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Abstract

Glacial environments may provide an important but poorly constrained source of potentially bioavailable iron and man-
ganese phases to the coastal ocean in high-latitude regions. Little is known about the fate and biogeochemical cycling of gla-
cially derived iron and manganese in the coastal marine realm. Sediment and porewater samples were collected along transects
from the fjord mouths to the tidewater glaciers at the fjord heads in Smeerenburgfjorden, Kongsfjorden, and Van Keulen-
fjorden along Western Svalbard. Solid-phase iron and manganese speciation, determined by sequential chemical extraction,
could be linked to the compositions of the local bedrock and hydrological/weathering conditions below the local glaciers. The
concentration and sulfur isotope composition of chromium reducible sulfur (CRS) in Kongs- and Van Keulenfjorden sedi-
ments largely reflect the delivery rate and isotope composition of detrital pyrite originating from adjacent glaciers. The vary-
ing input of reducible iron and manganese oxide phases and the input of organic matter of varying reactivity control the
pathways of organic carbon mineralization in the sediments of the three fjords. High reducible iron and manganese oxide
concentrations and elevated metal accumulation rates coupled to low input of “fresh” organic matter lead to a strong expres-
sion of dissimilatory metal oxide reduction evidenced in very high porewater iron (up to 800 lM) and manganese (up to
210 lM) concentrations in Kongsfjorden and Van Keulenfjorden. Sediment reworking by the benthic macrofauna and phys-
ical sediment resuspension via iceberg calving may be additional factors that promote extensive benthic iron and manganese
cycling in these fjords. On-going benthic recycling of glacially derived dissolved iron into overlying seawater, where partial re-
oxidation and deposition occurs, facilitates the transport of iron across the fjords and potentially into adjacent continental
shelf waters. Such iron-dominated fjord sediments are likely to provide significant fluxes of potentially bioavailable iron to
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coastal waters and beyond. By contrast, low delivery of reducible iron (oxyhydr)oxide phases and elevated organic carbon
mineralization rates driven by elevated input of “fresh” marine organic matter allow organoclastic sulfate reduction to dom-
inate carbon remineralization at the outer Smeerenburgfjorden sites, which may limit iron fluxes to the water column.
� 2014 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Iron plays a vital role in controlling primary production,
biological carbon export, and nitrogen fixation in many
parts of the ocean (e.g., Martin and Fitzwater, 1988;
Coale et al., 1996; Falkowski, 1997; Hutchins and
Bruland, 1998; Falkowski et al., 1998; Boyd et al., 2000).
Growing awareness of the essential role of iron for primary
productivity in many ocean regions and the discovery of an
apparent tight linkage of changes in iron supply to the
ocean with glacial-interglacial variations in atmospheric
CO2 concentrations (Martin, 1990; Jickells et al., 2005)
has steered a large body of research devoted to the biogeo-
chemical iron cycle over the past decades. Many studies
have focused on the role of aeolian dust as a source of bio-
available iron to the ocean (e.g., Bruland et al., 1994; de
Baar and de Jong, 2001; Jickells and Spokes, 2001;
Moore and Braucher, 2008) and, more recently, on benthic
iron remobilization from shelf sediments (e.g., Johnson
et al., 1999; Elrod et al., 2004; Moore and Braucher,
2008; Severmann et al., 2010; Noffke et al., 2012;
Homoky et al., 2013). Iron deriving from glacial environ-
ments represents the least constrained source of iron to
the ocean (Raiswell et al., 2006). There is growing aware-
ness that glacial environments may provide this key nutri-
ent to high latitude ocean regions, where this source likely
dominates over other iron fluxes to coastal waters
(Statham et al., 2008; Raiswell et al., 2008a; Lippiatt
et al., 2010; de Jong et al., 2012; Wadham et al., 2010;
Wadham et al., 2013; Gerringa et al., 2012; Bhatia et al.,
2013; Hawkings et al., 2014).

Glacial environments have been identified as important
microbial habitats (Sharp et al., 1999; Skidmore et al.,
2000; Gaidos et al., 2004; Mikucki et al., 2004; Lanoil
et al., 2009) that function as crucial sites for the transforma-
tion of different carbon pools and for the microbially
enhanced chemical weathering of glacial debris on the sur-
face, below, and within ice sheets and glaciers (e.g., Tranter
et al., 2003; Wadham et al., 2004; Skidmore et al., 2005;
Wadham et al., 2010; Montross et al., 2012; Stibal et al.,
2012). Biogeochemical weathering processes in subglacial
and proglacial environments include (1) oxidation of sulfide
minerals by oxygen, Fe(III), and nitrate; (2) dissolution of
carbonates; and (3) silicate weathering (see Tranter et al.,
2003; Skidmore et al., 2010; Wadham et al., 2013; for
review). These weathering processes yield, for example, sul-
fate, bicarbonate, magnesium, calcium ions, and nutrients
such as iron and phosphorus to glacial runoff waters
(Wadham et al., 2001; Cooper et al., 2002; Tranter, 2005).
Oxic glacial runoff may provide a comparably small
amount of dissolved iron to coastal waters (Statham
et al., 2008; Raiswell and Canfield, 2012; Wadham et al.,
2013) that is accompanied by a large fraction of iron (oxy-
hydr)oxides and other, mechanically weathered, particulate
iron phases (Poulton and Raiswell, 2002, 2005; Raiswell
et al., 2006). In contrast, anoxic runoff waters, entering
coastal waters below tidewater glaciers, ice-sheets, and by
groundwater discharge, may provide additional iron
sources with higher aqueous and colloidal/nanoparticulate
iron components (Skidmore et al., 2010; Raiswell and
Canfield, 2012; Wadham et al., 2013). Icebergs and sea-ice
contain nanoparticulate iron(oxyhydr)oxides preserved in
the frozen matrix that can evade deposition in fjord sedi-
ments and thus reach open ocean waters (e.g., Raiswell
et al., 2006, 2008a,b, 2009; Lannuzel et al., 2010; van der
Merwe et al., 2011; de Jong et al., 2013). Accordingly, these
ice-borne inputs are now regarded as important sources of
bioavailable iron to high-nutrient, low-chlorophyll areas of
the Southern Ocean and Antarctic (Raiswell et al., 2006;
Smith et al., 2007; Lannuzel et al., 2007, 2008; Raiswell
et al., 2008a; Lin et al., 2011; Shaw et al., 2011).

Glacially derived iron enters adjacent ocean waters in
aqueous (here defined as <0.02 lm) plus colloidal/nanopar-
ticulate (collectively termed ‘dissolved iron’) and particulate
forms (>1 lm; Raiswell et al., 2006; Raiswell and Canfield,
2012). The composition and physico-chemical reactions of
the iron pool determine its bioavailability and thus ulti-
mately the potential to fuel primary production in surface
waters (Moore and Braucher, 2008; Tagliabue et al.,
2009; Breitbarth et al., 2010). Aqueous, colloidal, and
nanoparticulate iron phases exhibit varying degrees of bio-
availability (Hutchins et al., 1999; Yoshida et al., 2002;
Kraemer, 2004; Borer et al., 2005; Shaked et al., 2005;
Hunter and Boyd, 2007; Boyd and Ellwood, 2010;
Breitbarth et al., 2010; Raiswell and Canfield, 2012;
Shaked and Lis, 2012). Aqueous iron, which mainly occurs
as Fe(III) bound to organic ligands in marine seawater (van
den Berg, 1995; Rue and Bruland, 1995; Hassler et al.,
2011), is suggested to be bioavailable, although the ligand
type may determine its availability for specific groups of
organisms (see Hunter and Boyd, 2007, and Gledhill and
Buck, 2012, for review). Colloidal/nanoparticulate species,
which are suggested to be composed of small iron (oxy-
hydr)oxide and organic matter subunits (Boyé et al.,
2010; Raiswell and Canfield, 2012), are believed to be only
partially bioavailable to eukaryotic organisms (Chen and
Wang, 2001; Chen et al., 2003; Cullen et al., 2006).

Manganese also functions as a micronutrient (Sunda
et al., 1981; Coale, 1991; Morel and Price, 2003), and the
scavenging of trace metals by manganese oxides can exert
a strong control on the distribution of biologically essential
trace elements, such as cobalt, in continental margin envi-
ronments (Knauer et al., 1982; Shaw et al., 1990). Input
from continental erosion represents a main source of
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manganese oxides to continental shelf waters. Here, the
benthic recycling of manganese oxides and subsequent flux
of manganese from the seabed represents an important
pathway for the reintroduction of dissolved manganese into
the water column (Heggie et al., 1987; Johnson et al., 1992;
Aller, 1994; Pakhomova et al., 2007; McManus et al.,
2012). The diagenetic recycling and transport of manganese
from Arctic shelf sediments has been invoked as a main dri-
ver for the formation of distinct Mn-rich brown layers in
adjacent slope and basin sedimentary sequences (März
et al., 2011, 2012; Macdonald and Gobeil, 2012). These
studies suggest that a large fraction of manganese reaching
the inner Arctic shelves (<100 m water depth) must be
recycled and transported to the Central Arctic Ocean in order
to balance the modern manganese budget of the Arctic.

Given the large volume of glacial runoff in many high-
latitude regions, adjacent fjords represent important depo-
centers for glacially derived iron and manganese. However,
little is known about the cycling and transfer of these metals
in the fjords, which ultimately represent the transition
between the glacial and marine environments. A large frac-
tion of aqueous and nanoparticulate iron phases originat-
ing from glacial sources is suggested to precipitate during
their passage across the salinity gradient from glaciers to
adjacent coastal waters (e.g., Lippiatt et al., 2010), for
example, as iron (oxyhydr)oxide coatings on particles. Gla-
cial runoff waters, however, generally also contain a large
fraction of particulate iron phases, with concentrations
exceeding those of dissolved iron by orders of magnitude
(Poulton and Raiswell, 2005; Raiswell et al., 2006;
Lippiatt et al., 2010). The fate of the large amounts of iron
(oxyhydr)oxides delivered to fjords directly by glacial run-
off, or indirectly through precipitation of dissolved glacial
iron, remains poorly understood. It is assumed that further
coagulation in saline fjord waters results in trapping of 90%
of these iron phases in fjord sediments (Raiswell, 2006;
Raiswell et al., 2006). Biogeochemical processes in these
fjords, particularly in the fjord sediments, have not been
considered previously, but these processes may strongly
affect the distribution and speciation of iron phases and
ultimately alter the bioavailability of the glacially derived
iron phases.

