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Abstract Freshwater chlorophycean algae are charac-
teristic organic-walled microfossils in recent coastal
and shelf sediments from the Beaufort, Laptev and
Kara seas (Arctic Ocean). The persistent occurrence
of the chlorophycean algae Pediastrum spp. and
Botryococcus cf. braunii in marine palynomorph
assemblages is related to the discharge of freshwater
and suspended matter from the large Siberian and
North American rivers into the Arctic shelf seas. The
distribution patterns of these algae in the marine envi-
ronments reflect the predominant deposition of river-
ine sediments and organic matter along the salinity
gradient from the outer estuaries and prodeltas to the
shelf break. Sedimentary processes overprint the pri-
mary distribution of these algae. Resuspension of sed-
iments by waves and bottom currents may transport
sediments in the bottom nepheloid layer along the
submarine channels to the shelf break. Bottom sed-
iments and microfossils may be incorporated into sea
ice during freeze-up in autumn and winter leading to
an export from the shelves into the deep sea. The
presence of these freshwater algae in sea-ice and bot-
tom sediments in the central Arctic Ocean confirm
that transport in sea ice is an important process which
leads to a redistribution of shallow water microfossils.
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Introduction

Freshwater plays a key role in the hydrological cycle
of the Arctic Ocean because it is essential for the
maintenance of the low-salinity surface water layer
and formation of sea ice (Aagaard and Carmack
1989). Changes in freshwater supply may have also a
strong impact on the deep-water convection in the
Arctic Ocean and Nordic seas. The freshwater budget
of the Arctic Ocean is determined by three principal
sources: river runoff, sea-ice formation and ice melt.
Glacial meltwater discharge is of minor importance.

The Arctic Ocean receives approximately 3700 km?
of freshwater from rivers which discharge annually
into the circum-Arctic epicontinental seas: Eurasian
rivers contribute approximately 2960 km® and the
North American rivers 740 km? (Gordeev et al. 1996).
Runoff to the Beaufort, Laptev and Kara seas (Fig. 1)
alone makes up ca. 70% of the total annual discharge
into the Arctic Ocean. This freshwater is mainly from
the largest rivers: Mackenzie, Lena, Ob and Yenisei.
Arctic rivers show a seasonal maximum of discharge
in May to November with a flood peak period from
May to June, whereas winter discharge (November to
April) is less than 15% of the annual volume (e.g.
Gordeev et al. 1996; Macdonald et al. 1998). The riv-
ers transport enormous loads of particulate and dis-
solved matter which are deposited on the shelves or in
the deep sea, mainly during the summer, particularly
from May to August (Gordeev et al. 1996; Macdonald
and Thomas 1991; Macdonald et al. 1998).

The summer discharge results in a strong salinity
gradient from coast to shelf break (Fig. 1) which is
associated with a pronounced decrease in temperature
of the order of several degrees (Treshnikov 1985;
Timokhov 1994; Burenkov and Vasil’kov 1995; Pavlov
and Pfirman 1995; Burenkov et al. 1997). The shallow
mixed layer (5-30 m) is strongly separated from the
cold saline Arctic bottom waters. This decoupling of
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Fig. 1 Location of the study
areas (Beaufort, Laptev and
Kara seas) in the Arctic
Ocean. Water depths larger
than 200 m are indicated by
grey shading. Surface currents

are shown schematically. The Svalbard $&

mean summer surface water 33
Barents Sea

salinity is indicated (Treshni-
kov 1985)
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the surface layer makes it susceptible to wind forcing
in the shelf regions (e.g. Johnson et al. 1997; Campeau
et al. 1999) and the low-salinity plume may extend far
to the north during high runoff and strong offshore
winds. Strong salinity gradients may result in hydro-
graphic fronts with differences of more than 10-20 psu
over short distances (Burenkov and Vasil’kov 1995;
Burenkov et al. 1997; Johnson et al. 1997).

Discharge rates and sediment supply vary consid-
erably between the shelf regions. The Mackenzie
River has a lower discharge rate than the Siberian riv-
ers Lena, Ob and Yenisei, but the suspended particu-
late matter (SPM) load of the Mackenzie is three to
four times larger than the three Siberian rivers com-
bined (e.g. Gordeev et al. 1996). In contrast, the sup-
ply of total organic carbon (TOC) by the Eurasian riv-
ers is much larger (>30% of SPM) than by the North
American rivers (<5% of SPM) because of differences
in the geology of the respective catchment areas
(Pocklington 1987). The Mackenzie River erodes
steeply sloping alluvial strata while the Siberian rivers
deposit much of their SPM in the broad flat coastal
lowlands. The SPM consists mainly of clays and silts,
with minor amounts of fine sand (e.g. Hill et al. 1991;
Lukashin et al. 1999). The particulate organic carbon
(POCQC) is of variable importance in the river runoff.
The TOC of the Mackenzie River consists mainly of
POC, whereas it makes up less than 25% of the TOC
in the Lena and Ob rivers (Gordeev et al. 1996; Mac-
donald et al. 1998; Stein, 2000).

