
Contents lists available at ScienceDirect

Continental Shelf Research

journal homepage: www.elsevier.com/locate/csr

Research papers

Sediment entrainment into sea ice and transport in the Transpolar Drift: A
case study from the Laptev Sea in winter 2011/2012

C. Wegnera, K. Wittbrodtb, J.A. Hölemannc,⁎, M.A. Janoutc, T. Krumpenc, V. Selyuzhenokc,
A. Novikhind, Ye. Polyakovae, I. Krykovaf, H. Kassensa, L. Timokhovd

a GEOMAR Helmholtz Centre for Ocean Research, Kiel, Germany
b Christian-Albrechts University, Kiel, Germany
c Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, Germany
d State Research Center – Arctic and Antarctic Research Institute, St. Petersburg, Russia
e Lomonosov Moscow State University, Moscow, Russia
f P.P.Shirshov Institute of Oceanology, Russian Academy of Sciences, Moscow, Russia

A R T I C L E I N F O

Keywords:
Sediment transport
Sea ice
Sea-ice algae
Continental shelf
Arctic
Siberia
Laptev Sea

A B S T R A C T

Sea ice is an important vehicle for sediment transport in the Arctic Ocean. On the Laptev Sea shelf (Siberian
Arctic) large volumes of sediment-laden sea ice are formed during freeze-up in autumn, then exported and
transported across the Arctic Ocean into Fram Strait where it partly melts. The incorporated sediments are
released, settle on the sea floor, and serve as a proxy for ice-transport in the Arctic Ocean on geological time
scales. However, the formation process of sediment-laden ice in the source area has been scarcely observed.

Sediment-laden ice was sampled during a helicopter-based expedition to the Laptev Sea in March/April
2012. Sedimentological, biogeochemical and biological studies on the ice core as well as in the water column
give insights into the formation process and, in combination with oceanographic process studies, on matter
fluxes beneath the sea ice. Based on satellite images and ice drift back-trajectories the sediments were likely
incorporated into the sea ice during a mid-winter coastal polynya near one of the main outlets of the Lena River,
which is supported by the presence of abundant freshwater diatoms typical for the Lena River phytoplankton,
and subsequently transported about 80 km northwards onto the shelf. Assuming ice growth of 12–19 cm during
this period and mean suspended matter content in the newly formed ice of 91.9 mg l−1 suggests that a minimum
sediment load of 8.4×104 t might have been incorporated into sea ice. Extrapolating these sediment loads for
the entire Lena Delta region suggests that at least 65% of the estimated sediment loads which are incorporated
during freeze-up, and up to 10% of the annually exported sediment load may be incorporated during an event
such as described in this paper.

1. Introduction

Arctic Ocean sea ice extent and thickness, as well as volume and age
of multiyear ice has decreased over the last 20 years (e.g. Serreze et al.,
2007; Maslanik et al., 2007; Comiso et al., 2008; Mahoney et al., 2008;
Kwok et al., 2009). This decrease is concurrent with an increase in the
Arctic sea ice drift speed of about 10% decade−1 with the strongest
increase after 2004 (46% decade−1; Spreen et al., 2011). With
decreasing ice coverage and the recent high sea ice export through
Fram Strait, the annual sea ice export increased by 5% (Smedsrud
et al., 2011). A substantial part of the sea ice found in Fram Strait is
assumed to be formed on the Siberian shelf seas, in particular in the
Laptev Sea as the most important region for sea-ice production and