A better understanding of the input of glacially derived
iron and manganese, and the processes and feedbacks that
tie the iron cycle to recent climate change, are needed for
the Arctic environment. The Arctic Ocean is very suscepti-
ble to global climate change through various feedback
mechanisms (Anisimov et al., 2007; Meehl et al., 2007;
Spielhagen et al., 2011). For instance, sea-ice cover of the
Arctic Ocean is retreating unexpectedly fast (Shimada
et al., 2006; Comiso et al., 2008; Giles et al., 2008;
Perovich et al., 2008), thus exposing increasingly large areas
of this region to sunlight. This change may allow for
enhanced phytoplankton growth in summer (Arrigo et al.,
2008; Slagstad et al., 2011), depending on the availability
of nutrients to sustain summer primary production
(Carmack et al., 2006; Popova et al., 2010). The input of
iron may become one limiting factor for primary productiv-
ity, especially if ice-borne transport of iron to the open
ocean is reduced in a warming climate (Carmack et al.,
2006). Runoff from local glaciers may provide additional
input of dissolved and colloidal iron to coastal waters and
potentially beyond (Statham et al., 2008; Lippiatt et al.,
2010; Gerringa et al., 2012). Shelf areas of the Arctic are
at present responsible for a disproportionately high fraction
of primary production of up to 24% (Pabi et al., 2008;
Popova et al., 2010), and the southeast Greenland Sea
and the Barents Sea around Svalbard are amongst the most
productive areas of the Arctic Ocean (Sakshaug, 2004;
Carmack et al., 2006; Popova et al., 2010). The glaciers of
the Svalbard Archipelago have retreated significantly in
the past 50 years (Dowdeswell, 1995; Nordli et al., 1996;
Ziaja, 2001; Kohler et al., 2007), and there is evidence for
unprecedented increases in summer temperatures compared
to the past 1800 years in this region (Spielhagen et al., 2011;
D’Andrea et al., 2012). The Svalbard fjords thus represent
excellent model locations to evaluate the coupling between
climatic changes, glacial iron delivery mechanisms, and
biogeochemical feedback processes.

In this study, we take a comprehensive approach in our
examination of the biogeochemical processes in fjord sedi-
ments of three Western Svalbard fjords: Smeerenburgfjor-
den, Kongsfjorden, and Van Keulenfjorden. First, we
determine how the local bedrock geology and the glacial
coverage may affect the speciation and amount of delivered
iron and manganese, water column productivity, and qual-
ity of deposited organic matter. The three chosen fjords are
very different with respect to their bedrock composition and
the size of the catchment area glacial coverage. We hypoth-
esize that glaciated areas characterized by relatively Fe-
poor lithologies deliver glacial flour low in reducible iron
to the adjacent fjords. In contrast, iron- and pyrite-rich
rock types, such as sandstones, may allow for the mechan-
ical and biogeochemical production of higher amounts of
dissolved iron and iron (oxyhydr)oxide phases compared
to igneous and metamorphic bedrock lithologies. Second,
the extent of glacial coverage in the fjord-surrounding areas
may affect the volume and suspended load of glacial runoff
and thus ultimately the amount of weathered iron and man-
ganese phases that are delivered to the adjacent fjords.
Third, we tie these findings to the prevailing sedimentary
biogeochemical processes and elucidate the resulting differ-
ences amongst the different fjords. We specifically investi-
gate how the biogeochemical processes control the
fixation, remobilization, and ultimately the down-fjord
transport of glacially derived iron and manganese phases.
We shed light on the diagenetic cycling of these phases as
an additional, previously unconsidered, mechanism that
may aid the transfer of glacially derived metals across fjords
to the outer shelf. Finally, we discuss the biogeochemical
processes in the glacially influenced fjords within the con-
text of the sensitivity of the Arctic region to recent climate
change.

2. STUDY AREA

Spitsbergen is the largest island of the Svalbard Archi-
pelago, located between 74� and 81� N in the high Arctic
(Fig. 1). Polythermal and cold-based glaciers with thick-
nesses of more than 100 m cover �36,600 km2 of Svalbard
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(b)

Fig. 1. (a) Map of the Svalbard archipelago including locations of Smeerenburgfjorden (SF), Kongsfjorden (KF) and Van Keulenfjorden
(VKF). Light grey and black arrows indicate the flow paths of the Western Spitsbergen Current (WSC) and the Coastal Current (CC), and the
dashed line denotes the location of the Western Spitsbergen Arctic Front (after Saloranta and Svendsen, 2001). (b) Detailed maps of
Smeerenburgfjorden including sampling Stations GK, J and GN, Kongsfjorden including sampling Stations Q, IA, T, and HB, and Van
Keulenfjorden including sampling Stations HA, AC, and AB. Light grey areas indicate the locations of large glaciers (>6 km2). In
Smeerenburgfjorden these are Smeerenburgbreen (Sbr), Scheibreen (Scbr), Kennedybreen (Knbr) and Sellstrømbreen (Ssbr). Kongsfjorden
hosts Blomstrandbreen (Bbr), Conwaybreen (Cbr), Kongsvegen (Kvg), and Kronebreen (Krbr) which partially leads into Kongsbreen (Kbr).
In Van Keulenfjorden, Zwadzkibreen (Zbr), Nathorstbreen (Nhbr), Liestølbreen (Lbr), and Doktorbreen (Dbr) are located, as well as the
land-terminating large glaciers Finsterwalderbreen (Fbr) and Penckbreen (Pbr). Note that smaller glaciers are not marked on the maps.
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(Hagen et al., 1993). The majority of the glaciers terminate
in the sea with calving ice-cliffs. They are often surging-type
glaciers. The Svalbard glaciers are commonly characterized
by extensive subglacial drainage systems delivering large
amounts of suspended material directly into the adjacent
fjord waters (e.g., Hagen et al., 1993; Hodgkins, 1997;
Hodgkins et al., 2003; Rippin et al., 2003). In addition,
the fjord systems are influenced by glacial runoff from
non-sea-terminating glaciers crossing vast proglacial plains
(Wadham et al., 2007; Hodgkins et al., 2009). The three
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investigated fjords—Smeerenburgfjorden, Kongsfjorden,
and Van Keulenfjorden—are located on the western side
of Spitsbergen (Fig. 1).

All three fjords host large tidewater glaciers at the fjord
heads and several smaller glaciers, which enter the fjords
along the shores or deliver runoff by glacial streams
(Fig. 1b). The glacier sizes and the total glacial coverage
at Smeerenburgfjorden are, however, small compared to
glacier sizes and coverage in Kongsfjorden and Van Keu-
lenfjorden areas (Table 1). Due to multiple periods of gla-
cier advance and retreat, the fjords are separated by large
ridges into several basins that reach water depths of
>350 m (Howe et al., 2003; Ottesen et al., 2008). Sediment
coverage within the fjords is >30 m in the innermost basins
but decreases seaward (Howe et al., 2003; Velle, 2012). Sed-
imentation rates in the three fjords can reach values of up to
30,000 cm kyrs�1 and generally decrease downfjord. These
rates are suggested to be highly variable depending on gla-
cial activity in the respective catchment area (e.g., Kempf
et al., 2013).

The catchment area bedrock compositions of the three
fjords are very different (Table 1). At Smeerenburgfjorden,
the bedrock comprises metamorphosed basement with
granite, migmatite, and banded gneiss of the Mesoprotero-
zoic Caledonian Smeerenburgfjorden Complex in the
northern and southwestern parts. The southeastern and
southern Smeerenburgfjorden bedrock is characterized by
the intrusive Hornemantoppen Granite (Silurian-Devonian
boundary; Dallmann et al., 2002; Ohta et al., 2007; Ohta
et al., 2008). These type of bedrock lithologies have total
iron concentrations generally averaging around 2 wt.%
(Taylor, 1964) and are relatively low in pyrite (e.g., Blatt
et al., 2005). The geology of the North Kongsfjorden area
is characterized by mid-Proterozoic metamorphosed base-
ment rocks including phyllite, schist, marble, and bands
of dolostone (Hjelle, 1993; Svendsen et al., 2002). Bedrock
in the eastern Kongsfjorden area, including the catchment
areas of Kronebreen and Kongsvegen, consists of Devonian
sandstone, conglomerate, marble, and Carboniferous-
Permian red sandstone, shale, and localized coal, and Pro-
terozoic phyllites, schists, and carbonates (Hjelle, 1993). On
the southern side of Kongsfjorden, particularly on Brøgger
Peninsula, sedimentary rocks of late Paleozoic age consist-
ing of conglomerates, sandstones, carbonates, and spiculitic
rocks dominate (Hjelle, 1993). Locally, Tertiary rocks with
conglomerates, sandstones, shales, and coal seams are also
present (Hjelle, 1993). At the fjord mouth of Van Keulenf-
jorden, shale, siltstone, sandstone, dolomite, red conglom-
erate, and chert of Late Paleozoic to Mesozoic age are
exposed along a NW-SE trend, including into the Finster-
walderbreen catchment area (Dallmann et al., 1990;
Harland, 1997). In approximately mid-fjord locations,
arkosic to lithic arenites of the Paleocene/Eocene Van
Mijenfjorden Group are situated on both sites of the fjord
(Dallmann et al., 1990; Harland, 1997). These sandstones
typically have an average iron content of 3.5 wt.%
(Ronov, 1982) and may contain high pyrite concentrations.

The Western Spitsbergen fjords are influenced by Atlan-
tic Water (AW) from the Western Spitsbergen Current
(WSC), which flows pole-ward along the continental slope
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and western Svalbard shelf, and as the Svalbard Branch
(SV) along the northern Svalbard slope (Manley, 1995;
Cottier et al., 2005; Ślubowska-Woldengen et al., 2007).
The AW influence is responsible for essentially ice-free con-
ditions west of the Svalbard shelf and the delivery of large
amounts of nutrients by deep convection (Popova et al.,
2010). This region is thus highly productive and less influ-
enced by inter-annual variability compared to seasonally
ice-covered areas around Svalbard, e.g., to the northeast
(Reigstad et al., 2011). The Svalbard shelf receives an
important contribution of freshwater input from glaciers
and rivers (Meredith et al., 2001; Nilsen et al., 2008). Wes-
tern Spitsbergen fjords are characterized by a pronounced
three-layer stratification consisting of (1) a low salinity,
warm surface layer deriving from glacial meltwater and
river water runoff; (2) an intermediate layer with a AW
component; and (3) a cold, high salinity bottom layer
(Cottier et al., 2005, 2010; Nilsen et al., 2008). This regime
is most pronounced in summer and transitions to haline cir-
culation in winter when other water masses, formed within
the fjords, dominate the water column (Nilsen et al., 2008;
Cottier et al., 2010). The density stratification during sum-
mer impacts the distribution of suspended particulates in
the water column (Svendsen et al., 2002; Zajaczkowksi,
2008; Trusel et al., 2010). Typically, a brackish overflow
layer, characterized by a high load of suspended particulate
matter, develops adjacent to fjord glaciers (Trusel et al.,
2010) or rises as a positively buoyant plume into the fjord
waters, where meltwater emerges from a submerged glacier
base (Powell, 1990; Cowan and Powell, 1991; Mugford and
Dowdeswell, 2011). The discharge plume spreads laterally
towards the central fjord as a radial surface gravity current,
and suspended particles settle as a function of their size and
due to flocculation (Kranck, 1973; Syvitski et al., 1985;
Syvitski and Lewis, 1992; Mugford and Dowdeswell, 2011).