The amount of SPM which finally reaches the shelf
seas is variable. In the Beaufort Sea, approximately
50% of the fluvial sediments are trapped in the Mac-
kenzie Delta (Macdonald et al. 1998), and most of the
sediment load from the Lena River finally is deposited
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in the Laptev Sea (Rachold et al., 2000). In contrast
to the Beaufort and Laptev seas, freshwater input to
Kara Sea is discharged first into the Ob and Yenisei
estuaries. Much SPM in both rivers is deposited in
swamp and forest basins and coastal flood plains (Bo-
brovitskaya et al. 1996; Smith and Alsdorf 1998), and
it is not known which amount of SPM finally reaches
the Kara Sea.

Various tracers have been used to characterise river
runoff and associated SPM in recent sediments from
the Eastern Arctic Ocean. Inorganic markers include
major and minor elements as well as heavy and clay
minerals (e.g. Schoster et al., 2000, and references
therein). Biogenic components, including particulate
organic matter (POM), may be characterised by geo-
chemical and micropalaeontological tracers such as
fatty acids, n-alkanes, diatoms, macerals and palyno-
morphs (e.g. Boucsein and Stein 2000; Cremer 1999;
Fahl and Stein 1997, 1999; Kunz-Pirrung 1998; Mudie
1992; Polyakova 1999; Bauch et al. 2000). However,
geochemical characterization of POM influx is limited
by selective preservation of organic compounds and
difficulties in sourcing biological origin and environ-
ments (e.g. Fahl and Stein 1997, 1999). In contrast,
microfossils often can be identified to species level
and to marine or freshwater environments. Most
organic-walled palynomorphs also have an excellent
preservation potential. In particular, the cell walls of
some freshwater palynomorphs consist of highly ali-
phatic non-hydrolysable macromolecules, termed algae-
nans (e.g. Blokker et al. 1998; Gelin et al. 1999) which
are very resistant to degradation (Derenne et al. 1991).

Palynomorphs that are transported by Arctic rivers
into the shelf seas include terrestrial palynomorphs
and phytoclasts (pollen and spores, plant debris) that
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are washed with sediments into the rivers, and aquatic
palynomorphs which are remains of phyto- and zoo-
plankton that lived in freshwater environments and
are transported directly by runoff to the shelf seas
(e.g. Vinogradov et al. 1995; Sorokin and Sorokin
1996; Matthiessen and Boucsein 1999). Among the
freshwater palynomorphs the chlorophycean algae
Pediastrum and Botryococcus are widespread in limnic
and marine sediments throughout the Arctic region, in
contrast to other algal spores (e.g. Zygnematales)
which occur mainly in the deltaic areas. These chlo-
rophycean algae have been recorded from recent Arc-
tic Ocean sediments (Mudie 1992; Kunz-Pirrung 1998,
1999; Matthiessen 1999), circum-Arctic Holocene and
Late Weichselian lake deposits and shelf sediments
(e.g. Livingston et al. 1958; Fredskild 1973; Hill et al.
1985; Kunz-Pirrung 1998; Hahne and Melles 1999),
and Pliocene and Pleistocene marine sediments from
the high northern latitudes (Mudie 1985, 1989; de Ver-
nal and Mudie 1989).

Freshwater palynomorphs have thus the potential
to characterise the flux of freshwater and riverine sed-
iments to the Arctic Ocean. The goals of this paper
are (a) to review the present knowledge of the occur-
rence and distribution of these aquatic palynomorphs
in the circum-Arctic shelf seas (Beaufort Sea, Laptev
and Kara Sea), and (b) to evaluate their potential for
reconstructions of palaeo-river discharge.

Sea-floor morphology and surface sediments
of the Beaufort, Laptev and Kara seas

The Beaufort, Laptev and Kara Sea shelves are part
of the extensive shelf seas which cover approximately
35% of the Arctic Ocean surface area. The Beaufort
Sea shelf (ca. 6.4x10* km?) is much narrower than the
Laptev (ca. 4.6x10*km?) and the Kara shelves (ca.
8.83x10° km?; Macdonald and Thomas 1991; Kleiber
and Niessen 1999; Pavlov and Pfirman 1995). These
shelf seas are relatively shallow, with relatively gentle
gradients and water depths of approximately 50-100 m
at the shelf break. Submarine channels, separated by
shoals, cross the shelves and connect the river mouths
with the shelf break or shelf troughs (Macdonald and
Thomas 1991; Kleiber and Niessen 1999; Johnson and
Milligan 1967). The Beaufort Sea is bissected by the
deep Mackenzie Trough, a 200- to 300-m-deep glacial
valley (Macdonald and Thomas 1991), whereas the
Kara Sea is dissected by several deep (>400 m) shelf
troughs.