export (Krumpen et al., 2013). Generally sea ice serves as an important
vehicle for sediment transport in the Arctic Ocean (e.g. Polyak et al.,
2010; Darby et al., 2011). In particular on the Laptev Sea shelf,
sediments are incorporated into newly formed ice during autumn
freeze-up (e.g. Eicken et al., 1997, Wegner et al., 2005) and transported
across the Arctic Ocean via the Transpolar Drift toward Fram Strait and
the East Greenland shelf, where the ice melts and releases the material
into the water column (e.g. Reimnitz et al., 1994; Dethleff et al., 2000,
Eicken et al., 1997, 2000). The Laptev Sea shelf is ice covered from
mid-October until June and features fast ice, flaw polynyas, and drift
ice (Bareiss and Görgen, 2005). Fast ice covers more than 50% of the
shallow eastern Laptev Sea shelf and up to 25% of the western Laptev
Sea (Bareiss and Görgen, 2005). Its extent roughly coincides with the
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position of the 20 m isobath (Bareiss and Görgen, 2005). Polynyas are
open water regions that develop north of the landfast ice edge during
offshore-directed winds (Bareiss and Görgen, 2005). Mean polynya
areas in the central Laptev Sea range from 20×103 km2 in May to
90×103 km2 in July (Bareiss and Gören, 2005). The largest polynya
with an area of 4×103 km2 in winter is the West New Siberian Polynya
(Zakharov, 1966; Bareiss and Görgen, 2005). Sediment entrainment
processes on the vast Siberian shelf seas are assumed to be most
effective during the autumn freeze-up (Eicken et al., 2005; Wegner
et al., 2005) in water depth less than 20 m (e.g. Kempema et al., 1989;
Sherwood, 2000). Previous studies suggested that suspension freezing
also takes place in polynyas in late-winter in water depths between 20
and 30 m (e.g. Dethleff, 2005). Sediments are generally incorporated
into sea ice by two entrainment processes: primarily by suspension
freezing in frazil ice (e.g. Reimnitz et al., 1992; Eicken et al., 2000;
Dethleff and Kempema, 2007) and to a smaller extent by anchor ice
entrainment (e.g. Darby et al., 2011). Suspension freezing requires
open water to allow for wave activity, bottom currents or wind-driven
Langmuir helical cells, leading to resuspension of bottom sediments
during episodes of frazil ice formation (e.g. Eicken et al., 2005, Dethleff
and Kempema, 2007). Shelf sources in sea-ice samples from the outer
Laptev Sea and from Fram Strait were mainly identified based on
sedimentological, clay mineralogical and geochemical aspects (e.g.
Eicken et al., 1997; Dethleff, 2005; Dethleff and Kuhlmann, 2010).
However, only few direct observations of sediment entrainment into
sea ice exist from the Siberian shelves (e.g. Hölemann et al., 1999a,
1999b; Lindemann et al., 1999), mainly due to the region’s inaccessi-
bility during early and mid-winter.

In the Chukchi and Beaufort Seas, there is evidence for an increase
of sediment-laden ice due to an increase in mid-winter landfast ice
break-out events (Eicken et al., 2005). In the Laptev Sea, Krumpen
et al. (2013) observed a positive trend in sea ice export from the shelf
during the last 20 years, likely as a consequence of a thinning and more
mobile ice cover. Changes in the amount of sediment-laden ice not only
impact the across- and along-shelf transport of suspended particulate
matter (SPM), but also the biological productivity in and below the sea
ice (e.g. Eicken et al., 2005, Junge et al., 2004) as well as the potential
dispersion of pollutants. However, the implications of changing sea ice
conditions on the Siberian shelves for sediment entrainment, export
and transport across the Arctic Basin are poorly understood.

A helicopter-based Russian-German expedition to the southeastern
Laptev Sea in late winter (TRANSDRIFT XX; 19 March – 24 April
2012) provided the rare opportunity to study sediment-laden sea ice by
sampling and analyzing ice cores and water column parameters.
Biogeochemical, sedimentological and microalgae analysis of the sea
ice core are combined with fast-ice based water sampling and remote
sensing data to reconstruct the origin and entrainment conditions and
discuss the importance of sea ice transport for sediment export from
the shelf. In addition a year-round oceanographic mooring
“KHATANGA” deployed in the vicinity of the West New Siberian
Polynya (Fig. 1) was investigated for potential entrainment processes
in the polynya region.

2. Material and method

The ice core was drilled on the fast ice of the inner eastern Laptev
Sea shelf (TI12_07; Fig. 1) on 12 April 2012 at air temperatures of
−20 °C using an electromechanical ice corer (Kovacs Enterprise, USA)
with an inner core diameter of 9 cm. The 1.80 m long sea ice core
contained layers with sediment inclusions in the upper parts of the
core. The ice core was placed in polyethylene bags and transported
frozen to the land-based laboratory in Tiksi. Within several hours after
coring the ice core was split into 10 cm long segments, and placed in
polyethylene boxes to melt in the dark at room temperature for SPM
and colored dissolved organic matter (CDOM) analysis, and at < 4 °C
for phytoplankton investigations. Sea ice salinity was determined with