3. METHODS

3.1. Sample collection

We collected samples during two sampling campaigns in
the summer months of 2010 and 2011 aboard RV Farm. In
each fjord, stations in the innermost area, mid-fjord, and in
the outermost basin were sampled (Fig. 1b). A list of the
sampling locations and water depths is given in Table 2.
Sediment cores were retrieved with a predrilled Rumohr
gravity corer (Ø100 mm, 150–250 cm length; Meischner
and Rumohr, 1974) or a Haps corer (Ø127 mm, 31.5 cm
length; stations GK, T; Kanneworff and Nicolaisen,
1983). Porewater (3–4 mL) was isolated within a few hours
after core retrieval by Rhizon sampling (Seeberg-Elverfeldt
et al., 2005; Dickens et al., 2007) with attached syringes,
and samples were preserved with zinc acetate (2%, w/v)
for sulfate and sulfide concentration measurements and
nitric acid (2%, v/v) for trace metal analyses. Sediment sam-
ples were collected with cut-off syringes, which were sealed
headspace-free and immediately frozen. The sampling reso-
lution for porewater and solid-phase samples was 2 cm in
the top 20 cm and 4–8 cm in deeper core sections.
3.2. Solid-phase analyses

3.2.1. Iron and manganese speciation and concentrations

A sequential extraction procedure modified from
Poulton and Canfield (2005) was applied to frozen 2011
samples. This extraction procedure is designed for quantifi-
cation of iron and manganese bound in carbonates (1 M
sodium acetate buffered with acetic acid to pH 4.5; 48 h),
reducible iron and manganese oxide phases (50 g L�1

sodium dithionite buffered to pH 4.8 with acetic acid and
sodium citrate; 2 h), and magnetite (Femag; 0.2 M ammo-
nium oxalate/0.17 M oxalic acid buffered with ammonium
hydroxide to pH 3.2; 6 h; Poulton and Canfield, 2005). Fro-
zen samples (0.3–0.5 g) were transferred into extraction
vials, 10 mL of the respective reagent was added immedi-
ately, and N2 was added to the vial headspace. Extractions
were done at room-temperature by continuous shaking,
and aliquots were taken after centrifugation (5000 rpm,
5 min). All solutions were freshly prepared prior to extrac-
tion, and reagent blanks were taken. Iron concentrations of
reagent blanks were below detection limit. The sodium ace-
tate and dithionite iron fractions are here collectively
referred to as ‘reducible iron’ (Feox) and encompass iron
carbonates, ferrihydrite, goethite, and hematite. The repro-
ducibility of this extraction method, checked by repeated
extractions, is better than 8%, which is similar to previous
studies (e.g., Poulton and Canfield, 2005; März et al.,
2012). Extractable manganese (Mnextr) concentrations are
presented as the sum of the concentrations of adsorbed
manganese (1 M MgCl2, 2 h; Poulton and Canfield, 2005),
Mn-carbonates, and Mn-oxides extracted by the sequential
extraction. All extracts were analyzed by inductively cou-
pled plasma-mass spectrometry (ICP-MS; Agilent 7500ce)
after dilution in trace-metal grade 2% HNO3. Total solid-
phase iron (FeT) and aluminum (Al) concentrations were
determined on ashed samples (550 �C) using a three-step
digestion method (HNO3-HF, Aqua Regia, and 6N HCl
with H2O2). Final digest concentrations were determined
on an Agilent 7500ce ICP-MS after 200-fold dilution in
trace-metal grade 2% HNO3. Precision (1r) and accuracy
of the digestion method and ICP-MS runs were monitored
using United States Geological Survey (USGS) reference
standards SDO-1 (Devonian Ohio Shale) and SCO-1 (Cody
Shale) and were <4% and <7%, respectively. All solid-phase
iron data are presented in Supplementary Table S1.

Concentrations of acid volatile sulfide (AVS) and chro-
mium reducible sulfur (CRS) were determined on frozen
sediment samples from 2011 by a two-step distillation
method with cold 2 M HCl followed by a boiling 0.5 M
CrCl2 solution (Fossing and Jørgensen, 1989). Concentra-
tions of sulfide released during both distillation steps and
trapped in zinc acetate were measured spectrophotometri-
cally according to Cline (1969). The amounts of iron bound
as AVS and CRS were calculated from AVS and CRS
sulfur concentrations using FeS and FeS2 stoichiome-
tries, respectively. The total amount of highly reactive iron
(FeHR) is defined as FeHR = Feox + Femag + FeAVS +
FeCRS. It is also presented as the fraction of the total iron
pool: FeHR/FeT (e.g., Raiswell and Canfield, 1998).



Table 2
Sampling location and water depth of the stations sampled in Smeerenburgfjorden, Kongsfjorden and Van Keulenfjorden.

Fjord Station Location Water depth [m]

Smeerenburgfjorden GK 79�38.49N 11�20.96E 178
J 79�42.83N 11�05.10E 214
GN 79�45.01N 11�05.99E 198

Kongsfjorden Q 78�54.43N 12�17.87E 48
IA 78�53.75N 12�20.22E 57
T 78�58.06N 11�52.91E 330
HB 79�02.07N 11�42.12E 170

Van Keulenfjorden HA 77�32.04N 15�50.26E 28
AC 77�33.16N 15�39.24E 66
AB 77�35.17N 15�04.60E 101
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Iron accumulation rates, AFe [g cm�2 kyr�1], were calcu-
lated according to Lyle and Dymond (1976) as:

AFe ¼ ½CFe � x � q � ð1�XWÞ� � 1000 ð1Þ

where CFe is the average concentration of total iron in the
sediment [wt.% dry weight], x is the sedimentation rate
[cm yr�1], q is the average wet bulk density [g cm�3], and
XW is the average weight fraction of water in the sediment.
Sedimentation rates, wet bulk density, and water content
for Smeerenburgfjorden stations were previously published
in Hubert et al. (2009) and Velle (2012). Similar data from
Van Keulenfjorden data are provided in Kempf et al.
(2013). Calculations of iron accumulation rates for
Kongsfjorden stations are based on sediment accumulation
rates from Svendsen et al. (2002). Stations investigated in
these previous studies are in the immediate vicinity, or at
the same coring locations, as cores taken for our study.

3.2.2. Solid-phase total inorganic and organic carbon (TIC,

TOC) concentrations

Sedimentary total carbon (TC) and total nitrogen (TN)
contents were determined with a Carlo Erba NA-1500 CNS
analyzer for dried sediment samples collected in 2010. The
cores from Station T and IA (2011 samples) were analyzed
with an Eltra CS analyzer. Total inorganic carbon (TIC)
was analyzed using a CM 5012 CO2 coulometer (UIC) or
an Eltra CS analyzer after acidification. The total organic
carbon (TOC) content was calculated as the difference
between TC and TIC. The total carbon to nitrogen (C/N)
ratio is presented in (mol/mol).

3.3. Stable sulfur isotope analyses of solid-phase iron sulfides

ZnS precipitates from the AVS and CRS distillations
were converted to Ag2S by treatment with AgNO3 and sub-
sequent washing with NH4OH to remove colloidal silver.
Sulfur isotope ratios were determined by weighing 0.2–
0.4 mg of Ag2S with V2O5 into a tin capsule followed by
combustion at 1060 �C in an elemental analyzer (EURO
or Costec Elemental Analyzer). Evolved SO2 was carried
by a helium stream through a gas chromatography (GC)
column, a Finnigan Conflo III, and into a Finnigan Delta
V stable isotope ratio mass spectrometer (Thermo Scien-
tific). The sulfur isotope measurements were calibrated with
reference materials NBS 127 (d34S = +20.3&) and IAEA-
SO-6 (d34S = �34.1&). The standard error (1r) of the
measurement was less than 0.2& for d34S. Sulfur isotope
composition is reported with respect to Vienna Canyon
Diablo Troilite (V-CDT).

3.4. Porewater analyses and modeling of porewater iron and

manganese profiles

3.4.1. Porewater analyses

Sulfate concentrations on 10-fold diluted, zinc acetate-
treated porewater samples were determined by suppressed
ion chromatography (IC) using a Metrohm 761 Compact
IC system (Metrohm A Supp 5 column; 3.2 mM Na2CO3

and 1 mM NaHCO3 eluent; 20 ll sample loop) with CO2

suppression and online removal of zinc (Metrohm A PPC
1 HC matrix elimination column). Standards were prepared
from a Merck certified sulfate standard solution
(1001 ± 2 mg SO4

2� l�1) with IAPSO seawater as a second-
ary reference standard. Total dissolved sulfide concentra-
tions were measured according to Cline (1969) on the
same samples (detection limit of 2 lM). This method deter-
mines the concentration of sulfur in the –II oxidation state
in all sulfide species in solution, including the sulfide com-
ponent of polysulfide species (Kamyshny Jr. and
Ferdelman, 2010). Porewater total iron and manganese
concentrations were analyzed by ICP-MS (Agilent 7500ce)
on 20-fold diluted samples (2% HNO3) with an external
analytical precision (1r) of <5%. Calibration standards
where prepared with the addition of NaCl in 2% HNO3

to match the porewater sample matrix. Drift standards,
prepared the same way, were run repeatedly to evaluate
instrumental drift. The method detection limit of the ICP-
MS method was �0.8 lM for Fe and �0.5 lM for Mn.
The Rhizon samplers have a mean pore size of 0.1 lm
and thus generally allow for the collection of aqueous and
certain nanoparticulate iron phases, which dissolve upon
nitric acid treatment. Nonetheless, in reduced sediments,
such as the Svalbard fjord sediments, this porewater iron
consists primarily of truly reduced aqueous iron phases
such as Fe2+ (Millero et al., 1995; Raiswell and Canfield,
2012). Importantly, the numerical modeling procedures
used in the following sections are only applicable to aque-
ous iron, and we assume here that our porewater data cor-
respond to this iron fraction.

