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Abstract

The Pechora Sea is quite uniqgue among Arctic seas as it is a region directly
influenced by both Atlantic and Polar waters as well as river waters (Fig. 1). This
area has important economic value due to the existence of extensive oil and gas
fields, but it is also home to traditional fishing and reindeer breeding. Because
exploitation of the natural resources will start in the nearest future, an
establishment of regional sustainable development strategies seems necessary.
Since the Pechora Sea will soon be increasingly influenced by these anthropogenic
factors, such strategies should be based on a detailed analysis of the ongoing
situation, but even more so, should consider those environmental changes which
occurred in this area during the past. Hence, there is a need to investigate the pre-
anthropogenic phase in order to better understand any possible future
environmental changes. Such investigations were carried out by various groups
from Russia, Germany and Norway between the years 2000 and 2002, in a project
which was financially supported by INTAS (No. 1489-99).

Introduction

Large oilfields recently explored in the Pechora Sea are now ready for exploitation.
Therefore, this region will undergo considerable changes due to man-induced
technogenic impact. Unlike the Barents Sea, the semi-enclosed and rather small
Pechora Sea is much shallower and ice-covered for a considerable time of the
year. Moreover, iis coasts are being actively eroded. Altogether, this allows the
assumption that the Pechora Sea basin could undergo major environmental
change due to climate warming and sea-level rise. Because of the increasing
economic interest in the Pechora region there is a demand to develope a strategy
for widespread territorial exploration, for instance, for suitable construction sites.

An example, which points to the necessity of ecologically substantiated approach
for industrial exploitation of the new coastal areas, is the Varandei area. Active
industrial exploitation of the Varandei area started in the seventies. Varandei Island
experienced maximum technogenic impact, because here the main industrial
objects together with Novyi Varandei settiement are located. There is ample
evidence from this region that, for instance, enhanced coastal abrasion observed
more recently resulted from improper exploitation of the area without
understanding the characteristics of the coastal relief and its dynamics.
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Because the Arctic environment is known for its sensitivity, it is especially important
to minimize negative anthropogenic impacts. However, to do this properly requires
profound knowledge of the present and past geoecological state of this territory as
basis for a better forecast of possible future environmental changes.

Fig. 1 Main surface ocean circulation in the Arctic Ocean, its shelf seas and
neighbouring ocean basins (top). Inset below shows Barents Sea region with the
Pechora Sea. The white line marks the outer limit of glacial ice extent during the
last glacial maximum according to the most recent reconstruction (adopted from
Svendsen et al., 2004). The reconstruction for the Pechora Sea and Novaya
Zemlya Trough region is thereby based on Polyak et al. (2000) and Gataullin et al.
(2001)
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So far, a number of questions concerning the Quaternary history of the Pechora
Sea region still remain unanswered (Fig. 1). These relate to the stratigraphic
subdivision and facial characteristics of the seafloor sediment sequences, the shelf
geomorphology, the lack of information of the sediment sequence in the southern
Novaya Zemlya trough, and the uncertainty of the impact of glaciological activity on
this particular shelf during the last glaciation.

Because of the various abovementioned issues, scientific interest in the Pechora
Sea region became more eminent and, eventually, led to the initiation of an INTAS-
funded project (No 1489-99) entitled The Pechora Sea — Late Pleistocene
paleogeography, present state of the shelf and coastal zone and forecast for the
21st century.

The various articles compiled in this report deal with the main goals of the Pechora
Sea project. These may be summarized as follows:

+ to reconstruct the paleoenvironmental evolution of the Pechora Sea during the
Late Pleistocene and Holocene on the basis of geological evidence (e.g.,
seismic, lithological, geochemical, and micropaleontological data) in order to
link the past and recent environmental changes with possible future
development of this region;

+ to study the morphology and sedimentary dynamics of the Pechora Sea coastal
and shelf zones and to outline patterns of change as expected due to future
climate warming and associated sea-level rise;

+ to analyze natural sedimentological processes in the shelf and coastal zones as
well as the anthropogenic impact upon natural environment caused by the
existing sources of pollution and those that will appear due to intensified oil/gas
exploitation;

+ to forecast possible evolution of the Pechora Sea shelf and coastal zones
according to the following scenarios: stable climate and sea-level conditions;
climate warming and sea-level rise in the 21 century.

To tackle these problems, several scientific teams and respective team leaders
from various countries and research institutes were formed. These included

1) Alfred Wegener Institute for Polar and Marine Research, Germany (H.A.Bauch -
now at Mainz Academy of Sciences, Humanities and Literature, Germany)

2) Norwegian Polar Institute, Polar Environment Center, Norway, (N. Kog)

3) Shirshov Institute of Oceanology, Laboratory of shelf and coastal studies,
Russia (Yu. Pavlidis)

4) Kola Scientific Center, Murmansk Marine Biological Institute, Department of
geology and chemistry of sea, Russia (G. Matishov)

5) Lomonosov Moscow State University, Geography Department, Laboratory of
Recent Sediments and Pleistocene Paleogeography, Russia (Ye. Polyakova)
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To successfully meet the stated objectives, several research tasks were conducted
by either one or both partners. These activities included the following:

Task 1: Establishment of a Late Pleistocene - Holocene stratigraphical scheme for
the Pechora Sea on the basis of geochronological, seismostratigraphical,
lithostratigraphical, biostratigraphical, and ecostratigraphical data.

Task 2: Reconstruction of the paleoenvironmental conditions of the Pechora region
during specific time intervals of the Late Pleistocene and Holocene.

Task 3: Analysis of the modern and past sedimentological processes and its
application to the present and possible future pollution, its sources and sinks.

Task 4: Determination of the coastal evolution and development of coastal
processes over various time scales.

Task 5: Forecast of the Pechora Sea shelf and coast evolution in the 21% century.

Summary of Results

The scientific teams of the project developed new concepts of shelf and coastal
evolution of the Pechora Sea during Late Pleistocene and Holocene times by
linking together past and recent environmental change in order to deduce possible
future developments of this region as they are related to both natural and
anthropogenic factors.

