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Abstract

Glacial meltwater is an important source of bioessential trace elements to high latitude
oceans. Upon delivery to coastal waters, glacially sourced particulate trace elements are
processed during early diagenesis in sediments and may be sequestered or recycled back to the
water column depending on local biogeochemical conditions. In the glaciated fjords of Svalbard,
large amounts of reactive Fe and Mn (oxyhydr)oxides are delivered to the sediment by glacial
discharge, resulting in pronounced Fe and Mn cycling concurrent with microbial sulfate
reduction. In order to investigate the diagenetic cycling of selected trace elements (As, Co, Cu,
Mo, Ni, and U) in this system, we collected sediment cores from two Svalbard fjords, Van
Keulenfjorden and Van Mijenfjorden, in a transect along the head-to-mouth fjord axis and
analyzed aqueous and solid phase geochemistry with respect to trace elements, sulfur, and
carbon along with sulfate reduction rates. We found that Co and Ni associate with Fe and Mn
(oxyhydr)oxides and enter the pore water upon reductive metal oxide dissolution. Copper is
enriched in the solid phase where sulfate reduction rates are high, likely due to reactions with
H>S and the formation of sulfide minerals. Uranium accumulates in the solid phase likely
following reduction by both Fe- and sulfate-reducing bacteria, while Mo adsorbs to Fe and Mn
(oxyhydr)oxides in the surface sediment and is removed from the pore water at depth where
sulfidization makes it particle-reactive. Arsenic is tightly coupled to Fe redox cycling and its
partitioning between solid and dissolved phases is influenced by competition with FeS for
adsorption sites on crystalline Fe oxides. Differences in trace element cycling between the two
fljords suggest delivery of varying amount and composition of tidewater glacier (Van
Keulenfjorden) and meltwater stream (Van Mijenfjorden) material, likely related to oxidative

processes occurring in meltwater streams. This processing produces a partially weathered, more



reactive sediment that is subject to stronger redox cycling of Fe, Mn, S, and associated trace
elements upon delivery to Van Mijenfjorden. With climate warming, the patterns of trace
element cycling observed in Van Mijenfjorden may also become more prevalent in other

Svalbard fjords as tidewater glaciers retreat into meltwater stream valleys.

1. Introduction

In high latitude regions, the sub- and proglacial environment is an important zone of
physical and chemical (biotic and abiotic) weathering of bedrock which provides a significant
source of trace elements to the ocean (e.g. Anderson et al., 1997; Mitchell et al., 2001, 2006;
Raiswell et al., 2006; Statham et al., 2008; Bhatia et al., 2013; Hawkings et al., 2014, 2018).
Polar ocean productivity is thought to be limited by the availability of iron (Fe) and other
bioessential trace elements such as cobalt (Co), nickel (Ni), and copper (Cu), and therefore
changes in glacial supply of these elements may have implications for primary productivity and
associated global biogeochemical cycles (Morel et al., 1991; Cullen, 2006; Nielsdottir et al.,
2009; Sunda, 2012; Rijkenberg et al., 2018). Many trace elements have a low solubility in
seawater and accumulate in marine sediments, where they undergo biogeochemical
transformations and are subsequently sequestered in the solid phase or recycled back to the water
column (Morel and Price, 2003; Cid et al., 2012; Charette et al., 2016; Kondo et al., 2016).

The behavior of trace elements in sediments is controlled by early diagenetic processes,
mainly the redox changes associated with remineralization of organic matter. Remineralization
can affect trace element behavior by generating metabolic products (e.g. Mn**, Fe**, and H»S)
that react with the trace elements or by changing the ambient oxidation state and causing

reductive/oxidative dissolution or precipitation (Shaw et al., 1990; Calvert and Pedersen, 1993;



Achterberg et al., 1997; Morford and Emerson, 1999; Algeo and Maynard, 2004; Tribovillard et
al., 2006). During dissimilatory reduction of Fe and Mn (oxyhydr)oxides (-OHO), trace elements
associated with the Fe- and Mn-OHO, such as Co, Ni, and arsenic (As), are released to the pore
water along with Fe** and Mn?"; conversely, the precipitation of Fe and Mn as oxide, carbonate,
or sulfide minerals can remove these trace elements from the pore water through adsorption or
co-precipitation (Canfield, 1989; Burdige, 1993; Nameroff et al., 2004; Audry et al., 2006; Tapia
and Audry, 2013; Monien et al., 2014; Riedinger et al., 2014). During microbial sulfate
reduction, the production of H,S, formation of sulfide minerals, and oxidation of sulfides can
serve to sequester or release trace elements such as Cu and molybdenum (Mo) (Huerta-Diaz and
Morse, 1992; Helz et al., 1996; Morse and Luther III, 1999; Brumsack, 2006). Additionally,
some trace elements such as uranium (U) may be reduced or oxidized directly by microbes
(Lovley, 1993). Thus, the biogeochemical fate (sequestration or transport) of each trace element
is largely controlled by relative rates of Mn, Fe, and S reduction-oxidation in the sediment during
early diagenesis.

Iron and manganese cycling in Svalbard fjord sediments is fueled by a large supply of
reactive Fe- and Mn-OHO delivered in glacial meltwater (Kostka et al., 1999; Nickel et al.,
2008; Wehrmann et al., 2014). Previous studies have suggested that dissimilatory metal oxide
reduction may contribute 10-26% to the total organic matter remineralization in Svalbard fjords
(Kostka et al., 1999), and 69-90% to anaerobic carbon mineralization in the top 10 cm of
sediment in the Barents Sea east of Svalbard (Vandieken et al., 2006). Sulfate reduction is also
an important metabolic pathway in these sediments, with rates comparable to those of temperate
shelf sediments (Glud et al., 1998; Sagemann et al., 1998; Kostka et al., 1999). The Svalbard

fjord deposits near glacial outlets are impacted by non-steady state conditions at the sediment



water interface related to episodic changes in organic carbon supply and sediment accumulation
rate related to seasonality in glacial meltwater pulses and spring/summer phytoplankton blooms
(Hop et al., 2002; Svendsen et al., 2002). Additionally, the sediments can experience physical
mixing by bioturbating organisms (Glud et al., 1998) and, in shallow water depths, are frequently
disturbed by iceberg ploughing and rapid formation and/or slumping of bedforms such as deltas
around meltwater stream outlets or push moraines at the terminus of surging glaciers
(Zajaczkowski et al., 2004; Forwick et al., 2009; Farnsworth et al., 2017; Hodal et al., 2012;
Hegseth and Tverberg, 2013; Kempf et al., 2013; Lalande et al., 2016). Given the asymmetry of
a typical fjord system from head (glacier-influenced) to mouth (ocean-influenced), the fjords
show strong gradients in physical, chemical, and biological characteristics along the head-to-
mouth axis (Hop et al., 2002; Svendsen et al., 2002; Bourgeois et al., 2016). These dynamic
conditions exert tight control over the distribution and rates of dissimilatory metal reduction and
sulfate reduction, which often occur in the same depth horizons of sediment (Buongiorno et al.,
2019). The balance between Fe and S cycling is related to relative inputs of organic carbon and
glacial material.

Before delivery to the fjord, glacial material is physically and chemically altered beneath
the glacier and, in the case of land-terminating glaciers, during transport between the glacial
terminus and the fjord (e.g. Hodson et al., 2008). In the subglacial zone of small, polythermal
valley glaciers such as those on Svalbard, comminution of bedrock produces glacial flour with a
high surface area to volume ratio, which can serve as a substrate for both microbial activity and
inorganic weathering reactions (Bottrell and Tranter, 2002; Tranter et al., 2002; Wadham et al.,
2004, 2010; Wynn et al., 2006; Montross et al., 2012). Rock-water reactions and active

subglacial microbial communities produce CO» that enhances the dissolution of carbonate and



silicate bedrock (Tranter et al., 2003). Pyrite oxidation, a particularly important reaction in these
systems (Tranter et al., 2003), generates protons for further bedrock dissolution, adds
chemolithoautotrophic energy for the base of the microbial food web, and consumes oxygen to
allow other redox reactions such as Mn and Fe reduction (Sharp et al., 1999; Hodson et al., 2008;
Wadham et al., 2010; Boyd et al., 2014; Nixon et al., 2017). There is evidence for active
subglacial microbial communities beneath several glaciers in close proximity to fjords examined
in this study (Wadham et al., 2004; Kastovska et al., 2007). Van Keulenfjorden is fed by several
polythermal, surge-type tidewater glaciers that deliver glacial sediment directly from the glacier
either through subglacial discharge or iceberg rafting. Many of the glaciers feeding Van
Mijenfjorden, in contrast, have retreated such that their termini are now located on land and
glacial sediment is transported to the fjord through proglacial meltwater streams. Sediment
transported in these streams is likely subject to weathering reactions such as carbonate
dissolution, sulfide oxidation, and cation denudation, adding another processing step before
release of subglacial material into the fjord (Chillrud et al., 1994; Anderson et al., 2000;
Wadham et al., 2001; Cooper et al., 2002).

The aim of this study is to investigate the interactions between trace element behavior
and the cycling of C, S, Fe, and Mn in surface sediments of Van Mijenfjorden and Van
Keulenfjorden, and how these processes are controlled by glacial input. The Arctic regions are
particularly sensitive to warming associated with anthropogenic climate change (Spielhagen et
al., 2011; Larsen et al., 2014), and glaciers throughout the polar regions, including Svalbard, are
melting rapidly (Dowdeswell et al., 1997; Ziaja, 2001; Kohler et al., 2007; Bliss et al., 2014;
Zemp et al., 2019). As a result of glacial retreat, land-terminating glaciers and meltwater streams

are expected to become more prevalent. We aim to understand how such a shift from direct



subglacial discharge (e.g. Van Keulenfjorden) to meltwater stream input (e.g. Van Mijenfjorden)

may influence the trace metal cycling, sequestration, and transport in glacially impacted fjords.

2. Study area and sampling sites

Svalbard is an archipelago in the northwest Barents Sea between 77 and 80° N, with a
total land area of 63,000 km? (Hjelle, 1993). The fjords investigated in this study—Van
Mijenfjorden and Van Keulenfjorden— are located on the western coast of Spitsbergen, the
largest and westernmost island in the Svalbard archipelago. The fjords are geographically
adjacent, and share similar catchment area geologies (Table 1; Fig. 1). The bedrock surrounding
both fjords is dominated by Helvetiafjellet and Carolinefjellet formations, members of the
Adventdalen Group that date to the Early Cretaceous and are comprised mainly of shales,
siltstones, and sandstones, with some carbonate beds and hydrocarbon-rich layers (Dallmann,
1999). The Van Mijenfjorden Group is also prevalent around both fjords— these
Paleocene/Eocene formations consist of shales, siltstones, and sandstones with seams of coal.
Many of these formations are marine in origin and contain minerals such as glauconite, siderite,
dolomite, clay ironstone, and pyrite. Van Keulenfjorden may also be influenced by the
Sassdalen, Kapp Toscana, Janusfjellet, and Tempelfjorden groups from the Triassic, Jurassic,
and Permian. These shale-siltstone-sandstone formations are exposed on the southwestern shore
of Van Keulenfjorden, and include bituminous shale, limestone, and chert (Dallmann, 1999).