The recent surface sediments of these shelves are
mainly siliciclastic silty clays, clayey or sandy silts to
sands (Fig. 2). Submarine channels are the main sinks
for shelf sediments, with coarser sediments on banks
and along the coasts (Hill et al. 1991; Kuptsov and
Lisitsyn 1996). Biogenic components are subordinate
in importance, and biogenic carbonate and opal con-
tents are generally <2% (e.g. Stein 1996; Niirnberg

20 50 20

Clay

Fig. 2 Granulometric composition (%) of shelf sediments in the
Beaufort, Laptev and Kara seas (<60 m water depth). Sediment
nomenclature after Shepard (1954). For sources of data see
Table 1
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Fig. 3 Relationship between TOC contents and granulometric
composition of shelf sediments (<60 m water depth) in the
Beaufort, Laptev and Kara seas. The linear correlation coeffi-
cient is indicated. For sources of data see Table 1

1996; Boucsein et al. 1999). Off the large Arctic rivers,
TOC values are higher than in most oceanic areas
(>0.5%; Romankevich 1984), and low hydrogen
indices and high carbon/nitrogen ratios suggest a dom-
inance of terrigenous organic matter (e.g. Stein 1996;
Fahl and Stein 1997; Macdonald et al. 1998; Boucsein
et al. 1999). However, the original proportions of ter-
restrial to marine organic matter are difficult to assess
because labile marine organic matter is selectively
degraded (e.g. Fahl and Stein 1997). High TOC con-
tents are associated with fine-grained sediments
(Fig. 3; e.g. Tyson 1995; Baskaran et al. 1996) which
are preferentially deposited in the submarine channels
(Fahl and Stein 1997; Hélemann et al. 1999).



Materials and methods

This review of the distribution of freshwater chlo-
rophycean algae includes published results (Mudie
1992; Kunz-Pirrung 1998, 1999; Matthiessen 1999) as
well as unpublished new data. Bottom sediments were
sampled during various expeditions to the Arctic
Ocean (Table 1).

Most of the western Beaufort shelf is covered by
ice-gouged, current-swept relict sediments (Barnes et
al. 1982) and is not included in this study. Also, the
continental slope is very steep, with many gravity flow
deposits; therefore, few slope samples are included
here. Most of the samples come from the Canadian
Beaufort Sea in the area between 141°W and 128°W
longitude. The entire Laptev Sea was sampled for
palynological investigations, whereas only samples
from the estuaries of the Ob and Yenisei are included
in this study (Fig. 1).

Half the samples used to study the Beaufort Sea
palynomorphs (Table 2, no. 1-21) were from push
cores or gravity cores obtained on Richards Island
(Solomon et al. 1992) and in the outer active delta
(Robbi Burns, unpublished data). All of these samples
contain a modern sediment layer. Most offshore sam-
ples are from gravity cores collected during cruises
from CCGS Nahidik or Shelby tube cores provided
by exploration companies. The amount of sediment
missing from these core tops is unknown. Samples
34 and 35, however, are surface samples from box
cores collected during cruises of CCGS Louis St.
Laurent.

The palynological data are listed in Table 2, except
those of the Laptev Sea which were previously pub-
lished by Kunz-Pirrung (1998, 1999). The sedimento-
logical and geochemical data that were used in this
study are from various sources (Table 1). Most grain-
size and TOC (reported as weight percent) data are
from the same samples as those used for palynological
studies. Sediment data of samples 19-35 are from
nearby samples studied by Pellitier (1975, 1984). Data
used in this paper can be retrieved from the databank
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PANGAEA at AWI (http://www.pangaea.de; e-mail:
sepan@awi-bremerhaven.de/ info.pangaea.de).

Refrigerated (4°C) or freeze-dried samples from
the surface (0-1 cm) sediments were processed with
standard palynological preparation methods (Mudie
1992; Matthiessen 1995; Kunz-Pirrung 1998). The sea-
ice samples were not processed quantitatively and
comprise only the wet fraction <63 pm that was not
used for analysis of benthic foraminifers. The process-
ing method includes use of cold hydrochloric and
hydrofluoric acids to dissolve carbonates and silicates.
Most of the fine organic matter is removed by wet
sieving to enrich the POM larger than 6 pm (or 10 um
for Beaufort Sea). Concentrations of palynomorphs
were calculated according to the marker grain method
of Stockmarr (1971), where the number of Lyco-
podium spores per tablet is 12.542+2081. Palyno-
morphs were only counted when more than half of a
specimen was seen. Counts of Botryococcus are only
estimates because colonies have variable sizes and
may easily fall apart. Variable numbers of freshwater
palynomorphs and Lycopodium spores have been
counted, ranging from less than 10 to more than 200
specimens, and from 5 to more than 100 specimens,
respectively. Thus, the statistical error may be as large
as 30% for samples with low counts (Stockmarr 1971),
but these are mainly located at the continental mar-
gins where abundances of freshwater palynomorphs
are low; therefore, contours were only drawn on rel-
atively broad intervals.