3.4.2. Numerical modeling procedure

The Rate Estimation from Concentrations (REC) model
(Lettmann et al., 2012) was used to calculate consumption
and production rates for aqueous iron and manganese



L.M. Wehrmann et al. / Geochimica et Cosmochimica Acta 141 (2014) 628–655 635
and their fluxes toward the oxygenated surface sediment.
This numerical model yields element consumption and pro-
duction rates from element concentration profiles taking
into account sediment tortuosity, bioturbation, and bioirri-
gation—similar to other common procedures (e.g., Berg
et al., 1998; Wang et al., 2008). However, the REC model
also applies a smoothing parameter, k, based on a Tikho-
nov regularization, which simulates smooth solute concen-
tration profiles and thus compensates for potential
measurement uncertainties (Lettmann et al., 2012). Bioirri-
gation was neglected in our REC model, since this process
is unlikely to be important at the inner fjord stations due to
the high sediment accumulation rates. For example, subsur-
face deposit feeders only constitute 4% of infaunal macro-
benthos in the inner Kongsfjorden area, while they account
for almost 40% of macrobenthos in the outer fjord (Hop
et al., 2002). Nevertheless, this process may further enhance
the transport of iron and manganese to the water column at
the outer fjord stations (Raiswell and Canfield, 2012); thus,
our flux estimates likely represent minimum values. An
average porosity, u, of 0.81 was used in the model based
on previous porosity measurements for Svalbard fjord sed-
iments (e.g., Kostka et al., 1999). The effective molecular
diffusion coefficient, DE, was determined by assuming a
constant diffusion coefficient in free solution for seawater
at 0 �C of 3.15 � 10�10 m2 s�1 for Fe2+ and 3.02 � 10�10

m2 s�1 for Mn2+ (Schulz, 2006) and correcting for tortuos-
ity, f, calculated according to Boudreau (1997) as:

f ¼ 1� lnðu2Þ ð2Þ

Given the importance of bioturbation in Svalbard sedi-
ments (Jørgensen et al., 2005; Hubert et al., 2009), a con-
stant bioturbation coefficient, DB, was applied for the top
10 cm at each station, depending on the specific water
depth, according to Middelburg et al. (1997):

DB ¼ 5:2 � 10ð0:7624�0:0003972�water depthÞ ð3Þ

Several Tikhonov parameters were tested to fit the mea-
sured iron and manganese concentration profiles for each
station.

We also took into consideration iron precipitation in the
oxygenated zone and estimated the flux of iron across the
oxygenated surface sediment layer—that is, the amount of
iron that is ultimately reaching the water column—by using
the approach by Raiswell and Anderson (2005) and
Homoky et al. (2012). The flux (mol cm2 s�1) of aqueous
iron across the sediment–water interface, J, was calculated
according to Raiswell and Anderson (2005; based on the
equation by Boudreau and Scott, 1978):

JðFedissÞ ¼ ðu � ðDs � k1Þ0:5 � CpÞ= sinh
k1

Ds

� �0:5

� L
" # !

; ð4Þ

where Ds is the overall diffusion coefficient (cm2 s�1), k1 is
the first order rate constant for Fe2+ oxidation (s�1), Cp

is the porewater iron concentration (g cm�3) at the bottom
of the oxygenated sediment surface layer, and L is the thick-
ness (cm) of this layer. To be consistent with the input
parameters of the REC model, we used an average porosity
of 0.81 and the same DE as was used above and included DB
as a factor influencing the overall diffusion coefficient fol-
lowing Lettmann et al. (2012) as:

Ds ¼ DE þ DB ð5Þ

The output data of the REC model were used to calculate
Cp. The oxygenated zone in Svalbard sediments has a thick-
ness of 0.35 to 0.8 cm (Jørgensen et al., 2005); thus, a con-
servative value of 0.8 cm was used for our calculation. To
derive k1, which is a function of bottom-water oxygen con-
centration, we used the following (based, e.g., on Millero
et al., 1987; Raiswell and Anderson, 2005):

k1 ¼ k½O2�½OH��2 ð6Þ

assuming the bottom-water oxygen concentration of
347 lM previously determined for southwestern Svalbard
fjords (Jørgensen et al., 2005), a pKW of 14.3 at 0 �C
(Millero, 2001), and a pH of 7.5 (Homoky et al., 2012).
The bottom-water oxygen value reported by Jørgensen
et al. (2005) is typical for high-latitude fjords, which, in con-
trast to temperate fjords, have continuous oxygen-rich bot-
tom water conditions sustained by autumn turnover of the
water column and low organic carbon mineralization rates
(Syvitski et al. 1987; Weslawski et al., 2011). We note that a
higher value for the pH would lead to lower calculated val-
ues for the dissolved iron across the sediment–water inter-
face (Raiswell and Anderson, 2005). For example, at a
pH of 7.8, calculated flux values would be up to 75% smal-
ler than values calculated using a pH of 7.5. Oxic respira-
tion and metal oxidation (via oxygen and/or nitrate) at
the sediment–water interface, however, leads to a drop in
pH (Soetaert et al., 2007) as, for example, is observed in
San Clemente basin sediments by Reimers et al. (1996)
and modeled by Van Cappellen and Wang (1996). A pH
of 7.5 thus likely reflects the in situ conditions at the Sval-
bard stations. The variable k was based on the empirically
derived relationship (Millero et al., 1987):

log k ¼ 21:56� 1545=T � 3:29I0:5 þ 1:52I ð7Þ

where I is the ionic strength of 0.723 for seawater (Raiswell
and Anderson, 2005). Manganese(II) oxidation with O2 in
natural water is several orders of magnitude slower than
iron(II) oxidation (see Von Langen et al., 1997; Morgan,
2005; for review), which favors the release of manganese
into the overlying water column compared to aqueous iron.
Additionally, the first-order rate constant for manganese
oxidation is more than two orders of magnitude smaller
than those for manganese adsorption and desorption
(Richard et al., 2013). We therefore assume manganese oxi-
dation to have a negligible effect on the upward porewater
manganese flux and did not calculate it.
4. RESULTS

4.1. Solid-phase geochemical composition

The solid-phase iron data reveals distinct differences in
the quantity of specific iron phases amongst the three
fjords. The concentrations of Feox are lowest in Smeeren-
burgfjorden (mostly < 0.5 wt.%) and highest in Van
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Keulenfjorden sediments (< 1.2 wt.%; Fig. 2a–c). Addition-
ally, at the Van Keulenfjorden sites, pronounced decreases
are observed in Feox concentration in the top 10 to 20 cm.
FeHR concentrations, which also include the magnetite frac-
tion and iron phases that are present as AVS and CRS, mir-
ror these general trends (Fig. 2a–c). Pronounced increases
in sedimentary AVS and CRS concentrations with depth
are observed at the mid- and outer Smeerenburgfjorden sta-
tions (Fig. 2a). In contrast, AVS and CRS concentrations in
Kongsfjorden and Van Keulenfjorden sediment show only
Fig. 2. Concentrations of reducible iron phases (Feox; determined by asco
iron (FeHR), concentrations of acid volatile sulfide (AVS), and concentrat
Stations GK, J, and GN, (b) Kongsfjorden Stations Q, IA, T, and HB,
subtle increases and remain at concentrations of < 0.1
wt.% AVS-Fe and < 0.15 wt.% CRS-Fe, respectively
(Figs. 2b, c). At all Smeerenburgfjorden stations, FeHR/
FeT ratios are in the range of 0.18 to 0.38, with a trend of
lower values seaward; FeHR/FeT is mostly between 0.26
and 0.31 in Kongsfjorden sediments and > 0.4 at the Van
Keulenfjorden sites (Fig. 3a). FeHR/FeT values for Smeer-
enburgfjorden and Kongsfjorden sediments are thus typical
for siliciclastic continental margin sediments (0.28 ± 0.06;
Raiswell and Canfield, 1998); Van Keulenfjorden sediments
rbic acid and dithionite extractions), total amount of highly reactive
ions of chromium reducible sulfur (CRS) at (a) Smeerenburgfjorden
and (c) Van Keulenfjorden Stations HA, AC, and AB.



(a)

(b)

Fig. 3. (a) Total highly reactive iron over total iron ratio (FeHR/
FeT) at the inner fjord stations (GK, IA, Q, HA), the mid fjord
stations (J, T, AC), and the outer fjord stations (GN, HB, AB). The
dotted line represents the average FeHR/FeT of siliciclastic conti-
nental margin sediment (0.28; Raiswell and Canfield, 1998). (b)
Total iron to total aluminum ratio (FeT/Al) at the same fjord
stations. The dotted line represents the average crust FeT/Al ratios
of 0.44 proposed by Taylor and McLennan (1984).
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display distinctly higher FeHR/FeT values. FeT/Al ratios in
Smeerenburgfjorden sediments average 0.34 at inner fjord
Station GK and show a trend to values of 0.43–0.44 further
down the fjord, which is in the range of average crust FeT/
Al ratios of 0.44 (Taylor and McLennan, 1985; Fig. 3b).
FeT/Al ratios of Kongsfjorden and Van Keulenfjorden sed-
iments average 0.51–0.54 and 0.46–0.50, respectively
(Fig. 3b). Iron accumulation rates in the Western Svalbard
Table 3
Sedimentation rates for stations sampled in Smeerenburgfjorden (from H
(Kempf et al., 2013), as well as sediment accumulation rates for Kongsfj
accumulation rates for these stations.

Fjord Station Sedimentation rate
[cm yr�1]

Smeerenburgfjorden GK 0.44
J 0.19
GN 0.03

Kongsfjorden IA
T

Van Keulenfjorden AC 0.06
AB 0.08
fjords are in the range of 0.9–60 g cm�2 kyr�1 and generally
decrease downfjord (Table 3).

The concentrations of Mnextr at all stations are one
order of magnitude lower than iron concentrations deter-
mined using the same extraction method. Smeerenburgfjor-
den sediments contain < 0.015 wt.% Mnextr (Fig. 4a). Van
Keulenfjorden sediments show distinct enrichments in
Mnextr in the surface sediment compared to the other sta-
tions (Fig. 4c), with maximum values at 2.5–5 cm below
seafloor (cmbsf) (Fig. 4c).

Similar to the solid-phase iron data, the sedimentary
carbon and nitrogen data reveal large differences between
the three fjords (Fig. 5). Sedimentary TIC concentrations
range from 0.3–0.6 wt.% (Fig. 5a) in Smeerenburgfjorden,
between 1.4 wt.% (Station Q) and 2.8 wt.% (Station IA)
in Kongsfjorden (Fig. 5a), and are mostly <1 wt.% in Van
Keulenfjorden (Fig. 5a). Sedimentary TOC values in
Smeerenburgfjorden sediments range from 0.7 to 1.4 wt.%
(Fig. 5b). Total organic carbon concentrations range from
0.4 to 1.2 wt.% in Kongsfjorden (Fig. 5b) and are in the
range of 1.5–1.8 wt.% in Van Keulenfjorden (Fig. 5b). In
all fjords, the glacier-adjacent stations are characterized
by the lowest TOC values (Fig. 5b). Molar C/N ratios aver-
age 9.3–9.5 at all Smeerenburgfjorden stations (Fig. 5c).
Ratios determined for Kongsfjorden Station Q are in the
range of 14.8, and those at Station HB average 10.1
(Fig. 5c). In contrast, Van Keulenfjorden sediments display
much higher C/N ratios averaging 15.8 (Fig. 5c).