an electrical conductometer (HI 8733, Hanna Instruments).
Complementary water samples were collected during the expedition

on the fast ice near the major outlets of the Lena River (TI12_03,
TI12_05, TI12_10) and near the fast ice edge of the West New Siberian
Polynya (TI12_01, TI12_06, TI12_09). Under-ice seawater for phyto-
plankton study was sampled with a Niskin water sampler at standard
water depths. Wind conditions during sampling varied between
4.9 m s−1 at TI12_06 and 12 m s−1 from E at TI_12_01 and _02.
Atmospheric conditions and climatological reference for mean
November-December winds were investigated based on NCEP
Reanalysis over the eastern Lena Delta (Fig. 2).

2.1. Quantitative and qualitative SPM analysis

SPM was measured from the ice core and water column samples.
For quantitative studies in the water column direct (water sampling)
and indirect measurements (turbidity measurements) were carried out.
SPM concentrations from water and melted sea ice samples were
derived by filtering the samples through pre-weighed filters
(MILLIPORE Durapore membrane filters, 0.45 µm pore size) by
applying the traditional weighing procedures. A Seapoint turbidity
meter connected to a CTD (Conductivity Temperature Depth;
SBE19plus, Seabird, USA) was used in order to collect water column
turbidity, salinity, and temperature measurements. The turbidity meter
emits light of 880 nm wavelength with a sampling rate of 10 Hz. It
detects light scattered by particles within the water column and
generates an output voltage proportional to particles in the water
column, with high backscatter indicating high SPM concentration. The
output is given in Formazine Turbidity Unit (FTU), a calibration unit
based on formazine as a reference suspension.

Additionally the echo intensity of the upward-looking ADCP
(Acoustic Doppler Current Profiler; Workhorse Sentinel 300 kHz,
RD-Instruments) deployed at the mooring station Khatanga was used
as a relative measure for SPM concentration in the entire water column
with increased echo intensity indicating increased SPM concentration
(e.g. Gartner and Cheng, 2001, Wegner et al., 2006). ADCP measure-
ments were carried out at intervals of 1 min and averaged over 30 min
in 1 m depth bins with the first bin measuring 3 m above bottom. For
more information on the Khatanga mooring and data processing please
refer to Hölemann et al. (2011) and Janout et al. (2013).

For qualitative studies regarding grain size distribution and SPM
composition scanning electron microscope (SEM) measurements with
a CamScan-CS-44 were carried out at the REM-laboratory in the
Institute of Geosciences at the Christian-Albrechts-University Kiel
(Germany) on filtered water (TI_12_06) and sediment-laden sea ice
samples (TI_12_07).

2.2. Nutrients

Nutrients were sampled in the water column as well as in sea ice.
The sea ice samples were filtered when necessary. The 125 ml samples
were added to Nessler cylinders with 35 ml for silicates and with 50 ml
for phosphates analysis. 4 ml of a mixed reagent and 1 ml of ascorbic
acid were added sequentially to the phosphate samples in order to
analyze the samples with a photo-colorimeter FC-3 after a 10-min
exposure. 1 ml of a mixed reagent, 1 ml of oxalic and 1 ml of ascorbic
acid were added sequentially to the silicate samples to obtain the color.
They were analyzed after 30 min' exposition with a photo-colorimeter
FC-3. All frozen samples were then transported to the Russian-German
Otto Schmidt Laboratory for Polar and Marine Research (OSL) in St.
Petersburg and analyzed with an autoanalyzer Skalar Sun Plus System.

2.3. CDOM absorption

Immediately after melting the sea ice samples were subjected to
vacuum filtration (with a 250 ml Nalgene filtration set at approx. 400

C. Wegner et al. Continental Shelf Research 141 (2017) 1–10

2



mbar) through a Whatman GF/F glass microfiber filter (4.7 cm
diameter) with a nominal pore size of approx. 0.7 µm. The filter was
pre-washed with ~20 ml Milli-Q water and ~ 20 ml of the seawater
sample. After washing the filter, 200 ml of seawater was filtered, filled

into two storage bottles (high density polyethylene), and stored in a
dark and cold environment. CDOM was measured immediately after
the expedition at the OSL using a UV/VIS Spectrophotometer
(Specord200, analytik jena). Optical Density (OD) spectra of the

Fig. 1. Bathymetric map of the Laptev Sea. The black rectangle shows the position of the detailed ENVISAT synthetic aperture radar (SAR) scene of the eastern Laptev Sea shelf from
April 8, 2012 with the ice coverage of the area, the locations of the presented measuring sites during TRANSDRIFT XX and of the long-term mooring station KHATANGA.