Results
Freshwater palynomorphs in Arctic shelf sediments

Most surface sediments of the Beaufort, Laptev and
Kara seas contain chlorophytes (green algae) that
usually are absent in marine environments. In addition
to the chlorophycean algae Pediastrum spp. and
Botryococcus cf. braunii, several other taxa of green
algae are abundant in inner shelf and delta front
assemblages from the Beaufort and Kara seas, includ-

Table 1 Sources of surface

sediment data used in this Region Year Expedition Granulometry TOC Palynomorphs
study Beaufort Sea 1989-1985 CCGS Nahidik (1) 1 1 13
1991 ARTOS 91 (1) 1 1 13
1997 CCGS Louis St. Laurent 13
1999 CCGS Louis St. Laurent 13
Laptev Sea 1993 RV Polarstern (2) 7 10 14
1993 RV Ivan Kireyev (3) 8 10 14
1994 RV Prof. Multanowskiy (4) 14
1995 RV Kapitan Dranitsyn (5) 11 14
Kara Sea 1997 RV Akademik Boris Petrov (6) 9 12 13,15

References: I Solomon et al. (1992); 2 Fiitterer (1994); 3 Kassens and Karpiy (1994); 4 Kassens
and Dmitrenko (1995); 5 Kassens et al. (1997); 6 Matthiessen and Stepanets (1998); 7 M. Wahsner
et al., unpubished data; 8 Rossak (1995); 9 Miiller and Stein (1999); 70 Fahl and Stein (1997); 11
R. Stein, unpublished data; 12 Boucsein et al. (1999); I3 this paper; 14 Kunz-Pirrung (1998, 1999);

15 Matthiessen (1999)
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ing desmidiacean (Cosmarium, Staurastrum) and zyg-
nematacean algae (Spirogyra, Gelinacysta).

Acritarchs can be additionally abundant in the
same environments (Mudie 1992; Kunz-Pirrung 1998).
These organic-walled microfossils of uncertain biologi-
cal affinity are not further considered in this study
because it is uncertain whether they live in shelf envi-
ronments or are transported in river water. The dis-
tribution patterns of some taxa (Halodinium spp., Be-
ringiella spp., Radiosperma corbiferum, Sigmopollis
spp.) suggest an authochthonous occurrence in fresh-
water delta ponds or inner shelf environments with
reduced sea-surface salinities (Mudie 1992; Solomon
et al. 1992; Kunz-Pirrung 1998).

For this study, the chlorophycean algae are identi-
fied only to genera except for specimens of Botryococ-
cus. A more detailed taxonomy is not required
because the green algae are considered to be trans-
ported into the marine environment. Most green algae
live in freshwater environments, such as lakes, ponds,
bogs, rivers and streams, although species of Botryo-
coccus, Pediastrum and Staurastrum may be found in
low-salinity environments (e.g. Tyson 1995; Mat-
thiessen and Brenner 1996; Batten 1996; Batten and
Grenfell 1996). Specimens of Botryococcus in recent
sediments have commonly been assigned to B. cf.
braunii (Matthiessen and Brenner 1996; Kunz-Pirrung
1998) because morphological features that are used to
distinguish extant taxa may not be preserved on fossil
specimens. Thus, several extant species of Botryococ-
cus might be lumped in fossil specimens of B. braunii
(Tyson 1995; Batten and Grenfell 1996). Basic taxo-
nomic references for identification of species are
Batten (1996), Batten and Grenfell (1996), Parra Bar-
rientos (1979), Komarek and Fott (1983) and Head
(1992, 1993). Useful reviews of the biology of the
green algae are provided by Hoshaw and McCourt
(1988), Head (1992), Gerrath (1993), Tyson (1995),
Batten (1996), and Batten and Grenfell (1996). The
recorded taxa have a largely cosmopolitan distribution
and have been recorded from freshwater environments
in the circum-arctic region (e.g. Croasdale 1973; Raw-
son 1956; Bgrgesen 1910).

