2006) and are
characterized by vigorous and deep biomixing (Esch et al., 2013; Kuzyk et al., 2013). Barrow
Canyon cuts the shelf break at the eastern edge of the Chukchi Sea (Figure 1) and is a site of
upwelling events as well as dense (brine-rich) shelf water outflows (Pickart et al., 2005). Upper

Barrow Canyon is a regional “hotspot’, with high productivity and high infaunal benthic biomass
8
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(Grebmeier et al., 2006), and deeper parts of the canyon are sites of enhanced particle and
organic matter deposition (cf., Gofii et al., 2013; Kuzyk et al., 2013). Sediments in the Chukchi
Sea and especially Barrow Canyon are also characterized by relatively high contributions of
terrestrial organic matter, perhaps supplied by the Yukon River and/or coastal or subsea
permafrost (Goiii et al., 2013; McManus et al., 1969). Moving eastward, the Beaufort Shelf
(Figure 1) comprises a narrow, sediment-starved shelf along the Alaskan north slope and a wider,
Mackenzie River-dominated shelf further to the east (Macdonald et al., 1998). This shelf is
seasonally covered by landfast ice out to approximately the 20 m isobath, beyond which is the
flaw lead and freely-drifting polar pack ice. The Beaufort Shelf is oligotrophic, supporting
primary production levels in the order of 30-70 g C m™? yr* (Carmack et al., 2006; Sakshaug,
2004). Several local rivers (Kuparuk, Colville, Sagavanirktok) discharge along the Alaskan coast
but the Mackenzie River dominates the Beaufort Shelf in terms of sediment (~127 x 10° tons yr’
1y and particulate organic carbon (~1.8 x 10° kg yr'*) supply (Gofii et al., 2000). Ancient material,
which may include old pre-aged soil material as well as fossil bitumen or kerogen, is believed to
contribute about 60-70% of this terrestrial organic carbon; this material is believed to be partly
remineralized (up to 25%) and partly deposited in outer shelf sediments (Gofii et al., 2013; Gofii
et al., 2005). Farther eastward is a complex shelf consisting of a network of channels known as
the Canadian Archipelago (Figure 1). Through these channels, there is a net (eastward) outflow
of water from the Arctic Ocean to Baffin Bay and eventually the North Atlantic. The
Archipelago is covered by landfast ice during most of the year. It receives widely distributed
runoff from a myriad of small rivers and has generally very low primary production (20-40 g C

m2 yr'), with higher values occurring in localized areas of strong flow and tidal mixing



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

(Carmack et al., 2006; Sakshaug, 2004). Lancaster Sound lies at the eastern limit of the Canadian
Archipelago and is one of the three main channels connecting the Archipelago to Baffin Bay and
Davis Strait (Figure 1). Arctic waters then flow southward along the west side of Baffin Bay,
while on the east side of Baffin Bay, the West Greenland Current transports Arctic outflow via
Fram Strait northward, together with Irminger Sea water (Cuny et al., 2005). Primary production
averages 150 g C m yr™ in the productive Northwater Polynya, which is located in northern
Baffin Bay, and 60-120 g C m™ yr™* throughout the remainder of the bay and Davis Strait

(Carmack et al., 2006; Sakshaug, 2004).

3 Methods
3.1 Sampling and analysis

The majority of the sediment cores analyzed in this study were collected during
oceanographic missions aboard the Canadian Coast Guard Ships Wilfrid Laurier in July 2007
and Louis S. St. Laurent in July 2008. The 25 core sites visited during these two successive years
span water depths of 50 to 2125 m (Table 1) and are distributed widely along the North
American Arctic and Subarctic coastline from the North Bering Shelf in the west to Davis Strait
in the east (Figure 1). The North Bering Shelf (stations SLIP-1,3,4), Chukchi Shelf (stations
UTN-3,5,7), Barrow Canyon area in the northeast Chukchi Shelf (stations BC-3,4,5,6), and
Beaufort Sea slope (stations CG-1,2,3) were sampled in 2007 and the Canadian Arctic
Archipelago (stations QM1, VS1, FS1, BE2, PS2, PS1), Lancaster Sound (stations CAA2,
CAAL, BB11), and Davis Strait (stations DS-1, 2,5) were sampled in 2008. Also included in this

study are two cores (L50 and SS3) collected in 1990 from the eastern portion of the Beaufort

10
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Shelf (i.e., Mackenzie Shelf) at water depths of 711 m and 274 m, respectively (see Gobeil et al.,

1991 for details).

The sediment cores were collected using a box-corer, which penetrates the seafloor to a
maximum of 50 cm and has a collection area of 600 cm?. The cores were sub-sectioned
horizontally aboard the ship, generally into 0.5 cm intervals for the top 2 cm, 1 cm intervals for
the 2-10 cm depth interval, and 2, 3 or 5 cm intervals for the remainder of the core. Sediment
from the outermost 3-5 cm of the box was discarded. Sediment samples were placed in plastic

bags or bottles and kept frozen for later chemical analysis.

Subsamples for elemental (Ca, Al, S, Mn, Cd, Mo, U, and Re) analyses were freeze-dried,
homogenized by grinding and totally digested with a mixture of HNO3, HCIO4 and HF as
described in Kuzyk et al. (2011). The solutions were analyzed for Ca, Al, S and Mn by ICP-AES
(Inductively Coupled Plasma-Atomic Emission Spectroscopy) and for Cd, Mo, U and Re by
ICP-MS (Inductively Coupled Plasma-Mass Spectroscopy) using external calibrations. Calcium
extracted from the sediments with an HCI solution (1 N) at room temperature during 12 h was
also determined by ICP-AES. Hereafter, we assume that Ca released by this chemical treatment
represents essentially that associated with carbonate minerals. The precision (xstandard deviation
divided by sample mean) and accuracy (SRM mean value minus sample mean) of the analyses
were determined by replicate analysis of standard reference sediments (PACS-2, MESS-3). Over
the long term, Al, Ca, S, and Mn are measured with an average precision of 3.7-6.1% and an
average accuracy of 3.2-6.1% (n=104), and Cd, Mo, Re and U with a precision of 8.3-18.7% and
an accuracy of 5.9-23.1% (n=27) (Table 2). All concentration data are reported on a dry-

sediment basis after correcting for salt content. Furthermore, total S (St) was adjusted by
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subtracting porewater S, which was estimated using measured porosity values, assuming that the
porewater S concentration is identical to seawater SO4* concentration (28 mM). Such an
assumption is justified by the expected low SO,* reduction rate for most of the cores and the
relatively constant porewater SO,* concentration with sediment depth in cores L50 and SS3

(28.6 £ 0.44 mM, n = 39; Gobeil et al., 1991).