Svalbard land area is 60% covered by ice sheets and glaciers and the landscape is
dominated by glacial erosion, with little soil and vegetation (Hjelle, 1993; Onarheim et al.,
2014). The west coast of Spitsbergen is influenced by relatively warm Atlantic water of >3°C

carried by the West Spitsbergen Current north from the Gulf Stream to the Arctic Ocean



(Svendsen et al., 2002). The fjords on the western coast of Spitsbergen, including Van
Mijenfjorden and Van Keulenfjorden, are ice-free for much of the year and their circulation is
largely driven by the intrusion of deep, warm (>3° C) Atlantic water under a fresh, cold (~1° C)
surface layer from glacial meltwater (Svendsen, et al., 2002; Cottier et al., 2005; Cokelet et al.,
2008).

Van Mijenfjorden is the longer and wider of the two fjords, and is fed primarily by an
extensive meltwater stream from Kjellstromdalen, which forms the northern branch at the head
of the fjord (Fig. 1). The southern branch of the fjord is fed by a small tidewater glacier called
Paulabreen that is currently retreating, and may have surged between 250 and 600 years ago
(Rowan et al., 1982). A second large meltwater stream system drains into the northern, central
part of the fjord through Reindalen. The circulation of the deep water in and out of this fjord is
partially restricted by Akseloya, a narrow island across the mouth of the fjord (Hjelle, 1993).
Three sites were selected for coring in Van Mijenfjorden: an inner site located near the mouth of
the Kjellstromdalen meltwater stream system (VM-In), a middle site (VM-Mid), and an outer
site located on the fjord side of Akseloya (VM-Out) (Table 1; Fig. 1).

Van Keulenfjorden is located south of Van Mijenfjorden, and fed by two tidewater
glaciers at the head: Nathorstbreen and Doktorbreen. Nathorstbreen is a polythermal glacier that
surged between 2008 and 2016 (Fig. 1; Sund and Eiken, 2010; Kempf et al., 2013; Lovell et al.,
2018). This surging behavior affects sediment transport into the fjord, and past surges in Van
Keulenfjorden and other fjords can be inferred from distinct sediment lobes on the seafloor
(Kempf et al., 2013). A shallow (30 m depth) sill at the mouth impedes the intrusion of Atlantic
water into the fjord, and the fjord is further divided into inner and outer basins by submarine

moraines (Kempf et al., 2013). Three sites were selected for coring (Table 1; Fig. 1): an inner



site within the inner basin (VK-In), and middle (VK-Mid) and outer (VK-Out) sites within the
outer basin. The VK-In site is located close (within 4 km) to the calving front of the surging
Nathorstbreen and is likely influenced by heavy sedimentation from glacial activity. VK-Mid is
located near the shore at the outlet of the land-terminating glacier Penckbreen, and within the
delta bedform created by meltwater stream input from Penckbreen (Kempf et al., 2013). VK-Out

is located near the sill at the fjord mouth.

3. Methods
3.1 Sample collection

Sediment cores were collected at the stations described above during a sampling
expedition in early August 2016, aboard the MS Farm. These same stations have been cored
during previous sampling campaigns, and geochemical datasets from all six sites are available
for comparison with the results of the current study (Briichert et al., 2001; Arnosti and Jergensen,
2006; Robador et al., 2009; Canion et al., 2014; Wehrmann et al., 2014, 2017). The station
names used in these other studies are given in Table 1.

Sediment cores were retrieved using a Rumohr gravity corer (Meischner and Rumohr,
1974) and core liners that were 60-80 cm long and pre-drilled for pore water sampling. Pore
water was collected by attaching trace metal-free plastic syringes to Rhizon samplers (Seeberg-
Elverfeldt et al., 2005; Dickens et al., 2007). The Rhizon filtration pore size is 0.2 um, which
defines the operational cutoff for dissolved solutes in this study. Pore water aliquots were
preserved with zinc acetate (2%, w/v) for sulfate concentration measurements, nitric acid (2%,
v/v) for trace element analyses, and stored headspace-free for dissolved inorganic carbon (DIC)

analysis. Solid sediment samples were collected from separate Rumohr cores with pre-drilled



holes using cut-off syringes of 1.5 cm diameter and immediately frozen. At the inner sites of
both fjords a third core was extruded for 2!°Pb analysis, and subsamples were stored at 4°C in
plastic bags. Sampling resolution for pore water and solid sediment in all Rumohr cores was 2
cm in the top 20 cm, 4 cm over the next 40 cm, and 8 cm below 60 cm.

Samples for sulfate reduction rate (SRR) measurements were collected with a Haps corer
(Kanneworff and Nicolaisen, 1983). The Haps core was subsampled using 2.5 cm diameter
subcores with ports drilled down the length of the subcore at 1 cm resolution and filled with gas-
impermeable polyurethane (Sikaflex-11FC). Subcoring was carried out using an active suction

device to avoid compaction of the sediment.

3.2 Radionuclide analysis

Samples from separate cores were extruded from the core barrel and sliced, then dried
and powdered for radionuclide analysis. Measurements of 2!°Pb, ?°Ra, and '*’Cs were made by
gamma spectrometry using a Canberra 3800 mm? LeGe (low energy germanium) gamma
detector, counting for 3-7 days per sample. 2'°Pb and '*’Cs were determined using the 46 keV
and 661 keV peaks, respectively, while **’Ra was measured using the 352 keV 2!*Pb peak. 2!°Pb
activities were corrected for self-absorption. Unsupported 2!°Pb was calculated by subtracting the
background **Ra from the total 2!°Pb. Precisions for 2!°Pb, ?°Ra, and '*’Cs analyses were 4.8%,
1.5%, and 13% respectively. Precision is calculated throughout as the averaged percent relative
standard deviations of replicate sample measurements. The sediment accumulation rate was
estimated using three different methods. First, we assumed that the depth of disappearance of
unsupported >!°Pb (43 at VM-In) was equivalent to 5 half-lives of 2!°Pb, or ~110 years. Using the

second method, we considered the sediment accumulation rate to be the decay constant of !°Pb
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(-0.0311 s!) divided by the slope of the best-fit line of the natural log plot of unsupported >'°Pb.
Finally, the '3’Cs peak (~30 cm at VM-In) was assumed to correspond with the year 1964, the
date of maximum bomb-derived radionuclide fallout in the Northern Hemisphere (Ritchie and

McHenry, 1990).

3.3 Sulfate reduction rate analysis

Subcores for SRR analyses were stored at in situ temperature (2°C) for up to 3 days until
radiotracer injection. The overlying water was removed immediately before radiotracer injection
began, and the stopper replaced on the top of the core tube. Five microliters of 50 kBq, carrier-
free >>SO4>" was injected with a glass syringe through the polyurethane ports at 1 cm resolution
down core. The core was then incubated at in situ temperature (2°C) for 14 h. After incubation,
the cores were extruded and sliced at 1 cm intervals. The 1 cm sediment intervals were
immediately placed in 10 ml of 10% zinc acetate and homogenized thoroughly with a vortex
mixer, then frozen at -20°C.

The *°SO4> reduced during incubation was recovered from FeS, FeS,, and S° by cold
chromium distillation and trapped in 5 mL of 5% zinc acetate as Zn*’S (Roy et al., 2014). The
Zn*S and **SO4>" was quantified separately using liquid scintillation counting and the sulfate
reduction rate was calculated according to Jorgensen (1978). Sulfate reduction rate was
calculated in nmol cm™ d'! using measured porosity (from 0.8 in surface samples to 0.5 at depth;
data not shown). Earlier precision tests of the **S-method have shown a relative standard
deviation in homogenized sediment of +6% (Jorgensen, 1978), which is smaller than the

variation in rates observed here due to sediment heterogeneity.
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3.4 Solid phase analyses

Sediment samples were homogenized, dried, powdered, and analyzed for total carbon
(TC) and total nitrogen (TN) contents using a CNS Elemental Analyzer (Thermo EA1112).
Aliquots of the powdered samples were acidified with 6 M HCl in a sealed reaction chamber,
and the change in pressure due to the release of CO2 was measured (Jones and Kaiteris, 1983).
The change in pressure was related to the total inorganic carbon (TIC) concentrations via a
calibration curve generated by measuring the pressure change following dissolution of known
masses of pure calcium carbonate. Because of drying, grinding, and extensive exposure to
oxygen, FeS was likely only present in small quantities in some samples relative to the TIC
content, so the pressure of released hydrogen sulfide gas was negligible in this analysis. Total
organic carbon (TOC) was calculated as the difference between TC and TIC. Carbon to nitrogen
ratios (C/N) were calculated on a mol/mol basis using the total organic carbon and total nitrogen
contents. The precisions for total N, total C, and TIC analyses were 4.3%, 1.1%, and <1%
respectively.

Frozen solid sediment was analyzed for acid volatile sulfide (AVS) and chromium
reducible sulfur (CRS) content by a two-step distillation following the method described by
Fossing and Jergensen (1989). Prior to any solid-phase analyses, sediment in contact with the
plastic core liner that may have been smeared or oxidized was discarded. Samples were digested
in a closed distillation system in cold 6 M HCI for 1 hour followed by a boiling acidic 0.5 M
CrCl; solution for 2 hours. The released sulfide from AVS and CRS was trapped in separate vials
containing 5% zinc acetate solution. The ZnS concentration in the traps was determined using
the Cline spectrophotometric method (Cline, 1969). The precisions for the AVS and CRS

analyses were 34% and 9%, respectively. The high uncertainty in the AVS measurement is likely
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due to the extremely low concentrations in some samples, and possibly to uneven distribution of
FeS in each sample. All solid phase sulfur data are reported in pmole sulfur per gram sediment
dry weight.

Further samples of frozen sediment were digested following a sequential extraction
adapted from Tessier et al. (1979) and Poulton and Canfield (2005) (Table 2). This extraction
was applied to determine the partitioning of trace elements (As, Co, Cu, Fe, Mn, Mo, Ni, and U)
between five operationally defined fractions: exchangeable (1 M MgCl,), acid-soluble (1 M
sodium acetate adjusted to pH 4.5 with acetic acid), easily reducible (1 M hydroxylamine - HCI),
reducible (50 g/L dithionite buffered with sodium citrate), and oxidizable (8.8 M H20O»). The
exchangeable fraction includes trace metals adsorbed onto particle surfaces, and possibly any
associated with highly reactive monosulfides inadvertently oxidized during sample handling. The
acid-soluble fraction includes elements released from carbonate and the remaining acid-volatile
sulfide (such as iron monosulfides) (Tessier et al., 1979; Poulton and Canfield, 2005).
Hydroxylamine - HCI is assumed to target amorphous iron minerals like ferrihydrite and
lepidocrocite, while dithionite dissolves goethite, hematite, and akagenite, among other similar
more crystalline Fe minerals (Poulton and Canfield, 2005). The oxidizable step targets organic
matter and incompletely oxidizes pyrite, possibly dissolving ~40% of solid sulfides (Tessier et
al., 1979; Gleyzes et al., 2002; Cappuyns et al., 2007; Torres et al., 2013).

