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The Barents Sea seasonal ice zone (SIZ) is one of the most dynamic areas in the world ocean. This biologically
productive area undergoes extreme intra- and inter-annual variabilities in sea ice and water mass transport
properties. Here, we investigate seafloor burial processes in three regions of the SIZ with different ice-cover
frequencies: predominantly open water (POW), marginally ice-covered (MIC), and predominantly ice-
covered (PIC) with approximately 0, 10 and 50% sea ice cover, respectively, in 2002–2003. Down-core
sediment profiles of the radionuclides 234Th, 210Pb, and 137Cs, along with sediment carbon, nitrogen and
phosphorus concentrations are examined in two to three cores from each region. Sedimentation rates and
velocities using 210Pbex (excess 210Pb) profiles and assuming negligible mixing below a surface mixed layer
are relatively uniform throughout the study area, averaging 558±154 g m−2y−1 and 1.1±0.4 mm y−1

(n=7). These sedimentation velocities are confirmed using 137Cs (1.0±0.4 mm y−1, n=7). 234Thex

(excess 234Th) derived bioturbation rates are positively correlated with number of benthic individuals per
0.5 m2 (R2=0.83) and exhibit a pattern of higher rates in the MIC (14.5±2.1 cm−2y−1) relative to both the
POW (6.3±2.2 cm−2y−1) and PIC (5.3±1.2 cm−2y−1) (p<0.01). 234Thex inventories are also significantly
higher (p=0.026) within the MIC, while both 210Pbex and 137Cs sediment inventories are more regionally
uniform. Furthermore, organic carbon (Corg) and total nitrogen (Ntot) concentrations are relatively high in
both the MIC and PIC compared to POW. For this limited data set, higher bioturbation rate coefficients and
higher 234Thex sediment inventories in the MIC relative to the other sampled regions, suggest that the MIC
exhibits a greater predominance of marine versus terrestrial sediment sources that support enhanced
scavenging and benthic biological activity. These results suggest that a climate-driven northward shift in sea
ice will result in a corresponding shift in benthic communities that currently depend upon surface derived
fluxes of organic matter associated with the present-day location of the ice edge in the Barents Sea.
l rights reserved.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The Barents Sea is one of themost productive of the Arctic seas with
an estimated average annual primary production of 90 gCm−2y−1

(Wassmann et al., 2006, 2008). A relatively high proportion (∼47%) of
the sediment burial flux is derived from marine rather than terrestrial
sources (Stein and Macdonald, 2004). Depending on the water mass
characteristics and physical regimes, between 48 and 96% of primary
production in the Barents Sea is estimated to reach the seafloor
(Wassmann, 1991; Wassmann and Slagstad, 1993; Wassmann et al.,
1999; Carmack and Wassman, 2006). Primary production patterns are
strongly correlated with changes in the spatial distribution of sea ice in
the Barents Sea. As the seasonal ice zone (SIZ) retreats, pulses of food for
higher tropic levels become available to both pelagic and benthic
communities (Wassmann et al., 2006). The close relationship between
the structure and function of benthic communities and the overlying
primary productivity has been well demonstrated throughout this
region (Piepenburget al., 1995; Renaudet al., 2008; Carroll et al., 2008a).

Recent studies suggest tight pelagic–benthic coupling within the
relatively deep (∼200–300 m) northwestern margin of the Barents Sea
(Tamelander et al., 2006; Renaud et al., 2008;Morata andRenaud, 2008;
Carroll et al., 2008a), similar to the relatively shallow (∼30–60 m)
regions of the Chukchi Sea (Dunton et al., 2005; Grebmeier et al., 2006).
Carroll et al. (2008a) showed that Barents Sea benthic communities are
food-limited and hence dependent on episodic delivery of organic
matter from the water column. As benthic organisms respond to peaks
in food supply, there may be an associated increase in intensity and
depth of biological mixing in surface sediment deposits.

Sea ice is susceptible to changes in long-term average temperatures
and shifts in atmospheric circulation (Polyakov et al., 2005; Deser and
Teng, 2008). Over the past 100 years, sea ice extent in the Arctic has
diminished by approximately 12 and 40% for April and August,
respectively (Vinje, 2001) and the rate of sea ice decline in recent
years has accelerated (Serreze et al., 2003; Stroeve et al., 2007; Comiso
et al., 2008). Reduced sea ice cover during summer may change the
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Fig. 1. The Barents Sea SIZ with sampling locations. The red lines show the average
percent ice cover over past two decades (ice data from Keup-Thiel et al., 2006). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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temporal and spatial extent of pelagic primary production thatmay lead
to a shift in primary energy pathways between pelagic and benthic food
webs (Carroll and Carroll, 2003; Renaud et al., 2008). Climate-related
and anthropogenically-induced changes in the location of the SIZ are
thus likely to have far reaching consequences on the structure and
function of Arctic marine ecosystems (Carroll and Carroll, 2003;
Grebmeier et al., 2006; Wassmann et al., 2008). It is therefore essential
to understand how such changes might affect primary production,
sedimentation and pelagic–benthic coupling processes in the Barents
Sea SIZ.