Distribution of chlorophycean algae in shelf sediments

Species of Pediastrum and Botryococcus cf. braunii
are almost ubiquitous in the Arctic shelf and delta
samples. They may be more abundant than marine
dinoflagellate cysts in water depths of <50-60 m, and
they are rare to common in continental slope and
deep-sea sediments (Fig. 4). Four sea-ice sediment
samples collected from ice floes north of Svalbard
(Fig. 1) have chlorophycean to dinoflagellate cyst
ratios similar to inner shelf samples (7, 14, 45, 92).
Pediastrum spp. (mainly Pediastrum boryanum and P.
kawraiskyi) are generally more abundant than Botryo-
coccus cf. braunii, and Pediastrum concentrations
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coccus cf. braunii vs water depth of samples in the Arctic Ocean

decrease from the shelves to the deep sea while B. cf.
braunii is more uniformly distributed (Fig. 5).
Concentrations of Pediastrum spp. and Botryococ-
cus (Figs. 6, 7, 8) are less than 500 specimens per
gram of dry sediment in most shelf samples. Elevated
concentrations are associated mainly with the rivers
and extend from the river mouths offshore. This dis-
tribution pattern is most clear in the eastern Laptev
Sea (Fig. 7) where >3000 specimens/g are found. In
the Kara Sea, concentrations decrease similarly from
the Ob and Yenisei estuaries to <500 specimens/g in
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the inner Kara Sea (Fig. 8). In the Beaufort Sea, con-
centrations are mostly low, with maximum of >100
specimens/g off the Mackenzie Delta (Fig. 6).
Palynomorph assemblages from freshwater ponds
and lagoons in the Beaufort Sea region are marked by
abundant desmidiacean algae (Cosmarium spp.), and
common zygnematacean spores (mostly Gelinacysta
and Spirogyra) characterise the intertidal assemblages
(Table 2). Stations 1-21 are deltaic environments at or
above extreme low water (set at 0 m in Table 2). Sta-
tions 22-35 are arranged roughly according to distance
offshore. Deltaic environments are generally marked
by very high concentrations of Quaternary pollen and

Fig. 7 Sediment concentra-
tions of Pediastrum spp. and
Botryococcus cf. braunii in the
Laptev Sea (from Kunz-Pir-
rung 1998). Depth contours in
metres are indicated 77
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terrestrial spores (>5000 grains/g), together with com-
mon green algae (>350 specimens/g). Samples 1 to 4
represent supratidal delta pond environments with lit-
tle or no marine influence (Table 2) and are marked
by abundant desmidiacean and zygnematacean algae.
Pediastrum and Botryococcus are more common in
larger barrier lagoons. Pollen concentrations are also
high on the inner Beaufort Shelf, and dinoflagellate
cysts become more abundant offshore. Concentrations
of desmidiacean algae and pollen also decrease with
increasing salinity in the Ob and Yenisei estuaries,
and pollen are common in the inner Kara Sea. In con-
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trast to the delta environments, dinoflagellate cysts
are consistently present in all shelf samples (Table 2).

Discussion

Previous studies have shown that chlorophycean algae,
such as Botryococcus and Pediastrum, are transported
in river water into adjacent shelf environments and
may even occur in low abundances in deep-sea envi-
ronments (e.g. Tyson 1995, and references therein).
The other recorded green algae are not of importance
in Arctic shelf sediments but are highly diagnostic of
deltaic and near-shore facies, and may be important
for interpreting Holocene prodelta environments (e.g.
Hill et al. 1985). The distribution patterns are interest-
ing because Pediastrum and Botryococcus may be
more abundant than marine dinoflagellate cysts in
inner shelf sediments (Fig. 4). Despite the dominance
of chlorophycean algae, however, the continuous pres-
ence of dinoflagellate cysts indicates some marine
influence, even close to river mouths and in intertidal
delta sites.

The distribution of freshwater palynomorphs in sur-
face sediments from the Arctic seas does not simply
reflect the source of river water discharge. In estuaries
and deltas, large amounts of riverine sediments may
be deposited, resuspended and transported with bot-
tom currents or incorporated into sea ice. The remain-
ing suspension load may be further dispersed by wind-
driven currents and major flooding. Knowledge of the
processes that influence the dispersal and sedimenta-
tion of riverine sediments in the shelf seas is therefore
important for understanding the distribution patterns
of freshwater palynomorphs.

Transport of freshwater palynomorphs by rivers

The discharge of fresh water and sediments into the
Arctic shelf seas is a seasonal process, occurring
mainly in the short summers. The Beaufort, Laptev
and Kara seas are usually ice-covered for 8-9 months
per year (Macdonald and Thomas 1991; Reimnitz et
al. 1994; Timokhov 1994; Pavlov and Pfirman 1995;
Gordeev et al. 1996; Macdonald et al. 1998). The SPM
in runoff may be discharged onto the ice in June/July
because the ice breaks up earliest in the estuaries.
These sediments are released mainly in place in the
inner shelves during melting of the fast ice in the
summer (Hill et al. 1991; Pavlov and Pfirman 1995;
Pfirman et al. 1995; Bareiss et al. 1999).
Unfortunately, there are few data on occurrences
of freshwater palynomorphs in the Arctic river dis-
charge because they are reported only occasionally
during plankton surveys (e.g. Druzhkov and Makare-
vich 1999). The chlorophycean algae Pediastrum spp.,
Scenedesmus spp. and Botryococcus cf. braunii occur
in the plankton of the southeastern Laptev Sea, in