The sulfur isotope compositions of AVS and CRS at the
Smeerenburgfjorden sites generally show very similar
trends toward heavier values with increasing burial depth
(Fig. 6a). Due to the very low AVS concentrations, only a
few isotope values were measured for the Kongsfjorden
and Van Keulenfjorden stations. Nonetheless, all stations
in these fjords show an offset between the sulfur isotope
compositions of AVS and CRS of �10 & (Station AB)
and up to 30 & (Station Q), with the AVS being consis-
tently heavier relative to the CRS (Figs. 6b, c).
4.2. Porewater composition

Distinct trends in the porewater profiles of sulfate, iron,
and manganese can be highlighted amongst the three fjords.
ubert et al., 2009 and Heggdal Velle, 2012) and Van Keulenfjorden
orden (Svendsen et al., 2002). These data are used to calculate iron

Sediment accumulation
rates [g cm�2 yr�1]

Fe accumulation
rate [g cm�2 kyr�1]
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Fig. 4. Total extractable manganese (Mnextr) concentrations in the sediment of (a) Smeerenburgfjorden, (b) Kongsfjorden, and (c) Van
Keulenfjorden stations.

(a) (c)

(b)

Fig. 5. (a) Sedimentary total inorganic carbon (TIC) concentrations, (b) total organic carbon (TOC) concentrations, (c) and TOC to total
nitrogen ratios (C/N) at the inner fjord stations (GK, IA, Q, HA), the mid fjord stations (J, T, AC), and the outer fjord stations (GN, HB,
AB).

638 L.M. Wehrmann et al. / Geochimica et Cosmochimica Acta 141 (2014) 628–655
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Fig. 6. Sulfur isotope composition of acid volatile sulfide (AVS) and chromium reducible sulfur (CRS) in (a) Smeerenburgfjorden, (b)
Kongsfjorden, and (c) Van Keulenfjorden sediments.
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First, sulfate concentration profiles display pronounced
decreases with depth only at the Smeerenburgfjorden sites
J and GN (Fig. 7a), while sulfate concentrations at the
Kongsfjorden and Van Keulenfjorden stations vary less
than 2 mM (Fig. 7b and c). Hydrogen sulfide concentra-
tions at Smeerenburgfjorden Station GK and at all stations



Fig. 7. (a) Porewater sulfate (SO4
2�), dissolved iron (Fediss) and hydrogen sulfide (H2S) concentrations in Smeerenburgfjorden sediments, (b)

SO4
2�, Fediss and dissolved manganese (Mndiss) concentrations in Kongsfjorden and (c) in Van Keulenfjorden sediments.

640 L.M. Wehrmann et al. / Geochimica et Cosmochimica Acta 141 (2014) 628–655
in Kongsfjorden and Van Keulenfjorden are below detec-
tion limit. They reach values of up to 306 lM at 43 cmbsf
at Station J and 1060 lM at 64 cmbsf at Station GN,
respectively (Fig. 7a).

Porewater iron is only present in the top 8 cm of Smeer-
enburgfjorden Stations J and GN, with maximum values of
91 and 127 lM, respectively (Fig. 7a). In contrast, pore-
water iron concentrations at the inner Smeerenburgfjorden
Station GK and the Kongsfjorden stations reach maximum
values of up to 415 lM (St. HB) in the top 10 cm of the sed-
iment and display only slight decreases in concentration
below (Fig. 7b). At the Van Keulenfjorden stations, iron
concentrations are below detection in the surface sediment,
increase sharply to a maximum value of 793 lM (Station
HA) at 8–20 cmbsf, and stay in this range over the remain-
ing core depth (Fig. 7c).

Porewater manganese concentrations at Smeerenburg-
fjorden Station GK range from 18 to 32 lM and are mostly
below detection at Stations J and GN (data not shown). At
the Kongsfjorden stations, manganese concentrations reach
maximum values of up to 30 lM in the top 6–8.5 cm of the
sediments and decrease below to values below detection at



Table 4
Dissolved iron (Fe) fluxes towards the oxygenated surface sediment based on the REC model (Lettmann et al., 2012) and dissolved iron fluxes
across the sediment–water interface calculated according to Raiswell and Anderson (2005). Also shown are dissolved manganese (Mn) fluxes
towards the oxygenated surface layer based on the REC model.

Fjord Station Dissolved Fe flux towards
the oxygenated surface
layer [lmol m�2 d�1]

Dissolved Fe flux across
the sediment–water
interface [lmol m�2 d�1]

Dissolved Mn flux towards
the oxygenated surface
layer [lmol m�2 d�1]

Smeerenburgfjorden GK 400 47 23
J 50 42 n.d.

Kongsfjorden Q 78 0 12
IA 91 n.d. n.d.
T 196 13 n.d.
HB 317 48 19

Van Keulenfjorden HA 3 0 80
AC 157 0 10
AB 185 131 n.d.
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Stations IA and T (Fig. 7b). Highest manganese concentra-
tions were measured at the Van Keulenfjorden stations,
reaching values of up to 210 lM (Station HA) in the top
6 cm and showing a pronounced decrease below (Fig. 7c).

Calculated fluxes of dissolved iron toward the oxygen-
ated sediment surface layer range from 2.6 lmol m�2 d�1

at Station HA to 400 lmol m�2 d�1 at Station GK (Table 4;
Fig. 8a). In Smeerenburgfjorden, the glacier-adjacent
(a)

(b)

Fig. 8. (a) Calculated fluxes of dissolved iron towards the
oxygenated surface sediment (full columns) based on the REC
model (Lettmann et al., 2012) and dissolved iron fluxes across the
sediment–water interface (shaded columns, zeros) calculated
according to Raiswell and Anderson (2005). (b) Calculated fluxes
of dissolved manganese towards the oxygenated surface sediment
based on the REC model.
Station GK shows the highest iron flux toward the oxygen-
ated surface sediment, while in Kongsfjorden and Van Keu-
lenfjorden, a trend toward increased iron fluxes with
increasing distance from the glaciers at the fjord heads
can be noted (Table 4; Fig. 8a). Calculated iron fluxes
across the sediment–water interface fall in a similar range
of �45 lmol m�2 d�1 for Smeerenburgfjorden Stations J
and GK (Fig. 8a). No iron fluxes across the sediment–water
interface could be calculated for the innermost Kongsfjor-
den and Van Keulenfjorden stations since surface iron
concentrations are below detection. For the outermost
Stations HB and AB, derived flux values are 48 and
125 lmol m�2 d�1, respectively. For most stations, the iron
flux values across the sediment–water interface are around
one order of magnitude lower than those calculated toward
the oxygenated surface sediment using the REC model
(Fig. 8a). All inner-fjord stations display fluxes of manga-
nese towards the sediment–water interface of up to
80 lmol m�2 d�1 (St. HA; Table 4; Fig. 8).

5. DISCUSSION

5.1. The effect of bedrock composition and glacial regime on

the input of glacially derived particulate iron and organic

matter to fjord sediments

Differences with respect to reducible iron concentrations
and FeHR/FeT and FeT/Al ratios amongst the three western
Spitsbergen fjords (Figs. 2 and 3) can be attributed to dif-
ferences in the local bedrock geology below the main gla-
ciers and weathering processes associated with the glacial
regime (Fig. 9). The composition of the subglacial basement
rock controls the quantities and qualities of the reducible
iron phases that are mechanically weathered as rock flour
and the amount of pyrite available for the subglacial pyr-
ite-oxidizing microbial community. Bedrock lithologies
poor in total iron and pyrite in the Smeerenburgfjorden
area, such as granites and gneiss, produce low-iron glacial
flour. In contrast, mechanical weathering of the Van Keu-
lenfjorden arenaceous sandstones likely delivers a higher
iron component, which may additionally be enriched in
iron (oxyhydr)oxides due to the occurrence of pyrite oxida-
tion below the local glaciers. Wadham et al. (2004, 2007,



Fig. 9. Summary schematic showing the major processes and features that influence the input of organic matter and iron oxide phases to fjord
sediments, and their effects on the occurrence of dissimilatory iron reduction (DIR) and organoclastic sulfate reduction (OSR).
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2010) found evidence for the occurrence of microbial sulfide
oxidation in the proglacial zone and glacier beds of Finster-
walderbreen, a large glacier on the southern coast of Van
Keulenfjorden, and accordingly, Poulton and Raiswell
(2005) determined a high FeHR/FeT ratio of 0.70 for the fine
fraction (<2 lm) of Finsterwalderbreen runoff. Meltwater
residence times for the glaciers of both Kongsfjorden
(Midre Lovénbreen) and Van Keulenfjorden (Finsterwald-
erbreen) are sufficiently long to allow for substantial pyrite
oxidation (Hodson and Ferguson, 1999; Glasser and
Hambrey, 2001; Brown, 2002; Tranter et al., 2005;
Skidmore et al., 2010; Wadham et al., 2010), likely contrib-
uting to the elevated reducible iron (oxyhydr)oxide concen-
trations observed in the respective fjords. The composition
of the catchment bedrock may also influence the input of
extractable manganese phases, which show low values in
Smeerenburgfjorden sediments and higher values for Kon-
gsfjorden and Van Keulenfjorden sediments (Fig. 4).

The FeHR/FeT values for all three fjord sediments are
higher than for most previously analyzed glacial sediments
(meltwater or subglacial), e.g., the French Alps and
Antarctica (Poulton and Raiswell, 2005; Raiswell et al.,
2006). This additional mechanism that enriches the sedi-
ments with FeHR phases and contributes to a characteristic
glacially derived highly reactive iron component, particu-
larly in Van Keulenfjorden sediments, may result from a
size-sorting of the meltwater particulate phase during pas-
sage across the proglacial zones of glaciers. Coarser grains,
which often have low FeHR/FeT values (Poulton and
Raiswell, 2005; Raiswell et al., 2006; Roy et al., 2013), settle
out along the proglacial areas, while dissolved and fine-
grained particulate iron phases remain in the meltwater
and enter the fjord.

The concentration and stable sulfur isotope composition
of CRS suggest that the sedimentary pyrite pools of Kon-
gsfjorden and Van Keulenfjorden sediments include large
fractions of fine-grained detrital pyrite transported from
mechanical weathering of basement rock below the glaciers.
The relatively high and constant concentration of CRS in
the top 10 cm (Figs. 6b, c), where dissimilatory metal reduc-
tion rather than organoclastic sulfate reduction prevails,
provides a first indication that this CRS is not formed
in situ. Furthermore, the CRS sulfur isotope compositions
at both fjords are decoupled (10 to 30& offset) from the
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AVS isotope composition at similar sediment depth. The
AVS is assumed to form in situ since these phases are only
stable for short time periods in marine sediments before
they are re-oxidized or transformed further to CRS (see
Schoonen, 2004; Jørgensen and Kasten, 2006; and refer-
ences therein). If the CRS pool also predominately formed
in situ, it would have an isotopic value closer to or more
negative than the AVS value, as for example seen at Smeer-
enburgfjorden Station GN. The most positive d34S values of
CRS are observed at the inner fjord and mid-fjord stations,
consistent with a detrital input.