Three operationally-defined reduced inorganic sulphur fractions, i.e., acid-volatile sulphide
(AVS), chromium-reducible sulphur (CRS) and elemental sulphur (ES), were determined in
selected sediment subsamples. The method used is based on the work of Canfield et al. (1986)
and Hsieh and co-workers (Hsieh et al., 2002; Hsieh and Yang, 1989). About 0.5 g of wet
sediment was weighed and placed in a Teflon reactor with 50 mL demineralised deoxygenated
water containing 100 uL of 1N NaOH. AVS (= amorphous FeS, + mackinawite + poorly
crystallized greigite) was first extracted by the addition of 1 mL ascorbic acid and 10 mL 6N
HCL. The released sulphide was entrained by an O,-free nitrogen stream, trapped in a NaOH
solution and subsequently measured by the blue methylene colorimetric method (Cline, 1969).
To release S associated with pyrite, the residue from the first lixiviation was then leached with
7.5 mL of an acidic Cr(Il) solution, prepared by dissolving CrCl3-6H,0 in presence of HCL and
passing this solution trough a column of Zn amalgamated to Hg to reduce Cr(l11) to Cr(ll).
Lastly, to release ES the residue from the previous treatment was leached with 10 mL of
dimethylformamide (DMF) in the presence of 2.5 mL of the Cr(ll) solution and 2.5 mL of
concentrated HCI (Hsieh and Yang, 1989). The evolved H,S was trapped after each extraction in
fresh NaOH solutions and determined colorimetrically. Precision of the measurements was

evaluated from duplicate analysis of nine different samples with AVS, CRS and ES

12



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

concentrations ranging from 0.2 to 198 ug g*, 16 to 646 ug gtand 4 to 162 ug g™, respectively.
Coefficients of variation averaged 15%, 12%, and 23%. Here, we report total inorganic reduced

sulphur species (Sreq), calculated as the sum of the concentrations of AVS + CRS + ES.

Total carbon (TC) content was determined by high temperature combustion of samples
using a NC2500 ThermoQuest Elemental Analyzer (Gofii et al., 2013). Organic carbon (OC)
contents were determined on splits of each sample that were exposed to concentrated HCI fumes
and 10% aqueous HCI prior to analysis to remove inorganic carbon. These treatments were done
on pre-weighed samples in silver boats, which, after oven-drying, were wrapped in tin boats and
analyzed by high temperature combustion using the same elemental analyzer. Inorganic carbon
(IC) contents were determined as the difference between TC and OC. Replicate analyses of

selected samples yielded analytical variability of less than 4% of the measured values.
3.2 Estimates of elemental lithogenic and authigenic concentrations

Lithogenic concentrations of the elements need to be accounted for before the
distributions of authigenic phases of the redox-sensitive elements can be discussed. Here, we
assume that the lithogenic contribution to S, Mo, and Cd in the sediment samples may be
estimated from the Al content: Ejito = Alwot X (E/Al)rer, Where Ejigno IS the lithogenic
concentration of element E, Al is the total measured Al content and (E/Al)rs is the best
estimate for the E/Al ratio characterizing the lithogenic component of the sediments at the
sampling site. Specifically, we used the S/Al ratio (0.76 x 102 g g™*) and the Mo/Al ratio (11 x
10 g g™) provided by Rudnick and Gao (2004) as (S/Al).r and (Mo/Al),s, respectively. The
former ratio reflects upper continental crust and the latter ratio lies within the range of values for

igneous rocks and sandstones (6-19 x 10° g g%, Turekian and Wedepohl, 1961) and is consistent
13
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with the more recently reported value in the revised edition of Rudnick and Gao (2004). For Mn,
we followed Macdonald and Gobeil (2012) and applied the Mn/Al ratio for Chukchi Shelf
sediments (5.9 x 10 g/g) to North Bering-Chukchi and Barrow Canyon and the Mn/Al ratio for
Beaufort sediments (3.3 x 10 g/g) to the Beaufort and all areas further east. Concentrations of
authigenic phases of Cd were calculated using a background Cd/Al ratio of 1.5 x 10° g/g
(Borchers et al., 2005). In most cores, including those from the Canadian Archipelago (BE2, PS1
and PS2) and Lancaster Sound (CAAZ2), which had a high content of non-biogenic carbonate
(Goni et al., 2013), the calculated background concentrations are close to the minimum measured
concentrations of Mo, Mn, and Cd, thus suggesting that carbonate particulates contribute
negligibly to these elements in the sediments.

In contrast, the contribution of U from non-biogenic carbonate could not be neglected.
For U, therefore, we assumed that Uit = [Alot X (U/Al)ref] + [Canc) X (U/Ca)ref], where
(U/AD)es is 18 x 10° g g™ (Taylor and McLennan, 1986) except for the Mackenzie Shelf samples
where we used the higher reported previously (U/Al). for this region (35 x 10° g g™* )(Vigier et
al., 2001); Caycy is the measured concentration of HCl-extractable Ca in the sediments; and
(U/Ca)yer is 7.3 x 10° g g%, a value characterizing non-biogenic carbonate (Turekian and
Wedepohl, 1961).

Lastly, considering that the crustal abundance of Re is not yet well constrained (Helz and
Adelson, 2013), we have arbitrarily assumed that Reyiwo IS equivalent to the average measured
concentration of Re in our sediment samples (n = 81) from the Canadian Archipelago having Re

concentration values lower than 1 ng g™*. This background (0.65 ng g, s.d. = +0.16) is consistent
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with recent published assessments (0.2—0.6 ng g™*; Helz and Adelson, 2013; Peucker-Ehrenbrink
and Jahn, 2001; McLennan, 2001).

Hereafter, the authigenic concentration of element E (E,) is obtained by subtracting Ejito
from the total concentration (Ei:) and its inventory in a specific segment of the core is provided
by the sum of Eax (1-¢) x Al x p for each individual sediment layer composing that segment,
where ¢ and Al are respectively the sediment porosity and thickness of each layer, and p is the

solid-phase density assumed to be 2.65.

4 Results

The vertical profiles of measured elements (OC, S, Mn, Mo, Cd, U and Re) and authigenic
phases of the redox-sensitive elements (Sa, Mna, Moa, Cda, Ua and Rea) in the sediments are
illustrated in Figure 2a for Bering and Chukchi Shelves, 2b for Barrow Canyon and Beaufort
Shelf, 2c for Canadian Archipelago and 2d for Lancaster Sound and Davis Strait. The vertical

profiles of Syeq in the sediments are illustrated in Figure 3. Raw data are provided in Appendix 1.

The OC content in the sediment cores across all regions is highest at the surface, decreases
within the top few cm, and then remains roughly constant throughout deeper portions of the
cores. The OC values in deep sections of the cores range from very low values (0.1-0.6%) in
cores from Davis Strait (Figure 2d) and the Canadian Archipelago (Figure 2c) to very high
values (~4.7%) at the head of Barrow Canyon (core BC3; Figure 2b). The wide range of average
OC content in the cores (Table 1) implies strong variation from site to site in organic matter

supply and/or preservation (see also Gofii et al., 2013).
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The concentration of S, in many cores, such as in Chukchi and Bering Shelves and in
Barrow Canyon, increases from the top to the bottom (Figure 2a,b). At our sampling sites from
these regions, Sy often reaches values higher than 4 mg g™ at depth in the cores, while Syeq
reaches values of 2-4 mg g™ (Figure 3). Seq thus accounted for >50% of the Sy at depth in these
cores. In contrast, in other regions of the NAAM, S first decreases below the sediment-water
interface but then increases slightly downward, reaching again maximum values at the bottom of
the cores. This pattern is observed in the three cores from Lancaster Sound (Figure 2c), and in
two cores from the Beaufort Shelf (CG1 and CG2; Figure 2b) and two cores from Davis Strait
(DS1 and DS5; Figure 2d). In these locations, where maximum values of Sy, do not exceed about
1-2 mg g7, Sreq reaches maximum values of 0.2-1.2 mg g™ (Figure 3) and again accounts for a
major fraction of S at depth in the cores. Finally, Sitand Sreq are both low (St <0.1 mg g™) and
do not vary much with depth at all sampling sites from the Canadian Archipelago (Figure 2c¢) and
at specific sites from the Beaufort Shelf (CG3, L50 and SS3; Figure 2b) and Davis Strait (DS2;

Figure 2d).