particular close to the mouths of the rivers Lena and
Yana (Kisselev 1932; Tuschling 2000). Reports of
chlorophycean and desmidiacean algae in the Macken-
zie River plume and in the Mackenzie River are also
rare except in the Eskimo Lakes of the eastern delta
(e.g. Hsiao 1976; Moore 1981). Plankton samples
(mesh size >10 um) from the surface water (0-2 m) in
the outer Ob and Yenisei estuaries contained species
of Pediastrum and Scenedesmus (Matthiessen and
Boucsein 1999). The chlorophyll in the cells of numer-
ous specimens of Pediastrum showed that they lived in
the rivers or other limnic environments before being
transported into the Kara Sea. These algae were most
abundant in the river plume south of 73°N in the Ob
and Yenisei estuaries in September 1997 where SPM
and POC concentrations were high (Fig. 9).

It appears that the transport of freshwater algae is
related to the supply of POM and POC. The esti-
mated abundances of chlorophycean algae in the river
plume of the rivers Ob and Yenisei are probably
directly related to the SPM and POC concentrations
in summer (Fig.9). However, more water-column
investigations are needed to prove the possible rela-
tionship between freshwater discharge, SPM, POC
and concentrations of algae, and sediment trap data
are needed to determine the seasonal cycles of fresh-
water algae influx in relation to sediment supply.

Sediment supply from the coastal regions may over-
print this freshwater discharge signal significantly. In
the Mackenzie Delta, fossilisable green algae are fairly
abundant in different types of fresh and brackish
water sediments (Table 2). These deposits could be
eroded and the algae redistributed into the shelf seas.
In the Beaufort Sea this contribution would be small
because it amounts to less than 5% of the SPM dis-
charge (Macdonald et al. 1998). This is also supported
by sporadic occurrences of zygnematacean and des-
midiacean algae in shelf sediments from the Beaufort
Sea (Table 2). In contrast, coastal erosion could be an
important source of SPM and POC in the Siberian
shelf seas, being probably more important than river
discharge (Rachold et al., 2000). However, the distrib-
ution patterns of Pediastrum spp. and Botryococcus cf.
braunii, with highest concentrations extending off the
river mouths, suggest a predominant riverine influx
(Figs. 7, 8). The regular occurrence of fresh coenobia
with chlorophyll in the surface waters of the estuaries
and sediments of the Kara and Laptev seas also sup-
ports the assumption that primary riverine influx is
more important for discharge of POM than coastal
erosion (Kunz-Pirrung 1998; Matthiessen and Bouc-
sein 1999). In contrast, fresh coenobia are rarely found
in Beaufort Shelf environments.
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algae are also related to TOC contents (Fig. 11; see
also Fig. 9). This relationship is not certain, however,
because palynomorphs were only studied in the grain-
size fraction larger than 6 um; thus, finer organic
matter that may account for some TOC is neglected.
On the other hand, autochthonous production of
organic matter is also included in bulk TOC contents.
This is reflected by presence of dinoflagellate cysts,
tintinnid loricae, ciliate cysts and organic linings of
foraminifers (Kunz-Pirrung 1998, 1999; Matthiessen
1999; Solomon et al., 2000).

Dispersal and sedimentation of freshwater
palynomorphs in the shelf environments

The final distribution of green algae in the shelf sed-
iments is the result of various sedimentary processes.
Chlorophyte concentrations increase with increasing
clay and silt contents (Fig. 10) showing that transport
and sedimentation of green algae is associated with
the settling of fine-grained sediments. Since TOC con-
tents are positively related to the clay and silt frac-
tions of sediments (Fig. 3), concentrations of green
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The concentration gradients suggest that deposition
of chlorophycean algae is higher in the zone where
riverine and marine waters mix (Figs. 7, 8, 9). There-
fore, maximum concentrations of Pediastrum and
Botryococcus may indicate the average location of the
mixing zones (“marginal filter” of Lisitsyn 1995)
where most riverine sediments are deposited. In this
zone, biogeochemical and physical properties of
waters change leading to a flocculation of colloids and
particulates and adsorption of dissolved elements (see
Tyson 1995, and references therein).

The distribution of chlorophycean algae appears to
match the mean distribution of the river plumes as
reflected in the salinity gradient of the Laptev Sea
(compare Figs. 1, 7). Dispersal of fluvial SPM in a
thin surface layer (<10 m) is highly variable, but it is
usually transported further offshore (up to 500 km) in
the eastern region off the Lena Delta than in the
western Laptev Sea because of stronger discharge and
prevailing offshore currents (Timokhov 1994; Buren-
kov et al. 1997). Based on this assumption, the Lena
and Yana plumes clearly stand out against the other
river plumes. The relatively low chlorophycean algae
concentrations in sediments underlying the central
part of the plume reflects dilution by the higher
amount of coarse-grained sediments.

