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During the summer 1987 expedition of the polar research vessel ‘Polarstern’ in the Eurasian Basin of the
Arctic Ocean, sea ice at about 84-86°N and 20-30°E was found to have high concentrations of particulate
material. The particle-laden ice occurred in patches which often darkened more than half the ice surface
at our northernmost positions. Much of this ice appeared to be within the Siberian Branch of the Transpolar
Drift stream, which transports deformed, multi-year ice from the Siberian shelves westward across the
Eurasian Basin. Lithogenic sediment, which is the major component of the particulate material, may have
been incorporated during ice formation on the shallow Siberian seas, Diatoms collected from the particle-
rich ice surfaces support this conclusion, as assemblages were dominated by a marine benthic species similar
to that reported from sea ice off the coast of northeast Siberia. Based on drift trajectories of buoys deployed
on the ice it appears that much of the particle-laden ice exited the Arctic Ocean through the Fram Strait
and joined the East Greenland Current.

Very different sea ice characteristics were found east of the Yermak Plateau and north of Svalbard and
Frans Josef Land up to about 83-84°N. Here sea ice was thinner, less deformed, with lower amounts of
lithogenic sediment and diatoms. The diatom assemblage was dominated by planktonic freshwater species.
Trajectories of buoys deployed on sea ice in this region indicated a tendency for southward transport to
the Yermak Plateau or into the Barents Sea.
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In July and August 1987 an expedition with the
ice-breaker R/V ‘Polarstern’ conducted the first
transect of oceanographic stations across the
Eurasian Arctic (Fig. 1) since Nansen’s epic voy-
age with the ‘Fram’ from 1893 to 1896 (Nansen
1897; Polarstern Shipboard Scientific Party 1988;
Thiede 1988; Anderson et al. 1989). Sea ice data
obtained along this transect represent the first
large-scale survey of ice characteristics and par-
ticle content analyses from the margin to the
interior of the Arctic Basin (81-86°N and 15-
32°E). Objectives of the sea ice program were to
study sea ice dynamics/thermodynamics and the
impact of sea ice on sedimentation and biological
productivity. This type of information is greatly
needed for interpretation of the Arctic sedi-
mentary environment. The role of sea ice versus
iceberg rafting of glaciomarine sediments is a
highly controversial subject, largely because of
limited data on the sediment content and texture

of modern sea ice (e.g. Hopkins & Herman 1981;
Spjeldnas 1981; Clark & Hanson 1983; Minicucci
& Clark 1983; Larssen et al. 1987; Reimnitz &
Kempema 1988). In this paper we present obser-
vations on Eurasian Basin ice characteristics and
surface particle accumulations. QOur data are
based on sea ice coring (72 cores were drilled),
surface snow and ice sampling (over 100 samples
were obtained), helicopter observations and
photography, and drift trajectories of satellite-
tracked buoys (an array of 12 was deployed on
ice floes along the cruise track).

Sea ice conditions were characteristic of the
melting season but showed distinct variations
along the transect into and out of the Eurasian
Basin. Ice in the region along the southern peri-
meter was composed of mixed young and multi-
year ice, less compact and deformed than ice to
the north, also noted by Overgaard et al. (1983)
during an expedition in 1980 (‘Ymer’). North
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Fig. 1a. Arrows show an carly estimate of the mean ice drift (adapted from Gordienko & Laktionov 1969) and average maximum
extent of sea ice (1973-1976, based on the 15% concentration level, from Parkinson et al. 1987).

of approximately 83-84°N, in the vicinity of the
Siberian Branch of the Transpolar Drift (Fig.
1a), the ice consists predominantly of thick and
deformed multiyear floes. This ice is thought to
originate in part on the Siberian shelves (Nansen
1897; Koch 1945; Gordienko & Laktionov 1969;
Colony & Thorndike 1985). The ice surface had

deep melt ponds, patches of old snow and bare
ice, with rare new snow. Analysis of surface
seawater chemistry indicates that the source of
freshwater at the northern stations is dominated
by river run-off, while in the southern part of the
transect the source is mainly sea ice meltwater
(Anderson et al. 1989).
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Fig. 1b. Five buoy drift trajectories selected from 12 deployed (solid lines) and the cruise track north of 81°N from the 1987 R/V
‘Polarstern’ expedition (dashed line) are shown. Symbols indicate location of samples scraped from the ice surface and discussed
in the text. Concentrations are in approximate dry weight of particulate matter vs. weight of particle-laden ice. Stippled area

represents regions with less than 1000 m water depth. For details on buoy deployments and station work see Thiede (1988).