A subdivison of Upper Quaternary sediments was carried out using facial analysis
and high-resolution acoustic profiles. A further stratigraphical refinement of the late
Pleistocene to Holocene deposits was constructed on the basis of
geochronological, seismostratigraphical, lithostratigraphical, and biostratigraphical
approaches. By studying micrfossils in surface and downcore sediments the main
biostratigraphical events were determined and correlated with the
seismostratigraphical units. The distribution of modern benthic organisms and
sediments was also used to reconstruct different aspects of paleoenviornmental
conditions (e.g., paleocurrents, paleosalinity, paleoproductivity). Paleogeographical
models of the Pechora Sea for three different time slices were then developed.
Various maps were compiled that demonstrate the schematic geomorphological
nature of the Pechora Sea bottom and the principal character of dominant coastal
features. The main factors of coastal development and directions of alongshore
sediment movement were identified and their intensity evaluated. Ten
morphodynamic regions with specific dynamic and morphological characteristics
were distinguished and mapped. The main stages of barrier beach formation were
established for the southern Pechora Sea.

By evaluating the various morphological and sedimentological features, past and
modern dynamics of coasts and shelf regions were interpreted. Assuming a further
increase in climate warming, sea-level rise and anthropogenic activity, different
scenarios were developed. It is found that in the economically most developed and
developing areas, namely those of oil and gas prospection, extraction, storage and
transportation, intensity of the anthropogenic impact during the present century will
reach a crucial level, Using semi-quantitative models of coastal evolution, which
were elaborated in form of maps for various types of coasts, it is further concluded
that barrier coasts and icy-rich coastal escarpments will suffer much from the future
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changes. Applying these models to several coastal segments, the shoreline retreat by
the end of the present century was estimated.
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MODERN ENVIRONMENTAL CONDITIONS OF THE PECHORA SEA
(CLIMATE, CURRENTS, WAVES, ICE REGIME, TIDES, RIVER RUNOFF,
AND GEOLOGICAL STRUCTURE)

S.L. Nikiforov, N.N. Dunaev, N.V. Politova
Shirshov Institute of Oceanology RAS, Moscow, Russia

Abstract

The article deals with detailed information on environmental conditions, geological
structure, bottorn topography, and tectonics of the Pechora Sea shelf. It is outlined that
specificity of climate as the basic exogenic factor of relief formation and sedimentation
is determined here by high-latitudinal position of the region and, partly, by warming
influence of the North Atlantic. The data on river runoff, permafrost evolution, ice regime
and wave activity are analyzed. The geological section, besides a brief stratigraphic and
tectonic review, contains detailed description of the recent stage in the evolution of this
area.

Climate

Environmental peculiarity of the Pechora Sea, as well as the other Arctic seas, is
determined by their high-latitudinal position. Not only do climatic conditions in the Arctic
determine the intensity of the processes shaping the seabed, but they also control the
character of sediment input to the coastal zone. This primarily concerns river runoff, ice
and wave processes, tidal currents and other hydrodynamic factors. In polar areas,
where average annual temperatures below zero are dominant, ice regime, frost
weathering, solifluction and thermal abrasion are extremely important and in some
areas play the leading role in modern relief formation.

Distribution of atmospheric precipitation and other climatic parameters is a result of
complex interaction of circulation processes. Basic synoptic situations depend on
location and intensity of dominant baric centers. The western Arctic seas are
distinguished by intrusion of Atlantic cyclones carrying the greatest amount of
atmospheric precipitation. It should be noted that climatic characteristics of polar coasts
and adjacent hintertand largely depend on terrestrial relief. For example, at the eastern
coast of the Novaya Zemlya archipelago very strong gusty winds — “novozemel'skaya
bora” — with wind blows of up to 50-60 m/s are quite frequent. Local atmospheric
features influence manifestation of exogenic processes including changes of
hydrodynamic regime on adjacent parts of the sea basin.

Climatic conditions also determined manifestation of exogenic processes in the past.
Global changes of atmospheric and oceanic circulation resulted in pericdic climate
coolings, accumulation and degradation of ice caps, exposure of vast shelves and
subsequent flooding and alteration of its topography. The last late Pleistocene (Wirm)
glaciation had the greatest impact on evolution of modern shelf relief due to deep
regression and, consequently, exposure of vast shelf areas in periglacial regions.
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The main feature of the Arctic radiation regime is practically complete absence of solar
heating during polar night, thus during 50-150 days the surface is subjected to
continuous cooling. In summer, a significant amount of solar energy is lost due to
cloudiness and reflection from water surface. As a result, radiation balance in the
central Arctic regions is negative during the greatest part of the year, but on coasts and
islands its annual value is positive and equals 2—15 kcal/sm? (Kaplin et al., 1991).

Climatic conditions determine domination of physical weathering and specificity of
material input from the coastland. Cracking of rocks due to frost weathering produces a
stable coarse debris cover over watersheds and slopes. Therefore, loose deposits
inherit practically all minerals of mother rocks including unstable ones.

Frost weathering is the main coast-forming process on denudation coasts. Sharp
temperature fluctuations and periodic moistening of rocks with different lithology result
in destruction of coasts. Therefore, frost weathering is the major factor of sediment
material mobilization, transportation and input to the coastal zone and further
downslope to lower hypsometric levels.

Permafrost is also responsible for transformation of initial sediment material. Only
supetrficial waters are able to evacuate clay particles and dissolved matter from the
active soil layer. Sediments underlying the active layer are stuck with ice, and no
weathering takes place. Under conditions of seasonal thawing water-bearing material
creeps downslope due to solifluction (Aksenov et al., 1987). Presence of permafrost,
excess moistening of the active layer, its low temperature, and long freezing period siow
down the rates of chemical and biochemical processes of soil formation in the polar
zone. Therefore chemical weathering produces only 1-3% of eluvium (Lisitsin, 1978).
Under such conditions the liquefacted gleyish soil horizon is formed, that is easily
eroded and, hence, is the source of fine clay particles input into water basins.

Thus, diverse material, i.e. coarse-grained polymictic and clay (mainly chlorite-
hydromica), is supplied to the coastal zone.

In many respects, environmental and climatic conditions of the Pechora Sea, as well as
the whole Barents Sea, are determined by their high-latitudinal position and warming
influence of the North Atlantic and temperate air masses. Their interactions initiate
variability of meteorological parameters during a year (Table 1).