In contrast, there is not a close correspondence
between sediment plume and algal distribution off the
Khatanga River (Fig. 7). This might reflect either the
coarse sample coverage in the estuarine environment
or low abundances of Pediastrum and Botryococcus in
the Khatanga River and the freshwater environments
of its catchment area (Kunz-Pirrung 1998).

In the sediments from the Ob and Yenisei estu-
aries, concentrations of chlorophycean algae, pollen
and TOC contents decrease rapidly along the salinity
gradient in the outer estuaries (Fig. 8, 9); thus, a large
part of the riverine POM is deposited at low salinities
(Fig. 9; <5 psu, see Lukashin et al. 1999), as also indi-
cated by the strong gradient in particle fluxes offshore
(Lisitsyn et al. 1995). The sharp decrease of palyno-
morphs also indicates that, on average, the river
plumes are confined to the coastal zone in the Kara
Sea south of ca. 74°N, as shown by turbidity and dia-
tom data (Burenkov et al. 1995; Polyakova 1999).

In the Beaufort Sea there is a strong decrease in
chlorophycean and desmidiacean algae across the
outer Mackenzie Delta, from supratidal ponds to
intratidal flat environments (Solomon et al. 1992,
2000). The freshwater plume, with high concentrations
of SPM, may extend over much of the shelf, but is
most persistent east of the delta (Hill et al. 1991). The
distribution of the chlorophycean algae do not reflect
this trend clearly (Fig. 6). This may partly reflect the
low sample coverage in the coastal zone, which
includes the mean location of the river plume. Chlo-
rophycean algae, however, are not abundant in the
tributaries of the Mackenzie River and lakes of the
delta and hinterland (Hsiao 1976; Moore 1981;
Table 2) which suggests a lower influx of chlorophy-
cean algae in river water. Also, POC makes up less
than 5% of SPM of the Mackenzie River (Macdonald
et al. 1998), being highly diluted by inorganic sed-
iment; therefore, concentrations of freshwater algae
might be much lower in the SPM of the Mackenzie
River than in the rivers entering the Kara and Laptev
seas.



Resuspension of hottom sediments and palynomorphs

The primary distribution patterns of freshwater algae
may be blurred by various processes. In shallow parts
of the shelf and coastal areas, sediments and chlo-
rophycean algae are easily resuspended by waves and
tidal currents. Maximum wave heights during storms
in the Beaufort, Kara and Laptev seas are in the range
of 46 m (Hill et al. 1991; Are 1996; Timokhov 1994;
Pavlov and Pfirman 1995). Resuspension of sediments
results in the formation of a bottom nepheloid layer
which has high concentrations of SPM and POC, sim-
ilar to the surface water plume, in the Laptev and
Kara seas (e.g. Aleksandrova and Shevchenko 1997;
Burenkov et al. 1995; Burenkov et al. 1997; Kuptsov
et al. 1999). The resuspended sediments might also be
preferentially transported in the submarine channels
which are the main depocentres of muds (e.g. Kuptsov
and Lisitsyn 1996; Kuptsov et al. 1999). Thus, the high
concentrations of freshwater algae might not only
reflect settling from the surface plume but also resed-
imentation from the bottom nepheloid layer in the
channels (Figs. 6, 7, 8).

High saline brines released from the sea surface
during ice formation may also trigger sediment trans-
port in the bottom nepheloid layer in autumn to
winter (Lisitsyn 1995). The brines and resuspended
sediments flow along the submarine channels to the
shelf break and transport the sediments into the deep
sea. Resuspended sediments may be also incorporated
in the ice cover of flaw leads and transported offshore
(Pfirman et al. 1995). The bulldozing of sediment by
ridge ice scour and further current transport of the
resuspended sediments may affect the Beaufort shelf
in water depths of 15-45 m (Macdonald and Thomas
1991). This process is probably negligible in the Lap-
tev and Kara seas.