The solid samples (0.5-1 g) were homogenized in 10 mL of extractant, and following
each step of the extraction, the samples were centrifuged at 4000 rpm for 7 minutes and aliquots
were collected for further analysis. All solutions were prepared immediately prior to extraction,
and were trace metal grade except for the dithionite, which was only available as reagent grade

(Table 2). Reagent blanks were analyzed and used to determine the detection limit for each
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element. Extracts were analyzed on an Agilent 7500cx quadrupole inductively-coupled plasma
mass spectrometer (ICP-MS) following 1:30 dilution in trace metal-grade 2% HNOs3. Standards
were prepared from Fluka stock solutions, diluted with trace metal-grade 2% HNO3, and matrix-
matched with 30% of each extraction reagent. A trace metal-grade 2% HNOs3 blank was run
between each sample to monitor the machine background throughout the analysis.
Reproducibility was determined by repeated analyses of a frozen in-house standard sediment that
was subjected to the sequential extraction simultaneously with the samples. The reproducibility,
given as percent relative standard deviation, averaged ~12% across all analyzed elements and
reagents (see Supplemental Table S1). All solid phase trace element data are reported based on

dry sediment weight.

3.5 Pore water analyses
Pore water was analyzed for sulfate and chloride using ion chromatography (IC) on a

Metrohm 930 Compact IC system with matrix elimination (3.2 mM Na2CO3/1 mM NaHCO;

eluent). Zinc acetate-fixed samples were diluted 1:280 and analyzed in random order. Standards
were prepared from Metrohm certified stock solutions (1000 ppm), and IAPSO seawater was
analyzed as an external standard. Sulfate and chloride concentrations were calculated using
dilution factors obtained from the measured acetate concentration and the known concentration
of the zinc acetate solution used to preserve the pore water samples. The precision for the sulfate
and chloride measurements was 2.3%.

Dissolved inorganic carbon (XCOz = CO2 + HCOs™ + COs*) concentration was measured
using a flow injection analysis (FIA) system based on conductivity detection following Hall and

Aller (1992). Standards were prepared from reagent grade NaHCOj3, and the conductivity
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response was linear over the relevant concentration range (~1-15 mM DIC). A new standard
curve was created every two hours to account for drift associated with changes in the ambient
temperature and pressure. Precision for DIC analysis was 6%. Carbonate concentrations for the
calculation of carbonate mineral saturation indices were obtained using the program CO>Sys
version 2.1, with the following input parameters: salinity = 35, temperature = 4° C, pressure =
1010 dbars, and pH = 7.5 (NBS scale).

Concentrations of pore water trace elements (As, Co, Cu, Fe, Mn, Mo, Ni, and U) were
analyzed by ICP-MS using a Thermo Fisher iCAP Qc at Oklahoma State University. Standards
were prepared with addition of NaCl in 2% trace metal grade HNO3 to match the pore water
matrix of the diluted samples. The pore water samples were diluted 25-fold with 2% trace metal
grade HNO3 and analyzed in random order. A standard reference material (NIST SRM 1643fin a
2% NaCl matrix) was run with each batch as a quality control, and machine drift was corrected
for using an internal standard run along with the samples. Accuracy was calculated as the percent
difference between the average of six separate measurements of the standard and the certified
concentrations for each element (Supplemental Table S2). The analytical precision was
determined as the percent relative standard deviations of more than ten repeated measurements
of prepared standards and sample replicates, and was better than 5% for all elements

(Supplemental Table S2).

4. Results
4.1 Radionuclide distribution
At the inner site in Van Mijenfjorden, the calculated sediment accumulation rates are high—

0.58 cm year™! based on the depth of the '*’Cs peak, 0.61 cm year™' based on the natural log of
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the unsupported 2!°Pb profile, and 0.4 cm year™! based on the depth of unsupported >'°Pb
disappearance (Fig. 2a-c). At the inner site in Van Keulenfjorden, a sediment accumulation rate
could not be calculated as the values of unsupported 2!°Pb and '*’Cs are low relative to the other
site and show no significant depth trend. (Fig. 2d-e). The '*’Cs peak was not found within the
recovered sediment; however, we can calculate a minimum net accumulation rate of 1.1 cm year”
lif the bottommost sample (which contained the highest concentration of '3’Cs recovered at this
site) is assumed to represent 1964, the year of maximum '*’Cs release. This rate can be
considered a minimum because it is likely that the true '*’Cs peak at this site is deeper than 57

centimeters below the sea floor (cmbsf).

4.2 Sulfate reduction rates

Sulfate reduction rates at the inner sites average 0.3 nmol SO4>" cm™ day!, and the values
increase strongly with distance from the glacier to an average of 12.3 nmol SO4* cm? day! at
VM-Out and 13.6 nmol SO4* cm? day! at VK-Out (Fig. 3). Areal rates of sulfate reduction
(integrated over the top 14 cm of each core) also demonstrate the increases with distance from
the glacier in both fjords, with rates of 6.1 nmol cm™ d™!, 29.1 nmol cm™ d!, and 263 nmol cm™
d! at VK-In, -Mid, and -Out, respectively, and 2.3 nmol cm™ d!, 41.1 nmol cm™ d"!, and 193
nmol cm? d! at VM-In, -Mid, and -Out, respectively. Sulfate reduction rates generally increase
with depth in the sediment at all sites with the exception of the outer stations, which have peaks

between 3-12 and 2 — 4 cmbsf for VM and VK, respectively (Fig. 3).

4.3 Solid phase carbon, nitrogen, sulfur, and trace element composition

16



The TOC content in both fjords is between 0.4 and 3.0 wt. % with differences of <1 wt %
between the averages of the sites (Table 3; Supplemental Figure S1). The average C/N ratios (in
mol mol™) in the fjords range from 20.4 + 0.5 at the inner site to 16.4 + 1.4 at the outer site in
Van Mijenfjorden and from 18.7 £ 1.5 (VK-In) to 17.8 £ 1.0 (VK-Out) in Van Keulenfjorden
(Table 3).

Fe-monosulfide contents, measured as acid-volatile sulfide (AVS), are very low at both
inner sites, with an average of 0.01 umol g at VM-In and 0.02 umol g'!' at VK-In (Fig. 4b, ¢). In
both fjords, AVS content increases with distance from the glacier and with depth at each site,
reaching maxima of 17.1 umol g™! at 43 cmbsf at VM-Out and 20.1 pumol g™! at 60 cmbsf at VK-
Out (Fig. 4b, e). In Van Keulenfjorden, contents of chromium-reducible sulfur (CRS; FeS; and
S%), predominantly pyrite, are highest (up to 75 umol g!) in the inner and middle sites, and show
no consistent trends with depth at any sites except for a general decrease with depth at the outer
site (Fig. 4f). The CRS contents in the inner and middle sites in Van Mijenfjorden are roughly a
third of those at the corresponding sites in Van Keulenfjorden (Fig. 4c).

Total extractable solid Fe contents (calculated as the sum of all fractions) average 15 + 3
mg g’!, with 47-70% in the reducible (dithionite) fraction (Fig. 5). There is a slight decrease in
the reducible Fe contents with distance from the glacier, with averages of 64% of the total
extractable Fe at the inner sites and averages of ~55% at the outer sites in both fjords. Acid-
soluble (sodium acetate) Fe shows a slight increase with distance from the glacier and with depth
at the middle and outer sites in both fjords. Additionally, the Fe in the acid-soluble fraction that
is attributable to Fe in AVS (AVS-Fe; assumed stoichiometry FeS) increases from average
values of 0.03% (VM) and 0.06% (VK) at the inner sites to averages of 11% (VM) and 9% (VK)

at the outer sites. The percent of AVS-Fe in the acid-soluble fraction also increases with depth,
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with the largest values in each fjord of 41% at 39 cmbsf at VM-Out and 20% at 76 cmbsf at VK-
Out. Solid phase Fe enrichments in the easily reducible (hydroxylamine - HCI) and reducible
fractions are observed in the uppermost 5 cm at the middle and outer stations in both fjords (Fig.
5b-c, e- f). In the exchangeable (MgCly) fraction, Fe is not present above the detection limit
(Supplemental Table S2).

Total extractable solid phase Mn contents range from 0.13 to 1.5 mg g!, with the highest
contents in the acid-soluble fraction (Fig. 6; 22%-72% of the total). Compared to the high
percentage of Fe in the reducible fraction, contents of Mn in the reducible fraction are low, 9% to
45% of the total extractable Mn. Distinct solid phase enrichments in the surface sediments at the
middle and outer sites are visible predominantly in the acid-soluble phase the uppermost 2 cm
(Fig. 6b-c, 1).

In both fjords, Co and Ni show solid phase surface enrichments primarily in the reducible
fraction (Figs. 7 and 8). The exchangeable fraction accounts for up to 14% and 17% of the total
solid contents of Co and Ni, respectively, with overall higher exchangeable contents in Van
Keulenfjorden (Figs. 7 and 8). Both Co and Ni have higher oxidizable contents in Van
Keulenfjorden than Van Mijenfjorden (Figs. 7 and 8). Overall there is more Ni in the solid phase
(Fig. 8; average 15.2 pg g!) than Co in the solid phase (Fig. 7; average 8.6 ug g™).

Solid phase Cu is predominantly (38% to 60% of the total) in the acid-soluble fraction,
with 10%-25% in the easily reducible and 14%-39% in the reducible fractions (Fig. 9). At the
middle and outer stations of both fjords, a Cu enrichment in the acid-soluble and reducible
fractions is visible in the uppermost 10 cm (Fig. 9b-c, e-f).

Solid phase U is primarily in the exchangeable fraction (44 - 70% of the total extractable)

at all sites except VM-In and VM-Mid, where it is divided between the acid soluble (34 — 46% of
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total) and reducible (~26% of total) fractions (Fig. 10). The percentage of solid U in the
exchangeable fraction increases moving away from the glacier in both fjords, while the
percentages in all the other fractions decrease. The total extractable U also increases with
distance from the glacier in both fjords, with averages from 0.13 ug g!' at VK-In and 0.10 pg g’!
at VM-In to 0.41 ug g at VK-Out and 0.25 pg g™ at VM-Out (Fig. 10). The percentage of solid
U in the exchangeable fraction also generally increases with depth, particularly in the outer sites
where it reached maxima of 0.48 pg g at 39 cmbsf at VM-Out and 0.60 pg g at 12 cmbsf at
VK-Out (Fig. 10).