The vertical distribution of Mn in the sediments also strongly varies with location in the
NAAM. In sediments having elevated S inventories, including Bering-Chukchi shelves and
specific cores from Barrow Canyon, Lancaster Sound and Davis Strait, Mn concentrations are
low (<0.5 mg g*) throughout the cores although a weak surface enrichment may be observed in
some cores. This “flat” vertical profile is in sharp contrast with all other cores that have Mn
elevated in a surface layer, then decreasing to low and relatively constant concentrations at
depth. This general pattern is typical but there are important regional differences in the thickness

of the surface layer enriched in Mn as well as in the level of enrichment. In some cores from the
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Canadian Archipelago (PS2 and BES3; Figure 2¢) and the Beaufort Shelf (CG2 and CG3; Figure
2b), where the S contents of the sediments are the lowest, the Mn enriched surface layer is more
than 10 cm thick and the maximum values of the Mn concentrations within the enriched layer
reach 10-20 mg g™. In cores having a substantive Mn inventory, the full profiles of Mo
remarkably parallel those of Mn. The covariation between Mo and Mn is also observed near the
sediment-water interface in the cores having a thin enriched Mn layer (CG1 and VVS1,; Figure
2b,c). In contrast, beneath the Mn-rich layer, where Mn concentrations become consistently low,
both Mo and S progressively increase with depth. Molybdenum and S (Sit and Syeq) covary at
sampling sites where the Mn concentrations and inventories in the sediments are the lowest
(Bering-Chukchi shelves and Barrow Canyon). At many of these sites, Mo increases

progressively from ~1 ug g™ in surface sediments to 4 ug g™* at 30-40 cm depth.

The profiles of Cd, U and Re exhibit, contrary to Mo, no clear similarity with any portions
of the Mn profiles. With few exceptions, the overall trend in the profiles of these three elements
IS an increase with depth. In most cores, concentrations increase abruptly and then remain
constant with depth; in a few cores (e.g., CG2), concentrations increase and then slightly
decrease with depth. For the Bering and Chukchi Shelves (Figure 2a), the concentrations of U,
Re and, to a lesser extent, Cd tend to increase with depth throughout the cores similar to S and
Sred- In the cores having a surface enriched Mn layer, the concentration increases occur close to

the base of the Mn layer, approximately where S,eq begins to increase significantly.
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5 Discussion

5.1 Regional patterns in sedimentary organic carbon oxidation as reflected by Mn and S

Microbial OC metabolism at the seafloor consumes O,, thus establishing a concentration
gradient in which O, decreases with depth in the sediments and progressively changes the redox
environment. Depending on water column productivity and OC deposition at the ocean bottom,
the thickness of the aerobic layer in the sediments may be a few mm or less in shallow
productive waters, while it may extend to several cm in poorly productive marine regions (cf.,
Thomson et al., 2001; Cai and Sayles, 1996; Canfield, 1993). Due to the upward diffusion of
Mn(Il) into the oxic surface layer, where it oxidizes, that aerobic layer is often found enriched in
Mn oxihydroxides, the thickness of which can be used as an indicator of organic matter
metabolism. From the considerable variation in the thickness of surface Mn-rich layers in the
NAAM sediments (Figure 2), we thus infer significant differences in the average (maximum) O,
penetration depth in the sediments and intensity of aerobic OC metabolism. The thickness of the
Mn-enriched layer is organized regionally: undetectable or very thin layers (< 0.5 cm) of surface
Mn enrichment imply strong OC flux and metabolism in the Bering-Chukchi shelves, thin layers
(1-5 cm) of surface Mn enrichment imply lower aerobic OC metabolism in Barrow Canyon and
Lancaster Sound, and thick layers (5-20 cm) of surface Mn enrichment imply deep O,
penetration and much lower OC metabolism in the Beaufort Shelf, Canadian Archipelago, and

Davis Strait.

Although the large-scale distribution of Mn-rich surface layers in sediments along the

NAAM may generally reflect the spatial patterns in carbon respiration, caution is required in
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interpreting redox parameters like Mn because the O, penetration depth and consequently
changes in surface Mn distribution can undergo rapid and dramatic excursions in response to
variations in labile OC flux (cf., Figure 3 in Katsev et al., 2006). Theoretically, steady-state
diagenesis in sediments would generate a single Mn peak in a narrow depth interval close to the
depth of O, penetration assuming the surface mixed layer (SML) is thin relative to the aerobic
layer. If this assumption is not true, the Mn enrichment would become more evenly distributed
throughout the SML (Katsev et al., 2006; Thomson et al., 2001). In our data set, many of the Mn
profiles have narrow peaks (see, for example, CG2, QM1, VS1 in Figure 2b,c), which indicate
SML depths (Table 1) less than the Mn-enriched depth, whereas cores from the Bering-Chukchi
shelves and Barrow Canyon have no evident Mn peaks. There are only a few cores (e.g., CG3
and BE2) that have multiple peaks in their Mn profiles, which imply fluctuations of the redox
boundaries (i.e., non-steady state diagensis in which there has been partial Mn
oxide/oxyhydroxide reduction followed by a return to oxic conditions such that the Mn-rich layer
is thinned; Katsev et al., 2006). However, seasonal and interannual variations in OC flux that can
bring about fluctuations of redox boundaries are probably the norm along the NAAM. Thus, the
thickness of the surface Mn-rich layers in sediment cores can only be used qualitatively to
compare reduction intensity among the areas. This limitation provides part of the rationale for

examining other redox-sensitive elements that form authigenic phases in the sediments.

The progressive increases of Si: and Syeq from the sediment surface to the bottom of the
cores in which the enriched Mn layer is absent or very thin, or from the base of the Mn layer to
the bottom in those cores with a substantial Mn-enriched layer (Figure 2), imply formation and

burial in the sediments of authigenic sulphide phases. These phases consist mainly of pyrite, Fe
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monosulphide and other amorphous metal sulphides that have formed as a consequence of
anaerobic respiration using sulphate as terminal electron acceptor. Similar to Mn, the
distributions of Sreq and S (Figure 2) across the NAAM are also organized regionally.
Inventories of authigenic S (Sa) below the Mn-rich layer, for example, decrease from an average
of 60 mg cm in the Bering-Chukchi shelf and Barrow Canyon sediments to ~12 mg cm™ in
Lancaster Sound sediments and <2 mg cm™ in the Beaufort Shelf, Canadian Archipelago and
most Davis Strait sediments (Figure 4). There is an apparent absence of reduced S accumulation
in cores FS1, BE2, and PS2 from the Canadian Archipelago and DS2 from Davis Strait, which
indicates minimal anaerobic OC oxidation coupled to sulphate reduction. Previous workers have
suggested that Mn(1V) and Fe(l11) are the dominant terminal electron acceptors for OC
metabolism in most Arctic Ocean margin sediments, with the exception of highly productive
areas where sulphate becomes the dominant oxidant (Kostka et al., 1999; Nickel et al., 2008;
Vandieken et al., 2006). Our results seem therefore consistent with those of previous studies;
they indicate a greater importance of sulphate reduction in the Bering-Chukchi shelves and
Barrow Canyon, where both S;,; and Syeq concentrations reach maximum values at the bottom of
the cores (Figure 2a,b), and only a minor role for sulphate reduction in the Canadian
Archipelago, Davis Strait and Beaufort Shelf regions, where these concentrations are much
lower. This finding of much stronger reducing conditions in the Bering-Chukchi shelf is
consistent with porewater O, micro-profiles in a separate study (Esch et al., 2013) and explains
the absence of a Mn-rich surface layer in these sediments (Figure 2a). Overall, the sediment
profiles of Mn, S (Figure 2) and Syeq (Figure 3) and the sediment inventories of authigenic S