As a result of interaction between Icelandic low, high-pressure polar air and Siberian
high, the Arctic air moves southwestward, and warm air of the middie latitudes moves to
the northeast. At the border of these two basic fluxes the atmospheric Arctic front is
formed that is directed from the northern point of the Novaya Zemlya through the
Medvezhii and Jan Mayen islands to Iceland. In winter, the Icelandic low deepens, the
Siberian anticyclone is formed, and the Arctic front becomes aggravated. As a result,
intensive cyclonic activity above the central Barents Sea develops, which considerably
affects the situation in the Pechora Sea. Seasonal southwesterly winds with a strength
of 3-5 to 7-8 prevail. However, northerly (~85 %) and subordinated southerly winds
predominate over the coast (Dobrovol’skii and Zalogin, 1982). In winter, air temperature
above the sea surface is negative. Average temperature of the coldest month (March) is
-4°C on Kolguev Island and -7°C in the southeastern part of the sea.
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Table 1. Meteorological parameters and phenomena in the Pechora Sea and adjacent
regions of the Barents-Kara region (Danilov and Efremkin, 1998)

Northwestern
Ppag:rr:)izrn%r;]d Shtokmanovskoe Pesoggra Eigsg%r:; coast of _the
Yamal Peninsula
1. Air temperature, °C
Average annual -1.2 -5.6 -9.0 -9.7
summer
Minimum _ -9 -4 -8
Average (monthly) - 7-10 5-7 5-6
Maximum 23 30-32 28-32 29
winter
Minimum -28 -48 -50 -49
Average (monthly) - -13-19 -20-22 -20-25
Maximum - 2-5 0-2 0-2
2. Duration of the cold
period, days 160 240 240 250
3. Wind speed, m/s
Mean for 10 minutes 43 35 26 28
Mean for 2 minutes 53 40 40 34
Mean for 3 seconds - 49 - -
4. Average duration of
wind with speed
exceeding 15 m/s (in 8-10 7 (max 3 3
hours) 60)

In spring, the branch of the Icelandic low stretching northeastward reduces in size. The
Polar high moves to the pole, and the Siberian anticyclone is destroyed. In most areas
the weather is cloudy, with strong winds of different directions (wind strength 6-7), snow
and rain.

In summer, the stable anticyclone is formed above the Barents Sea, and cloudy weather
with northeasterly winds is established. In the warmest months (July and August) air
temperature in the southeastern area is about +7°C. Intrusion of Atlantic air masses
often disturbs weather conditions especiaily in the western and central areas. During
such periods southwesterly up to 6-7 strong winds predominate.

- At the beginning of fall, wind direction frequently changes, but by the end of this period
southwesterly winds become dominant. Wind speed increases up to storm values, and
the general cooling starts. From the second half of fall onwards, the fast transition to
winter conditions occurs.

A characteristic feature of the region is the polar night lasting from 40 to 70 days.
The observed climate warming and ice cover reduction do not exclude extreme
hydrometecrologic conditions especially in winter.

The data collected by International scientific centers on climate and global changes and
the Russian Hydrometeocenter clearly demonstrate global climate warming for the last
150 years of observations as shown in the diagram of temperature anomalies variations

(Fig. 1).
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Besis.uaf.edu/ak climate.htmi)

Paleoclimatological evidence demonstrates that the most pronounced climate changes
occurred in high latitudes. For instance, during the Pliocene epoch air temperature in
high latitudes exceeded the modern one by up to 14°C, while in the low latitudes it was
even less than the modern temperature. During the last interglacial climate optimum
(ca. 125 ka), when the average annual global air temperature was up to 2°C higher than
the modern one, the temperature rise in the Barents Sea reached 5°C. During the
Holocene climate optimum (5.5-6.0 ka) the average global temperature was 1°C higher
than at present, while in the Arctic regions it exceeded the modern one by 3-4°C.

The expected average giobal climate warming by 1°C by 2025 allows modeling
environmental conditions at the Russian Arctic coasts by analogy with the Holocene
climate optimum. At the average annual global climate warming of 1-2°C, temperature
increase in the Arctic regions will reach 4-8°C. Steady positive temperature anomalies
are already evident in the high latitudes, temperatures exceed the period of 1966-1995
by 2°C. This warming will inevitably result in reduction of ice cover extent in the inner
shelf zone and activization of hydrodynamic processes including increasing influence of
storm waves over the seabed. Increasing coastal abrasion and, primarily,
thermoabrasion lead to enhanced removal of sedimentary matter from land (Pavlidis
and Leont’ev, 2000).

Hydrology

Hydrodynamic regime of the Barents Sea is determined by the system of quasi-
stationary and non-stationary currents, tidal and inertial movements, wave processes on
the surface and in the water column, vortical formations of various size. Water
movement is accompanied by wind-induced sea-level oscillations, horizontal and
vertical turbulent mixing (Table 2).

10
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Table 2. Hydrological parameters of the Pechora Sea and adjacent marine regions
(Danilov and Efremkin, 1998).

North-
Para: neter and Shtokma- Pechora | Bayadarat- cov‘allztSto‘i‘rtnhe Ob-Taz
phei:omenon novskoe Sea skaya Bay Yamal region
Peninsula

1. Sea surface
temperature, °C
Minimum -1.7 -1.8 -1.9 -1.9 -1.9
Average 2.4 2.8 0.9 - -
Maximum 8.2 10.9 12.9 8 16.5
2. Sea surface salinity, %o
Minimum 34.68 12.67 20.65 0.19 -
Average 34.86 31.55 31.8 - 0-31
Maximum 35.03 33.46 35.44 30.56 -
3. Bottom water
temperature, °C
Minimum -1.7 -1.7 -1.9 - 0.5
Average — 0 0.05 — -
Maximum 0.8 4.0 12.2 — 2.0
4. Tides, relative to the
average sea level, cm
Minimum -46 -61 -51 - -
Average 0 0 0 - -
Maximum 51 83 55 - -
Amplitude 97 144 106 60-100 50-200
5. Extreme sea level, cm
(once in a century)
Minimum -86 -170 -106 - -
Average 0 0 0 - 30-40
Maximum 107 222 167 - -
6. Current velocity, cm/s
Tidal 38 38 40 20-30 12-30
Summary 146 123 84 100 80-148
7. Wave height, m
(0.1% probabilty) 23.7 9.0-10.0 - 5-7 3-4

The warmest transparent dark blue waters of the Atlantic Ocean with temperature
ranging from +4 to +12°C and salinity about 35 come with the North Cape branch of the
North Atlantic current. Close to 25°E the current is divided into the coastal branch with a
surface velocity of about 40 cm/s and the northern branch with a surface velocity of
about 13 cm/s. The coastal current partly deviates to the southeast and flows into the
White Sea, while the remaining part flows northeastward and forms the Murmansk
current. Near the Northern Kanin shoal, the Kolguev-Pechora branch of the current is
formed, which enters the Pechora Sea. The greatest part of the Northern branch of the
North Cape current turns to the west and southwest, though a small part keeps the
northeastern direction and in the region near 73°N and 30°E is included into cyclonic
circulation. Due to considerable inflow of warm Atlantic waters the Barents Sea is one of
the warmest in the Arctic Ocean. The greatest part of the North Cape current heat
storage (about 90%) is spent for heating the atmosphere. That is why positive
temperature anomalies appear over the Norwegian and Barents seas. As a result of
thermal and mass-exchange between the ocean and atmosphere cyclones gain
additional energy. The environmental conditions hamper freeze-up, and an open-ocean
circulation pattern is established. The volume of Atlantic water inflow is estimated at
50-75,000 km® per year.