The delivery of mechanically and chemically derived gla-
cial debris, and thus the sedimentation rate in the adjacent
fjords, is controlled mainly by the runoff volume and sus-
pended load of the local glaciers. Sedimentation rates can
reach several centimeters to meters per year (see Howe
et al., 2010, for review). For example, in the inner Kongsf-
jorden area, Trusel et al. (2010) measured sedimentation
rates of up to 30 cm per year. Iron accumulation rates cal-
culated for the inner Smeerenburgfjorden Station GK and the
inner Kongsfjorden Station IA are 11.5 and 60 g cm�2 kyr�1,
respectively, and we can assume that the iron accumulation
rate at inner Van Keulenfjorden Station HA is in a similar
range—considering the large glaciers entering this fjord.
These iron accumulation rates in the Svalbard fjords are
in the same range as those of a riverine estuary of similar
size, e.g., the Medway Estuary, UK (Spencer et al., 2003),
and the slightly larger Barataria Estuarine Basin,
Louisiana, USA (Feijtel et al., 1988). Changes in iron accu-
mulation rates and thus potentially rates and pathways of
biogeochemical processing in associated fjord sediments
can be expected as a function of variation in the volume
and suspended load of glacial runoff. Smeerenburgfjorden
is influenced by only one main tide water glacier,
Smeerenburgbreen, which is much smaller than several of
the glaciers entering Kongs- and Van Keulenfjorden and
has a significantly smaller catchment area (Table 1). It is
likely that the small-sized glacier in Smeerenburgfjorden
has a lesser influence on fjord biogeochemistry, particularly
away from the fjord head, compared to the glaciers in
Kongsfjorden and Van Keulenfjorden (Fig. 9).

The meltwater volume and suspended load of glacial
runoff also affect primary productivity in the water column
and the input of organic matter to fjord sediments by sup-
pressing conditions suited to primary producers. High sed-
iment loads in meltwater plumes strongly reduce the
penetration depth of sunlight in the water column and thus
limit primary production to a narrow surface zone of 0.3 m
or less (e.g., Hop et al., 2002). Low salinity meltwaters often
prove detrimental for marine zooplankton, leading to
reduced zooplankton numbers in the water column adja-
cent to the glaciers (Zajaczkowski and Legezynska, 2001;
Hop et al., 2002). Surface waters in Kongsfjorden and
Van Keulenfjorden were very turbid compared to Smeeren-
burgfjorden, which had clear surface waters during both
sampling campaigns. Turbidity and freshwater effects thus
likely prevail in the inner and central Kongsfjorden and
Van Keulenfjorden areas due to the high meltwater runoff
rates of glaciers in these fjords but are limited to the
inner-fjord of Smeerenburgfjorden. The high sediment
input and low primary productivity contribute to the low
TOC content of the glacier-adjacent sites, such as GK
and Q (Fig. 5).

Intriguingly, TOC values are highest in Van Keulenfjor-
den sediments (Fig. 5b), although based on the argument
above it might be predicted that primary production is
overall higher in Smeerenburgfjorden surface waters than
in the other fjords due to the lower meltwater runoff. The
sedimentary C/N ratios, which display distinct differences
among the three fjords (Fig. 5c), can be used to distinguish
between different organic matter sources (e.g., Hebbeln and
Berner, 1993; Wagner and Dupont, 1999), although the
adsorption of inorganic nitrogen on illite phases may dis-
tort C/N ratios towards lower values in Arctic sediments
(Schubert and Calvert, 2001; Winkelmann and Knies,
2005). Smeerenburgfjorden sedimentary C/N ratios are
close to typical marine phytoplankton-derived organic mat-
ter (4–10; Meyers, 1994), suggesting that the available
organic matter was produced within the fjords or brought
in from the adjacent shelf and may be relatively unaltered.
Van Keulenfjorden C/N ratios of >16 and Kongsfjorden
ratios reaching 14 suggest contributions from sources other
than “fresh” marine phytoplankton. It is likely that these
elevated C/N ratios derive in part from the input of terres-
trial organic matter (C/N ratios >20) from glacial erosion
and river runoff. However, since the Kongsfjorden and
Van Keulenfjorden areas are heavily glaciated, and few
ice-free spots provide favorable conditions for plant growth
(Winkelmann and Knies, 2005), most of the terrestrial
organic matter is probably brought in from below the
glaciers and is thus likely to be diagenetically altered and
reworked (e.g., Premuzic et al., 1982; Meyers, 1994).
Similarly, indices for chlorophyll- and amino acid-derived
degradation suggest that the organic matter in Smeeren-
burgfjorden surface sediments is less altered than in
Kongsfjorden and is possibly more available for micro-
bial diagenesis (Ahke, 2007). The more pristine marine
organic matter in Smeerenburgfjorden sediments likely
results in higher TOC mineralization rates, and thus
elevated consumption rates of terminal electron accep-
tors, compared to sediments in Kongsfjorden and Van
Keulenfjorden.

5.2. Biogeochemical processes in fjord sediments

The varying glacier-controlled input of reducible iron
and manganese oxide phases and organic matter of different
alteration states control the pathways of organic carbon
mineralization in the sediments of the three fjords. Nearly
constant sulfate concentrations and elevated dissolved man-
ganese and iron concentrations of up to 800 lM were pres-
ent in the porewaters at all Kongsfjorden and Van
Keulenfjorden stations down to the maximum coring depth
of 120 cmbsf (Fig. 7a-c). The greatly elevated dissolved iron
and manganese concentrations in the porewaters may result
from dissimilatory metal reduction of the iron (oxy-
hydr)oxide and manganese oxide phases (Lovley, 1991,
1997; Nealson and Myers, 1992), although a fraction of
the dissolved metals may also derive from the oxidative
cycling of intermediate sulfur species produced during
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organoclastic sulfate reduction and coupled to iron and
manganese oxide reduction (Aller et al., 1986; Brüchert
et al., 2001; Berg et al., 2003). Previous studies in Western
Svalbard fjords noted a substantial contribution by dissim-
ilatory iron reduction (DIR) to organic matter mineraliza-
tion (10–43%; Kostka et al., 1999; Vandieken et al.,
2006a,b), similar to other coastal areas (e.g., Canfield
et al., 1993b; Jensen et al., 2003). Dissimilatory metal reduc-
tion in the fjord sediments may be sustained by the high
metal delivery rates and the occurrence of bioturbation
and/or bioirrigation (Jørgensen et al., 2005; Hubert et al.,
2009), which lead to continuous re-oxidation of dissolved
iron and manganese species (Aller et al., 1986; Canfield
et al., 1993a,b; Alongi, 1995; Aller and Aller, 1998). Past
observations suggest that bioturbation and bioirrigation
are more prevalent in central and outer fjord stations
(e.g., Glud et al., 1998; Kostka et al., 1999) and are lower
close to the glaciers where the very high sedimentation rates
and the low organic matter contents result in low biomass
and low diversity of the macrofauna (Holte et al., 1996;
Hop et al., 2002). Inner fjord Stations HA and IA show
the highest porewater metal concentrations amongst the
Van Keulenfjorden and Kongsfjorden stations (Fig. 7). At
these stations, the physical process of iceberg scouring
may contribute to sediment dispersion and likely promotes
dissolved (aqueous and nanoparticulate) metal re-oxidation
close to the glaciers.

Subtle decreases in sulfate concentrations and small
increases in sedimentary AVS concentrations with depth
at the mid- and outer Kongsfjorden and Van Keulenfjorden
stations (Figs. 2 and 7) indicate the occurrence of low rates
of sulfate reduction coupled to the oxidation of organic
matter (organoclastic sulfate reduction). This process, how-
ever, is likely confined to the sediment below the top 20 cm;
in the shallow layers, continuous benthic recycling primar-
ily drives dissimilatory metal reduction. The produced
hydrogen sulfide reacts with dissolved iron in the porewater
to form AVS and CRS but may also undergo re-oxidation
to sulfate and intermediate sulfur species (Berner, 1970;
Berner and Raiswell, 1984; Aller et al., 1986; Raiswell
and Canfield, 1998).

In contrast to Kongsfjorden and Van Keulenfjorden,
depth profiles at Smeerenburgfjorden Stations GN and J
display porewater iron maxima in the top 10 cm of the sed-
iment and pronounced decreases in sulfate concentrations
accompanied increasing hydrogen sulfide concentrations
below the top iron-rich (ferruginous) layer (Fig. 7a). These
data indicate that DIR in this fjord is likely confined to the
top cm of the sediment, while organic carbon mineraliza-
tion in the remaining sediment column is predominantly
driven by organoclastic sulfate reduction (Vandieken
et al., 2006a). In Smeerenburgfjorden sediments, AVS and
CRS are mostly formed in situ, and the d34S values of
AVS and CRS are thus very similar (Fig. 6). Higher organic
carbon mineralization rates and lower reducible iron oxide
input favor the occurrence of organoclastic sulfate reduc-
tion over DIR, thus sulfate reduction rates in Smeeren-
burgfjorden are twice as high as those determined for
Kongsfjorden (Ahke, 2007). Nonetheless, the production
of a thin layer of DIR in the top 1–5 cm of the surface sed-
iment yields a substantial flux of dissolved iron into the
overlying water column in the inner and mid Smeerenburg-
fjorden areas (Stations GK and J; Fig. 8a).