(Figure 4) indicate clear regional domains in OC deposition and metabolism in the sediments: i)
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strong reducing conditions in the Bering-Chukchi shelves and Barrow Canyon; ii) moderate
reducing conditions in Lancaster Sound; and iii) weak reducing conditions in the Beaufort Shelf,

Canadian Archipelago and Davis Strait.
5.2 Controls on the vertical distributions of authigenic phases of Mo, Cd, U and Re

5.21 Mo

During early diagenesis, dissolved Mo becomes incorporated in the solid-phase under both
oxidizing and reducing conditions (cf., Calvert and Pedersen, 1993; Crusius et al., 1996; Morford
et al., 2005; Chaillou et al., 2002). Under oxidizing conditions, the adsorption of Mo to Mn
oxihydroxides appears to be the most recognized scavenging mechanism for incorporating
authigenic Mo (Mo,) into marine sediments (e.g., Sundby et al., 2004). In our sediments, the
highly significant correlation between Moa and Mna within Mn enriched sediments in both our
compiled data set for the NAAM (r* = 0.90, p<0.001, n=178) and within 16 individual cores
having Mn enriched layers (r* > 0.56, p<0.03) (Figure 5) provides supplementary evidence
supporting such a mechanism. The average Mo/Mn ratio (0.001 g g*+0.001 g g%, n=178) in the
Arctic’s oxic sediments is, furthermore, typical of the ratio (0.002 g g™*) observed worldwide in

Mn oxide rich sediments and ferromanganese deposits (Shimmield and Price, 1986).

The exact mechanism by which dissolved Mo becomes fixed under reducing conditions in
marine sediments remains a subject of discussion (e.g. Chappaz et al., 2014; Helz and Adelson,
2013). It is generally accepted that dissolved Mo, which exists as MoO,*~ in oxygenated waters,
is initially converted to tetrathiomolybdate in the presence of sufficiently high concentrations of

HS (Helz et al., 1996; Erickson and Helz, 2000), and that Moa subsequently accumulates as a
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Mo-Fe-S solid, the composition of which remains imprecisely defined (e.g., Helz et al. 1996;
Erickson et al., 2000; Helz and Adelson 2013). Dahl et al. (2013) have recently identified
Mo(IV)-S compounds in euxinic lake sediments but their observations need corroboration before
they can be generalized. On the other hand, Chappaz et al. (2014) concluded that substitution of
Fe atoms by Mo atoms during the formation of pyrite in black shales is of relatively minor
significance. Regardless of the exact removal mechanisms of Mo,, the concomitant increases in
Mo and S (both St and Syeq) With depth in Arctic sediments, beginning from the sediment-water
interface in the cores from Bering-Chukchi shelf (Figure 2a) and shallow Barrow Canyon
(Figure 2b), or below the base of the Mn-rich surface layer in many cores from the other regions

(Figure 2b,c,d), provide strong evidence of Mo fixation under reducing conditions.

For the 13 cores from the North Bering-Chukchi shelf, Barrow Canyon, Lancaster Sound,
and Beaufort Shelf (CG1), the slopes of the Moa - Sa relationships are similar across the region:
statistically significant relationships (slopes 0.59-1.74, r*=0.35-0.91, and p< 0.003) between
authigenic Mo (Moa) and S (Sa) are observed. For three cores (SLIP1, UTN7 and BC5), there
are sediment sections with anomalously low Moa concentrations relative to Sa that we have
treated as outliers in the regressions (see open symbols in Figure 6). Of these cores, UTN7 is the
most interesting because it clearly contains an upper section extending down to about 30 cm
depth that has a much shallower slope (Figure 6). Based on the **°Pb profile (Kuzyk et al., 2013;
Table 1) and the Re profile, we suspect that this sediment has been mixed deeply, from which we
infer that the slope of Moa to Sa reflects mixing rather than in-situ sequestration. It is noteworthy
that positive intercepts for Moa at Sa=0 are found for sediments that have Mn surface

enrichments (most sediments outside the North Bering-Chukchi shelf). This observation is

22



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

consistent with surface Mn-associated Mo enrichments facilitating authigenic Mo accumulation
in reducing sediments below the Mn-enriched layer (cf., Scholz et al., 2013). In contrast to other
studies that have found correlations between Mo and OC concentrations in reducing sediments
(cf., Algeo and Lyons, 2006), our sediments exhibit no such relationship within individual cores

and a weak relationship for the entire data set (r*=0.22, p<0.001, n=353, core BC3 excluded).

522 Cd

Upper portions of the Cd profiles, in which concentrations are slightly elevated in surface
sediments and decrease within the oxic zone (see, for example, VS1, PS1, CG2), are interpreted
as representing biogenic supply of particulate Cd to surface sediments, which is being released to
porewater as organic matter (OM) is aerobically degraded (Gendron et al., 1986; Gobeil et al.,
1987). In the upper sediment layers of our cores (i.e., above the Cd minimum), Cda and OC are
highly correlated, both within nine individual cores (r>=0.50-0.95) and in the compiled data set
(r*=0.85, p<0.001, n=167). The Cda:OC ratios implied by the slopes of the relationships as well
as the Cda:OC ratios in upper portions of most of the cores (Figure 7) are similar to or slightly
less than the Cda:OC ratio reported for particulate marine OM (~2-3 pmol mol™) (Morel and

Malcom, 2005; Rosenthal et al., 1995b).

Increases in Cd with depth beginning below the concentration minima in the shallow
subsurface are nearly ubiquitous in the sediments (Figure 2) and are interpreted as authigenic Cd
(Cda) accumulation. In support of this interpretation, Cda:OC ratios in deep sediment layers
generally are greater than the Cda:OC ratios in upper portions of the cores and, in many cases,
exceed the particulate marine OM ratio (~2-3 pmol mol™) (Morel and Malcom, 2005; Rosenthal

et al., 1995b) (Figure 7). Furthermore, significant positive Cda- Sa relationships are found in the
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deeper sediment sections of seven individual cores (r>=0.30-0.66). The significant Cda-Sa
relationships in the sediments are consistent with precipitation of CdS providing the primary
removal mechanism for Cd in these sediments (cf., Rosenthal et al., 1995b). However, the
noisiness of the Cda - Sa relationships, compared to those of Moa (r*=0.30-0.66 vs. r*>>0.73),
indicate that factors other than sulfide availability influence authigenic Cd accumulation in these
sediments. Variation in Cd supply is likely important, in view of the element’s biological activity
and hence low concentrations in productive shelf waters (cf., Little et al., 2015). In particular,
low maximum Cda:OC ratios in deep sediments in the North Bering-Chukchi shelf, Barrow
Canyon, and Beaufort Shelf (CG2 excepted) compared to the Archipelago (FS1 excepted) and
Davis Strait (1.1-4.0 umol mol™ vs. 3.5-13.9 pmol mol™; Figure 7) suggest Cd supply is limited
in the western part of the study area but not further east (with the exception of Lancaster Sound).
The statistically significant Cd, intercepts at Sy = 0 (~0.1 pg g™*) imply that a small amount of
particulate Cd is directly transferred from the oxic to suboxic zones or that Cd released to
porewater from OM degradation in surface sediments diffuses downward and enhances the
supply of Cd available to precipitate as CdS in the presence of dissolved sulfide. The core
(UTNB5) in which the Cda intercept is highest (0.20 pg g™) is from the Chukchi shelf, where the
shallow, productive waters are probably low in Cd due to biological uptake. Thus, continuous
supply of Cd from OM degradation may become increasingly important for enhancing authigenic
Cd enrichment in regions like this one, where bottom water concentrations of Cd are low