Fig. 2. a) 6-hourly zonal NCEP winds (blue bars) and total wind speed (red line) [m s−1] in November – December 2011 around the assumed entrainment period (green box) over the
eastern Lena Delta (72.5°N, 130°E). (b) Mean November-December zonal wind anomalies (blue bars) [m s−1] including one standard deviation (dashed lines). (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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filtrates were measured from 300 nm to 750 nm in 1 nm steps using a
10 cm cuvette. Absorption (m−1) was calculated using 2.303×OD/0.1.
In this study, we present the CDOM absorption at a wavelength of
375 nm.

2.4. Algae processing and enumeration

The melted sea ice and under-ice seawater samples were filtered
through nuclear pore filters (1 µm pore size) at a pressure of < 0.2 bar
until 10–30 ml of melt water or seawater remained over the filter. The
remaining samples were fixed with neutralized formalin to a final
concentration of 4% in the laboratory in Tiksi. Further processing of all
samples was carried out at the OSL and the Lomonosov Moscow State
University (Geographical Faculty, Scientific-Research Laboratory of
Pleistocene Palaeogeography). The algae were washed off the filters by
means of a soft brush and re-suspended in petri-dishes. In case the
algae concentration was low the sample was concentrated and mixed
thoroughly before analysis (Okolodkov, 1992, 1996).

The enumeration and identification of microalgae cells were carried
out in 0.05-ml Naujotte counting chamber under a Zeiss Axioscope-40
non-inverted light microscope at a magnification of 100 - 400. If
sufficient material was available > 300 cells were counted. The bio-
volume was calculated from the volumes of appropriate stereometrical
bodies (Hillebrand et al., 1999; Olenina et al., 2006). Taxa were
identified to species level according to Medlin and Priddle (1990),
Tomas et al. (1996), Bérard-Therriault et al. (2000), Gogorev et al.
(2006). The ecological preferences of diatom and dinoflagellate species
and their phytogeographical distribution were identified in accordance
with Pankow (1990), Okolodkov and Dodge (1997), Okolodkov (2005),
Polyakova (2003), and Poulin et al. (2011).

2.5. Remote Sensing, ice age reconstruction, and back-trajectories
calculations

In this paper, we reconstruct the age and origin of fast ice in the
vicinity of the sampling sites TI12_01_06 & _07, TI12_03_05 &
_010 and TI12_02_07 using Environmental Satellite (ENVISAT)
imagery. In total, 30 synthetic aperture radar (SAR) scenes were
obtained over the south-eastern Laptev Sea between November 2011
and April 2012. The data are VV polarized with a spatial resolution of
150 m×150 m and a footprint of 400 km×400 km.

The fast ice age and origin as well as subsequent pathways of the
sampled sites were determined by means of geographical information
software (ArcGIS, ESRI). First, prominent fast ice features such as
zones of homogenous backscatter that are likely to be of same age, were
manually identified on SAR images obtained in March 2012. Then
these zones were identified on the preceding images and thereby traced
backward in time until they reach an area where intensive ice
production took place. Thus the origin of ice formation and ice drift
vectors were reconstructed.

3. Results

3.1. Sedimentological and biogeochemical properties of the sea ice
core

Generally the ice core TI12_07 can be divided into four different
sections in terms of SPM and phosphate concentrations, CDOM
absorption and algal abundances (Fig. 3). Sea ice salinities varied
between 8 and 4 in the older part (0–40 cm core depth) and around 4,
so that the near steady state salinity value for sea ice was reached (Notz
and Worster, 2008) in core sections > 60 cm core depth (Fig. 3).

Section 1 (0–10 cm) is influenced by surface processes, and was
partly covered by snow. It is characterized by high salinity and low SPM
and phosphate concentrations, CDOM absorption, and the absence of
algae cells.