Transport of sediments and freshwater palynomorphs
by sea ice

Resuspended sediments and freshwater algae may be
exported from the circum-Arctic shelf seas not only
along the submarine channels but also in newly
formed sea ice (e.g. Niirnberg et al. 1994; Mudie 1992;
Dethleff et al., 2000). The ice is formed mainly in the
shallow parts of the shelves (<30 m; Fig. 1); hence, the
sediments incorporated in newly formed sea ice should
be similar to inner shelf sediments (cf. Reimnitz et al.
1992, 1998). Sedimentological and palacontological
data have been used to define the geographic location
and facies of source areas, e.g. sea ice in the western
Beaufort Sea contain shallow water microfossils such
as diatoms, benthic foraminifers, molluscs and ostra-
cods, and high percentages of the clay mineral illite
(Reimnitz et al. 1992, 1993a, 1993b, 1998).
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The composition of sediments in sea ice of the cen-
tral Arctic Ocean allows the reconstruction of trans-
port pathways. For example, sediments from ice floes
in the Siberian Branch of the Transpolar Drift north
of Svalbard which contained high abundances of the
clay mineral smectite (>40%; Niirnberg et al. 1994;
Dethleff et al., 2000) and planktic freshwater diatoms
(>70%; Abelmann 1992) were tracked back to the
inner Kara Sea off the rivers Ob and Yenisei by Pfir-
mann et al. (1997). Freshwater palynomorphs are an
additional tool to reconstruct facies of source areas of
sea-ice sediments. The chlorophyte to dinoflagellate
cyst ratio of four sediment samples (7, 14, 45, 92)
from ice floes which were collected north of Svalbard
(Fig. 1) close to those with a high smectite content
(Dethleff et al., 2000) suggest a shallow water origin
(<30 m; Fig. 4). Possible source area is the inner Kara
Sea because bottom sediments from the estuaries of
Ob and Yenisei have a unique composition for the
Eurasian Arctic shelfs with higher abundances of both
freshwater palynomorphs and smectite (Schoster et al.,
2000; Dethleff et al., 2000) confirming the ice drift
reconstruction of Pfirman et al. (1997). Abundant
Quaternary pollen and moss leaves in sea-ice sed-
iments in the Eastern Arctic Ocean also suggest that
the shallow shelves are the source areas (Pfirman et
al. 1989).

The occurrence of displaced freshwater palyno-
morphs in deep-sea sediments may therefore be easily
explained as a result of sea-ice transport (cf. Mudie
1992; Matthiessen 1995; Kunz-Pirrung 1998, 1999).
Previous investigations have shown that Pediastrum is
an important component in recent deep-sea sediment
assemblages from the Gakkel Ridge below the present
Polar Branch of the Transpolar Drift (Mudie 1992).
The relatively low smectite and high illite contents in
both sea ice and surface sediments in this region sug-
gest the eastern Laptev Sea as source area (Schoster
et al., 2000; Dethlef et al., 2000). In the Pleistocene,
increased Pediastrum on the Alpha Ridge may also
indicate greater runoff and transport in sea ice (Mudie
1985).

Conclusion

The marginal shelf seas of the Arctic Ocean (Beau-
fort, Laptev and Kara seas) are characterised by the
common occurrence of organic-walled freshwater
algae in bottom sediments. Among other chlorophy-
cean algae, Pediastrum spp. and Botryococcus cf. brau-
nii are the most conspicuous freshwater taxa in the
marine palynomorph assemblages, usually being more
abundant than marine dinoflagellate cysts in sediments
from shallow depths and below delta plumes. The dis-
tribution of these algae is clearly related to the dis-
charge of fresh water and suspended matter by the
large rivers into the shelf seas. Relatively high concen-
trations of algae may extend from the river mouths
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over 100 to 500 km offshore, e.g. in the eastern Laptev
Sea and may mark the average distribution of the
river plumes.

There are few observations on transport, dispersal
and depositional processes, because these chlorophy-
cean algae are usually not counted during routine
water-column studies. The supply of these algae is
probably a seasonal signal and might be attributable
to the peak discharge of fresh water and sediments,
including the particulate organic matter load, during
the summer months. Because concentrations correlate
with the clay and silt fractions, freshwater algae are
probably dispersed mainly with the fine-grained sed-
iments supplied by the rivers. Dispersal of the algae
appears to be controlled by surface circulation, which
is wind driven, and by the intensity of freshwater dis-
charge. Highest concentrations in bottom sediments
are found where fresh water mixes with marine water
and most riverine SPM is deposited. The distribution
of the chlorophycean algae, grain size data and TOC
contents suggest that most riverine SPM is deposited
on the shelves; however, additional studies are
required to verify these proposed relationships
between freshwater discharge, sediment supply and
organic carbon load.

The primary distribution patterns of freshwater
palynomorphs in sediments may be blurred by the
resuspension of sediments by waves and bottom cur-
rents, by ice-ridge scouring in the Beaufort Sea and by
export of sediments from the shelves in sea ice. Resus-
pended sediments might be preferentially transported
in the bottom nepheloid layer and in the large sub-
marine channels. These channels cross the shelves and
may act as transport pathways for resuspended sed-
iments to the continental slope. During freeze-up in
autumn, and sea-ice formation in winter, freshwater
palynomorphs may be incorporated into sea ice and
transported by the Transpolar Drift into the central
Arctic Ocean. The occurrence of Pediastrum and B.
cf. braunii in sea-ice sediments and bottom sediments
from the Arctic Ocean confirms previous observations
that sediments are frozen into sea ice in the shallow
inner shelves; therefore, these algae might be another
valuable indicator for the facies of source regions of
sea-ice sediments.

Freshwater palynomorphs are thus both useful trac-
ers of river runoff and SPM supply, allowing applica-
tion for reconstructing palaeo-river discharge and also
for the determination of source areas of sea-ice sed-
iments.
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