The average total extractable contents of Mo are 1.3 pg g’ at VK-In and -Mid, and 2.2
ug gl at VM-In (Fig. 11a, d-e). At these three sites, solid phase Mo is primarily in the reducible
fraction (~62% of total), and Mo contents show no significant variability over depth, similar to
both the solid Fe and Mn profiles (Fig. 11a, d-e). At VM-Mid, VM-Out, and VK-Out, solid
phase Mo is strongly partitioned between the surface ~4 cm and the deeper sediment, with higher
concentrations in the easily reducible and reducible fractions at the surface and lower
concentrations at depth relative to the concentrations at VK-In, VK-Mid, and VM-In (Fig. 11c, e-
f). There is a significant contribution of oxidizable Mo to the total amount of Mo at all sites (4%
- 25% of total); in the acid-soluble fraction Mo is absent.

Solid phase As is primarily in the reducible fraction (Fig. 12; 56-88% of total extractable
As). Surface enrichments in solid phase As are visible in VM-Mid, VM-Out, and VK-Out (Fig.
12b-c, f). These enrichments are largely in the reducible phase, but in the outer sites there are
also higher As contents in the easily reducible and acid-soluble fractions relative to the inner

sites (Fig. 12a, d). Due to high background levels of As in the magnesium chloride solution, As
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concentrations in the exchangeable fraction are below detection limit in nearly all of the samples.

The oxidizable fraction contains low but measurable (0.002 — 0.2 ug g'') As concentrations.

4.4 Pore water chloride, sulfate, inorganic carbon, and trace element concentrations

At all sites, chloride concentrations stay constant with depth at ~ 530 - 540 mM (seawater
value ~ 550 mM; Supplemental Figure S2). At the middle and outer sites of both fjords, pore
water sulfate concentrations decrease by 0.5 - 4.1 mM below the typical seawater value (~28.2
mM) over the depth of the core (Fig. 4a, d). At both of the inner sites, pore water sulfate
increases over the depth of the core by 1.1 - 1.3 mM above the surface value (Fig. 4a, d).
Decreases in DIC are observed at VM-In from 2462 uM in the uppermost sample to a minimum
of 510 uM at 41 cmbsf (Supplemental Table S3). All other sites show increases in DIC with
depth from ~2000-3000 uM in the surface to 7000-9000 uM at depth (data not shown).

At the inner site in Van Mijenfjorden, dissolved Fe concentrations increase below 5
cmbsf, peaking at 1460 uM at 40 cmbsf, while the middle and outer sites show an increase in the
surface 0-20 cm, then reach a constant concentration in deeper sediment regions (300-400 uM)
(Fig. 5a-c). The inner site in Van Keulenfjorden, in contrast, has low dissolved Fe concentrations
(0-16 uM) in the top 0-50 cm, with an increase to 282 uM at the bottom of the core (Fig. 5d).
The maximum concentrations at the middle and outer sites are 655 uM at 19 cmbsf and 359 uM
at 12.5 cmbsf, respectively (Fig. Se-f). At the inner site in Van Mijenfjorden, dissolved Mn
shows a large peak of 780 uM at 9 cmbsf (Fig. 6a). At the middle site, there is a small peak of
112 uM at 2 cmbsf depth followed by a gradual increase to values of 89-93 uM below 55 cm
depth (Fig. 6b). At the outer site, dissolved Mn concentrations increase from 22 to 46 uM over

the top 10 cm and remain relatively constant below (Fig. 6¢). In Van Keulenfjorden, the pore
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water Mn profile has a peak of 160 uM around 16 cmbsf at the inner site, and a peak of 259 uM
at 5 cmbsf depth at the middle site (Fig. 6d-e). At the outer site in Van Keulenfjorden, the
surface sample (~0.5 cmbsf) has the highest concentration of pore water Mn with 70 uM, below
which concentrations remain between 20 and 36 uM (Fig. 6f).

Pore water Co and Ni peaks are nearly aligned with pore water Mn peaks at all sites, with
maximum concentrations of 0.090-0.340 uM for Co and 0.11-0.23 uM for Ni in the topmost 5
cm at the middle and outer sites of both fjords (Figs. 7 and 8). At VK-In and VK-Mid, pore water
Co and Ni peaks also align with the pore water Fe peaks at 60 cmbsf and 23 cmbsf, respectively
(Figs. 7 and 8, d-¢). At VM-In, the decrease in pore water Co and Ni below the Mn reduction
zone is not as steep as the decrease in pore water Mn (Figs. 7a, 8a). Ni is below detection limit in
the pore water below 31 cmbsf at VK-Mid and below 11 cmbsf at VM-Mid (Fig. 8b, ), while at
the outer sites it is below detection limit by 23 cm at VK-Out and by 9 cm at VM-Out
(Supplemental Table S2; Fig. 8c, f).

Pore water Cu is above the detection limit (0.14 nM) at both inner stations, but with
higher concentrations in Van Mijenfjorden— up to 0.5 uM in VM-In and 0.3 pM in VK-In
(Supplemental Table S2; Fig. 9a, d). The observed pore water Cu concentrations at VK-In, VM-
In, and VM-Mid are well above Arctic seawater values (Fig. 9a-b, d; 0.005 uM average, 0.017
puM maximum; Tovar-Sanchez et al., 2010). Pore water Cu is also well above seawater values at
VM-Mid, with an average concentration of 0.2 uM (Fig. 9b). At VM-Out, dissolved Cu is at the
detection limit (Fig. 9¢). In Van Keulenfjorden, pore water Cu is present at low concentrations
(average 0.3 uM) in the upper 12 cm at the middle site and in the upper 6 cm at the outer site
(Fig. 9e-f). The Cu concentration profiles are variable at all sites with concentrations above the

detection limit.
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There is a decrease in pore water U with depth at all fjord stations except VK-In (Fig.
10). Pore water concentrations in the surface sediments (~0.006 uM) are lower than seawater
values based on the salinity of the deep water in the fjords (0.014 uM; Ku et al., 1977) and
decrease to values of 0.001-0.003 uM at depth (Fig. 10). The inner site in Van Keulenfjorden
was the only location to exhibit an increase in pore water U with depth, from 0.008 uM at the
surface to ~0.016 uM below 40 cm depth (Fig. 10d).

The surface sediment at most sites contains pore water Mo concentrations ranging from
average seawater concentration (0.122 uM; Tovar-Sanchez et al., 2010) down to ~0.09 uM (Fig.
11). At VM-In, VK-In, and VK-Mid, pore water Mo is removed within and just below the pore
water Mn peak to 0.03-0.05 uM (Fig. 11a, d-e). At VM-In and VK-Mid, Mo is released within
the pore water Fe peak (37 cmbsf at VM-In and 27 cmbsf at VK-Mid) with maximum
concentrations of 0.2 uM at VM-In and 0.25 uM at VK-Mid (Fig. 11a, e). Below the surface
peaks (uppermost 2-6 cm) in pore water Mo at VK-Out, VM-Mid, and VM-Out, Mo is steadily
removed from the pore water down to seawater value or slightly lower (Fig. 11b-c, f).

Arsenic is released into the pore water in the zone of Fe release at all sites, with low
surface pore water concentrations between 0.01 and 0.08 uM and increasing to maximum
concentrations of 0.71 uM at depth (Fig. 12). At the inner sites, the maximum dissolved As
concentration is 0.21 uM and 0.12 uM in the deepest sample at VM-In and VK-In, respectively
(Fig. 12a, d). At the outer sites, the As maxima are 0.71 uM at 35 cmbsf in VM-Out and 0.61
uM at 12.5 cmbst in VK-Out (Fig. 12c¢, f). At the middle and outer sites, dissolved As remains

high or increases at depth, below ~40 cm depth (Fig. 12b-c, e-f).

5. Discussion
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5.1 Fjord physical dynamics

Scatter in the unsupported 2'°Pb and '3’Cs profiles from VM-In (see Fig. 2) is likely
influenced by non-steady state sediment accumulation in the fjord. This profile may also suggest
vertical mixing at this site, most likely caused by bioturbation— glacial activity is unlikely to
physically impact the sediments of Van Mijenfjorden given the distance between the glacier
terminus and the fjord. Similar evidence of non-steady state conditions, mixing, and high
sediment accumulation rate was observed in 2!'°Pb and '*’Cs profiles from Van Mijenfjorden and
other Svalbard fjords (Mitchell et al., 1999).

The sediment accumulation rate calculated at VK-In (1.1 cm year™) is likely to be an
underestimate given that the true '*’Cs peak (if present) may be much deeper than the bottom of
the core. Although the accumulation rate at this site could not be reliably calculated, the variable
small quantities of excess 2!°Pb (~0.5 dpm g!) and '¥’Cs (~0.2 dpm g'1) with no clear depth
trend in either parameter across the depth of the core suggest rapid deposition of old material
underexposed to atmosphere with intermittent mixing of more recently exposed particles
containing excess 2!’Pb and '*’Cs (Appleby and Oldfield, 1978; Ritchie and McHenry, 1990;
Crusius and Anderson, 1995). This rapid sediment deposition and mixing in Van Keulenfjorden
may have been caused by the recent surge of the tidewater glacier Nathorstbreen and the
associated increase in sediment discharge, iceberg scouring, and bedform formation and
slumping (Solheim and Pfirman, 1985; Gilbert et al., 2002; Sund and Eiken, 2010; Kempf et al.,
2013; Lovell et al., 2018). The middle site in Van Keulenfjorden (VK-Mid) also shows evidence
of disturbance or rapid sedimentation in the uppermost 10-20 cm, based on 2!°Pb and the '*’Cs
data collected during the same sampling cruise by Buongiorno et al. (2019). This disturbance at

VK-Mid could have been caused by the surge of Nathorstbreen, or sediment input from the
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meltwater stream of Penckbreen, a land-terminating glacier near the sampling site (Fig. 1). Based
on a recent swath bathymetry map of the seabed in this fjord, we estimate that our sampling site
VK- Mid lies near the edge of a delta, and thus may be subject to the same rapid sedimentation
or bedform slumping that affects VK-In (Kempf et al., 2013). Although we did not analyze 2!°Pb
and '¥7Cs at the middle or outer sites, the sediment accumulation rates in both fjords likely
decrease from head to mouth of the fjord given that the primary source of sediment is the glacier
at the head. Such head-to-mouth sedimentation gradients have been previously observed in other
fjords on Svalbard (Svendsen et al., 2002; Zaborska et al., 2006; Szczucinski et al., 2009).