11
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Cold currents flow westward along the Persei rise. Near Nadezhdy Island they form the
Medvezhinskoe current with a current velocity of about 50 cm/s. Cold waters of the Litke
Current come via the Karskie Vorota Strait (Dobrovol'skii and Zalogin, 1982; Pfirman et
al., 1995).

At the convergence of warm and cold currents the North Atlantic polar hydrological front
is formed. Its waters are enriched in oxygen and favor bioproductivity growth in this
zone. Oceanic polar fronts are global climatic formations, so they have many common
features. In the North Atlantic and the Norwegian, Greenland and Barents seas, rather
salty (35-36) and warm (10-20°C) water of the North Atlantic current (Gulf Stream)
interacts with colder (less than 5-10°C) and freshened Arctic and Subarctic waters of
different origin.

In general water circulation is determined by interaction of the two basic opposite
currents, the Atlantic and Arctic ones. Warm water enters the Barents Sea with the
North Atlantic current, which is the extension of the Gulf Stream, and with its branches,
the North Cape and West Spitsbergen currents. The Gulf Stream water is found near
Spitsbergen, Novaya Zemlya, North Pole and other areas, thus determining the
hydrological regime of the North-European basin (Khimicheskie..., 1997).

Surface water temperature decreases in northeastern and northern directions. In winter,
surface water temperature equals +4 to 5°C in the south, +3°C in the central part and
falls below zero in the north. In summer, surface water temperature is close to air
temperature. In the southern part of the sea, it averages +8 to 9°C, in its central part -
+3 1o 5°C, and to the north of 79°N temperature is close to the freezing point. The
highest surface water temperature all over the Barents Sea is recorded in August. Down
the water column a natural delay in achieving the temperature maximum occurs, that is
closely related to spatial-temporal variability of the turbulent heat exchange coefficient.

Vertical temperature distribution in the water column almost entirely depends on
penetration of warm Atlantic waters, winter cooling and bottom topography. In the
southwestern part of the sea, that is strongly affected by the Atlantic waters,
temperature smoothly decreases with depth remaining positive down to the bottom. In
the north, east, and southeast, the Atlantic water influence is considerably less
pronounced. When penetrating these areas Atlantic waters cool down, and their
temperature remains negative all the year round. Thus, the Atlantic water masses
undergo considerable alteration by colder local waters of the Barents Sea.

In the bottom water layer, the dates of minimal temperature approach differ with space.
In the shallow southeastern areas and in the coastal zone minimum heat storage is
simultaneous within the whole water column. In deep areas (200-300 m), bottom
temperature reaches minimum values in May-June and, sometimes, in July. In the
southwestern region and in the areas with water depths exceeding 300 m advection
component of thermal balance plays the basic role in seasonal bottom water
temperature variations. Therefore, here the annual temperature record may have some
extremes with time of approach dependent on interannual advection fluctuations
(Khimicheskie..., 1997).

In the poiar front zone (60-70° N), hydrological summer begins in June—July and lasts
for 2-3 months. Transition seasons, spring and fall, are short and last for less than one
month. Structure of the Arctic polar front is determined by sharp (1-2°C/km)
temperature gradients, meanders, various vortexes, intrusions of cold freshened waters,
and other natural phenomena.
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Seasonal thermocline is a typical feature of polar waters. As a rule, it is formed in spring
and summer at the depths of 50-100 m. In fail and winter it is destroyed due to surface
water cooling in the presence of strong winds. An important condition for the spring
thermocline is the presence of a fresh surface-water layer providing initial density
gradient near the ice edge and in the nearshore zone of meltwater discharge
(Khimicheskie..., 1997).

In summer, different planktic organisms inhabit various water layers: diatoms
predominate in mixed waters, small flagellates, Decapoda and Euphausiacea in
stratified waters above the thermocline, and dinoflagellates inside the thermocline. The
role of temperature in formation of density gradient in the frontal zone increases from
summer to winter, while that of salinity decreases. Short-term frontal variability is
governed by winds, while seasonal variability depends on a complex of factors including
variations in the heat storage of Atlantic waters, ice edge position, and atmospheric
circulation pattern (Zabruskova, 1988; Khimicheskie..., 1997).

In the Pechora Sea, the system of general quasi-stationary circulation is formed by two
flows of warm and salty Atlantic waters (Kanin and Kolguev-Pechora), by the White Sea
and Pechora discharge currents, and by the Litke current carrying cold waters from the
Kara Sea (Gidrometeorologicheskie..., 1985; Gidrometeorologiya..., 1990; Potanin et
al., 1985). Transit of the Barents Sea waters to the Kara Sea occurs in the surface
water layer. In the Pechora Sea they are essentially transformed and change their
thermohaline properties. The Barents Sea and the Atlantic waters are distributed in the
intermediate, deep, and bottom water layers.

Velocities and directions of wind currents depend on baric situation and atmospheric
conditions. For instance, in summer when cyclonic activity in the Pechora Sea is rather
low, wind currents are relatively weak especially in the shallow areas where they are
slowed down by friction between water and seabed.

It should be noted that polar front waters in the Norwegian-Greenland basin and
Barents Sea are enriched in biogenic elements. Primary production has a well
expressed seasonal character. Zooplankton biomass exceeds 500 mg/m® in summer,
and in some regions reaches even 1000 mg/m°® and more (Pavshtiks, 1979). The
Barents Sea is the most productive northern water basin of Russia due to active light
regime of polar summer, favorable geographical position, and penetration of the warm
North Atlantic current. Biological and oceanological processes in the sea have a well
manifested seasonality because of climatic zonality. The influence of the Atlantic waters
as well as taxonomic diversity of flora and fauna decrease eastward.