Particle-laden sea ice

Although many Arctic researchers have reported
large patches of particle-laden ice (e.g. Clark
& Hanson 1983), quantitative estimates of the
percent of sea ice with surface discolorations due
to sediment are limited. Drewry (1986) suggests
that north of Svalbard as much as 10% of the ice
floes exhibit such discolorations. In the Barents
Sea, areal coverage of brownish ice was observed
to be as high as 20-30% of a given ice area (Vinje
1985). Such observations are also difficult to trans-
late into estimates of clastic sediment content
because surface particle accumulations 1) may

contain a large biogenic component, 2) deposits
may be masked by snow, and 3) surface obser-
vations exclude particle-rich layers occurring
below the ice surface (Larssen et al. 1987).

Our observations from the ship and from heli-
copter flights show that in summer 1987 particle
accumulations affected up to 10% of the ice sur-
face south of 83°N, but usually the amount was
less than 1%. Highest concentrations of particle-
laden ice, locally affecting more than half of the
ice surface over 10’s km? (Fig. 2a), occurred from
83°30'N to our northernmost location at 86°10'N
(between about 20-30°E) in the region of the
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Siberian Drift Branch. Preliminary analyses of ice
cores indicate that the large surface accumulations
were associated with multiyear ice (Pfirman et al.
1989). Surficial deposits and particle aggregates
extending down to about 15 cm were most often
observed in ice cores, with occasional deeper
lenses perhaps caused by rafting of floes over and
under each other (Pfirman et al. 1989). Ice which
appeared cloudy due to particles disseminated
throughout the core section, called turbid ice
(Reimnitz & Kempema 1987), was seldom
observed. Often particle accumulations were
observed at the base of cylindrical cryoconite (e.g.
Poser 1933) holes melted into the ice surface (Fig.
2b). This feature was also noted by Nansen (1906)
on the ‘Fram’ expedition. In the vicinity of 86°N
large accumulations of oblate, cohesive pellets of
mixed lithogenic and biogenic material up to 3 cm
in diameter were observed. The largest pellets
were found in dry holes of 10 to 28 cm depth (dry
means the holes contained no meltwater). Similar
large pellets, up to 0.5 cm, are found on multiyear

ice along the Canadian polar margin where they
consist of fine silty clay and snow algae (Mudie et
al. 1986).

Initial studies were carried out on 13 samples
scraped from large particle-rich surface accumu-
lations, sometimes in such high concentrations
that it appeared like mud on the ice. Total con-
centrations of biogenic and lithogenic material
range from approximately 3 to 560g/kg of
particle-rich ice (Fig. 1). Lithogenic sediments
predominate with variable admixtures of biogenic
material. Grain size of the lithogenic sediments
is fairly uniform; they are mainly silt- and clay-
sized, with about 80% less than 16 ym in dia-
meter. The coarse fraction contained quartz and
feldspar, with minor mica, glauconite, coal and
heavy minerals. At one station, located at 82°N,
32°E, surface snow contained a few angular rock
fragments of unexplained origin, 2-3 mm in dia-
meter.

The biogenic component of the surface particle
accumulations is dominated by diatoms. Other

Fig. 2a. Photograph of the R/V ‘Polarstern’ in a tegion of particle-laden ice with extensive surface melting at 86°10'N and 22°4'E,

our northernmost location.
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Fig. 2b. Photograph of cylindrical cryoconite holes in the ice surface with accumulations of particulate material at the bottom. The
holes are often several cm in diameter and up to about 20 cm deep. Arrow points to small aggregate of particulate matter on the

ice surface.

biogenic material includes moss leaves, boreal
forest or tundra pollen and spores suggesting a
terrestrial origin. Logs of wood, up to 40 cm dia-
meter and 2 m long, were also found on the ice.
All ice samples contained small (5-30 um) Chry-
sophyte algae including several Archaeomonas
species which characterize sea ice on the Canadian
polar margin (Federovich 1987) and Antarctic
ice (Gersonde 1986). Unicellular organisms with
bright red pigment bodies often stained the ice
surface. The most common species is Chla-
mydomonas nivalis, a widespread Arctic-Alpine
snow algae.