Given that the pore water chloride concentrations at all sites in both fjords are roughly
constant and close to seawater value (Supplemental Figure S2), it is likely that the deep water in
the fjords is well-mixed and sourced from intruding North Atlantic Deep Water, while fresh
water from glacier melt flows out of the fjord as a stratified surface layer (see Section 2). Thus,
despite the restrictive sills at the fjord mouths and the freshwater glacier influence, the bottom

water salinity at all sites appears to be similar.

5.2 Carbon-driven Sulfur Biogeochemistry

At the inner fjord sites, sulfate reduction rates are very low and little accumulation of
AVS is observed in the sediment (Fig. 3; Fig. 4). At the outer sites in both fjords, increases in
both sulfate reduction rates and AVS contents at depth (Figs. 3 and 4b, e) suggest that with
higher sulfate reduction rates, more hydrogen sulfide is subsequently trapped as Fe-monosulfide
minerals (Canfield, 1989). At these sites we also observed decreases in pore water sulfate with

depth that could not be explained by a change in salinity (Supplemental Figure S2); rather, the
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sulfate depletions are further indication of removal of sulfide to AVS following sulfate reduction
(Jergensen, 1977; Canfield, 1989).

We suggest that the cross-fjord (head-to-mouth) trend of increasing sulfate reduction
rates with distance from the glacier is primarily controlled by the availability (here defined as the
concentration per unit volume of sediment) and reactivity of organic carbon in the sediments
(Jorgensen, 1982, 1977). At all sites in Van Keulenfjorden and Van Mijenfjorden, the total
organic carbon (TOC) contents are in a similar range; however, the ratios of organic carbon to
nitrogen (C/N) indicate that the organic carbon source changes across the fjords (Table 3).
Terrestrial organic matter has a higher C/N (>20) compared to marine (6-9) organic matter,
driven by the C/N of marine phytoplankton (~6.6) (Redfield, 1934; Miiller, 1977; Prahl et al.,
1980; Meyers, 1990; Schmidt et al., 2010). Bulk terrestrial OC, particularly ancient or petrogenic
material, is less bioavailable; thus, sediments with an OC pool containing a greater terrestrial
component is expected to have lower rates of remineralization (Hedges and Keil, 1995; Hedges
et al., 1997; Prahl et al., 1997). Our observed C/N values indicate a contribution of bulk
terrestrial organic matter to the total carbon pool at all sites, which is in good agreement with
values obtained in previous studies in Svalbard fjords (10-30; Kim et al., 2011; Bourgeois et al.,
2016; Cui et al., 2016; Koziorowska et al., 2016). Decreasing C/N ratios with distance from the
glacier in both fjords suggest higher contents of labile, marine OC, primarily marine
phytoplankton, near the mouth of the fjord. Other studies have found similar marine OC
increases near the mouths of other Spitsbergen fjords based on carbon isotopes and lipid
biomarkers (Kim et al., 2011; Kulinski et al., 2014; Bourgeois et al., 2016; Cui et al., 2016;

Koziorowska et al., 2016).
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An increase in pore water sulfate concentration with depth at the inner site in Van
Mijenfjorden (Fig. 4a, d) indicates an additional source of sulfate to the system, which could be
the oxidation of detrital sulfide minerals such as pyrite. The pyrite pool likely contains a large
detrital component in both fjords, given that contents of chromium-reducible sulfur (i.e. pyrite)
are highest closest to the glacier and exhibit no increases at the sites with higher sulfate reduction
and AVS concentration (Fig. 4c, f). Glacially-derived detrital pyrite is delivered to the Svalbard
fjord sediments from glacial erosion (Briichert et al., 2001; Wehrmann et al., 2014, 2017), and
microbial and abiotic processes in the subglacial and proglacial environment can accelerate the
weathering and oxidation of pyrite grains in bedrock (Chillrud et al., 1994; Sharp et al., 1999;
Montross et al., 2012; Harrold et al., 2016). In marine sediments, pyrite can be oxidized by
nitrate, MnO>, and in some cases Fe(II)-OHO (Luther et al., 1982; Aller and Rude, 1988;
Schippers and Jergensen, 2002), and in the Svalbard fjords these oxidants are delivered at high
rates in glacial melt, potentially allowing the pyrite oxidation to proceed through both biotic and
abiotic pathways using both oxygen and metal oxides as oxidants in the sediments (Wehrmann et
al., 2014, 2017).

There are differences in pyrite contents between the two fjords that we attribute to the
different forms of glacial input in each fjord. The catchments of the fjords both contain shale,
coal, and other pyrite-bearing rock types (Table 1; Dallmann, 1999) and, thus, variation in
bedrock lithology and sediment source does not readily explain the difference in the observed
pyrite contents. However, the transport mechanism of the bedrock material to the fjords varies
greatly. Van Mijenfjorden is primarily fed by extensive meltwater stream systems in
Kjellstromdalen and Reindalen, while Van Keulenfjorden is fed by two tidewater glaciers,

Nathorstbreen and Doktorbreen, calving directly into fjord waters (Fig. 1). Proglacial meltwater
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stream material is altered through physical abrasion, oxidation of reduced sulfur, iron, and
manganese, consumption of nutrients by microorganisms, and precipitation of mineral phases
(Anderson et al., 2000; Wadham et al., 2001; Cooper et al., 2002). These processes, including
pyrite oxidation, are also known to occur in the subglacial environment (Wadham et al., 2004)
and therefore likely influence the glacial sediment delivered to both Van Mijenfjorden and Van
Keulenfjorden. However, we hypothesize that transport in proglacial and riverine zones along
Van Mijenfjorden introduces an additional processing step and allows further oxidation and
weathering of glacial material, leading to the observed lower CRS contents in Van Mijenfjorden
compared to Van Keulenfjorden sediments.

The proglacial oxidation of pyrite and other reduced iron-sulfur compounds may produce
highly reactive nanoparticulate or amorphous Fe-OHO phases (Hawkings et al., 2018; Raiswell
et al. 2018) and contribute to further oxidation of pyrite following deposition in the fjord
sediments. Additionally, physical abrasion during transport in the meltwater stream may generate
oxide and pyrite particles that are smaller in size and have greater reactive surface areas,
increasing reaction rates in the fjord sediments. This hypothesis of increased pyrite/oxide
reactivity following transport in proglacial streams is supported by the increases in pore water
sulfate with depth at VM-In (Fig. 4a).

While in situ pyrite oxidation likely also occurs at VK-In, rapid and possibly pulse-like
deposition of sediment from the glacier inhibits excess sulfate accumulation in the pore water
while simultaneously refreshing the detrital pyrite supply. Thus, it is difficult to disentangle the
effects of pro-glacial weathering on in situ pyrite oxidation from the effects of variable
accumulation rates in the two fjords. Under the premise of constant source contributions during

sedimentation (see Section 2), the overall lower CRS contents in Van Mijenfjorden (Fig. 4c, f)
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do however provide evidence for the occurrence of pyrite oxidation in the meltwater streams

feeding Van Mijenfjorden in contrast to the glacial systems feeding Van Keulenfjorden.

5.3 Iron and manganese cycling

The observed Fe and Mn pore water profiles are governed mainly by the abiotic and
biotic reductive dissolution of Fe- and Mn-OHO minerals in the anoxic regions of the sediment
(Lovley, 1993; Postma, 1985; Burdige and Nealson, 1986; Burdige, 1993) and the re-oxidation
of mobilized Fe** and Mn?"in the oxic surface layers (Burdige, 1993; Aller, 1994). In the outer
regions of both fjords, the pore water Fe gradient is closer to the sediment surface, suggesting
overall more reducing conditions in the sediment compared to the inner sites where increases in
pore water Fe are observed deeper in the sediment and oxygen penetration is likely deeper. These
conditions in the outer regions may be caused by the greater availability of organic carbon (i.e.
higher concentration of labile organic carbon per unit volume), as discussed above (Section 5.2).
In these fjords, the dilution of the labile organic carbon by unreactive glacial flour closer to
glacial sources appears to result in the inverse correlation of volumetric reaction rate with
accumulation rate (Froelich, 1979; see Aller, 2014 and references therein). Additionally, the
proximity of the Fe reduction zone to the sediment surface could be influenced by the lower
overall accumulation rates in the outer regions of the fjord, which allow more time for organic
matter degradation and establishment of redox gradients near the sediment surface. At VK-Out
and VM-Out, decreases in the easily reducible and reducible fractions with depth align with an
increase in pore water Fe concentration, suggesting that these pools are an important source of
pore water Fe in the deep sediment. At the surface, mobilized Fe?" is re-oxidized and forms the

observed solid phase surface Fe enrichments in the easily reducible and reducible fractions at the
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middle and outer sites in both fjords (Fig. 5; Burdige, 1993; Aller, 1994). These surface
enrichments may also include a contribution of benthically recycled Fe-OHO laterally advected
from adjacent sediments (Scholz et al., 2014a, 2014b; Wehrmann et al., 2014).

At the middle and outer sites (VM-Mid, VM-Out, VK-Out), relatively constant pore
water Fe concentrations at depth co-occurring with sulfate reduction suggest a balance between
the rate of Fe?" production via biotic and abiotic Fe(IIT) reduction, including the reduction of Fe-
OHO by hydrogen sulfide, and Fe?" removal by interaction with sulfide (Jorgensen and Nelson,
2004). The accumulation of AVS at these sites is evidence of the removal of Fe(II) into iron
monosulfides. The abundance of reactive Fe oxides causes hydrogen sulfide and sulfur
intermediate phases to be rapidly turned over at low concentration as they are shuttled between
sulfate and solid metal sulfides (Wehrmann et al., 2017).

Solid and aqueous Mn data are also consistent with overall more reducing sediments at
the outer sites in both fjords. Microbial Mn reduction is stimulated by the same factors that
increase Fe reduction; however, the removal of Mn(II) from the pore water is controlled by Fe
rather than sulfide. There are no discernable pore water Mn peaks at VM-Out and VK-Out,
indicating that the Mn reduction zone and pore water peak are compressed to within the topmost
0-1 cm (Fig. 6¢, f). Due to this compression, a fraction of the diagenetically mobilized Mn may
escape to the water column in the outer regions of the fjord, followed by transport out of the
fjord and sedimentation on the adjacent continental shelf (Shaw et al., 1990; Burdige, 1993;
Thamdrup et al., 1994; Mérz et al., 2011; Richard et al., 2013; Wehrmann et al., 2014). At the
sediment surface, another fraction of the mobilized Mn(II) re-oxidizes within the sediment,
forming the observed solid phase Mn enrichments in the surficial sediments at the middle and

outer sites in both fjords (Fig. 6). The enrichments occur predominantly in the acid-soluble
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phase. Although the acid-soluble step was designed to target Fe-carbonate minerals (Poulton and
Canfield 2005), it is unlikely that the acid-soluble Mn fraction contains exclusively Mn-
carbonate. The pore water in this region of the sediment is undersaturated with respect to
rhodochrosite (MnCOs3; assuming pH ~7.5), and the measured TIC (i.e. carbonate) contents are
low relative to the recovered Mn content and constant with depth (see Supplemental Figure S1);
therefore, the acid-soluble Mn fraction likely contains Mn from other phases, such as a tightly
bound surface-adsorbed fraction that was not desorbed during the extractable step (a magnesium
chloride wash). Aqueous Mn(I) is removed from the pore water at depth at the middle and outer
sites (Fig. 6), potentially due to the pool of reducible Fe present, as Mn(II) can be abiotically
oxidized by Fe(III) (Burdige, 1993).