(provided dissolved sulfide is not limiting within the sediment column).
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523 U

Although U concentrations in the Mn-rich layers of the cores are relatively constant and
lower than values in deeper sediment sections (Figure 2), the concentrations often slightly exceed
Uiitho in the cores, consistent with a small supply of U being scavenged from the water column
and delivered to the sediment as part of the particulate flux (i.e., particulate non-lithogenic U;
Anderson, 1982; Zheng et al., 2002a). While most previous studies have found no evidence of
Mn oxides influencing the distribution of U (McManus et al., 2006; Morford et al., 2005;
Klinkhammer and Palmer, 1991), here, the U concentrations in the Mn enriched sediment layer
are correlated with Mna concentrations within three cores (VS1, FS1, DS2; r>>0.52, p<0.002; not
shown). This result supports the findings of Morford et al. (2007) that U can cycle to a limited
extent with Mn oxides. In the same three cores, Ua concentrations in oxic sediments are also
weakly correlated with OC (r* = 0.40-0.42, p<0.004). U-OC correlations have been observed in a
variety of oceanographic settings and may reflect U associating with particulate organic carbon
in the water column, perhaps through surface complexation or perhaps biological uptake (e.qg.,
Zheng et al., 2002a). The influence of this process here is obviously weak. In view of the limited
Ua-Mna and Ua-OC relationships and also the low U concentrations in oxic sediments
compared to subsurface U values (Figure 2), we conclude that the major source of U for
authigenic enrichment in subsurface sediments here is downward diffusion of soluble U(V1)

from the water column.

The relatively abrupt increases in U concentration near the base of the Mn enriched layer in
many of the cores (see, for example, cores VS1, PS1, BB11, BC5, CG2; Figure 2) are consistent
with downward diffusing U(V1) being converted to relatively insoluble U(IV) where it
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encounters weakly reducing conditions in the sediments (Cochran et al., 1986; Gariépy et al.,
1994; McManus et al., 2005). The occurrence of strong U enrichments in several cores having
very weak Mo and Cd enrichments, including cores BC5, DS1 and DS5, implies that authigenic
U precipitates even in very weakly reducing conditions in the sediments. It is also striking that
the highest Ua concentrations (4-5 pg g™) are present not in cores from the Chukchi Shelf and
Barrow Canyon (as was the case for Mo and to some extent Cd) but rather cores from the
Beaufort Shelf, Canadian Archipelago, and Lancaster Sound (Figure 2). Similarly, the largest Ua
inventories are present in cores from the Canadian Archipelago and Lancaster Sound (Figure 4).
The implication is that maximum Ua concentrations (and inventories) do not correspond to the
relative ordering of sediments according to their ‘reducing intensity’, as inferred from Mn, Sieq
and Sit. This result suggests strikingly different controls on U accumulation than those on Moa
and Cda. Considering that many of the cores with high U concentrations (VS1, BB11) have low
sedimentation rates (~0.05 cm yr™; Table 1), one of the controls on Ua accumulation could be
slow precipitation kinetics, which leads to higher concentrations in slowly-accumulating

sediments (Kuzyk et al., 2011; Sundby et al., 2004).

U profiles in Bering-Chukchi shelf sediments are enigmatic in that Ua enrichment does not
begin until ~20 cm despite reducing conditions commencing almost at the sediment surface and
Moa beginning to accumulate within about 10 cm of the sediment surface (Figure 2). A possible
explanation is remobilization of Ux as a result of deep, intense biomixing (Table 1) that at times
exposes Ua to dioxygen (cf., Cochran et al., 1986; Morford et al., 2009a,b; Zheng et al., 2002b).

The contrast between Ua and Moa may arise from the latter being more resistant to
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remobilization or, more likely, to its recycling to Mo when reducing conditions are re-

established (e.g., see Crusius and Thomson, 2000; Helz and Adelson, 2013).

5.24 Re

The pronounced increases in Re concentration with depth beginning below the Mn-enriched
layer are interpreted as reflecting authigenic Re enrichment, wherein Re is dissolved in the
presence of O, but enters the solid phase under weakly reducing conditions (Crusius et al., 1996;
Crusius and Thomson, 2003). Dissolved Re, which occurs in oxic seawater as the unreactive
perrhenate anion (ReO,; Bruland, 1983), presumably diffuses into sediments from the bottom
water and precipitates where weakly reducing conditions are encountered in the sediments,
although the removal pathway for Re is still poorly understood (cf., Helz and Adelson (2013)).
The insoluble species of Re accumulating in reducing sediments possibly include rhenium oxide
(ReOy), dirhenium heptasulphide (Re,S7(s)) or rheniite (ReS;) (Chappaz et al., 2008; Nameroff

et al., 2002; Tribovillard et al., 2006).

An alternative hypothesis presented recently is that Re coprecipitates in a Fe—Mo-S
colloidal phase in sulphidic sediments, perhaps approximating FesMo3S14 (Helz and Dolor, 2012;
Helz and Adelson, 2013). In our sediments, there are strong correlations between authigenic Re
and Moa in all of the sediments with relatively strong reducing conditions (Figure 8), as would
be expected under a coprecipation mechanism. However, the slopes of the Rea-Moa
relationships differ significantly among the various shelf regions, with Lancaster Sound greatly
exceeding the North Bering-Chukchi shelf and Barrow Canyon. Furthermore, in all of the
sediments, the apparent Rea/Moax ratios lie well above the expected atomic ratio for the

coprecipitation phase, assuming equilibration with dissolved Mo and Re in their typical seawater
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molar ratio of 10 (Helz and Adelson, 2013). We conclude that the accumulation of both
elements may be governed by diffusion into the sediments thus giving rise to correlation in Rea
and Moa concentrations; however, the elements seem to have independent removal mechanisms
in these sediments. Further evidence of independent mechanisms is provided by the rather abrupt
increase in Moa concentrations in near-surface sediment layers in the Bering-Chukchi shelf
cores, in contrast to gradually increasing Rea concentrations with depth (Figure 2; note UTN7 is

an exception).