There is currently little information on modern sediment accu-
mulation processes and carbon burial rates in the Barents Sea.
Sediment deposits for this region consist of fine-grained clays and
silts interspersed with layers of sand, representing typical marine,
hemipelagic sedimentation (Ivanova et al., 2002). Particle-associated
radioisotopes are powerful tools to examine modern sedimentary
processes and are often employed as tracers of particle reworking,
sedimentation rates, and sediment transport processes (Krishnas-
wami et al., 1980; Huh et al., 1997; Smoak et al., 2000; Carroll and
Lerche, 2003; Smith et al., 2003; Meysman et al., 2005). Briefly 210Pb
(t½=22.3 years) produced from the decay of atmospheric 222Rn
enters the oceans predominantly via atmospheric deposition to the
ocean surface (Turekian et al., 1977) where it quickly adsorbs to
sinking particles and is transported to underlying sediments. This
210Pb is in excess of that supported by 222Rn decay within the
sediments and provides information regarding particle reworking and
sedimentation rates over time-scales of ∼100 years (Robbins, 1978;
Cochran, 1992; Appleby and Oldfield, 1992; Smoak et al, 2000). 234Th
(t½=24.1 days) is another particle reactive radionuclide derived from
the decay of its conservative and soluble parent 238U in the water
column. Once produced, 234Th rapidly adsorbs to sinking particles and
reaches the seafloor, where it is in excess of that produced from 238U
decay within the sediments. Due to its relatively short half-life, the
presence of excess 234Th in surficial sediments is often interpreted as
an indicator of short-term bioturbation rates or rapid deposition
events (Crusius et al., 2004; Aller and Cochran, 1976) over time-scales
of few months (∼5 months). Given the fact that burial flux in this
region is predominantly derived from marine biological production,
most of which is consumed by food-limited benthic communities
during the summer months, bioturbation most likely dominates
burial.

In this study, we investigate sediment depth profiles of the
radionuclides, 210Pb, 137C, and 234Th together with sedimentary
constituents, organic carbon, nitrogen and phosphorus in sediment
cores collected from the central Barents Sea during summer 2003.
Using these tracers, we are able to evaluate seasonal bioturbation
rates associated with benthic activity in context with decadal-scale
sediment burial. Our purpose is to assess whether sedimentation and
post-depositional biological mixing processes relate to sea ice cover
and hence, higher primary production within the SIZ.

2. Materials and methods

2.1. Collection

This study was carried out in the SIZ of the central Barents Sea
between 73° and 79°N (Fig. 1). Sediment cores were collected at nine
stations from the R/V Ivan Petrov in August 2003. Stations were
located along three north–south transects covering areas of predom-
inantly open water (POW), marginally ice-covered (MIC), and
predominantly ice-covered (PIC) (Table 1). These areas represent
regions of the Barents Sea with annual sea ice cover of approximately
0% (POW), 10% (MIC) and 50% (PIC) based both on ice-cover statistics
for 2000–2003 as well as long-term sea-ice data from 1981–2000
(Keup-Thiel et al., 2006). Sediments were collected using a 0.25 m2

box corer. A box corer may lead to the loss of surface sediments if not
deployed carefully. During sediment collection, three cores exhibited
evidence of surface layer disturbance and thereforewere discarded. The
presence of large concentrations of benthic pigments (2–10 µg g−1 dry
weight) in the surface layer of retrieved cores (Cochrane et al., 2009)
indicates recent settlement of fresh material, which would not be
present if the surface layers had been lost. However, we cannot
completely rule out the loss of some surface material, which would
affect the accuracy of our derived 234Th mixing rates. For radioisotope
analyses, a 140 mmdiameter sub-corewas collected fromeach box core
by carefully inserting a sharpened PVC tube. Cores were kept vertical
and frozen until processed, usually within 1h of collection. Sediments
were extruded upward using a vertical rack and a piston inserted at the
bottom of the core barrel. Sediment cores were sectioned into 0.5 cm
intervals over the upper 5 cm, 1 cm intervals over the upper 5–10 cm
and at 2 cm intervals below a depth of 10 cm. The material in direct
contact with the barrel (∼1 cm from outer surface) was trimmed and
discarded to avoid contamination and smearing artifacts. A homoge-
nized sub-sample fromeachcore sectionwas thenused tofill small glass
vials of known volumes. The sub-samples were stored refrigerated.
Sample materials were returned to the University of South Carolina
Radiobiogeochemistry Laboratory for processing. Sediments in the glass
vials wereweighed and dried at 60 °C in a radiant ovenwith filtered air.
After drying, the samples were reweighed and the data were used to
calculate sediment porosities and densities. The samples were subse-
quently disaggregated and ground with an agate mortar and pestle.
2.2. Porosity and sediment density values

Sediment porosity values (Fig. 2) were determined using a wet–dry
method [(water weight/dry sediment weight×100]. Dry sediment
density (g cm−3) was derived according to the relation dsd=(dry
sediment weight in the vial)/(dry sediment volume). Dry sediment
volume was derived as the difference between the vial volume and
volumeof sedimentwater content [water volume=(weight of vialwith
un-dried sample−weight of vial with dried sample)/density of
seawater]. All measurements include salt corrections with errors in
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porosity representing the standard deviation of the mean porosity for
two adjacent depth measurements.