5.2.1. The role and biogeochemical cycling of iron and

manganese in Kongsfjorden and Van Keulenfjorden sediments

Dissolved iron and manganese in Kongsfjorden and Van
Keulenfjorden porewaters reach the overlying oxic surface
waters by diffusion, bioirrigation, bioturbation, and physi-
cal mixing of surface sediments (e.g., Aller et al., 1986;
Elrod et al., 2004; Raiswell and Anderson, 2005; Homoky
et al., 2012). Pronounced peaks in the porewater distribu-
tion of dissolved manganese in the top cm at Station Q in
Kongsfjorden and Station HA and Station AC in Van Keu-
lenfjorden, followed by prominent increases in iron concen-
trations below the surface layers (Figs. 5b and c), indicate a
distinct biogeochemical zonation separating manganese
and iron oxide reduction. Such a confined zonation is com-
monly explained by the higher energy yield of dissimilatory
manganese reduction compared to iron reduction (e.g.,
Froelich et al., 1979) and the reaction of dissolved iron with
manganese oxides (Burdige and Nealson, 1986; Myers and
Nealson, 1988; Burdige, 1993; Canfield et al., 1993a). As a
result of the prevalent role of dissimilatory manganese
reduction at the inner-fjord stations HA and Q, calculated
fluxes for manganese exceed those for iron, and oxidation
of aqueous iron by manganese oxides contributes to the
limited flux of iron across the sediment–water interface.
The calculated manganese fluxes of up to 80 lmol m�2 d�1

at these stations exceed those of typical shelf-to-shallow
margin sites by an order of magnitude (8 ± 5 lmol m�2 d�1;
McManus et al., 2012) but are in a similar range as fluxes
calculated for the non-glaciated Gullmarsfjorden, Sweden
(93 lmol m�2 d�1; Sundby et al., 1986). Extractable manga-
nese phases are enriched in the surface sediment layers at
Stations HA and Q (Fig. 3b, c); similar surface manganese
enrichments have previously been described for Arctic
Ocean sediments by Gobeil et al. (1997) and Macdonald
and Gobeil (2012). The enrichments are the result of
manganese re-oxidation at the sediment surface. Dissolved
manganese diffusing into the water column also readily
adsorbs onto particles, but a fraction of it is released into
the water column (Richard et al., 2013).

The data from the Kongsfjorden and Van Keulenfjor-
den transects reveal that with increasing distance from the
glaciers, the porewater manganese maxima are located clo-
ser to the sediment–water interface (Fig. 7). This relation-
ship is likely due to seaward decreases in sedimentation
rates and increases in mineralization rates facilitated by
higher inputs of marine organic matter, as evidenced by
the seaward increase in TOC values in all fjords and a
decline in C/N ratios, particularly in Kongsfjorden
(Fig. 5). The increase in mineralization rates results in a
thinning of the zone of aerobic respiration and manganese
reduction and may aid the escape of manganese into the
overlying water column. Our results support previous stud-
ies, which suggest that the diagenetic recycling of manga-
nese in coastal Arctic sediments is an important pathway
that contributes to the delivery of manganese to the water
column and subsequent transport to adjacent slope and
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basin sedimentary sequences (Macdonald and Gobeil, 2012;
März et al., 2011, 2012).

Fluxes of porewater iron towards the surface oxidizing
layer of the sediment calculated for the Svalbard fjord sed-
iments reach values of up to 317 and 400 lmol m�2 d�1 at
outer Kongsfjorden Station HB and inner Smeerenburg-
fjorden Station GK, respectively, and are mostly between
70 and 190 lmol m�2 d�1 at the other stations (Table 4;
Fig. 8). In contrast to manganese, the porewater iron con-
centration gradients—and thus the fluxes—of iron towards
the surface sediment increase with increasing distance from
the glaciers in Kongsfjorden and Van Keulenfjorden. How-
ever, not all of the dissolved iron diffusing towards the sed-
iment–water interface reaches the overlying waters, as a
fraction of it is oxidized by oxygen, nitrate, or manganese
oxides in the top oxic sediment layer. Calculated porewater
iron fluxes based on porewater iron profiles may overesti-
mate real iron flux values if iron precipitation in the shallow
surface sediment is not adequately quantified. Employing
the approach of Raiswell and Anderson (2005) and
Homoky et al. (2012), we calculated adjusted iron flux esti-
mates of up to 125 lmol m�2 d�1. Thus, despite the
removal of some iron by oxide precipitation, aqueous iron
escapes across the oxygenated sediment surface layer to the
overlying water column at most sites (Table 4; Fig. 8).

Comparable iron fluxes have so far only been reported
from a few sites along the Northern Oregon-California
shelf, the San Pedro and Santa Monica basins, and other
areas where bottom water oxygen concentrations are low
(Sundby et al., 1986; Elrod et al., 2004; Pakhomova et al.,
2007; Severmann et al., 2010). Our data suggest that despite
Fig. 10. Conceptual figure depicting the major sources of dissolved iro
sediments, the biogeochemical cycling of iron in the fjord sediments, an
2010). Also shown is the seasonal cycle of stratification in Svalbard fjords
freshwater input (FW) during spring melt.
the high levels of bottom water oxygen in Svalbard fjords in
the range typical of polar surface waters (>330 mmol m�3;
Sarmiento and Gruber, 2006), the high porewater iron lev-
els, aided by bioturbation and physical mixing of surface
sediments, and low bottom water temperatures, which slow
oxidation kinetics, may allow for a significant benthic iron
flux averaging 55 lmol m�2 d�1 from fjord sediments.

5.3. Transport and potential bioavailability of glacially

derived iron in fjords

Dissolved (aqueous and nanoparticulate) iron, originating
from the diagenetic recycling of iron in fjord sediments, will
be partially re-oxidized to form new nanoparticulate and par-
ticulate iron (oxyhydr)oxide phases in the oxic bottom waters
(Raiswell and Canfield, 2012), or it will adsorb onto particu-
late iron and manganese phases (Homoky et al., 2012;
Richard et al., 2013). These iron oxidation processes at or
near the sediment–water interface contribute to the forma-
tion of distinct layers enriched in easily reducible iron, such
as in the top cm of most Van Keulenfjorden and some Kon-
gsfjorden sediments (Fig. 2b and c). Bottom currents may
also entrain, vertically mix, and export the diagenetically pro-
duced dissolved and particulate iron phases in fjord bottom
waters into the upper water column. This mechanism has
been described previously for other continental margin sites
(Johnson et al., 1999; Elrod et al., 2004; Raiswell and
Anderson, 2005; Lyons and Severmann, 2006; Severmann
et al., 2010; Siedlecki et al., 2012). Depending on the season,
different oceanographic processes may drive this transport, as
outlined here for Kongsfjorden (Fig. 10). From late spring to
n (orange) and particulate iron phases (blue) to fjord waters and
d transport pathways of iron seaward (adapted from Howe et al.,
adapted from Cottier et al. (2010), including the substantial seasonal
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early fall, intermediate to deep water masses enter Kongsfjor-
den along the southern coast as an internal Kelvin wave in a
well-established pattern driven primarily by tidal and coastal
wind forcing and exit the fjord along the northern shore
(Svendsen et al., 2002; Cottier et al., 2005). This internal wave
can pick up diagenetically derived iron phases in the bottom
water and deliver them to the adjacent shelf. In some fjords,
the presence of a sill at the fjord mouth, however, may limit
exchange of deep water, formed during the past winter, dur-
ing the following spring and summer (Fig. 10). Furthermore,
in close proximity to the local glaciers, mixing between brack-
ish water entering the fjord from below the glaciers and fjord
water causes buoyancy-driven upwelling of deep waters that
can re-suspend particles from the sea bottom into upper
water masses, including the brackish overflow layer (Fig. 9;
Svendsen et al., 2002; Zajączkowski, 2008). During summer,
the strong density stratification in the glacier-fed fjords
(Svendsen et al., 2002; Zajaczkowski, 2008; Trusel et al.,
2010) may allow for a fraction of fine particles (i.e., silt and
clay), which remain in suspension in the brackish overflow
layer to be transported directly from the glaciers to the fjord
mouth (Fig. 9; Zajączkowski, 2008). In the western Svalbard
fjords, surface transport can be strongly enhanced by down-
fjord (katabatic) winds in summer (Svendsen et al., 2002) and
tidal forcing (Fig. 10; Cowan and Powell, 1990; Dowdeswell
and Cromack, 1991). Poulton and Raiswell (2005) showed
that the finest fractions (<15 lm) of glacial meltwater partic-
ulates are strongly enriched in FeHR and correspondingly
have much higher FeHR/FeT ratios compared to coarser par-
ticles. In fall and winter, vertical convection processes driven
by sea-ice formation and dense brine rejection control mixing
in the water column and can lead to the redistribution of dia-
genetic iron into surface waters (Fig. 10; e.g., Svendsen et al.,
2002; Cottier et al., 2010). A fraction of the iron phases in the
Svalbard fjords is likely also bound in newly forming sea-ice
and subsequently transported to the adjacent shelf when the
ice cover breaks in the following spring (May–July;
Hölemann et al., 2005; Tovar-Sánchez et al., 2010;
Thuroczy et al., 2011). Overall, these chemical and physical
mechanisms may facilitate the transport of glacially derived
iron phases across the fjords to the adjacent shelf and poten-
tially beyond the shelf break to the open ocean (Fig. 10).

We did not attempt a direct analysis of the bioavailabil-
ity of the iron in the water column of the Svalbard fjords
that originates from glacial runoff and diagenetic recycling
in the fjord sediments. Nonetheless, information can be
gained from previous studies of these iron phases in similar
aquatic environments. Such studies highlight the bioavail-
ability of glacially derived aqueous and colloidal/nanopar-
ticulate iron phases, which have been shown to support
phytoplankton growth, for example, in the Amundsen Sea
and the Greenland Sea (Statham et al., 2008; Gerringa
et al., 2012; Wadham et al., 2013; Bhatia et al., 2013;
Lannuzel et al., 2014). An important process that may con-
tribute to the enhanced bioavailability of glacially derived
iron is microbially mediated pyrite oxidation below the gla-
ciers, which results in the production of “fresh” aqueous
and nanoparticulate iron phases at low pH. Similarly, pre-
vious studies have proposed that diagenetically recycled
iron from benthic sources represents an important source
of dissolved and (nano)particulate iron to the water column
(Elrod et al., 2004; Hurst et al., 2010; Severmann et al.,
2010). Thereby, the oxidation of porewater Fe(II) creates
new nanoparticulate iron(oxyhydr)oxide phases (Raiswell
and Canfield, 2012), which are likely initially bioavailable
(Chen and Wang, 2001; Chen et al., 2003). Upon entry into
the fjord waters, aging and further oxidation of the glacially
and benthic derived iron phases result in transformation to
more stable particulate phases, e.g., goethite and hematite
(Schwertmann et al., 2004), and decrease their bioavailabil-
ity due to their lower solubility and dissolution rates in the
seawater (Rich and Morel, 1990; Yoshida et al., 2006; Bligh
and Waite, 2011). However, the rapid formation of organo-
metallic colloids with humic acids weathered from the ter-
restrial realm, for example, may stabilize these iron phases
and maintain their bioavailability (Krachler et al., 2005;
Nakayama et al., 2011; Thuroczy et al., 2011, 2012;
Gledhill and Buck, 2012). These iron phases can be trans-
ported oxically substantial distances offshore, where they
may be accessible to phytoplankton on time-scales suitable
to support their growth in the surface ocean (Nishioka
et al., 2007; Lam and Bishop, 2008; Hurst et al., 2010; de
Jong et al., 2013). In the highly productive Svalbard shelf
waters, several mechanisms—such as the utilization of spe-
cific reductases at the cell surface (Maldonado and Price,
2001; Maldonado et al., 2006), protozoan grazing
(Barbeau et al., 1996), viral lysis, bacterial remineralization
(Hassler and Schoemann, 2009), and thermal and photo-
chemical processes (Wells et al., 1991; Barbeau et al.,
2001; Rijkenberg et al., 2008)—may allow the phytoplank-
ton community to access this iron. It is likely, however, that
a fraction of the transported iron, especially larger particu-
late fractions, also rapidly sinks to the seafloor (Lannuzel
et al., 2014).