Waves

Wave activity is one of the basic factors responsible for evolution of the coastal zone
and its present-day shaping. Prevailing types of wave activity in the Barents Sea are
wind-induced waves and mixed waves produced by winds of changing directions during
fast moving cyclones. Therefore, the average wave periods mainly depend on the
degree of wind wave activity (Nauchno-metodicheskie..., 1997).

Unlike other Arctic seas, vast areas in the Barents Sea remain ice-free all the year
round. In combination with cyclonic activity this results in high frequency of storm
waves. In winter, at steady westerly winds the maximum height of waves in the central
part of the sea may reach 10-11 m. Close to the coast, the strongest storm waves are
related to northerly and northwesterly winds producing up to 8-m-high waves. In
summer, frequency of strong waves reduces and equals 1-4% for 5-6-m-high waves
and up to 10% for 3-5-m-high waves (Veter..., 1974).

13
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In the Pechora Sea, the most probable twenty-years maxima of average wave heights
in the central part equal 4.5 m and decrease down to 4 m in the Karskie Vorota Strait.
During ice-free season the length and period of storm waves decrease from the west to
the east. In certain coastal areas interaction of waves with strong tidal or discharge
currents may give rise to random waves called "crowds”. Ice floes smoothen waves by
removing secondary elements from their basic surface. Nevertheless, storms in the
open sea with drift ice are very dangerous because of ice-floe impacts against boards of
ships and mountings of stationary constructions (Table 3).

Table 3. Height (h, m) and period (7, s) of waves in deep water (>25 m); and wind speed
(v, m/s) with different probabilities in some parts of the Pechora Sea during active storm
season (October-December).

, Probability, % Recurrence, time in 1 years ,
Ele- s . 8 Recurrence
ment [0 ) 20 ) 2 L 11 > 0 20 | 50 dffcalrris, %
69°10' N, 46° 00’ E
H 1.1 1.8 2.4 3.0 3.5 4.0 4.2 4.5 4.6
T 50162 7.2 8.1 8.8 9.1 9.5 9.8 10.1 31
\% 82 (128 {17.5 | 22.0 |25.0 |25.0 | 30.0 | 320 |34.0
. 70° 30’ N, 52° 00' E
H 0.7 {15 2.3 2.9 3.5 4.0 4.3 4.4 48
T 4.0 16.0 7.2 8.2 8.9 9.7 10.1 1105 [ 10.7 39
\% 72 1120 | 166 |20.4 |22.0 | 250 | 254 |256 |27.7
69° 50' N, 55° 00" E
H 09 (15 2.2 3.0 3.5 4.0 4.3 4.5 4.7
T 45 1860 71 8.2 8.9 9.7 10.00 | 10.2 | 10.7 39
\% 83 120 [ 166 |20.0 {220 |25.0 |26.5 27.5 129.0
69°40'N, 57° 00" E
08 |14 2.2 2.8 3.3 3.7 4.0 4.3 4.5
T 44 |56 6.6 7.2 7.5 8.0 8.2 8.3 8.3 39
\% 75 1120 | 172 | 20.0 | 25.0 | 285 | 31.0 1320 |33.0

Storm activity increase in westward direction is explained by higher frequency of gales
in the western areas and presence of ice cover limiting momentum of storm waves in
the east. So, the seasonal storm wave heights usually average 7-9 m in winter and 5-6
m in the summer (shipboard records). At the same time, extremely strong gales occur in
the eastern areas, too. In October and December 1987, the maximum height of a single
wave exceeded 13.6 m in the region north of the Kanin Peninsula (Nauchno-
metodicheskie..., 1997). In 1984, under strong steady westerly wind and displacement
of ice edge towards “Prirazlomnoe” oilfield in the Pechora Sea the height of a wave
exceeded 8 m (Danilov and Efremkin, 1998). Relatively strong wave activity, when
water turbidity rises up to 150-200 g/m® (at usual values of 50-80 g/m?), is
characteristic for the Pechora Bay (Mikhailov, 1997). Despite predominance of wind-
induced short-period waves in the Arctic seas, ripple waves are important relief-forming
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agents. This is especially typical for the western Barents Sea where in some years the
abundance of ripple waves mixed with wind-induced waves reaches 70-80% (lonin,
1992).

Ice regime

The first ice observations in the Barents Sea and, accordingly, Pechora Sea date back
to the beginning of the 20th century. in 1913-1916 polar stations (Kanin Nos, Bolvanski
Nos, Yugorskii Shar, Marre-Sale) were founded in this region, and regular standard
meteorological, ice, and hydrological investigations began. In the thirties regular aerial
ice observations allowed for obtaining the data on ice-cover distribution for certain
winter months and for all summer months. In the same period the basic network of
coastal and island hydrometeorological stations was organized. In the seventies and
eighties instrumental methods of ice investigation (air survey, radar survey, etc.) were
introduced, and regular remote sounding of sea ice with the help of meteorological
satellites started. Since 1986, the Arctic and Antarctic Research Institute (AARI) has
published weekly complex maps of ice conditions in the Russian Arctic and has created
the database on ice-cover distribution with the use of GIS-technologies (Mironov et al.,
1998).

Ice regime considerably influences sedimentation and bottom topography in the Arctic
seas. Extensive ice fields, drift ice, and grounded ice hummocks (“stamukhi”) preserved
during the greatest part of the year hamper wave activity. Due to this, in a number of
coastal areas an abnormally gentle profile of submarine coastal slope is formed and
fine-grained deposits occur in the nearshore zone, which is not typical for inner shelf
areas. At the same time, ice cover promotes better preservation of relic landforms and
transit of sediments along the shelf edge with further evacuation beyond the shelf limits.

According to estimations (Kaplin, 1971), ice factor limits duration and intensity of wave
abrasion. It slows down abrasion-accumulative processes by approximately 3—4 times
in the Subarctic, and 7-10 times in the Arctic region, and reduces the total lithodynamic
effect.

Sea ice exerts dynamic, thermal, and chemical influence on the coastal-shelf zone. By
hummocking and “stamukhi” formation ice removes sediment material from seabed and
beaches and forms barriers, furrows, and depressions. According to the data of
American researchers (Reimnitz et al., 1972, 1978), ice exaration is evident down to the
depth of 75 m. However, only on the inner shelf ice furrows have modern age. They are
1-2 m deep and have typical marginal rampatrts.