2.3. Radionuclide analysis

Aliquots of finely ground dry sediments (5–9 g) were placed into
counting vials of known geometry and measured for 210Pb, 234Th, 226Ra
and 137Cs by direct gamma counting using two high purity germanium
well detectors. The detector efficiencies were determined using EPA
standard sand spiked with a National Institute of Standards and
Technology (NIST) traceable mixed gamma liquid standard from
Analytics™, Inc. No correction for self-absorption of the low energy
gamma peaks of 234Th and 210Pb was needed since the sample sediment
was,within error, close to the density of the spiked sandused to calibrate
the detectors. The gamma-ray spectra were then analyzed for peak area
and position using the computer program HYPERMET, a reiterative
parabolic curve fitting procedure (Phillips and Marlow, 1976). All
activities were corrected for decay to themidpoint of sample collection.
210Pbwasmeasured by its emission at 46.5 keV and 226Ra by the 351keV
emission of its daughter isotope 214Pb. Unsupported 210Pb (210Pbex) was
calculatedas thedifferencebetween themeasured total 210Pbat46.5keV
and the estimate of the supported 210Pb activity given by its parent
nuclide at 351keV (210Pbex=210Pbtot−214Pb). Both supported and total
210Pbmeasurementswere conducted at least 25 days after initial sample
collection. 234Th activity was measured by its emission at 63.5keV and
the supported 234Th activity was measured by recounting the samples
more than 5 months (6 half-lives) after collection (234Thex=234Thinitial
−234Thfinal). The 210Pbex and 234Thex profiles used to calculate
sedimentation, mixing rates and inventories extend from the surface
layer to the deepest sampling interval where excess activities were
detected. Below these layers the 210Pbex and 234Thex activities are ≤0,
within the propagated error. 137Cs activity was measured by its
emissions at 661keV. Errors represent counting statistics and the error
associated with the HYPERMET curve fitting routine.

2.4. Elemental analysis

Total carbon (Ctot), organic carbon (Corg) and total nitrogen (Ntot)
weremeasured using a Perkin-Elmer 2400 CHN elemental analyzer. For
Corg, samples were weighed into silver capsules and acidified with
concentrated HCl under vacuum for 30h. The samples were then dried
in an oven at 50 °C, folded and analyzed (Hedges and Stern, 1984).
Approximately 20% of the sampleswere run in duplicate and duplicates
agreed to <5% of each other. The inorganic fraction of nitrogen was
assumed to be negligible because the organic carbon content is ∼1%.

Particulate inorganic phosphorus (IP) and total particulate
phosphorus (TP) content were determined following the method
outlined by Aspila et al. (1976). Particulate organic phosphorus (OP)
was calculated by difference (OP=TP− IP). It is important to note
here that the distinction between IP and OP is operationally defined.
Thus, it is possible that some of the ‘inorganic’ particulate P fraction
contains labile organic compounds and vice versa. A standard
reference material, NIST 1573a (tomato leaves) was run with each
sample set to evaluate total P recovery and reproducibility between
runs. Approximately 20% of the samples were run in duplicate and
duplicates agreed to <5% of each other.

2.5. 210Pb modeling approach

The general equation describing steady-state conservation for a
radiotracer subjected to advective supply and/or biodiffusive mixing in
sediments (Krishnaswami et al., 1980; DeMaster et al., 1985; Cochran,
1992; Meysman et al., 2005 and references therein) is:

δ
δz

φsDB
δAs

δz

� �
− Fssed

ρs
δAs

δz
−φsλAs = 0 ð1Þ
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where As is tracer activity, z is depth (cm), ρs is the density of the solid
phase (g cm−3), φs is the solid volume fraction, DB (cm2y−1) is the
biodiffusion coefficient that characterizes mixing intensity on a depth
scale, Fseds is the sedimentation rate or constant flux of solid sediment
arriving at the seafloor (g cm−2y−1) and λ is the radioactive decay
constant (λ210Pb=0.031y−1).

Although irrelevant for the biodiffusion model applied in the
present investigation (Eq. (1)), porosity profiles are helpful toward
assessing the influence of biology on porosity (Fig. 2). With the
exception of Station POW-17, many stations exhibit clearly differen-
tiated depth intervals of 210Pbex that are characterized by relatively
Fig. 2. Changes in sediment porosity with sediment depth (z). The depth of 210Pbex pen
uniform sediment porosities; an indication that surface sediment
disturbance reflects interphase biological mixing (Meysman et al.,
2005).

Applying the assumption of steady-state porosity to the general
form of Eq. (1), we first correct our sediment depths for the influence
of sediment compaction in accordance with the relation:

ϕz = ðϕ0−ϕ∞Þe−az + ϕ∞; ð2Þ

(Athy, 1930)where, ϕ0 is the porosity at the sediment surface, ϕ∞ is
the porosity at final compaction (z=∞), and α is the coefficient of the
etration (dash-dotted line) and surface mixed layer (z⁎, dashed line) are indicated.