In the sediment-laden core Section 2 (10–70 cm) SPM concentra-
tions varied between 57.3 and 144.1 mg l−1 with the maximum
concentration at 30–40 cm core depth (Fig. 3). The SEM picture of
one of the ice core filters with high SPM concentration is characterized
by a constant background matrix of particles and valves of the
planktonic diatom Thalassiosira antarctica (Fig. 4). The majority of
the particles are smaller than 10 µm, only rarely exceeding 30–40 µm.
The phosphate concentration reached its maximum of 6.4 µmol l−1,
which is an order of magnitude higher than the summer concentration
in the Laptev Sea (0.5–1.4 µmol l−1; Pivovarov et al., 2004) and the
winter concentration in the Lena River (0.1–0.36 µmol l−1, Arctic Great
Rivers Observatory). Studies on first-year sea ice in the Sea of Okhotsk
showed the same correspondence of sediment-laden layers and ex-
tremely high phosphate concentration considerably enriched compared
to the seawater signal suggesting remineralization of the incorporated
particulate organic matter (Nomura et al., 2010). Although the initial
concentrations of CDOM and inorganic nutrients in the water column
are not known, the results indicate that dissolved nutrients and CDOM,
like the sea salt, are not completely removed from the ice during the
freezing process. Nevertheless, seawater in the near-delta mixing zone
(salinity ~5) usually shows CDOM absorptions that are an order of
magnitude higher than the values that were measured in dirty sea ice of
the same salinity (~7 m−1 vs. ~0.64 m−1 at 375 nm). The ice core
further contained numerous and abundant freshwater diatoms, which
are typical for the Lena River phytoplankton (Aulacoseira islandica,
A.italica and others). They comprised 21.79 – 22.25% of total diatom
abundances.

Section 3 (70–130 cm) is defined by low SPM and phosphate
concentrations, CDOM absorption, and algal abundances.

Section 4 (130–180 cm) is the youngest part of the sea ice core and
characterized by low SPM. Phosphate concentrations slightly increase
up to 1.14 µmol l−1 at the ice-water interface, suggesting that the spring
bloom started at the time of sampling. CDOM absorption increased
probably due to autochthonous CDOM caused by high algal abun-
dances. The algal abundances and biomass reached their maximum
with up to 118.4 cells/ml and 18482.9 µg C ml−1. The ice-associated
species which were recorded in the lower part of the ice core (130–
180 cm) are common in early-spring sea-ice communities in the Arctic
region. All of these species belong to the same class (Bacillariophyceae
or diatoms). Pennate diatoms (bilaterally symmetrical; Pauliella tae-
niata, Navicula vanhoeffenii, Fragilariopsis oceanica, F. cylindrus,
Nitzschia frigida, N. neofrigida, Fossula arctica, Haslea vitrea,
Pseudogomphonema arcticum, Entomoneis kjelmanii) dominated in
the lower part of the ice core ( > 70% of total biomass and abundance;
Fig. 3b). They occurred as solitary cells or as ribbon-shaped colonies.
The cell size (length) varied from 10 to 100 µm. The lowermost part of
the core (170–180 cm) was characterized by a presence of typical
Arctic early-spring marine planktonic species (Thalassiosira nordens-
kioeldii, Сhaetoceros socialis). These are centric diatoms (radially
symmetrical) which usually form colony consisting of several cells.
The average cell size (width) was > 50 µm. The highest algae abun-
dances and biomass is found in the lowermost part of this first-year sea
ice core, which agrees well with previous sea-ice studies (e.g., Poulin
et al., 1983; Syvertsen, 1991; Okolodkov, 1992, 1996; Melnikov, 1997;
Melnikov et al., 2002).

3.2. Under-ice sediment dynamics

Generally the SPM concentrations in the upper 10 m of the water
column were low with 0.3–1.1 mg l−1 (Fig. 5). Maximum concentra-
tions of up to 10 mg l−1 were found near the seafloor in the bottom
nepheloid layer (Fig. 5b). Turbidity meter measurements generally
present similar patterns at the northernmost stations (TI12_01, _06,
_09; Fig. 5b, e) with low turbidity in the upper water column and a
pronounced layer of increased turbidity close to the bottom, character-
istic for the 5–9 m thick bottom nepheloid layer. At the ice core stations