Although the pronounced Rea enrichments in the sediments all begin below the Mn-
enriched layers in our cores, we note that the minimum Re,; concentrations in the cores are
generally higher than typical crustal values of 0.05-0.5 ng g* for this element (Esser and
Turekian, 1993; Peucker-Ehrenbrink and Jahn, 2001; McLennan, 2001; Wedepohl, 1995;
Borchers et al., 2005). Indeed, in all of the cores from the western part of the study area and
Lancaster Sound, the minimum Rey; concentrations are 2-3 ng g™ (Figure 2). This apparent
enrichment cannot be due to the interaction of ReO, with Mn oxides (Crusius et al., 1996;
Morford et al., 2005) because the profiles Re and Mn bear no resemblance to one another
(Figure 2). Biogenic supply may be ruled out because Re is not required by phytoplankton, nor
do sediment profiles show a subsurface decrease in Re concentrations (Figure 2) as expected for
a metal associated with OM (cf., profiles of Cd in Gobeil et al., 1987). Upward biomixing of Rea
from the suboxic zone to the oxic zone followed by slow dissolution of Rea could explain the
trends in cores with intense mixing but most of the Lancaster Sound cores have only 1-cm thick
surface mixed layers (Table 1). Another possibility is that many of the cores may have reducing

microenvironments created by episodic labile OC fluxes despite long-term conditions
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characterized by low OC fluxes. This hypothesis is supported by the observation that minimum
Reot concentrations comparable to typical crustal values are found only in cores with low Syegq

concentrations (10-16 ug g™ irrespective of water depths (i.e., BE2, FS1, PS2 and DS2).

5.2.5 The relationship between surface Mn enrichment and Cda, Ua and Rea profiles

In most cores the profiles of Cda, Ua and Rea bear striking similarities, closely paralleling
one another at several sites (Figure 2). In cores with only a thin surface layer of Mn enrichment,
Cda, Ua, and Repa beneath that layer remain relatively low and constant, or even decrease
slightly. Where the Mna layer is thicker with higher Mna enrichment, Cda, Ua and Rep increase
abruptly beneath that layer from minimum to maximum values, which are maintained to the
bottom of the core. Two extreme cores — CG2 in the Mackenzie Shelf and VS1 in the Canadian
Archipelago — in which the Mn layer was > 7 cm and Mn enrichments exceeded 5 mg g,
contained the most elevated concentrations for Cda (>0.9 ug g™%), Ua (>5 ug g™) and Rea (>15 ng
g™) (Figure 2) observed in our study. Lastly, for the 12 cores having negligible Mn enrichment in
surface sediments but elevated Sa, the concentrations of Cda, Ua, and Rep attain relatively high
values immediately at the sediment surface, but the rate of increase with depth is much lower

than in most cores characterized by Mn surface enrichment.

5.3 Trace Element Accumulation Rates in Reducing Sediments

Average accumulation rates for Sa, Cda, Moa, Ua, and Rea in each core may be estimated
as the product of the sedimentation rate and the concentration of the authigenic elements
measured at depth in the cores (>30 cm). These calculations provide the ultimate accumulation

rates of the authigenic component of the elements, assuming that below ~30 cm depth
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concentrations remain constant. We have chosen this approach because, in many cores,
especially those with deep biomixing, the concentrations of the elements strongly increase with
depth (Figure 2). In the cases of the two short cores (UTN3 and BC3), concentrations at depth
are estimated by linear extrapolation of the depth-concentration relationship exhibited by the
deepest available sections. The sediment accumulation rates, based on ?!°Pb and **'Cs profiles,
are taken from Kuzyk et al. (2013) or newly derived (SLIP-1, -3, -4, UTN5, L50, SS3) following
the same methods described in that reference. Unfortunately, due to the setting (biomixing, low
219 fluxes), “°Pb-derived sedimentation rates are not very well constrained for sediments from
the Bering-Chukchi shelves (Table 1). For a few vigorously biomixed sediments that could not
be dated at all using >°Pb (UTN3, UTN7, and BC3), we apply sedimentation rates determined in
nearby cores (Table 1). We note that these rates lie within the range of previously reported
sedimentation rates for the eastern Chukchi Shelf (0.08-0.32 g cm™ yr™*; Baskaran and Naidu,

1995).

Accumulation rates for Sa, Moa, Cda, Ua and Rea for the 27 core sites are presented in
Table 3 and illustrated by region in Figure 9. Accumulation rates (ARS) for Sa, Moa, Cda, Ua
and Rea all show a clear regional pattern, with highest rates in the Bering-Chukchi shelves and
the shallower sites in Barrow Canyon, moderate rates in Lancaster Sound, and generally low
rates in the Beaufort Shelf, Canadian Archipelago and Davis Strait (Figure 9). There are some
subtle differences in the relative rates of accumulation among the various redox elements, for
example, Sa and Moa have accumulation rates of essentially zero in the Beaufort Shelf,

Canadian Archipelago and Davis Strait regions, whereas Cda, Ua and Rea have low but non-zero
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rates in these regions. The accumulation rates of Ua and Rep in Lancaster Sound sediments are

similar in magnitude to the rates in the Bering-Chukchi shelves (Figure 9).

Despite these subtle differences, the regional patterns — high in the Bering-Chukchi shelves
and Barrow Canyon, medium in Lancaster Sound, and low in the other regions — are so
consistent across all the redox elements that clearly the major sources of variation in the trace
element accumulation rates are organized by region. The regional patterns in accumulation rate
also agree with the regional differences in ‘reduction intensity’. In view of the well-oxygenated
bottom waters along the NAAM margin, the spatial variability in redox conditions and
authigenic element accumulation rates must be governed by the supply of labile carbon to the
seabed. In support of this assertion are strong relationships between the accumulation rates and
vertical carbon flux, estimated from regional primary production values and water depth at the
coring sites (Figure 10). Specifically, we estimated the vertical flux at our coring sites using a
simple empirically-derived model, J = 20PP/z, where J is the flux of carbon in units of gC m? yr
! PP is annual primary production in units of gC m? yr* and z is water depth in m (Berger et al.,
1987; Bishop, 1989; Hulth et al., 1994; Suess, 1980). We used the average annual primary
production values for the various regions as reported in Sakshaug (2004) and Grebmeier et al.
(2006), i.e., 460 gC m™ yr* for the Chukchi Shelf, 360 gC m™ yr™ for the Bering Shelf, 430 gC
m2 yr' for Barrow Canyon, 50 gC m™ yr™ for the Beaufort Shelf, 30 gC m™ yr™ for the
Canadian Archipelago, and 90 gC m™ yr™ for all remaining regions. Note that 90 gC m? yris
the reported value for Baffin Bay but in the absence of more specific subregional data, we apply

this value to both Lancaster Sound and Davis Strait.
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Plots of the accumulation rates for Sa, Moa, Cda, Ua, and Rea in the cores against the labile
OC flux (Figure 10) show strong significant relationships for S (r*=0.86, p<0.001) and Moa
(r=0.83, p<0.001) and noisier but still significant relationships for Cda and Ua (r*=0.57 and
0.39; Figure 10). The noisiness of these latter relationships and the lack of significant
relationship for Rea might reflect the fact that Rea and Ua precipitate in very weakly reducing
sediments or even weakly reducing microenvironments, the existence of which depends on many
factors (e.g., degree of sediment mixing, temporal distribution of the OC flux) besides annual
labile OC flux. Quite a bit of the scatter is due to unusually high U, and Rea accumulation rates

in sediments at relatively deep sites.