Fig. 2 (continued).
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porosity–depth relationship (Eq. (2)). The depth of sediments
without compaction (z′) is then:

z′ = z + ∫z

0

ϕ0−ϕz

1−ϕ0
dz: ð3Þ

For each station, de-compacted core depths were derived using a
simple approximation to Eq. (3) whereby,

z = ∑h′; andh′ = h +
ϕ0−ϕz

1−ϕ0
h; ð4Þ

withh (cm) as the thickness of a sediment sectionwith compaction andh
′ is the corrected (de-compacted) section thickness (Matsumoto, 1975).
Assuming that a given 210Pbex concentration profile is in steady-
state, the relationship between advective velocity (ω) and the
biodiffusive mixing coefficient (DB) is described as (Smith et al.,
1986/87, 1995; Carroll et al., 2008b):

A = A0 exp
ω−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 + 4DBλ

q
2DB

0
@

1
Az′

2
4

3
5 ð5Þ

where A0 is the 210Pbex activity at z′=0 and A is the activity at depth z′.
As shown byMeysman et al. (2005) for the case of a steady-state tracer
concentration andporosity, sedimentation velocity (ωsed) and sediment
accumulation velocity (ωacc) are equal and related to the sedimentation
rate Fsed

s as,

ω = ωsed = ωacc =
1

ρsφs
fix

Fssed: ð6Þ

Hence the down-core profile of 210Pbex is described as a
combination of biodiffusive and advective transport. As a further
simplification, we invoke a two-layer (surface and deep) system. The
mixed depth (z⁎) is distinguished by a change in the slope of the
natural log transformed 210Pbex versus sediment depth profile
(dashed line in Fig. 3). The suggestion of interphase biological
sediment reworking from the observed porosity profiles lends
support to the application of this simplified modeling approach. We
then derive end-member solutions to Eq. (5) assuming mixing only in
the surface layer (ω≠0; z′<z⁎) and sedimentation only in the deep
layer (DB=0, z′>z⁎). In accordance with the assumption of negligible
sedimentation in the surface layer (i.e. ω=0 for z′<z⁎ in Eq. (5)), the
derived surface layer biodiffusive mixing coefficients represent
maximum values (DBMAX). The solution to Eq. (5) forω=0 (z′<z⁎) is:

A = A0 exp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ

DBMAX

s
z′

" #
: ð7Þ

Determining the slope
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

λ
DBMAX

� �r
of the natural log transformed

210Pbex profile versus de-compacted sediment depth (z′) yields a
coefficient of biodiffusional mixing (DBMAX).

Similarly, for the assumption of negligible mixing in the deep layer
(DB=0; z′>z⁎), Eq. (7) becomes,

A = A0 exp − λ
ω
z′

� �
: ð8Þ

Sedimentation velocity is then derived from the linear slope λ
ω

� �
term of the natural log transformed 210Pbex profile versus compac-
tion-corrected depth (z′). Sediment velocities and mixing rates are
reported in units of mm y−1 and cm2 y−1, respectively, with
associated errors derived from the standard error of the linear slope
value of the natural log transformed 210Pbex profiles (Tables 1 and 2).
For comparison, we calculate ω values assuming negligible sediment
mixing at each station, i.e. (DB=0; z⁎=0). Sediment velocities are
generally higher, sometimes by as much as ∼50% (Table 2).
Conversely, if our chosen z⁎ estimates are conservative then as
z⁎→zMAX, ω→0, where zMAX is the sediment depth at the bottom of
the 210Pbex profile. Indeed at two of the nine sampling sites (MIC-20
and POW-43) the 210Pbex depth profiles were well mixed and
therefore Eq. (5) was not applied to the 210Pbex profiles from these
two stations. In addition, a biodiffusive mixing coefficient could also
not be determined for MIC-4 due to the sharp gradient in 210Pbex
observed.
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2.6. 234Th modeling approach

The governing assumptions and equations used to describe 210Pbex
profiles in surface sediments are equally valid for 234Thex

(λ=11.363 y−1). The half-life of 234Th is short compared to
previously reported sedimentation velocities (Zaborska et al., 2008),
thus ω in Eq. (5) may be assumed negligible (ω=0, see Sediment
Fig. 3. Profiles of 210Pbex versus de-compacted sediment depth (z′). The linear regression
Sediment velocity values (ω) were derived in accordance with Eq. (8). The surface mixed l
mixing). Sediment porosity is relatively uniform above the depth of
234Thex penetration (234Thex>0 Bq/kg), which corresponds to 3–4 cm
below the sediment–water interface. This eliminates the need to
correct sediment depths for the influence of compaction. Hence

mixing coefficients, DB, are derived directly from the slope
ffiffiffiffiffiffiffiffiffiffi

λ
DB

� �r
of

the natural log transformed 234Thex versus depth (z) profiles (Fig. 4).
best fit to the 210Pbex versus depth z′ over the interval (z′>z⁎) is shown (solid line).
ayer (z⁎, dashed line) is shown.
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The errors reported for 234Thex mixing rates were derived from the
standard error of the linear slope term of the natural log transformed
210Pbex profiles.