The chemical impact of ice on the seabed is observed in shallow nearshore areas and
lagoons that are almost completely isolated from the sea till the end of winter, when fast
ice gains maximum thickness, and the specific local temperature and salinity regime is
formed. For example, investigations in neighboring patches within the Sharapovy
Koshki Isiands (Kara Sea, western coast of the Yamal Peninsula) have shown that in
winter under the fast-ice cover strongly mineralized waters occurred in depressions
between barriers. Water temperature was about —4.4°C within the depth interval of
0.2-0.5 m (Grigor'ev, 1987).

Low water temperature favors preservation of relict permafrost. Where fast ice
adfreezes to bottom grounds new generations of frozen grounds are formed.

Unlike other Arctic seas, the Pechora Sea, as the whole Barents Sea, never becomes
completely ice-covered, and about 1/4 part of their area remains ice-free all the year
round (Fig. 2). Every year the warm Atlantic waters bring 177,369x10'? kcal of heat to
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the Barents Sea (Timofeev, 1960). These waters serve as a natural barrier to ice drifting
from the north. Ice inflow from the Kara Sea is insignificant (Table 4).

Ice extent differs from year to year. Iis fluctuations are dependent on the intensity of the
North Cape current and general climate fluctuations (information databases on the
series of observations on ice regime in the Pechora Sea for 50-70 years are available
at the AARI).

One prominent feature of ice regime in the Pechora Sea is the presence of only one-
year ice during an annual cycle (Mironov et al., 1998). The Pechora drift-ice massif is
dynamically active. Ice formation starts at the end of November and ends in March. The
average multiannual location of its western margin corresponds to 47°E. During the
years of intensive ice discharge, the ice massif is small and occupies the area close to
the Novaya Zemlya straits. If discharge is absent under prevalence of easterly and
northeasterly winds, the ice massif grows to a size of several times bigger, and its
margin shifts westward close to the Kola Peninsula. In the southwest the ice massif
feeds ice to the drift ice flow from the White Sea. The total amount of the White Sea ice
is about 6.7 km® (Zubakin, 1998).

Input of ice (average multiannual data) from the Kara Sea equals 4.6 km® being far less
than ice discharge from the Pechora Sea through the Karskie Vorota Strait (21,4 km®)
(Mironov et al., 1998).
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Fig. 2. Arctic Ocean ice cover (Sevemyi Ledovityi ..., 1985):

‘a-icemarginin winter; b -ice margin insummer; ¢ - fastice; d - polynyas
(1-Pechora, 2-Western Novaya Zemlya, 3-Amderma, 4-Yamal, 5-Ob'-Yenisei,
6-Western SevernayaZemlya, 7-Eastern Sevemaya Zemlya, 8- Taimyr, 9-Lena,
10-New Siberian, 11-Alaska.

Branches of oceanic icefields: | - Spitsbergen, Il - Kara, 111 - Taimyr, [V - Aion,
V -Chukotka. Localicefields: A- NovayaZemlya, B - Severnaya Zemlya, C - Yana,
D -New Siberian, E - Wrangel.

River runoff has a warming influence on coastal ice conditions. In the Pechora Bay fast-
ice freeze-up occurs later than the Pechora River freeze-up (second half of November).
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Fast-ice break-up follows the river-ice break-up. Thermal river runoff plays an essential
role in fast ice break-up. The estuarine polynya appearing at the river mouth rapidly
grows in direction of the river runoff spreading. The rate of ice-edge displacement is
about 3-5 km/day. The average ice thickness is up to 90 cm. Ice melts away at the end
of June - beginning of July (Mikhailov, 1997).

Table 4. Ice parameters and phenomena in the Pechora Sea and adjacent areas of the
Barents-Kara region (Danilov and Efremkin, 1998).

Northwestern
Parameter and phenomenon Shtoskg 2“0\/ Peézggra zizisaé:; c\?:rsr:a?f
Peninsula
1. Beginning of ice freeze-up,
date
early Xl 25.X 5X 28.1X
average I\ 18.XI 17.X 7.X
late v 23.XIl 2.X1 30.X
2. Fastice freeze-up, date
early 23.XH 7.X 6.X
average 221 1.XI 5.XI
late 111V 4.Xi 30.XI
3. Beginning of fast ice
break-up
early 5.1V 12.VI 21.VI
average 23.V 7.V
late 7.Vl 21.VIi 24 Vi
4. Total disappearance of ice
cover, date
early 25111 104V 12.Vl 29.VI
average 29.V 19.V 4.VIli 5.Vill
late 7.V 30.Vili 26.1X 5.1X
5. Duration of ice-covered
season, days
minimum 0 131 239
average 45 213 300 300
maximum 186 272 365
6. Fast ice
extent, km 3-15 5-20 15
average thickness, cm 110 140 150
7. Drift ice
thickness, cm
average 150 80 100 90
maximum 145
size of ice fields, km
average 1.4 1.4 0.5-2.0 1.2
maximum 17.5
continuity, units 7-8 10 9-10 9-10
hummocks, % 60 60--90 60 60
;no%stig; hummocks, 47-130 168
8. Seabed exaration
{observations), m 1-2 < 0.5
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The calculated maximum ice thickness in the Pechora Sea that could be achieved once
in N years is given below (Gudoshnikov et al., 2003).

Number of years Maximum ice thickness, cm
5 110
10 120
25 130
50 138
100 145

Zones of intensive hummocking are located in the southeastern Pechora Sea and in the
Karskie Vorota Strait.

lcebergs are one of the most dangerous natural phenomena. Glaciers of the
archipelagoes of Spitsbergen, Franz Josef Land, Novaya Zemlya, and Severnaya
Zemlya are potential sources of icebergs in the Barents Sea. Spitsbergen has the
greatest ice stocks where approximately 30% of the whole volume of glacial ice of all
Eurasian Arctic islands is concentrated. Ice storages of the Northern Novaya Zemlya
Island and Severnaya Zemlya Archipelago rank second. Ice stocks of the Franz Josef
Land are by three times smaller than those of Spitsbergen. It should be noted that in
winter icebergs usually concentrate near the centers of their formation. In spring, during
the fast-ice break-up icebergs begin to drift offshore. Sometimes in June they drift as far
as the Norwegian and Kola Peninsula coast. Abnormal distribution of icebergs in the
southern Barents Sea was recorded in 1989 when they were observed to the north of
the Kanin Nos Cape (Nauchno-metodicheskie..., 1997). During one hundred years of
observations (1888-1991) icebergs in the southeastern Barents Sea were marked 11
times. Calculation of extreme values has shown that at sea routes westward from
Kolguev Island icebergs could be met 5 times in 100 years (Mironov et al., 1998) (Table
5).