Core BC4 from Barrow Canyon is an outlier in several of the plotted relationships (cf.,
Figure 10a,b). The Sa and Moa accumulation rates for BC4 imply a vertical flux at this site on
the order of 100-150 gC m™ yr™, rather than the ~14 gC m™ yr* estimated from regional primary
production values and the site’s water depth (499 m). Although OC values at this site are no
higher than at nearby sites, the sediment accumulation rate is higher and may ultimately be
driving higher vertical carbon fluxes and thus higher Sa and Moa accumulation rates. This result
is consistent with the notion that deposition of shelf-derived materials is enhanced in the upper
and middle (100-500 m water depth) part of Barrow Canyon (Darby et al., 2009; Kuzyk et al.,
2013). Furthermore, the result indicates that the deposited materials are labile, which implies a
rapid transport mechanism that reduces the vertical flux attenuation generally associated with
zooplankton grazing. Among the various particle transport mechanisms proposed to operate in
this region, brine enriched winter density flows (Weingartner et al., 2005; Williams et al., 2008)

seem more likely to promote the deposition of unexpectedly labile material at depth than do
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resuspension of shelf material and midwater transport (Lepore et al., 2009) or eddies (O'Brien et

al., 2011).

Although variation in vertical carbon flux (and thus labile OC forcing) clearly explains most
of the variation in trace element accumulation rates among Arctic margin sediments, there are
two other factors that could influence the accumulation rates. The first of these factors is the
supply of terrestrial organic material, which is strongest in the Beaufort Shelf (near the
Mackenzie River), followed by the Bering-Chukchi shelves and Barrow Canyon (perhaps
because of Yukon River influence and/or erosion of coastal and/or sub-seafloor peat) (Gorii et
al., 2013). To test for the influence of terrestrial organic matter on trace element accumulation
rates, we take the residuals from the linear regression relationships of accumulation rate and
vertical flux and regress them against the percent of terrestrial vascular plant input at each site
(Figure 10) (cf., Hebert and Keenleyside, 1995). This value was derived by Gofii et al. (2013)
from the results of Principal Components Analysis (PCA) of biomarker and bulk isotopic data
for the surface sediments of the same (25) cores examined here (Gofii et al., 2013). Using this
multi-proxy index of vascular plant input, we find a statistically significant relationship with the
residuals from the vertical flux vs. Moa accumulation rate regression (r>=0.19, p=0.022, BC3
excluded as outlier) (Figure 11). We do not find significant relationships between these
regression residuals and other properties such as sedimentation rate. The significant relationship
between the residuals and percent vascular plant input suggests that terrestrial vascular plant
inputs may contribute significantly, in addition to the vertical (marine-derived) carbon flux, to
supporting sedimentary carbon turnover and hence the accumulation of redox-sensitive elements

in Arctic margin sediments. This result is not entirely surprising because, although terrestrial OC
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is generally considered much less reactive than marine OC (Burdige, 2005; Prahl et al., 1994), it
has been shown in recent studies to degrade more rapidly than previously thought and to
represent an important overall contributor to metabolism in Arctic margin areas (Sanchez-Garcia
etal., 2011; Vonk et al., 2012). In the Laptev and East Siberian Arctic margin areas, Sanchez-
Garcia et al. (2011) estimated a first-order degradation rate constant for terrestrial particulate OC
of 1.4 + 0.9 yr !, which corresponds to a calculated half-life (In 2/k) of only ~0.5 yrs. In the
Beaufort Shelf region, Goiii et al. (2005) estimated from sediment OC/surface area ratios that as
much as 25% of the ancient OC discharged by the Mackenzie River (~0.35 x 10° kg yr) is lost
annually from sediment particles prior to burial in the outer shelf. With the large magnitude of
terrestrial OC export by the Mackenzie River and this degree of remineralization, the potential is
there for terrestrial OC to significantly contribute to sedimentary carbon turnover and trace

element accumulation in the Beaufort Shelf region, at least.

The second factor that can be important in controlling trace element accumulation rates is
activity of macrobenthos, including bioturbation and pore water irrigation in margin sediments
that underlie well-oxygenated bottom waters (Morford et al., 2009a; 2009b; 2007). For instance,
Morford et al. (2009a) demonstrated that U accumulation rates were lower in sediments that
underlie waters with high bottom water O, content compared to those predicted from rates in
areas with low bottom water O, content, presumably reflecting oxidation and loss of U from the
solid phase via irrigation and/or bioturbation in the well-oxygenated areas. Bioturbation and
porewater irrigation are both intense in Bering-Chukchi shelf sediments (Clough et al., 1997;
Kuzyk et al., 2013), with SMLs (as interpreted from #°Pb profiles) as thick as ~10 cm in some

cores from these regions, compared to ~1-2 cm in most other regions (Table 1). In the case of
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UTN?7, which has the deepest biomixing, oxidation and loss of Mo appears to have been
significant based on the abnormally low Mo accumulation in the top ~20 cm of that core (Figure
6). Partial oxidation and loss of Re resulting from deep biomixing and porewater irrigation may
also explain in part the low Re/Mo ratios in the North Bering-Chukchi shelf sediments (Figure 8)
relative to the expected ratio assuming equilibration with dissolved Mo and Re in their typical
seawater ratio (Helz and Adelson, 2013). At the same time, we find no relationship here
between the flux-adjusted authigenic element accumulation rates and the thickness of the SML
across our cores. It may be that the effects of bioturbation and porewater irrigation affect the
very nature (i.e., slopes) of the relationships we observe between vertical flux and accumulation
rate because all of the high flux sites have relatively thick SMLs implying strong effects of
bioturbation and porewater irrigation. What is needed is a comparison of sites with similar (high)
vertical carbon fluxes but a wide range in bottom water oxygen levels and thus macrobenthos
activity (cf., Morford et al., 2009a). When U accumulation rates for the Bering-Chukchi shelf
are plotted together with the literature results for Ua accumulation rates and carbon flux
compiled by Morford et al. (2009a), as well as some additional recent results for Hudson Bay
(Kuzyk et al., 2011) and the Strait of Georgia (Macdonald et al., 2008). In Figure 12, following
the example of Morford et al., (2009), we plot data from locations with low bottom water O,
levels (<150 uM; open symbols) and high bottom water O, levels (>150 uM; closed symbols) .
We find that the U, accumulation rates are indeed somewhat lower in the Bering-Chukchi shelf
sediments compared to those predicted from relationships developed from locations with poorly
oxygenated waters (Figure 12). However, the Ua accumulation rates for Bering-Chukchi shelf

sediments do not appear to be as strongly affected by bioturbation and/or bioirrigation as those in

35



738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

other locations, including Buzzards Bay and Hingham Bay (Figure 12) (Morford et al., 20093;
2009Db; 2007). Perhaps the bioturbation and/or bioirrigation is not as intense because of
differences in the macrobenthos community, or perhaps the low porosity of the Bering-Chukchi
shelf sediments (averaging 0.62-0.77, Table 1) reduces the impact of bioirrigation, compared to

locations with fine-grained sediments.

5.4 Implications for estimating the importance of the Arctic for marine budgets of S, Mo,

Cd, U, and Re

Accumulation rates of Moa, Cda, and Ua in sediments have been determined at several
locations along both the Pacific (Macdonald et al., 2008; McManus et al., 2005; Morford and
Emerson, 1999; Morford et al., 2005; Nameroff et al., 2002; Zheng et al., 2002b) and Atlantic
(Morford et al., 2007; Sundby et al., 2004) margins of North America and in the Arctic marginal
sea Hudson Bay (Kuzyk et al., 2011). However, none of these studies has included sites along
the continental margin of the Arctic Ocean, despite its vastness and potential for future change.
The Arctic margin data also contribute new information about redox element accumulation in

sediments underlying well-oxygenated bottom waters, which is generally scarce.