2.7. 137Cs as a time marker

137Cs (t½=30 years) is often used in conjunction with 210Pbxs as a
marker of specific date horizons (Anderson et al, 1988; Ritchie and
McHenry, 1990; Appleby, 2001). Significant levels of 137Cs first
appeared in the atmosphere during the 1950s as a result of above
ground nuclear testing. Atmospheric 37Cs concentrations peaked in
1962, with maximum fallout in 1963 (Carter and Moghissii, 1977).
Following the Chernobyl Nuclear accident in 1986, the atmospheric
concentration of 137Cs in Europe peaked at approximately 4-times
higher than 1963 levels, and lasted for several months (Cambray et al.,
1987). These two dates, 1963 and 1987, are commonly applied to
peaks in 137Cs concentration observed in sediments and used as a
chronostratigraphic marker (Anderson, et al., 1988; Appleby, 2001;
Lima et al., 2005). In spite of the presence of 137Cs activity in all nine
sediment cores, the 137Cs peak for 1987 was not well defined.
Therefore, only the 1963 137Cs peak is used as a stratigraphic time
marker (Fig. 5). A 137Cs sedimentation velocity was subsequently
determined for each station by dividing the depth (z′) of the observed
1963 137Cs peak in each core by 40 years (2003–1963) (Table 2). Two
of the nine sampling sites (MIC-20 and POW-43) showed no clear
peaks in 137Cs activity as well as uniform 210Pbex depth profiles. These
cores were considered well mixed and therefore, sedimentation rates,
were not determined.

2.8. Radionuclide inventories

Inventories of 210Pbex, 234Thex, and 137Cs are calculated as the cu-
mulative sum of 210Pbex (Bq g−1), 234Thex (Bq g−1) and 137Cs (Bq g−1)
multiplied by cumulative mass of each sediment layer (g cm−2).
Radionuclide inventories were quantified from the surface sediment
layer down to the depth where the radionuclide activity is below
detection. 210Pbex inventories are presented in Bq cm−2 and 137Cs and
234Thex inventories in Bq m−2 (Table 1).

3. Results and discussion

3.1. Sediment mixing

Due to the strong seasonal nature of productivity and tight
coupling between pelagic and benthic ecosystems in the Barents Sea,
an increase in intensity and depth of biological mixing in surface
sediment deposits may occur in concert with peak biological
productivity (spring–summer) at the sea ice margin. The presence
of short-lived 234Thex to ≤5 cm depth in all cores (Fig. 3) indicates a
clear signal of recent events at the sediment–water interface;
attributable to either rapid deposition or recent post depositional
mixing of sediments. Here, we assume that 234Th reflects bioturbation
rather than abiotic mixing or rapid sedimentation. Abiotic mixing is
unlikely given the depth of the sediment cores (>130 m, Table 1), low
current velocities at depth in this region (Schauer et al., 2002; Bellec et
al., 2008), and the high percentage of fine pelite material
(<0.063 mm) in the sediment core surface layers (Table 1). While
rapid deposition can occur, and may have indeed happened for MIC-
20 and POW-43, the limited depth penetration of 234Th in the
remaining cores and the rapid decline of 234Th with depth suggests
that mixing is the dominant process (Fig. 4). Excluding Station POW-
17, we obtain a positive linear correlation (r2=0.83) between 234Th
based mixing rates and the number of benthic individuals measured
per 0.5 m2, as reported for all stations in Cochrane et al. (2009)
(Fig. 6). This relationship supports our hypothesis that 234Th based
mixing rates are biologically mediated.

Assuming that 234Thex in the upper few centimeters of each core
results only from active mixing, biodiffusive mixing coefficients range
from 4.0 to 16 cm2y−1 (Fig. 2, Table 1). We were unable to determine
a mixing coefficient at station MIC-4 using the biodiffusion model
(Eq. (7)) due to a subsurface peak in 234Th activity (Fig. 4). This peak
may be a result of sediment translocation by selective deposit feeding
organisms (Aller and DeMaster, 1984; Miller et al, 2000). Statistical
comparison of 234Thex DB coefficients by ice-cover region for all other
stations yielded a significant regional relationship (1-way ANOVA,
p=0.006). Mean 234Thex DB values were significantly higher in the
MIC region (14.8±2.1 cm2y−1) when compared to either the PIC



Table 2
Sedimentation velocities (ω in units of mmy−1) and sedimentation rates (SR in units of g m−2y−1) determined for 210Pbex versus porosity–corrected depth.