Table 5. Statistic characteristics of the linear size (m) of above-water parts of icebergs in

the Barents Sea, cruise observations (Nauchno-metodicheskie..., 1997).

Statistic characteristic Length Width Height
Arithmetical mean 64 46 11
Mode 54 35 6,5
Root-mean deviation 38 33 6
Factor of variation, % 62 71 58
Maximum 180 160 30
Minimum 5 5 5
Range 175 155 25
Series, length 97 38 87

The environmental conditions established by the beginning of the Subatiantic period, ca.
2.7 ka, could be referred to as relative cooling (in comparison with the Holocene climate
optimum). lce cover extent increased in both the Arctic seas and North Atlantic.
Considerable cooling in the Arctic regions between 860 and 1800 was followed by
gradual warming, and during the last 200 years ice cover in the Arctic basin has been
essentially reduced. The electronic version of ACSYS Forecast journal (1998) published
by the Internationai Center on Arctic Climate Systems Study (ACSYS) contains archival
data on location of the drift ice fields in the Western Arctic regions at the end of the 19th
century (1881) in April, July and September. Comparison of archival data and modern
satellite images provides evidence for significant reduction of ice fields in the spring-
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summer period. The greatest reduction of ice fields in the Norwegian and Barents seas
(1997 against 1881) is especially evident for April. In the 19th century at this time of the
year the southern ice limit stretched from the Kola Peninsula coast and the North Cape
to the southeastern coast of Iceland, while in 1997 the whole southwestern Barents
Sea, from Novaya Zemlya to the southern Spitsbergen, remained ice-free (Pavlidis and
Leont’ev, 2000) (Fig. 3).

Hence, at present climate and ice conditions of the Arctic regions are gradually
becoming as warm as their warmest analogues observed during the “Atlantic optimum”
of the Holocene 5-7,000 years ago.

Fig. 3. Drift ice margin in Western Arctic in April, July, and September 1881 (A)
(R.Colony and T.Vinje, 1998, (www.npolar.no/acsys/jan98), and ice conditions in

Western Arctic in April, July, and September 1997 (B, C, D) (space images).
(Sea Ice Analysis History Page. hitp://polar.wwhb.noaa gov/seaice/Historical. html).

Tides

Tidal currents belong to non-stationary quasi-periodical movements. They are especially
active within the coastal zone, in straits and gulfs. Sometimes their velocity reaches
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160-250 cm/s. Velocity of tidal currents strongly depends on the moon phases. It grows
during syzygy and reduces during neap.

In the Barents Sea tides are mainly caused by the eastward moving Atlantic tidal wave,
that reaches Novaya Zemlya. To the west from the Matochkin Shar it turns to the
northeast and, partly, to the southeast. Northern areas are affected by the tidal wave
coming from the Arctic Ocean. This produces interference of the Atlantic and northemn
tidal waves at the northeastern Spitsbergen coast and at Franz Josef Land.

Tidal fluctuations in the Barents Sea have regular semidiurnal character. The strongest
tidal currents are marked along the Murmansk coast, at the entrance into the White
Sea, on the Kanin and Southern Spitsbergen shallows. Near the Murmansk coast, the
tidal sea-level rise reaches 6 m, near Spitsbergen 1-2 m, and near Franz Josef Land -
0.4-0.5 m. Such differentiation results from bottom topography, coastline morphology,
and interference of tidal waves. East and north of the Kola Peninsula the height of tides
decreases. Sometimes there is not encugh time to fill some narrow bays and fiords with
tidal water and to release it from them, therefore, the level gradient and strong currents
are formed.

In the Pechora Sea, syzygy tidal currents velocity is 1.5 to 2.5 times greater than that of
neap tidal currents. The tidal wave approaches the Pechora River mouth from the west
and moves along the Gulyaevskie Koshki Isiands. At the Pechora Bay entrance the
average, syzygy, and neap tides are about 80, 100 and 58 cm, respectively (Mikhailov,
1997). The tide is asymmetrical: rising tide equals 5.3 hours, falling tide equals 6.7
hours. During summer low water, the tide wave moves upstream the river for 160 km.
The limit for the upstream movement of tidal wave is about 190 km, whiie the minimum
one — during high water — is only 10-15 km. Tidal currents determine water exchange
between the Pechora Bay and the sea. The total tidal water discharge through the
Gulyevskie Koshki straits is tremendous and reaches 162,000-258,000 m%s. Current
velocities in the straits are about 2 m/s.

The calculated tidal deviations from the average sea-level are non-uniform and increase
from the open sea (50 cm) towards coastline {(up to 150 cm). Wind-induced sea-level
rises have the following values and frequencies: once a year the rise reaches 20 to 30
cm; once in 5 years 45 to 147 cm; once in 10 years 50 to 172 cm; once in 25 years 60
to 205 cm; once in 50 years 60 to 230 cm. Seasonal sea-level falls are the following:
once a year - 10 to 40 cm; once in 5 years — 40 to 95 cm; once in 10 years — 40 to 100
cm; once in 25 years — 45 to 120 cm; once in 50 years — 45 to 130 cm (Mikhailov,
1997).

In order to obtain the data on sea-level fluctuations in the open Pechora Sea tide
gauges were deployed in August 1998 at two sites located at a distance of about 8
miles (13th cruise of RV “Akademik Sergei Vavilov”, stations 1092 and 1093). The tide
gauges measured time-dependent changes of bottom hydrostatic pressure. Water
depths at the sites were 13.4 and 13.0 m, respectively. Two tide gauges per site were
fixed on a vertical bar at a distance of 1 m above the seafloor. Both tide gauges
recorded distinct sea-level oscillations (Table 6). Semidiurnal periodicity (about 12
hours) with variable ranges was dominant. Unegual ranges of the two successive
semidiurnal fluctuations point to the presence of tides with daily periodicity. The
estimated range of daily fluctuations was 5 to 15 cm; that of semidiurnal fluctuations 70
to 115 cm.