C. Wegner et al. Continental Shelf Research 141 (2017) 1–10

4



(TI12_02, _07; Fig. 5c, f) the turbidity measurements revealed a
bottom nepheloid layer as well as increased turbidity in the upper 2 m
suggesting a slight influence of riverine waters (Fig. 5f), even though

salinity increased in the surface layer during the repeat-sampling of
this station (TI12_02 & _07; Fig. 5f). The southernmost station
(TI12_05, _10; Fig. 5a, d) did not show a bottom nepheloid layer at

Fig. 3. (a) Salinity (orange), phosphate concentration (PO4 [µmol l−1], red), CDOM absorption at 375 nm ([m−1], blue), SPM concentration ([mg l-l], purple), and (b) algal abundances
[cells ml−1] in the ice core TI12_07. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Scanning electron microscope (SEM) pictures of (a) sea ice sample TI_12_07 from 10 to 20 cm core depth with a SPM concentration of 57.3 mg l-l, water samples from (b) 2 m
water depth just beneath the sea ice with a SPM concentration of 0.6 mg l-l, and (c) from the bottom nepheloid layer in 17 m water depth with a SPM concentration of 10 mg l-l.
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any time, but a layer of increased turbidity in the upper 2 m, suggesting
a riverine influence.

Water sampling for the analysis of under-ice phytoplankton dis-
tribution at the ice core position was conducted twice on 27 March
2012 (TI_12_02) and 12 April 2012 (TI_12_07). Obtained results
revealed an increase of the algal abundance in the water column. In the
end of March (TI12_02; results not shown) only single cells of sea-ice
diatoms (Entomoneis kjelmanii, Nitzschia frigida, Pauliella taeniata)
and dinoflagellates (Dinophysis acuminate, Protoperidinium ovatum)
were found in the upper water column (2–10 m). In the middle of April
(TI12_07; Fig. 6a) total algae abundances was slightly higher (5.7
cells/l) compared to our March records. . Sea-ice diatoms (Pauliella
taeniata, Fragilariopsis oceanica, Nitzschia frigida) dominated as-
semblages (75.3–100%) throughout all depths, which may be due to
vertical mixing of the water column. In the uppermost layer (2 m) and
in 15 m water depth algae assemblages contained freshwater, mainly
riverine planktonic diatoms (Aulacoseira italica, A. islandica; Fig. 4b).
The average particle size was ≤10 µm. SEM pictures from the bottom
nepheloid layer in contrast were characterized by a constant matrix of
5 µm particles, reaching rarely 10 µm (Fig. 4c). The small amount of

diatom fragments belong to marine and freshwater species of
Thalassiosira, Aulacoseira and Cyclotella genera (Fig. 4c), probably
originating from the bottom sediments.

The acoustic record at Khatanga shows generally higher echo
intensity corresponding with increased SPM concentration in the
bottom nepheloid layer, while the echo intensity near the surface was
low, suggesting very low SPM concentration in the upper water column
(Fig. 7). In general the depth-averaged echo intensity decreased
gradually from December 2011 until March 2012, and SPM dynamics
slowed down. Beginning in mid-May 2012, the echo intensity in the
near-surface layer suddenly increased, which may be indicative of
riverine influence due to the high number of particles that are usually
found in the Lena River plume (e.g. Wegner et al., 2005).

4. Discussion

Sediment entrainment into sea ice during autumn freeze up in the
Siberian Arctic Shelf Seas is well documented in water depths of less
than 20 m (Eicken et al., 1997; Hölemann et al., 1999a; Lindemann,
1999; Eicken et al., 2000). Modelling studies, laboratory experiments

Fig. 5. Turbidity [FTU] and salinity distribution in the water column at the southern (a, d), the northern (b, e) and the sea ice core stations (c, f).

Fig. 6. (a) Total algae abundances [cells ml−1] (blue), portion of freshwater diatoms (purple), of sea-ice diatoms in the marine group (green), and of the marine-brackish diatoms (red)
beneath the sea-ice core (TI12_07); (b) SPM concentration [mg l-l] from water samples from the northernmost station (TI12_06, purple, TI12_09, red), and sea ice core position
(TI12_07, green). (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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and field observations (Sherwood, 2000; Smedsrud, 2003) have shown
that wave-induced turbulence and sediment resuspension in combina-
tion with freezing in unstratified waters are essential requirements for
sediment entrainment into newly formed sea ice. The Laptev Sea has as
much as 1000 km of fetch at the end of summer, when freezing storms
move in and large waves can form. In addition, during early winter
(October-December), the polynya is maintained in the vast sediment-
laden near-shore waters between the coast and the ~10 m-isobath
(Reimnitz et al., 1994) and thus provides ideal conditions for sediment
entrainment.