Station ω
(below mixed layer)

ω
(whole core)

SR
(below mixed layer)

ω
(137Cs time marker)

POW-1 0.6±0.1
R2=0.91

0.9±0.1
R2=0.87

352±25
R2=0.91

0.5

POW-17 0.8±0.1
R2=0.90

0.9±0.1
R2=0.95

458±35
R2=0.90

0.8

POW-43 – – – –

MIC-4 1.0±0.1
R2=0.87

1.4±0.2
R2=0.83

530±51
R2=0.87

1.0

MIC-20 – – – –

MIC-36 1.2±0.1
R2=0.87

1.7±0.1
R2=0.92

539±42
R2=0.87

1.6

PIC-8 1.0±0.1
R2=0.98

1.4±0.1
R2=0.95

592±19
R2=0.98

1.1

PIC-23 1.3±0.1
R2=0.87

1.1±0.1
R2=0.93

579±53
R2=0.87

0.9

PIC-40 1.7±0.2
R2=0.76

1.9±0.2
R2=0.89

853±100
R2=0.76

1.4

Sedimentation velocities (ω) are calculated assuming DB=0 (whole core) and DB=0 (below the surface mixed depth). Mixed depths are reported in Table 1. 137Cs sedimentation
velocities (mmy−1) are based on the depth of themaximum in 137Cs activity (see Fig. 5), attributed to the 1963 peak in atmospheric fallout from nuclear weapons testing (137Cs time
marker).
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(5.3±1.1 cm2y−1) or POW (6.3±2.2 cm2y−1) (post hoc Tukey;
p<0.01), while PIC and POW means were similar (p=0.81).

Surface layer 210Pbex DB coefficients are lower than the 234Thex

DB coefficients and there is only a weak linear relationship between
234Thex and 210Pbex DB coefficients (R2=0.5; p>0.05). We do not
expect DB rates derived from these radionuclides to be similar
because different tracers integrate processes over different time-
scales (DeMaster et al, 1985; Pope et al., 1996; Renaud et al., 2008).
234Thex rates reflect recent events that have taken place in the most
active bioturbation zone of the upper few centimeters of sediment,
while 210Pbex rates integrate events recorded within the upper
∼10 cm of sediment deposits, corresponding to time-scales of years
to decades. We therefore hypothesize that the derived 234Thex

biological mixing rates provide a snapshot of tight pelagic–benthic
coupling associated with melting sea ice in spring and summer
2003 (e.g. see Fig. 6). Sedimentary profiles of 234Th and 210Pb from
the northwestern Barents Sea also indicated a zone of mixing
extending only a few centimeters below the sediment–water
interface, and associated rate coefficients (234Th=1–12 cm2y−1;
210Pb=0–0.2 cm2y−1) towards the lower range of values reported
for most continental shelf seas (e.g. Smith et al., 1995; Soetaert et
al., 1996; Gerino et al., 1998; Alperin et al., 1999). Despite the
prevalence of surface and subsurface deposit feeding organisms on
the shelf (Wassmann et al., 2006; Carroll et al., 2008a), bioturbation
in this region leads to low intensity sediment mixing (Carroll et al.,
2008b).

3.2. Sedimentation rates

210Pbex sedimentation velocities and sedimentation rates, quanti-
fied below the zone of active sediment mixing (Table 2), exhibit no
distinct spatial pattern of sediment accumulation. These velocities are
supported by estimates based on 137Cs as a time marker for 1963
(Table 2). Similar regional uniformity and absolute magnitude of
sedimentation velocities and rates of 0.7±0.4 mmy−1 were reported
for the northwest Barents Sea (Zaborska et al., 2008; Carroll et al.,
2008b). Although large scale shifts in ice cover have remained
minimal over the past 20 years (Fig. 1) in the MIC, PIC, and POW,
subtle changes in ice cover, sediment focusing and ice-rafted
sediments (see Radionuclide inventories), and benthic boundary
layer processes operating over the time-scale of detection for 210Pbex,
may obscure any distinct large scale geographic differences in seafloor
accumulation within the central Barents Sea. In the present study, we
report an average 210Pbex sedimentation rate of 558±154 gm−2y−1

and an average sedimentation velocity of 1.1±0.4 mm y−1 (n=7).
137Cs derived sedimentation velocities average 1.0±0.4 mmy−1

(n=7). However it is important to note that two out of the nine
sediment cores exhibited uniform 210Pbex and 137Cs profiles, sugges-
tive of complete mixing with no sediment accumulation (Figs. 3 and
5). Smith et al. (1995) evaluated sedimentation and mixing rates at
two locations in the Barents Sea, <50 km offshore from the
underwater nuclear test site at Chernaya Bay in the south-west
corner of Novaya Zemlya. Using a similar model to that described
here, they obtained comparable sediment velocities of 1.2 and
2.7 mmy−1 below the mixed layer and mixing coefficients of 0.5
and 2.3 cm2y−1.

3.3. Radionuclide inventories

Average 210Pbex inventories for POW,MIC andPIC are 1.0±0.2, 1.4±
0.3 and 0.5±0.2 Bq cm−2, respectively (Fig. 7) with statistically
significant differences among the regions (p=0.012). The 210Pbex
inventory in sediment cores from the PIC is significantly lower than in
the MIC (post hoc Tukey; p=0.01). This may be due to less
atmospherically derived 210Pb (Preiss et al., 1996; Preiss and Genthon,
1997) as the PIC has the highest frequency of ice cover throughout the
year. In general the area also receives minimal terrigenous input due to
its distance from the coast and the flow paths of the major rivers
(Fransson et al. 2001).