Interestingly, Fe and Mn cycling at the inner sites may be influenced by carbonate
mineral (e.g. siderite, kutnahorite, and rhodochrosite) precipitation due to the high pore water
carbonate and dissolved metal concentrations (Suess, 1979; Aller and Rude, 1988). Based on
calculated saturation states, the pore water at VM-In is supersaturated with respect to both
siderite (FeCO3) below 17 cmbsf, and rhodochrosite between 7-27 cmbsf (Supplemental Table
S3).

The inner site in Van Mijenfjorden experiences Fe release at ~15 cmbsf and Mn release at
~4 cmbsf, while the inner site in Van Keulenfjorden exhibits only some Mn release below ~15
cm depth, and no Fe release above ~55 cmbsf (Figs. 5 and 6). Pore water concentrations of both
metals are also much higher at VM-In relative to VK-In. This may reflect the pulse-like
deposition of glacial material associated with the glacier surge in Van Keulenfjorden, followed

by slow re-establishment of reducing fronts. This is supported by our radionuclide data (see
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Section 5.1) and by comparing the findings of Wehrmann et al. (2014), who sampled VK-In in
2011 and found dissolved Fe and Mn profiles similar to what we observe in Van Mijenfjorden.
Van Mijenfjorden has higher total extractable solid phase Fe and Mn at the inner site,
relative to the inner site in Van Keulenfjorden (Figs. 5 and 6). This difference in Fe and Mn
contents may be explained by the difference in meltwater stream versus tidewater glacier input in
the two fjords. We propose that the additional oxidation and weathering of detrital sulfides
occurring within the riverine and proglacial zone feeding Van Mijenfjorden (discussed in Section
5.2) may concentrate and transport Fe and Mn in more reactive forms to the fjord sediments
(Chillrud et al., 1994; Anderson et al., 2000; Cooper et al., 2002). In Van Keulenfjorden,
material entering at the head of the fjord lacks this extra processing due to direct sediment

delivery via the surge-type tidewater glacier.

5.4 Trace element diagenesis

The trace elements investigated in this study (As, Co, Cu, Mo, Ni, and U) are redox
sensitive and/or interact with redox sensitive elements such as Fe, Mn, and S. Therefore, their
behaviors in the sediment differ across the fjord axis as redox conditions and rates of
dissimilatory metal and sulfate reduction change in response to increased availability of labile
marine organic carbon near the fjord mouth. In the following sections, trace elements will be
grouped according to the strength of their interactions with Fe and Mn cycling (Co and Ni),

sulfur cycling (Cu), or both (As, Mo, and U) at the investigated sites.

5.4.1. Cobalt and Nickel: Fe- and Mn-linked
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The alignment between Co, Ni, and Mn pore water peaks at all sites (Figs. 6-8) indicates that
Co and Ni are tightly correlated and that both are released during reductive Mn-OHO dissolution
in these fjords. Such close associations between Co, Ni, and Mn have been well-described in
high latitude and other marine settings, and likely occur because Co and Ni adsorb onto or
incorporate into Mn-OHO (Shaw et al., 1990; Manceau et al., 1992; Achterberg et al., 1997,
Peacock and Sherman, 2007; Mirz et al., 2011; Swanner et al., 2014; Meinhardt et al., 2016). In
the fjord sediments, Co and Ni also exhibit pore water increases in zones of Fe reduction
spatially separated from Mn reduction (VK-In and VK-Mid), suggesting that both Co and Ni also
associate with Fe-OHO. This is particularly interesting for Co, because the relationship of Co to
Fe has been less thoroughly described than the relationship of Co to Mn (Achterberg et al., 1997,
Gunnarsson et al., 2000; Stockdale et al., 2010; Swanner et al., 2014). In contrast, there are many
examples of the association between Ni and Fe-OHO in aquatic settings (Achterberg et al., 1997;
Zegeye et al., 2012; Eickhoff et al., 2014; Robbins et al., 2016). Similar to Fe and Mn, solid
phase Co and Ni are enriched in the easily reducible and reducible fractions in the surface at the
outer sites in both fjords.

The behavior of Co and Ni also differs between the two fjords. Compared to Van
Mijenfjorden, Van Keulenfjorden has higher Co and Ni contents in the oxidizable and
exchangeable fractions, along with generally higher Ni and Co pore water concentrations (Figs. 7
and 8). The oxidizable step of the extraction likely targeted a significant fraction of pyrite (up to
~40%), which typically contains substantial amounts of Co and Ni incorporated in the mineral
(Morse and Luther I1I, 1999; Stockdale et al., 2010; Gregory et al., 2015). Thus, the elevated
values of oxidizable Co and Ni found in Van Keulenfjorden sediments are likely related to the

higher pyrite contents in the Van Keulenfjorden sediments (Fig. 4) due to direct delivery from
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the tidewater glacier. In Van Keulenfjorden, the exchangeable fraction accounts for 6% and 7%
of the total extractable quantity of Co and Ni respectively, while in Van Mijenfjorden the
exchangeable fraction accounts for 4% of both Co and Ni. This difference, though small, may
indicate that the crystalline Fe and Mn oxides delivered by the tidewater glacier hold more
adsorbed Co and Ni than those that are processed in the Van Mijenfjorden meltwater stream
system prior to entering the fjord. Overall it seems that due to the delivery of large amounts of
Fe- and Mn-OHO directly from the tidewater glacier, without additional processing in the
proglacial zone, there is more early diagenetic cycling of Co and Ni in Van Keulenfjorden than
in Van Mijenfjorden, especially at VK-Mid and VK-Out where the pore water concentrations are

higher and the surface solid phase enrichment is larger relative to VM-Mid and VM-Out.

5.4.2. Copper: Sulfur linked

The head-to-mouth fjord trend of decreasing pore water Cu concentrations (Fig. 9) is
likely related to higher sulfate reduction rates at the middle and outer sites. In anoxic, sulfate
reducing environments, Cu(Il) is reduced by sulfide to Cu(I), subsequently precipitates in sulfide
minerals (Calvert and Pedersen, 1993; Oztiirk, 1995; Zaggia and Zonta, 1997; Morse and Luther
111, 1999), and can form a large variety of Cu sulfide minerals at a lower sulfide concentration
than is required to form Fe-sulfide minerals (Pattrick et al., 1997; Morse and Luther III, 1999).
Therefore, Cu is more readily removed from the pore water at increasing distances from the
glacial input, where sulfate reduction rates are higher. The presence of Cu in the pore water at
VM-Mid seems to counter this trend, but may be due to a separate process related to solid phase

sulfides, as described below.
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The scatter in pore water Cu concentrations is unlikely to be caused by the proximity of the
measured concentration to the detection limit, because other elements with similar detection
limits such as Ni (with a detection limit of 0.16 nM; Supplemental Table S2) were measured in
the same concentration ranges (up to 0.5 uM) and do not show the same degree of scatter. This
scatter may instead be related to a heterogeneous distribution of dissolved Cu sources and sinks
such as sulfide minerals and recalcitrant organic matter (Shaw et al., 1990; Widerlund, 1996;
Skrabal et al., 2000; Caetano et al., 2003; Audry et al., 2006). Thus, the turnover time, t, of
aqueous Cu is faster than the rate of diffusional exchange between our sampled depth intervals
(2-4 cm), which can be calculated (based on a porosity of 0.75 and a Cu diffusion coefficient of
3.2x 10% cm? s! and transport scales of 2-4 cm) to be ©~20 days (Iversen and Jorgensen, 1993;
Jorgensen, 1993; Schulz and Zabel, 2006).

Copper may be delivered to the sediment in association with both Fe- and Mn-OHO (Fig. 9;
Fernex et al., 1992; Peacock and Sherman, 2004; Sherman and Peacock, 2010). However, given
that the majority of the solid phase Cu is in the acid-soluble fraction (Fig. 9), it is likely that Cu
primarily associates with Mn-OHO (Sherman and Peacock 2010; Little et al., 2015), as the acid-
soluble fraction also contains the highest Mn contents (Fig. 6).

At the middle and outer sites in both fjords, solid phase Cu decreases below the surface 2-4
cm as it is transferred, through a transient pore water reservoir not detectable with our sampling
methods, to another solid phase pool that was not targeted in our extraction. Cu-S minerals such
as covellite (CuS) and chalcocite (CuzS) are poorly soluble in HCl-based extractions, and
chalcocite in particular is generally leached using sulfuric acid-based techniques (Cheng and
Lawson, 1991; Cooper and Morse, 1998). Small increases in oxidizable Cu at depth indicate that

some Cu is removed to pyrite or other Cu-S minerals that were dissolved in the oxidizable step.
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At the inner sites, this depletion does not occur due to low sulfate reduction rates and lack of
sulfide mineral formation, and therefore solid phase Cu contents remain high at depth.

Higher pore water Cu concentrations at VM-Mid relative to VK-Mid may reflect the
influence of oxidizing detrital pyrites, which likely either contain Cu inclusions or co-occur with
Cu-sulfide minerals (Huerta-Diaz and Morse, 1992; Sun and Piittmann, 2000; Gregory et al.,
2015). Higher aqueous Cu concentrations due to an additional source from detrital pyrites would
support our hypothesis of greater delivery of partially oxidized and more reactive sulfide

minerals in meltwater stream sediments in Van Mijenfjorden.