Based on theoretical considerations it was proposed that sediment
suspension freezing can also take place in winter polynyas in water
depths between 20 and 30 m (Dethleff, 2005). However, while moor-
ing-based observations from the Laptev Sea shelf did indicate frazil ice
formation, they did not show any sediment incorporation within the
West New Siberian Polynya region in water depths of ~25 m
(Dmitrenko et al., 2010) probably due to missing SPM at those depths
where frazil ice forms. At the long-term mooring Khatanga peaks in
echo intensity in the bottom nepheloid layer were not reflected in the
surface layer (Fig. 7) indicating that upward-mixing of material was not
taking place. Earlier studies on winter sediment dynamics on the
Laptev Sea shelf highlighted events of bottom-sediment resuspension
and transport within the West New Siberian Polynya, but no upward
mixing of material in the upper water column (Wegner et al., 2005). As
data from long-term mooring deployments in mid-shelf polynyas
(water depth > 20 m) provide no indication of sediment entrainment,
the formation of sediment-laden sea ice in shallow coastal areas during
the first month of winter seems to be the dominant process that leads
to the formation of sediment-laden sea ice in the Laptev Sea.
Unfortunately, the majority of sea ice that formed during early winter
in the coastal area is already far off shore at the end of winter
(Krumpen et al., 2013) and therefore out of range for helicopter based
expeditions which require daylight due to safety regulations. Therefore
sediment-laden sea ice from near-shore polynyas that is eventually
incorporated into the immobile fast ice belt provides an excellent
opportunity to study the sediment entrainment process in near-shore
polynyas.

Sea ice back-trajectories indicate a shallow (~10 m) near-shore area
close to one of the main outlets of the Lena River as a potential source
region for the sampled sea ice (Fig. 8) in this study. Based on a
reconstructed sea ice age of 92 days (Fig. 8) its formation time was
around 5 December 2011. SAR images from December 5–10, 2011
show a period when the fast ice opened near the main Lena River outlet
and frazil ice formation took place (Fig. 9). Due to prevailing westerly
winds with speeds > 15 m s−1 (Fig. 2a) the open water area enlarged
and new ice formation continued until December 10, 2011 (Fig. 9b).
These high wind speeds are within one standard deviation of the long-
term mean during this time of year (Fig. 2b), suggesting that near-

Fig. 7. Echo intensity at the 43 m-deep long-term mooring from October 2011 to June
2012 near the bottom (37–39 m water depth; blue), near the surface (3–7 m water
depth; red), and depth averaged (black) with generally higher intensities and therefore
higher SPM concentration in the bottom nepheloid layer. The depth-averaged echo
intensity decreased gradually from December 2011 until March 2012, because material
partly settled and SPM dynamics slowed down. The distinct increase in mid-May 2012
might be related to the riverine influence. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Fast ice age and sea-ice drift reconstructions for the entire TRANSDRIFT XX region with the red line marking the fast ice edge during the expedition (a), details for the ice core
position (b) and a photograph of the sampled ice core at TI12_07 (c). (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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shore polynya events such as the one described in this study might be
quite common during prevailing westerly winds. The water depth in the
specific formation area is about 10 m and shallow enough that waves
and/or wind-induced currents could have resuspended sediments.

As surface waves are a function of fetch and wind speed, the
potential wave height generally deceases with wind fetch (Pavlov, 1996;
Lintern et al., 2013). However, studies within the potential source area
during freeze-up in October 1995 with calm weather conditions and
mean wave heights of 1 m (Lindemann et al., 1999) found SPM
concentrations in sea ice up to 250 mg l−1, with a median SPM content
of 149 mg l−1 (Lindemann et al., 1999). These numbers are similar to
the maximum content found after the nearshore ice-formation event
described in this study that occurred much later in the year than in
1995. After its formation, the sea ice drifted about 85 km to the
sampling area.