We estimate the 210Pbex inventory for the region as follows:

210Pbex inventory = ½ðA226Ra−A210PbÞ × λPb × z + A210Pbatm� × τPb

where A226Ra is the 226Ra water column activity, A210Pb is the 210Pb
water column activity, A210Pbatm is the activity of atmospheric 210Pb
input, λPb is the 210Pb decay constant, τPb is the mean life of 210Pb and
z is the depth of the water column. Water column 226Ra data derived
from the Transient Tracer in Ocean (TTO) — North Atlantic Series
database from station location 78.53°N–9.47°E (Key et al., 1992). This
station is located just to thewest of the study area. The dissolved 210Pb
concentration is assumed to be 0, implying that all 210Pb is scavenged
from the water column to sediments; thus our determined invento-
ries are upper limit estimates. The atmospheric 210Pb flux reported
from Svalbard, Norway (Fig. 1), located near the northwestern corner
of the study area is 0.44 dpm cm−2y−1 (Preiss and Genthon, 1997).
Using this data, the average expected 210Pbex inventory for the study



193K. Maiti et al. / Journal of Marine Systems 79 (2010) 185–198
area is calculated to be 0.27±0.01 Bq cm−2. The 210Pb inventories
calculated from the sediment cores are much higher than the
expected inventories for all the three regions by a factor of 3.8, 5.2
and 1.9 for POW, MIC and PIC respectively. Others (e.g. Lepore et al.,
2009) have also reported higher than expected 210Pb inventories for
sediments from the Arctic region. The MIC has approximately a four-
fold higher 210Pb inventory suggesting that MIC is an important sink
for 210Pb. This is probably due to the combination of both sediment
focusing and input of excess 210Pb by ice-rafted sediments (IRS),
Fig. 4. Profiles of 234Thex versus sediment depth (z). The linear regression best fit to the 234

accordance with Eq. (7).
which have been reported to be highly enriched in excess 210Pb
(Baskaran et al., 2003; Masqué et al., 2007).

In contrast, a statistical comparison of 234Thex sediment inven-
tories by region for all stations yielded a significant regional
relationship (1 way ANOVA, p=0.026). Mean 234Thex sediment
inventories were significantly higher in the MIC region (191±40 Bq
m−2) when compared to either the PIC (82±33 Bq m−2) or POW
(90±44 Bq m−2) (post hoc Tukey; p<0.05), while both PIC and
POW means were similar (p=0.97). A higher 234Th inventory for
Thex versus depth z is shown (solid line). Sediment mixing rates (DB) were derived in



Fig. 4 (continued).

194 K. Maiti et al. / Journal of Marine Systems 79 (2010) 185–198
the MIC indicates that this zone has higher particle scavenging and
vertical flux (at least during summer/spring 2003), probably due to
the higher primary productivity in this region.

137Cs sediment inventories vary from 94 to 406 Bq m−2 (Fig. 6),
averaging 221±42 Bq m−2 in the POW, 325±93 Bq m−2 in the
MIC, and 239±128 Bq m−2 in the PIC. There are no statistically
significant differences in 137Cs inventories among regions implying
that there is no geographic trend for this tracer in the central
Barents Sea. We attribute this to a combination of mixed sediment
supplies and multiple contamination sources of 137Cs. The dominant
source of 137Cs for Barents Sea is from the direct discharge of
radioactive waste into the waters of the Irish and North Seas from
fuel reprocessing facilities at Sellefield (west) and the weapons-
testing facility at Novaya Zemlya (east) followed by Chernobyl and
riverine inputs (south and east). Ice-rafted sediments, enriched in
137Cs, may also supply 137Cs to the seafloor (Masqué et al., 2007).
These different sources of 137Cs bring different activities and
amounts of 137Cs to the central Barents Sea, resulting in complex
sediment inventory records. The impact of physical and biological
processes on the flux of 137Cs into the sediments is hence difficult to
interpret, particularly in context with the other natural radioisotope
inventories e.g. 210Pb or 234Th.

3.4. Nutrient patterns

Sediment layers from six out of the nine cores were analyzed for
Ctot, Corg, and Ntot (Table 1). Cores were chosen to provide the least
disturbed, but longest sediment record. Comparing average nutrient
content within the surface mixed layer (z⁎), both Corg and Ntot are
relatively high within the MIC and PIC compared to POW. The
sediments for MIC have a higher average Corg content of 2.0%±0.2%
compared to PIC (1.6%±0.1%) and POW (1.4%±0.1%).

The fluxes of Corg and Ntot at the seafloor surface are estimated by
multiplying sedimentation rates (g cm−2y−1) by the average
elemental content of the surface mixed layer at each station (Fig. 8).
Although nutrient levels in the MIC are relatively enriched compared
to the other two regions, the relatively small differences in 210Pbex
derived sedimentation rates among stations obfuscate any clear signal
of enhanced nutrient deposition within the MIC region over the
detection time-scale of 210Pbex. Cochrane et al. (2009) estimated the
annual integrated water column productivity for each of the stations
using the SINMOD hydrodynamical–chemical–biological ecosystem
model for the Barents Sea (Wassmann et al., 2006). Comparing water
column primary productivity with the flux of Corg at the seafloor
surface gives a burial efficiency of 5.3±2.5%, 17.5±8.8% and 18.4±
1.6% for POW, MIC and PIC respectively. This indicates that MIC and
PIC may be more efficient in organic carbon burial, receiving a greater
percentage of pelagic production compared to POW. A similar range in
organic carbon burial rates has been reported for the northwestern
Barents Sea where about 6% of the annual integrated primary
productivity or 15% of the vertical flux is transferred to the Barents
Sea sediment–water interface (Zaborska et al., 2008).