5.4.3 Uranium, Molybdenum, and Arsenic: Fe-Mn-S linked

The removal of U from the pore water at all sites (except VK-In, discussed below) is
likely due to reduction following entry into the sediment. In the water column, U is generally
stable and conservative in dissolved uranyl (U(VI)) carbonate complexes, and thus primarily
enters the sediment through diffusion across the sediment-water interface (Ku et al., 1977;
Anderson, 1987). At VM-In, we observe a gradual removal from the pore water within the zone
of pore water Fe release, but no coincident increase in solid phase U, possibly due to dilution of
authigenic solid U phases by the high accumulation rate observed at this site (Fig. 10a). In the
outer regions of the fjord, however, U is removed from the pore water closer to the sediment
surface, and accumulates in the solid phase, as reflected in the elevated solid contents at these
sites (Fig 10b-c, e-f). The reduction of U is tightly coupled to both Fe and sulfate reduction in
anoxic sediment, and following reduction to U(IV) it adsorbs to particle surfaces or precipitates,
possibly as uraninite or meta-stable uraninite precursors (Anderson, 1987; McKee et al., 1987;

Klinkhammer and Palmer, 1991; Barnes and Cochran, 1993; Zheng et al., 2002; Morford et al.,
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2009). The observed solid phase U content increases are primarily in the exchangeable fraction,
suggesting that the primary mode of pore water U removal is adsorption of U(IV) to particle
surfaces. Fe- and sulfate-reducing organisms are capable of directly reducing U, potentially as a
terminal electron acceptor (Cochran et al., 1986; Lovley et al., 1991; Lovley and Phillips, 1992).
We conclude that at VM-In, U is likely reduced predominantly by Fe-reducing organisms
(Lovley et al., 1991) while in the outer regions of both fjords, the combined activity of sulfate
and Fe reducing bacteria make the sediments a more efficient sink for pore water U, which
adsorbs to particle surfaces following reduction at depth (Lovley and Phillips, 1992; Gu et al.,
2005). At VK-In, the only site where U increases in the pore water, high pore water carbonate
concentrations (Supplemental Table S3) may cause U to desorb from Fe-OHO and form soluble
uranyl carbonate complexes (Allard, 1982; Gu et al., 2005). In contrast, VM-In contains notably
less U in the exchangeable fraction, which could be the result of the oxidation and stripping of U
from particle surfaces during transport in meltwater streams.

Diagenetic alteration of Mo-phases is affected by both Fe and sulfate reduction, with Mn
reduction playing a smaller role (Fig. 11). Typically, Mo is assumed to associate more with Mn-
OHO (Bertine and Turekian, 1973; Shimmield and Price, 1986; Shaw et al., 1990; Crusius et al.,
1996; Mirz et al., 2011; Meinhardt et al., 2016), and the interaction between Mo and Fe in
modern marine sediments has been less thoroughly established (Arnold et al., 2004; Poulson et
al., 2006). The Mo-Fe interaction in the Svalbard fjords is most apparent at VK-In, VK-Mid, and
VM-In, where there is spatial separation between the zones of Fe and Mn reduction (Fig. 11).
The removal of Mo from the pore water in the Mn reduction zone most likely occurs when Fe*"
is oxidized by Mn(IV) and precipitates (Burdige, 1993; Postma and Appelo, 2000), causing pore

water Mo to adsorb to the fresh Fe-OHO surfaces (Gustafsson, 2003; Goldberg et al., 2009). Any
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Mo that is released from the dissolving Mn-OHO in this process may immediately re-adsorb to
the Fe-OHO. Upon burial deeper into the Fe reduction zone, Mo is released back into the pore
water as Mo-rich Fe-OHO dissolves (Fig. 11a, e). At VK-Out, VM-Mid, and VM-Out, surface
solid phase Mo enrichments in the easily reducible and reducible fractions lie directly above pore
water maxima in the sediment column (Fig. 11), which suggests that the precipitation of fresh
Mn- and Fe-OHO at the oxic sediment surface serves as a sink for dissolved Mo released at
depth. The same process may occur at VK-Out even though our sampling resolution did not
capture the sediment surface pore water depletion.

The removal of pore water Mo in the deeper sediment layers at VK-Out, VM-Mid, and
VM-Out (Fig. 11) is most likely due to the reduction of Mo(VI), followed by precipitation and/or
adsorption to particle surfaces. Mo becomes particle reactive at a certain sulfide concentration
threshold (Helz et al., 1996; Zheng et al., 2000). Given the relatively high proportion of solid
phase Mo in the exchangeable fraction in the deepest samples (Fig. 11), the adsorption of
reduced Mo may be of particular importance. Interestingly, removal occurs at VK-In, VK-Out,
VM-Mid, and VM-Out despite the absence of detectable H»S at depth, suggesting that at these
locations either it is not necessary for sulfide concentrations to be above the sulfide concentration
threshold for Mo sulfidization to occur, or the reduction and removal is accomplished through
direct interaction with sulfate reducing bacteria rather than indirectly through pore water sulfide
(Helz et al., 1996; Tucker et al., 1997; Zheng et al., 2000).

Arsenic is released to the pore water within the zone of Fe oxide dissolution (Fig. 12),
demonstrating a strong linkage between As and Fe cycling which can be explained by As
adsorption onto and co-precipitation with Fe-OHO as previously observed in high latitude

sediments and many other settings (Aggett and O’Brien, 1985; Brannon and Patrick, 1987;
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Cullen and Reimer, 1989; Belzile and Tessier, 1990; Mirz et al., 2011; Burton et al., 2013;
Meinhardt et al., 2016). The large proportions of solid phase As in the reducible fraction (Fig.
12) suggest that solid phase As is primarily associated with crystalline Fe-OHO. However, pore
water As behavior does not perfectly mirror Fe trends in the fjords (Fig. 12). For example,
overall pore water As concentrations at depth increase with distance from the glacier in both
fjords, a trend that is not reflected in the Fe profiles (Fig. 5). Instead, these pore water As
increases appear to be controlled by factors other than the reductive dissolution of Fe(III), and
particularly correlate with higher sulfate reduction rates, suggesting that microbial sulfate
reduction may trigger the release of dissolved As from the solid phase (Keimowitz et al., 2007).
Burton et al. (2013) found that anoxic sediment columns amended with As(III) released more
dissolved As when they had been inoculated with sulfate reducing bacteria as compared to
sterilized columns. This may be explained by a ligand exchange at the surface of Fe oxides, such
as goethite, that leads to the replacement of adsorbed As with the sulfide produced during
microbial sulfate reduction (Burton et al., 2013). The reduction of Fe(II) by sulfide leads to the
formation of FeS (mackinawite), which does not adsorb or incorporate As (Kirk et al., 2010).
Our data indicate that this process occurs in the middle and outer sites of both fjords, where the
alteration of Fe oxides that are coated with and eventually replaced by mackinawite (Kocar et al.,
2010; Burton et al., 2011, 2013) leads to the release of dissolved As into the pore water. This is
supported by the co-occurrence of elevated AVS contents (Fig. 4b, e) and high dissolved As
concentrations (Fig. 12b-c, e-f). Further, As is released to the pore water in the same area where
Mo is removed at VM-Mid (below 47 cmbsf), VM-Out (below 3 cm), and VK-Out (below 2.5
cm) (Fig. 11b-c, f and Fig. 12b-c, f). This could indicate an increase in the availability of sulfide,

which simultaneously mobilizes As and removes dissolved Mo (Helz et al., 1996; Burton et al.,
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2013). In contrast, the inner sites in both fjords have the lowest sulfate reduction rates and
therefore the As released during Fe reduction at these sites may be rapidly re-adsorbed to oxide
particles rather than accumulating in the pore water. Additionally, the glacial sediment source at
the inner sites may supply large amounts of freshly ground, Fe-OHO-rich particles with vacant

adsorption sites that serve as efficient sinks for the released As.

6. Summary and conclusions
6.1 Biogeochemical gradients along the head-to-mouth fjord axis

This investigation reveals landscape-scale biogeochemical gradients in Van Mijenfjorden
and Van Keulenfjorden from the glacially influenced fjord head to the marine influenced mouth
(Fig. 13b). Sediment accumulation rate near the glacial input is high and, based on previous
research, likely decreases toward the mouth of the fjord. Unlike open marine systems,
sedimentation and labile organic carbon flux are decoupled in these fjords. Close to the glacial
source, dilution of labile organic carbon by high accumulation of metal oxide-rich glacial flour
may suppress microbial reduction rates and promote benthic oxidation of detrital pyrite. In the
outer fjord regions with lower accumulation of glacial flour, greater availability of labile, marine
organic carbon likely contributes to the observed higher net sulfate reduction rates and
accumulation of sulfide minerals, along with the compression of Fe and Mn reduction zones near
the sediment surface. This generates authigenic Fe- and Mn-OHO enrichments in the surface
sediments of the outer fjord, and may increase the potential for transport of Fe and Mn into the
water column through diffusion across the sediment-water interface or resuspension of enriched

surface sediments.
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All trace elements investigated in this study are influenced by Fe, Mn, and sulfur cycling
(Fig. 13c); however, the strength of the interaction with these cycles is different for each element
and their diagenetic behaviors are controlled by the head-to-mouth gradients in the availability of
labile organic carbon as described above. Cobalt and nickel are closely coupled to Fe and Mn
cycling, and show similar release into the pore water with oxide reduction at depth coupled with
re-oxidation and solid phase enrichment at the sediment surface, particularly at the outer sites. In
contrast, copper appears to be predominantly controlled by sulfur transformations, with release
into the pore water during sulfide oxidation near the head of the fjord and precipitation in
authigenic sulfide minerals in the outer regions where higher sulfate reduction rates occur.
Uranium is reduced and scavenged from the pore water in association with Fe and sulfate
reduction, so the sediments become a more efficient sink for dissolved uranium with increasing
distance from the glacier. Molybdenum behavior is controlled by Fe cycling close to the glacier,
but is likely reduced and removed from the pore water with increasing sulfate reduction rates
out-fjord. Arsenic is linked with Fe cycling at the inner fjord sites, but becomes de-coupled as Fe
particles become coated with Fe-monosulfides at the outer sites, driving accumulation of As in

the pore water.

6.2 Comparison between tidewater glacier- and meltwater stream-dominated sediment delivery
The two fjords in this study share similar catchment area bedrock lithologies, water
column circulation, and organic matter delivery to the sediments. Thus, the subtle differences
between the fjords may be attributable to differences in the supplies of glacial sediment from the
surging tidewater glacier in Van Keulenfjorden and the extensive meltwater stream systems in

Van Mijenfjorden (see Fig. 13a). The largest differences are in the inner regions of the fjords,

40



where glacial impact and source processing are highest. The sediment accumulation rate at the
inner site in VM is lower than the estimated minimum rate at the inner site in VK, most likely
due to a combination of sediment trapping in the meltwater streams feeding VM and an increase
in sediment delivery associated with the recent surge of Nathorstbreen in VK. The sediments at
the inner regions of VK have large contents of pyrite, likely detrital and eroded from the
underlying bedrock, and the trace element cycling appears limited, potentially by rapid
deposition of crystalline, less reactive glacial flour during the recent tidewater glacier surge. In
contrast, the inner site in VM shows evidence of strong trace element cycling and contains
comparatively less pyrite. We suggest that proglacial and riverine processing in the Van
Mijenfjorden meltwater streams allows for additional transformation of material from glacial
discharge by oxidizing detrital sulfide minerals and generating more reactive particulate trace
element species through physical, chemical, and biological weathering.