5.4. Implications of a warming of the Arctic for iron cycling

in glacier-fed fjords

The Arctic Ocean is regarded as one of the world’s most
sensitive regions with respect to global climate change
(Anisimov et al., 2007). This region has experienced impor-
tant changes during the 20th century, including an increase
of surface air temperature (Moritz et al., 2002; D’Andrea
et al., 2012). In the future, further changes in sea ice cover-
age, glacier dynamics, wind speeds and directions, and pri-
mary production are expected (e.g., Loeng et al., 2005;
Denman et al., 2007; Radić and Hock, 2011; Slagstad
et al., 2011). Svalbard glaciers have retreated significantly
in the past 50 years (Dowdeswell, 1995; Nordli et al.,
1996; Ziaja, 2001), which has resulted in increased supply
of terrigenous, glacially derived material to several fjords
(e.g., Elverhøi et al., 1995; Zajączkowski et al., 2004). This
effect is predicted to continue over future decades (Syvitski
and Andrews, 1994; Syvitski, 2002; Trusel et al., 2010). The
three fjords investigated in our study may portray different
stages in the development of fjord environments affected by
glacier retreat and sediment delivery. Kongsfjorden and
Van Keulenfjorden are characterized by large tidewater gla-
ciers partially experiencing post-surge quiescent-phase con-
ditions (Trusel et al., 2010) and high meltwater and
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sediment delivery rates (Syvitski, 2002; Trusel et al., 2010).
In contrast, Smeerenburgfjorden has experienced strong
retreat of its main glacier, Smeerenburgbreen (Velle,
2012), and, due to the relatively small remaining glacial
drainage area (Blaszczyk et al., 2009), is likely affected by
smaller sediment input. The following implications regard-
ing the development of biogeochemical processes in Arctic
fjords, such as those of Svalbard, can be deduced from
our study:

(1) As a result of the increased glacial runoff, it is likely
that biogeochemical processes within tidewater gla-
cier-influenced fjords during initial stages of glacier
retreat and increased sediment delivery will more clo-
sely resemble the setting described for Van Keulenf-
jorden and Kongsfjorden (Figs. 9 and 10). These
fjords are characterized by high iron delivery due to
enhanced meltwater runoff from adjacent glaciers;
this process is a key driver of carbon mineralization
during DIR in the fjord sediments. As a consequence
of the high concentration of porewater dissolved
iron, there is a continued flux of diagenetically recy-
cled iron from the porewater into the water column.
The recurring benthic recycling-transport mechanism
contributes to the oxic transfer of glacially derived
iron outward to the continental shelf. With the devel-
opment of water column stratification in spring and
summer, fine-grained, FeHR-enriched particulate iron
contained within the surface meltwater plume may be
transported seaward. The input of iron originating
directly from glacial sources and benthic iron recycling
may help sustain primary production in the highly pro-
ductive waters of the western Svalbard continental
shelf (Sakshaug, 2004; Reigstad et al., 2011). This area
is characterized by high accumulation rates of organic
carbon and is proposed to be an important sink for car-
bon dioxide (Winkelmann and Knies, 2005). In other
Arctic shelf waters where primary productivity is sup-
pressed by sea ice coverage, and where salinity stratifi-
cation exerts a strong control on nutrient supply
(Carmack and Wassmann, 2006), future sea-ice retreat
and enhanced glacial iron supply may support
increases in production (Lalande et al., 2009; Popova
et al., 2010; Slagstad et al., 2011).

(2) With further glacial retreat, the long-term changes to
the fjord environment may negatively impact the
delivery of glacial iron to the outer shelf. The devel-
opment of large proglacial zones does not necessarily
reduce the input of fine-grained, easily reducible iron
phases to the adjacent fjords. Shrinking glaciers and
associated decreasing glacial runoff may, however,
limit the overall rate of sediment delivery and result
in lower metal accumulation in fjord sediments
(Figs. 9 and 10). These factors will likely contribute
to a reduction of the amount of dissolved and partic-
ulate iron being delivered from glaciated areas to the
adjacent continental shelves. At the same time, higher
primary productivity, facilitated by enhanced light
penetration in the fjords, will lead to increased input
of marine organic matter to the sediment and pro-
mote elevated organic carbon remineralization. Dis-
solved iron and sulfide-reactive iron oxide phases
will become depleted in the surface sediments due
to elevated organoclastic sulfate reduction rates, as
observed for Smeerenburgfjorden. Importantly, the
dominance of sulfate-reducing conditions in the sedi-
ments will limit benthic iron recycling in these fjords
and increase the efficiency of iron entrapment as iron
sulfides in the sediment (Fig. 9). The combination of
these processes will reduce the amount of recycled iron
in the water column available for transport to the out-
er shelf. Together with the diminished runoff of fine-
grained FeHR in a smaller meltwater plume, the net
result could be a reduced delivery of glacially derived
iron to high-latitude continental margins in the future
as more fjords become subject to pronounced glacial
retreat. An important factor remains the production
of organic matter in the fjords and its dilution in the
sediment, which will determine the rate of carbon min-
eralization and influence the participation of the dif-
ferent terminal electron-accepting processes in the
overall oxidation of organic carbon (Fig. 9).

6. SUMMARY AND CONCLUSIONS

Our results indicate that high-latitude fjords are
dynamic biogeochemical environments strongly influenced
by the behavior of local glaciers. Glacial sediments can
exhibit a wide range of iron compositions, likely controlled
by glacier bedrock mineralogy and hydrodynamic processes
within and beneath adjacent glaciers, and size-sorting of the
meltwater particulate phase during passage across the pro-
glacial zones. Extreme sedimentation rates in the fjords lead
to very high iron accumulation rates accompanied by
comparably low organic carbon input and dilution in the
sediment, particularly in Kongsfjorden and Van Keulenf-
jorden. Importantly, these factors enable a prominent role
of glacially derived iron as the key driver for biogeochemi-
cal processes in the fjord sediments. We propose a recurring
pattern of iron deposition-recycling, facilitating an
increased flux of dissolved iron produced during dissimila-
tory metal reduction to the water column and subsequent
re-oxidation to “fresh” and likely nanoparticulate iron.
This rejuvenating mechanism, along with the distinct
oceanographic characteristics of fjords, may ultimately lead
to the delivery of glacially derived iron to the adjacent shelf
where it may support primary productivity in the surface
waters. Importantly, this oxic transport mechanism for gla-
cially derived iron has not previously been considered in
estimates and models for the iron flux from glacial fjords
to the continental shelf. In the glaciated fjords of Svalbard,
the high FeHR delivery rate may be a key factor that pro-
motes the occurrence of DIR and ultimately the flux of iron
to the water column. Our results from the western Svalbard
fjords thus provide support for the recently emerging pic-
ture (Severmann et al., 2010; Homoky et al., 2013) that
the weathering regime and hydro-climatic factors on land,
which control the solid-phase iron supply to continental
margin sediments, are key factors that determine the ben-
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thic dissolved iron flux to the overlying seawater. Further
studies are needed to decipher the cycling and bioavailabil-
ity of iron phases in the water column of the Svalbard fjords
and shelf, and more generally in the different Arctic shelf
regions. Our study supports the hypotheses by
Macdonald and Gobeil (2012) and März et al. (2011,
2012) for an efficient shuttle for glacially derived iron and
manganese from high latitude coastal and shelf environ-
ments to the deep ocean basins, such as the Central Arctic
Ocean, during interglacials.
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Boyé M., Nishioka J., Croot P., Laan P., Timmermans K. R.,

Strass V. H., Takeda S. and de Baar H. J. W. (2010) Significant
portion of dissolved organic Fe complexes in fact is Fe colloids.
Mar. Chem. 122, 20–27.

Boyd P. W., Watson A. J., Law C. S., Abraham E. R., Trull T.,
Murdoch R., Bakker D. C. E., Bowie A., Buesseler K. O.,
Chang H., Charett M., Croot P., Downing K., Frew R., Gall
M., Hadfield M., Hall J., Harvey M., Jameson G., LaRoche J.,
Liddicoat M., Ling R., Maldonado M. T., McKay R. M.,
Nodder S., Pickmere S., Pridmore R., Rintoul S., Safi K.,
Sutton P., Strzepek R., Tanneberger K., Turner S., Waite A.
and Zeldis J. (2000) A mesoscale phytoplankton bloom in the
polar Southern Ocean stimulated by iron fertilization. Nature

407, 695–702.
Boyd P. W. and Ellwood M. J. (2010) The biogeochemical cycle of

iron in the ocean. Nat. Geosci. 3, 672–682. http://dx.doi.org/
10.1038/NGEO964.

http://dx.doi.org/10.1016/j.gca.2014.06.007
http://dx.doi.org/10.1016/j.gca.2014.06.007
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0010
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0010
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0010
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0010
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0010
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0015
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0015
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0015
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0015
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0015
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0020
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0020
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0020
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0025
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0025
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0025
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0030
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0030
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0030
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0030
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0030
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0030
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0030
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0030
http://dx.doi.org/10.1029/2008GL035028
http://dx.doi.org/10.1029/2008GL035028
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0040
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0040
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0040
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0045
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0045
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0045
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0055
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0055
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0060
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0060
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0065
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0065
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0065
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0070
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0070
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0070
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0075
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0075
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0075
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0075
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0080
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0080
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0080
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0085
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0085
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0085
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0090
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0090
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0090
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0090
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0095
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0095
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0095
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0100
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0100
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0100
http://refhub.elsevier.com/S0016-7037(14)00408-6/h9055
http://refhub.elsevier.com/S0016-7037(14)00408-6/h9055
http://refhub.elsevier.com/S0016-7037(14)00408-6/h9055
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0105
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0105
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0105
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0105
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0110
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0110
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0110
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0110
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0110
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0110
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0110
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0110
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0110
http://refhub.elsevier.com/S0016-7037(14)00408-6/h0110
http://dx.doi.org/10.1038/NGEO964
http://dx.doi.org/10.1038/NGEO964


L.M. Wehrmann et al. / Geochimica et Cosmochimica Acta 141 (2014) 628–655 649
Breitbarth E., Achterberg E. P., Ardelan M. V., Baker A. R.,
Bucciarelli E., Chever F., Croot P. L., Duggen S., Gledhill M.,
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