Few measurements of Porg, are available for Arctic shelf seas. Here
we report values for two stations, POW-1 and MIC-4. Average Porg
contents in the surface mixed layer at these stations are 0.015±0.001%
and 0.018±0.001%, respectively. The corresponding fluxes derived
using the sameapproachasdescribed above for Corg andNtot are 0.054±
0.006 gP m−2y−1 at POW-1 and 0.098±0.010 gP m−2y−1 at MIC-4.
These results further support the above conclusion that theMIC is more
efficient in organic matter burial.

4. Implications and conclusions

Pelagic–benthic coupling is a feature of the Barents Sea ecosystem
associated with the seasonal onset of the spring bloom in this Arctic
marginal sea. Surface sediments within the MIC exhibit higher
bioturbation rate coefficients, higher 234Thex sediment inventories,
and higher Corg, Ntot concentrations in comparison with the other
regions, especially with respect to POW. Given that POW sediments
receive a relatively small proportion of the pelagic productivity
compared to MIC and PIC, a widening of POW further north could
result in a lower proportion of pelagic production reaching the
sediments to sustain the benthic community. This corresponds well
with previous studies of enhanced primary production and export
flux at the ice edge during the spring bloom within the Barents Sea
(Wassmann and Slagstad, 1993;Wassmann et al, 1999; Reigstad et al.,
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2002). There is also a significant correlation between surface
sediment chlorophyll-a and integrated water column chlorophyll-a
for the Western Barents Sea, suggesting that local water column and
ice-algae productivity is the major source of fresh organic carbon for
the benthos (Morata and Renaud, 2008). The data here, although
limited, provide further evidence in support of a tight coupling
between pelagic and benthic ecosystems during this short, intense
melting period at the ice edge. In particular, the correlation between
benthic individuals and 234Thex bioturbation rates provide strong
evidence that sediment mixing in the central Barents Sea is linked to
biological activity and that sediments below theMIC exhibit enhanced
Fig. 5. Profiles of 137Cs versus sediment depth (z). 137Cs sedimentation velocities (mm y−1) w
the 1963 peak in atmospheric fallout from nuclear weapon testing.
mixing compared to the adjacent POC and PIC areas. 234Thex

bioturbation rate coefficients (ranging from 4.0 to 16 cm2y−1) are
an order of magnitude higher than those derived from 210Pbex. 210Pbex
sedimentation rates and velocities, assuming negligible DB below a
surface mixed depth, are relatively uniform throughout the central
Barents Sea, averaging 558±154 g m−2y−1 and 1.1±0.4 mm y−1.
137Cs sedimentation velocities confirm the 210Pb derived estimates,
providing confidence in results.

Model estimates currently suggest that the polar ice pack will be
reduced by 20% in winter and 80% in summer by the end of this
century (Johannessen et al., 2004). This northward retreat of the MIC
ere calculated assuming that the depth of themaximum in 137Cs activity is attributed to
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Fig. 6. 234Thex bioturbation rates (DB) versus number of benthic individuals per 0.5 m2.
The solid line represents the linear regression best fit relationship excluding station
POW-17.

Fig. 7. 210Pbex, 137Cs and 234Thex inventories for stations grouped by region: POW, MIC,
and PIC.

196 K. Maiti et al. / Journal of Marine Systems 79 (2010) 185–198
will likely result in a larger SIZ and a more extensive, stratified area
that stretches further north. A change in the position and extent of
the SIZ will not only greatly affect the magnitude and locus of
primary production, but also the amount and composition of
particles that reach the seafloor. A northward retreat of the MIZ
and PIC would also mean that these areas will be located over deeper
parts of the Barents Sea than present and may result in more water
column remineralisation of organic carbon before it reaches the
seafloor. Such alterations will undoubtedly induce changes in both
the quality and quantity of food available to support benthic eco-
systems (Carroll and Carroll, 2003; McMahon et al., 2006; Wassmann
et al., 2006). The coupling between food supply and benthos needs to
be further studied in order to confirm these results and to derive
realistic scenarios of future climate change impacts for different
arctic marginal seas. 234Thex also appears to be a highly valuable
tracer of short-term benthic responses to pelagic supplies of primary
production in arctic marginal seas.



Fig. 8. Corg, and Ntot sedimentation rates. Cores from stations POW-43, MIZ-20, and PIC-
23 were not analyzed for Corg and Ntot. Only cores from stations POW-1 (0.054±
0.006 gP m−2y−1) and MIC-4 (0.098±0.010 gP m−2y−1) were analyzed for Porg.
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