Our data reveal considerable spatial variability in accumulation rates of redox-sensitive
elements for sediments along the NAAM margin, which will make it challenging to develop
accurate estimates of the importance of the Arctic for regional or global marine biogeochemical
budgets. For instance, while accumulation rates for Moa are negligible in the Canadian
Archipelago, Beaufort Shelf, Davis Strait, the average rates in the Chukchi Shelf (~0.82 ug cm™
yr') are comparable to those in other productive margin areas around the world. This variation

implies that accumulation rates in one region ought not to be applied to other regions. Another
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complication is variation within regions, in particular Barrow Canyon, where the nature of the
variation is somewhat unexpected (i.e., higher authigenic accumulation rates at the deeper (599
m) BC4 site, compared to the shallow (186 m) BC3 site). In the Beaufort Shelf, the variation is
as expected, with higher accumulation rates at the shallowest site (CG1). In the Canadian
Archipelago, the most westerly cores (QM1 and VS1) have slightly higher authigenic element
accumulation rates than all the cores further east, while in Davis Strait, the opposite spatial
pattern is observed (the most easterly site (DS5), which is on the Greenland Shelf, has higher
accumulation rates than the more westerly sites on the Baffin Shelf). Considering the complex
bathymetry and oceanography of the regions considered here, this small amount of variation

within regions is not surprising.

6 Conclusions

Distributions of Mn, total S and reduced inorganic S along the NAAM demonstrate regional
organization implying strong labile OC flux and carbon turnover in the sediments in the Bering-
Chukchi Shelves, lower aerobic OC turnover in Barrow Canyon and Lancaster Sound, and deep
02 penetration and much lower OC turnover in the Beaufort Shelf, Canadian Archipelago, and
Davis Strait. Authigenic Re, Cd, and U enrichments occur in more than 80% of the studied cores
in spite of weakly reducing conditions in many of them. Significant authigenic Mo enrichment is
limited to the more strongly sulphidic conditions developed in sediments in the Bering-Chukchi

shelves, Barrow Canyon, and Lancaster Sound.

Consistent with the wide variation in sedimentary reducing conditions, accumulation rates of

Sa, Moa, Cda, Rea, and Ug, estimated from sediment accumulation rates in the cores and
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authigenic concentrations in deep sediment sections (>30 cm), strongly vary with region along
the NAAM. Strong relationships between the accumulation rates and vertical carbon flux,
estimated from regional primary production values and water depth at the coring sites, indicate
that the primary driver in the regional patterns is variation in supply of labile carbon to the
seabed. Very high primary production combined with shallow water (average 64 m) drive high
rates of authigenic trace element accumulation in sediments in the Bering-Chukchi shelves, high
to moderate production combined with deep water (average 610 m) drive moderate rates of
authigenic trace element accumulation in sediments in Lancaster Sound, and low to very low
production combined with moderately deep water (average 380 m) drive low rates of authigenic
trace element accumulation in sediments in the Beaufort Shelf, Davis Strait and Canadian
Archipelago. After accounting for the influence of carbon flux, Moa accumulation rates show a
significant relationship with vascular plant input to the sediments. We conclude from this result
that terrestrial organic matter, in addition to marine OM, contributes to supporting metabolism in
Arctic margin sediments. Overall, comparison of accumulation rates among the various regions
along this margin and with rates reported for other oceans suggest that the broad and shallow
shelf of the Chukchi Sea, which has high productivity sustained by imported nutrients,

contributes disproportionately to global biogeochemical cycles for these redox elements.
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Figure Captions

Figure 1. Map of North American Arctic margin showing various subregions and
approximate locations of 27 box cores examined in this study.

Figure 2. Profiles of measured elements (OC, Mn, S, Mo, Cd, U, and Re) (circles) and
estimated concentrations of authigenic phases (triangles) in cores from the Bering-
Chukchi shelves (a), Barrow Canyon and the Beaufort Shelf (b), the Canadian
Archipelago (c), and Lancaster Sound and Davis Strait (d).

Figure 3. Profiles of total reduced sulphur (S;eg=AVS+CRS+ES) in the cores.

Figure 4. Inventories of the authigenic component of the elements (S, Mo, Cd, U and Re)
in reducing sediments, i.e., below the Mn-rich surface layers, across the seven subregions
of the North American Arctic margin.

Figure 5. Relationships between Moa and Mnp in sediment samples from the Mn
enriched surface layer. The solid lines indicate statistically significant relationships. The
dashed line shows the typical ratio (0.002 g g™*) observed worldwide in Mn oxide rich
sediments and ferromanganese deposits (Shimmield and Price, 1986).

Figure 6. Relationships between authigenic sulphur (Sa) and authigenic Mo (Mo,) in the
sediments from the North Bering-Chukchi Shelves (a) and in sediments below the Mn
enriched surface layer from Barrow Canyon, Beaufort Shelf, and Lancaster Sound (b).
All the listed cores exhibited statistically significant relationships. Open symbols indicate

outliers that were excluded from regression analyses.
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Figure 7. Profiles of molar Cda:OC ratios in the cores. Dotted vertical lines represent the
Cda:OC ratio reported for particulate marine OM (~2-3 pumol mol™) (Morel and Malcom,
2005; Rosenthal et al., 1995b).

Figure 8. Relationships between authigenic Mo (Moa) and Re (Rea) concentrations in
selected cores from all regions, excluding samples from the Mn enriched surface layer.
Figure 9. Average authigenic element (Sa, Moa, Cda, Ua, Rea) accumulation rates in the
sediments across the seven subregions of the North American Arctic margin.

Figure 10. Average authigenic element (Sa, Moa, Cda, Ua, Rea) accumulation rates
(ARs) plotted against the vertical carbon flux at each site as estimated from regional
primary production values and water depth (see text for details). The open circles in
panels a, b and c represent outliers (cores BC3 and BC4).

Figure 11. Regression residuals from Moa accumulation rates vs. vertical carbon flux
(see Figure 10Db) plotted against relative percent terrestrial vascular plant inputs, as
derived from principal components analysis (PCA) of organic geochemical data for
surface sediment samples (Gofli et al., 2013). The open circle represents an outlier (core
BC3) that was removed from the regression.

Figure 12. Authigenic U accumulation rates plotted against organic carbon (OC) rain
rates for the Bering-Chukchi shelves and other locations in the global ocean. Data include
those of this study, together with those compiled in Table 8 in Morford et al. (2009a), and
some additional recent results for Hudson Bay (Kuzyk et al., 2011) and the Strait of
Georgia (Macdonald et al., 2008). In keeping with Figure 6¢ in Morford et al. (2009a),

we have plotted data from locations with low bottom water O, levels (<150 uM) with
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open symbols and data from locations with high bottom water O, levels (>150 uM) with

closed symbols.

61



	1  Introduction
	2 Study Area
	3 Methods
	4 Results
	5 Discussion
	5.1 Regional patterns in sedimentary organic carbon oxidation as reflected by Mn and S
	5.2 Controls on the vertical distributions of authigenic phases of Mo, Cd, U and Re
	5.2.1 Mo
	5.2.2 Cd
	5.2.3 U
	5.2.4 Re
	5.2.5 The relationship between surface Mn enrichment and CdA, UA and ReA profiles

	5.3 Trace Element Accumulation Rates in Reducing Sediments
	5.4 Implications for estimating the importance of the Arctic for marine budgets of S, Mo, Cd, U, and Re

	6 Conclusions
	7  References