Diatoms, which compose more than 90% of
the biogenic silicious components in the particle-
laden surface samples, showed a marked variation
in abundance and species assemblage from south
to north. Highest diatom concentrations were
observed between 84° and 86°N, where the assem-
blage was dominated by marine benthic species.
Similar marine benthic diatom communities were
described by Cleve (1883) from ice floes off the
coast of northeast Siberia (Cape Wankarema) and

by Gran (1904) from ice floes sampled during the
‘Fram’ expedition in the central Eurasian Basin.
Marine planktonic diatoms and resting spores
contribute smaller numbers but occur consistently
in all investigated samples. Benthic freshwater
diatoms and terrestrial diatoms were found in
traces.

The sea ice south of 84°N contains lower num-
bers of diatoms and the assemblages here contain
significant amounts of planktonic freshwater
diatoms. In contrast with the northern samples,
the content of marine benthic, terrestrial and
fossil diatoms is very low. Marine planktonic
diatoms have a species composition similar to the
northern samples.

Sea ice drift

Drift of sea ice has been estimated at approxi-
mately 1-3 cm/sec to the southwest in the Trans-
polar Drift (Colony & Thorndike 1984).
Observations of trajectories of buoys deployed
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on sea ice during the cruise are consistent with
these estimates and mean ice motion appears to
be stable over long time periods. One buoy drifted
almost exactly over a portion of the path of the
‘Fram’ (Nansen 1902; Polarstern Shipboard
Scientific Party 1988) at comparable speeds and
directions.

Variability of sea ice drift is the result of the
combined effects of winds and currents; temporal
variability is largely due to wind. For example,
the peculiar sea ice drift pattern which occurred
during our expedition from the end of July to the
beginning of August (the loop developed shortly
after deployment, see Fig. 1b) was associated with
a sequence of southerly winds alternating with
easterlies and westerlies. During this period, buoy
drifts are extremely coherent (Fig. 1b). Reversal
of ice drift from the mean appears to be a common
feature in the summer in this area. The ‘Fram’
expedition nearly 100 years ago experienced the
same phenomenon (Nansen 1902), as did the 1937
drift of ‘North Pole 1’ (Papanin 1947).

During fall and winter 1988, buoys deployed
north of 84°N had more regular drift tracks which
were similar to the expected ice drift (Fig. 1b). It
is apparent from the buoy trajectories that much
of the sea ice in this region drifted out of the
Eurasian Basin through the Fram Strait and was
incorporated in the East Greenland Current (e.g.
buoys ‘D’ and ‘E’, Fig. 1b). In contrast, buoys
deployed on sea ice south of 84°N were later
tracked to the Yermak Plateau (e.g. buoy ‘C,
Fig. 1b) or into the Barents Sea (e.g. buoys ‘A’
and'B’, Fig. 1b). One of these buoys (*A’, Fig. 1b)
drifted out of the Barents Sea south of Svalbard,
turned north along the western Svalbard margin,
drifted west across the Fram Strait, and finally
joined the East Greenland Current.

Geologic significance

Because sediments are likely to be incorporated
during sea ice formation on shallow seas (e.g.
Barnes & Reimnitz 1974; Reimnitz & Barnes
1974; Barnes et al. 1982; Osterkamp & Gosink
1984; Reimnitz & Kempema 1987, Reimnitz et
al. 1987), it is probable that lithogenic sediments
sampled on the Siberian Drift ice were included
when the ice formed originally on the Siberian
shelves (Nansen 1897; Koch 1945; Gordienko &
Laktionov 1969; Colony & Thorndike 1985;
Larssen et al. 1987). This conclusion is supported

by similarity of the associated benthic marine
diatom assemblage to that sampled on ice floes
off the coast of northeast Siberia (Cleve 1883).
During dnift across the Eurasian Basin, aeolian
transport most likely contributes only minor
additional particulate material, but may redis-
tribute particles on the pack ice surface (Mullen
etal. 1972; Darby et al. 1974; Pfirman et al. 1989).