At the inner and middle sites of VM, zones of Fe and Mn reduction and associated
aqueous Co, Ni, and As release are closer to the sediment surface relative to the corresponding
sites in VK, possibly due to a lower accumulation rate and a higher content of total extractable
(i.e. reactive) trace metal phases. The inner and middle sites in VM contain higher pore water
concentrations of Cu, which could be caused by in situ oxidation of Cu-bearing sulfide minerals.
Solid U content at VM-In is lower than at VK-In and there is net removal from the pore water,
potentially the result of the stripping of adsorbed U from particle surfaces during transport in the
meltwater streams feeding VM followed by re-adsorption onto particle surfaces within the
sediment. Solid phase Mo is enriched in VM-In relative to VK-In, and a greater release to the

pore water is observed within the Fe reduction zone.
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6.3 Impact of glacial retreat on trace element cycling

Glaciers are currently experiencing net mass loss due to climate change (Dowdeswell et
al., 1997). As a result, many tidewater glaciers are retreating into subaerial valleys (Ziaja, 2001).
This study demonstrates that a change from tidewater glacier to meltwater stream sediment
supply may have an impact on trace element processing in coastal sediments. However, it is
important to note that the findings of this study cannot be extrapolated to all other fjords, where
different conditions such as circulation and bedrock composition may exert different controls on
trace element cycling in the sediments.

With glacial retreat, glaciated fjord systems similar to those in this study may experience
greater weathering during sediment transport in meltwater streams, reducing the delivery of
detrital minerals (e.g. pyrite) to the fjord and transferring associated trace elements into more
reactive phases (e.g. amorphous oxides). This delivery of more reactive trace metal phases along
with lower sediment accumulation rates may drive zones of Fe and Mn reduction closer to the
sediment surface and allow accumulation of reduced metals in the pore water in the regions close
to the glacial input. Thus, the retreat of tidewater glaciers may drive increased benthic cycling
and possible remobilization of Fe, Mn, Co, Ni, Mo, and As from reactive oxides and of Cu from
weathered sulfide minerals. In contrast, the sediments may become a more efficient sink for
elements such as U that are stripped from particle surfaces during stream transport and re-
adsorbed in reducing sediment. Overall, these shifts in trace element diagenetic behavior and
potential transport with glacial retreat could impact the biogeochemical cycling of carbon and

nutrients along glaciated coastlines and within polar oceans.
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Figure captions

Figure 1. Map of Van Mijenfjorden (VM) and Van Keulenfjorden (VK) showing the locations
of the coring stations (VM-In, -Mid, and -Out, VK- In, -Mid, and -Out) and major meltwater
inputs, as listed in Table 1: A) Berseliusdalen, B) Reindalen, C) Kjellstromdalen, D) Paulabreen,
E) Danzigdalen, F) Steenstrupdalen, G) Doktorbreen, H) Liestolbreen, I) Nathorstbreen, and J)
Penckbreen. References: Hjelle, 1993; Wehrmann et al., 2014; http://svalbardkartet.npolar.no.

Figure 2. Profiles of cesium-137 at VM-In (a) and VK-In (d), excess lead-210 at VM-In (b) and
VK-In (e), and the natural log of the excess lead-210 at VM-In (c) with a fitted linear regression,
from which the sediment accumulation rate was calculated.

Figure 3. Sulfate reduction rates with depth at the inner, middle, and outer sites in VM and VK.

Figure 4. Depth profiles at the inner, middle, and outer sites of porewater sulfate concentrations
in VM (a) and VK (d), acid-volatile sulfide (AVS) content in VM (b) and VK (e), and
chromium-reducible sulfur (CRS) content in VM (¢) and VK (f).

Figure 5. Depth profiles of pore water Fe (open circles) and solid phase Fe content in the acid-
soluble, easily reducible, reducible, and oxidizable fractions (connected lines) at VM-In, -Mid,
and -Out (a-c) and VK-In, -Mid, and -Out (d-f). The total solid content is the sum of the four
fractions and shown as shaded areas.

Figure 6. Depth profiles of pore water Mn (open circles) and solid phase Mn content in the
exchangeable, acid-soluble, easily reducible, reducible, and oxidizable fractions (connected
lines) at VM-In, -Mid, and -Out (a-c) and VK-In, -Mid, and -Out (d-f). The total solid content is
the sum of the five fractions and shown as a shaded area.

Figure 7. Depth profiles of pore water Co (open circles) and solid phase Co content in the
exchangeable, acid-soluble, easily reducible, reducible, and oxidizable fractions (connected
lines) at VM-In, -Mid, and -Out (a-c) and VK-In, -Mid, and -Out (d-f). The total solid content is
the sum of the five fractions and shown as a shaded area.

Figure 8. Depth profiles of pore water Ni (open circles) and solid phase Ni content in the
exchangeable, acid-soluble, easily reducible, reducible, and oxidizable fractions (connected
lines) at VM-In, -Mid, and -Out (a-c) and VK-In, -Mid, and -Out (d-f). The total solid content is
the sum of the five fractions and shown as a shaded area.

Figure 9. Depth profiles of pore water Cu (open circles) and solid phase Cu content in the
exchangeable, acid-soluble, easily reducible, reducible, and oxidizable fractions (connected
lines) at VM-In, -Mid, and -Out (a-c) and VK-In, -Mid, and -Out (d-f). The total solid content is
the sum of the five fractions and shown as a shaded area.

Figure 10. Depth profiles of pore water U (open circles) and total solid phase U content in the

exchangeable, acid-soluble, easily reducible, reducible, and oxidizable fractions (connected
lines) at VM-In, -Mid, and -Out (a-c) and VK-In, -Mid, and -Out (d-f). The total solid content is
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the sum of the five fractions and shown as a shaded area. Black triangles on the pore water
concentration axes indicate average seawater values.

Figure 11. Depth profiles of pore water Mo (open circles) and solid phase Mo content in the
exchangeable, acid-soluble, easily reducible, reducible, and oxidizable fractions (connected
lines) at VM-In, -Mid, and -Out (a-c) and VK-In, -Mid, and -Out (d-f). The total solid content is
the sum of the five fractions and shown as a shaded area. Black triangles on the pore water
concentration axes indicate average seawater values.

Figure 12. Depth profiles of pore water As (open circles) and solid phase As content in the acid-
soluble, easily reducible, reducible, and oxidizable fractions (connected lines) at VM-In, -Mid,
and -Out (a-c) and VK-In, -Mid, and -Out (d-f). The total solid content is the sum of the four
fractions and shown as a shaded area.\

Figure 13. A schematic diagram illustrating a) differences in source sediment between the two
fjords in this study related to glacial input via meltwater streams in VM and a tidewater glacier in
VK, b) the head-to-mouth gradients in fjord sediment Fe, Mn, and sulfur cycling as controlled by
organic carbon availability (i.e. the concentration of labile organic carbon per unit volume of
sediment) and sediment accumulation rate, and c¢) the predominant biogeochemical behaviors of
Co, Ni, Cu, U, Mo, and As interacting with the Fe/Mn-(oxy)hydroxide (-OHO), sulfide mineral
(e.g. monosulfides, pyrite), and pore water pools within the sediment at the glacially influenced
inner fjord regions compared to the marine-influenced outer fjord regions.

Supplemental Figure S1. Depth profiles of total organic carbon (TOC) and total inorganic
carbon (TIC) in dry weight percent at the inner, middle, and outer sites in VM and VK.

Supplemental Figure S2. Depth profile of pore water chloride concentrations at the inner,
middle, and outer sites in VM and VK.
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Figure 6

In Mid Out
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Figure 7
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Figure 10
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Table 1. Information on size, depth, glacial input, and geology of the fjords sampled in this study. References: Hjelle, 1993;
Wehrmann et al., 2014; http://svalbardkartet.npolar.no. “Program station name” refers to the name of the station given during the

sampling expedition, provided here for cross-reference with other data collected during the same expedition. “Station name” is the
name given within the context of this paper alone. Note: In the column “Major meltwater inputs,” a name ending with —dalen is a
valley that was previously glaciated but now funnels a system of meltwater streams, while a —breen is a glacier connected to the fjord

by meltwater stream

. Length x Tidewater Major meltwater . Program Station Water
Fjord . . . Bedrock lithology .
Width (km) glaciers inputs station name name depth (m)
Clastic sedimentary
AF M-I
Kjellstromdalen, rock, calcareous and VM-In 63
Van Mijenfjorden 55x10 Paulabreen Relqdalen, dolomitic [fiRestogy, AG VM-Mid 69.8
Berzeliusdalen, shale, sandstone,
Fridtjovbreen siltstone, f:arbonaceous AH VM-Out 116
phyllites, coal
Clastic sedlmentary HA VK-In 257
rock, shale, siltstone,
Van Nathorstbreen sandstone, dolomite .
’ ’ ’ AC VK-Mid 55.6
Keulenfjorden 40x7.5 Doktorbreen PenqQgeen red conglomerates, '
chert, arkostic and AB VK-Out 100

lithic arenites
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Table 2. Description of the sequential extraction procedure applied in this study.

Fraction Reagents Chemical Grade Reference
. Tessier et al., 1979; Heron et al.
0, > > )
Exchangeable 1 M MgCl, Puratronic 99.999% 1994;

(metals basis)

Poulton and Canfield, 2005

1 M sodium acetate,
pH = 4.5 adjusted
with acetic acid

Acid-soluble

Sodium acetate: Puratronic,
99.985% (metals basis)
Acetic acid: Glacial, trace
metal grade

Tessier et al., 1979; Poulton and
Canfield, 2005

Chester and Hughes, 1967; Tessier et

reE(:i?lscl;gle M hydr}?gflamme ) 99.999% trace metals basis al., 1979;
Poulton and Canfield, 2005
Reducible 50g/L dit.hionlite Sodium hydrosulfite: Mehra and Jackson, 1960; Poulton
buffered with citrate Laboratory grade and Canfield, 2005
8.8 M H;0:, p H =23 Ammonium acetate: .
Oxidizable 1M ammonium 99 999% trace metals basis Gupta and Chen, 1975; Tessier et al.,

acetate, pH=2
adjusted w/ nitric acid

H>0,: Suprapur

1979
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Table 3. Average total inorganic carbon (TIC), total organic carbon (TOC), and total
organic carbon to total nitrogen ratio (C/N) £ one standard deviation at all sites.

Fjord Site TIC TOC C/N ]
(wt. % C) (wt. % C) (mol mol™)

Van Mijenfjorden VM-In 2.03+0.14 1.99+£0.14 20.4 +0.54
VM-Mid 1.90£0.11 1.83+0.11 174+ 14

VM-Out 1.95£0.09 1.82£0.12 16.2 £ 0.84

Van Keulenfjorden VK-In 1.81 £0.06 1.59 £0.06 19.1+14
VK-Mid 2.01+0.12 1.58 £0.12 18313

VK-Out 2.26 £0.13 1.76 £ 0.09 17.8£0.99

61



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