The sediments in sea ice core Section 2 cover a wide range of grain
sizes with particles of up to 30 µm and fresh water diatoms (Fig. 4),
which might be related to the bottom material in the source area. The
dominant particle size of 5–10 µm comprises the typical range for SPM
(Dethleff and Kuhlmann, 2010). Sections 3 and 4 of the sea ice core can
be related to the period of ice growth during drift (Fig. 3).

We estimated a maximum open water area of 7630 km2 (Fig. 9b)
for the nearshore polynya event in December 2011 for 3–5 days. The
ice growth rate calculated from a simple freezing degree days model
results in the formation of 12–19 cm of ice during this period.
Assuming a mean SPM content in the newly formed ice of
91.9 mg l−1 suggests that 8.4×104 - 1.3×105 t of sediments might have
been incorporated into sea ice in this polynya. Extrapolating these
sediment loads for the entire Lena Delta region suggests that about
3.9×105 t could be incorporated during such an event and subsequently
transported onto the outer shelf or even off-shelf. This sediment load
would be 65% of the minimum estimated sediment loads of 6×105 t
(Lindemann, 1998) to be incorporated during freeze-up and 9.8% of
sediments to be exported annually off the Laptev Sea shelf (roughly
4×106 t; Eicken et al., 1997, 2000). Nearshore polynya events such as
the one described in this paper might therefore contribute significantly
to the sediment export into the deep Arctic Ocean. However, the
contribution of these events on the sediment budget across the Arctic

Ocean into Fram Strait might be small during years of high winter ice
export, when the exported ice cover is generally thinner (Krumpen
et al., 2013) and therefore melts faster and might hence release
sediments earlier within the Transpolar Drift.

5. Summary and conclusions

A sediment-laden sea ice core was sampled during a helicopter-
based expedition to the Laptev Sea in March/April 2012, which allowed
for new insights regarding the incorporation of sediments into sea ice
during winter. Sedimentological (SPM concentration, SEM analysis),
biogeochemical (CDOM absorption, nutrients) and biological (algal
abundances) studies on the ice core in combination with satellite
images and ice drift back-trajectories allowed to reconstruct the
formation process and area. The sediments were found in the upper
part of the core (10–70 cm, Fig. 3) along with abundant freshwater
diatoms typical for Lena River phytoplankton and further with max-
imum phosphate concentrations being an order of magnitude higher
than Laptev Sea summer and the Lena River winter concentrations.
The sediments were incorporated near the shallow (10 m) Lena Delta
during a nearshore polynya event, caused by westerly winds of >
15 m s−1 (Fig. 2). The event likely caused wave- or current-induced
resuspension of bottom sediments, which were then incorporated into
frazil ice and transported ~ 80 km northeastward onto the shelf
(Fig. 8). Complementary fast ice-based water column and oceano-
graphic process studies near the Lena Delta and the West New Siberian
Polynya during March/April 2012 found no evidence for sediment
incorporation into sea ice near polynyas, but instead showed near-
bottom matter transport beneath the sea ice during winter. The event
lasted for 4 days and affected an area of ~ 7630 km2 and results in an
estimated total sediment incorporation of 8.4×104 - 1.3×105 t, which
suggests that these events provide a significant contribution to the
variability of the Laptev Sea’s sediment budget.

Studies on the Chukchi and Beaufort shelves (Eicken et al., 2005)
suggest an increase of sediment entrainment into sea ice in late winter
due to changes in the sea ice regime towards more frequent mid-winter
breakup events. If a similar trend existed on eastern Arctic shelves, an
increase in the occurrence of sediment-laden ice can be expected in the

Fig. 9. ENVISAT SAR scene of the eastern Laptev Sea shelf from December 5, 2011 (a), showing a very narrow strip of fast ice along the Lena Delta coast and the pack ice zone east of
the fast ice edge. The scene from December 10, 2011 (b) additionally shows an open-water area with new ice formation (coastal polynya) in the potential formation area of the sea ice
core (TI12_07) between the fast ice and the pack ice zone east of the fast ice edge. The striped area represents the open water area used for sea ice formation estimates.
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Laptev Sea as well, which might then impact the regional sediment
budget and further have consequences for radiation balance within the
export pathways of the Laptev Sea ice in the Transpolar Drift.
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