Seasonal melting of particle-laden multiyear ice
concentrates material suspended in the ice and
whatever is added later through wind transport,
forming surface accumulations (Nansen 1904,
Sverdrup 1929). Biologic productivity during
summer will also increase surface particle loads
(Nansen 1906). The combination of these two
processes may explain why particle accumulations
were largest on the surface of the ice. Large areal
extent of surface particle accumulations observed
in summer 1987 indicates large-scale sediment
input.

Due to differential absorption of solar radi-
ation, particles aggregate in variable-sized cyl-
indrical pits, called cryoconite holes, on the
surface (Fig. 2; Nansen 1906; Poser 1933). Com-
paction and periodic desiccation during freeze/
thaw cycles may combine to form mm- or cm-
scale pellets such as those we observed at our
northernmost stations (Barnes & Reimnitz 1974;
Pfirman et al. 1989). Cryoconite formation and
aggregation of particles may be important in
accelerating sedimentation of originally fine-
grained material to the sea floor. Furthermore,
sea floor accumulations of such pellets may indi-
cate deposition from sediment-laden sea ice
(Goldstein 1983).

Buoy trajectories show thatin 1987 the majority
of sampled particle-laden ice was transported out
of the Eurasian Basin through the Fram Strait and
into the East Greenland Current. Under present
conditions ice melting and release of particle load
is therefore likely to occur in the marginal ice
zone east of Greenland. However, evidence from
sea floor sediment cores obtained during the
expedition may indicate extensive ice melting in
the Eurasian Arctic in the past. Sea-floor sedi-
ment cores from the Nansen-Gakkel Ridge (about
85°20'-86°N and 21-27°E), the Yermak Plateau,
and the Fram Strait contain thick sections {10's
to 100's cm) at various depths consisting largely
of distinct mud clasts (Polarstern Shipboard
Scientific Party 1988; Spielhagen & Pfirman 1988;
Thiede 1988). Goldstein (1983) suggests that pack
ice and iceberg rafted clasts (Ovenshine 1970;



Clark et al. 1980; Minicucci & Clark 1983) may
be distinguished from each other by sediment
grain size, i.e. clasts formed in glacier ice are
more likely to be coarse-grained. Preliminary
investigation of a few clasts from the Eurasian
Basin sea floor sediment cores indicates that the
clasts are composed of fine-grained mud appar-
ently similar to the matrix. Resting spores of
Archaeomonas spp. and Chlamydomonas nivalis
which are typical of sea ice were also identified.
This information suggests that the sea floor mud
clasts and sea ice pellets are genetically linked.
Observations of thick sequences of such pellets
in Eurasian Basin sediment cores therefore may
indicate significant deposition from sea ice in
these regions.

Sea ice characteristics east of the Yermak Pla-
teau and north of Svalbard and Frans Josef Land
up to 83-84°N indicate a source different than
the Siberian Drift ice. Because most of the ice
appeared to be thinner, less deformed, and had
relatively low lithogenic sediment concentrations,
it may have formed more locally over deeper
water and farther from shore than ice to the north.
Trajectories of buoys deployed on this relatively
particle-poor sea ice indicated southward trans-
port either to the Yermak Plateau or into the
Barents Sea in late 1987 . Observations by Vinje
(1985) of particle-laden ice in the Barents Sea are
not in conflict with these data because: 1) there
are likely to be seasonal and annual variations in
ice drift (Koch 1945; Zacharov 1976; Vinje 1985),
2) Siberian ice may also enter the Barents Sea to
the east through straits west or south of Frans
Josef Land, and 3) the particle-laden ice in the
Barents Sea could have sources within the Kara
Sea or the Barents Sea itself, although the Barents
Sea is considered an unlikely source area (Elver-
hgi et al. 1989).
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