20



S.L. Nikiforov et al.: Modern environmental conditions of the Pechora Sea...

Table 6. Maximum range of sea-level oscillations.

Datury mark H,cm Datur i mark H,.cm
Mikulkin Cape 577 Konstantinovskii Cape 469
indiga 399 Varandei 399
Sengeiskii Shar 287 Belyi Nos 406
Tobseba 338 Bugrino 348
Bolvanskii Cape 469 Belush'ya 181

River runoff

The river runoff to the Barents Sea equals about 163,000 km*/year (Romankevich and
Vetrov, 2001). The Pechora River brings approximately 90% of the total river runoff to
the Pechora Sea. lts average multiannual discharge at Oksino (141 km from delta
margin) is 4120 m*/s. On average, the Pechora River delivers about 130 km® of water
every year. In terms of river runoff, it is one of the largest rivers in Russian Arctic after
the Yenisei (597 km®/year that makes 31.9% of the total river runoff into the Russian
Arctic seas), Lena (5630, 19.4%), and Ob’ (402, 14.7%). The length of the Pechora River
is about 1810 km, its catchment area is 322,000 km? (Mikhailov, 1997; Romankevich
and Vetrov, 2001). Interannual distribution of runoff is extremely non-uniform (Table 7).

Table 7. Interannual distribution of river runoff in the Pechora River delta head
(Mikhailov, 1997).

month | It I v \Y \% Vi Vill IX X Xl Xl | year

km?® 778 609 |522 1080 | 11200 |[16700 |5390 | 2660 |3480 |3850 1970 |1150 ;4120
% 1.6 (1,2 |11 2.2 22,7 33,8 10,9 |54 7,0 7.8 4,0 2,3 100

More than 67% of the annual runoff is discharged during spring flood (May—July) and
more than one third of this (34%) in June. The spring flood often has two stages — the
main (“spring”) and later (“usinskaya” when the meltwater runoff from the Usa River
comes).

Distribution of the runoff among the main branches of the Pechora delta is given in
Table 8.

At transition from high to low water the share of runoff through most lateral branches
decreases. When runoff is low, practically no water flows through small branches. This
regularity results from the presence of one deep-water passage to the Pechora Bay
through the Big Pechora and extreme shallowness of the small branches.

Maximum water levels in the mouth are related to the flood wave passing. The level rise
is redoubled by ice blocking and reaches 8-9 m in the delta head and about 5 m near
Nary’an-Mar.
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Table 8. Distribution of the runoff among the main branches of the Pechora River delta
(100% corresponds to the total runoff at the delta head, data for 1977-1980) (PolonskKii,
1984).

Branch, transit point %
Delta head

Pechora, Oksino 95,5
Golubovskii Shar, source 4,2
Gorodetskii Shar, Nar'yan-Mar 4.5
Pechora, Bol'shaya Sopka 91,3
Small Pechora, Bol'shaya Sopka 48,6
Big Pechora, Bol'shaya Sopka 427
Andega unit

Small Pechora, Bol'shaya Sopka 486
Utcher (Tndrovyi Shar), source 55
Krestovyi Shar, source 1,2
Srednii Shar, source 17,5
Mesin, Mesino 24,4
Lower reaches of the Big Pechora

Big Pechora, Koryagovka 75,2
Glubokii Shar, source 4,2
Kamennyi Shar, source 1,2
Nevolin Shar, source 4.9
Big Pechora, mouth 64,9

The average multiannual solid discharge in the mouth is 8.5 million t/year. Ninety
percent of this flux passes during flood. The average water turbidity is 65 g/m?. lonic
discharge equals 67.5 mg/l (Romankevich and Vetrov, 2001). Suspended matter
content in the surface water layer is about 1.5-5.0 g/m? (Mikhailov, 1997).

It should be noted that though the total water river runoff to the Arctic Ocean is
tremendous, turbidity of riverine waters is low. So, the total solid discharge of the 11
biggest northern rivers equals about 110 million t/year, which is approximately 5 times
less than solid discharge of the Mississippi River solely. Due to differences in water
runoff and turbidity, the total particulate matter flux into the Russian Arctic seas differs
from the liquid river runoff values: the Laptev Sea receives 31.4; the Kara Sea 27.3; the
East Siberian Sea 27.4; the Barents Sea 10.5, and the White Sea 6.0 million tons per
year (Table 9).

Table 9. River discharge against the area and water storage of the sea (Romankevich and
Vetrov, 2001).

. ’ 'Se'a"area, 1 Water
 Ses A0%m? s:qgag%,’ 4 odi
- ; U O( é()m 110° tons/

“White 90 6.0 6.0 66.7 10
Barents 1424 316 10,5 7.4 0,03
Kara 885 98 27,3 30,8 0,28
Laptev 663 353 31,4 47 4 . 0,09
East Siberian 913 49 27,4 30,0 0,56
Chukchi 582 45 4 - - ’ -
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The area of freshening in the Pechora Bay depends on the runoff. During summer low
water, the zone of riverine and sea water mixing is located within the bay. The average
width of the mixing zone is about 50-60 km. Seawater salinity is about 33. During flood,
the mixing zone spreads beyond the limits of the Pechora Bay and stretches offshore
into the Pechora Sea. In this case, seawater salinity at marine side of the Gulyaevskie
Koshki Islands drops down to 0. The average water salinity at Varandei and
Khodovarikha during summer low water is 24, while in winter it reaches 35 (Mikhailov,
1997).

The bay penetrates far inland for more than 150 km. It is shallow even in its deepest
part in the east. Only in a number of deltaic channels there are erosive trenches with
depths of up to 15 m. At present they are probably deepened by reversal tidal currents.
It should also be noted that the Pechora Bay is a relict estuary. It was shaped by
erosive processes aging back to Tertiary times. Wide distribution of accumulative
terraces at the heights of 46-66, 16-29, 8-12, and 3-5 m usually composed of alluvial-
marine deposits evidences that coastal land was not subjected to exaration and
accumulative impact of the Late Pleistocene ice covers. During the Pleistocene epoch,
erosional and accumulative fluvial processes and sea-level oscillations repeatedly
affected this territory.

The basic tendencies in the modern development of the Pechora River mouth is silting
and gradual disappearance of small western channels, silting of the delta and
Korovinskaya Inlet, protruding of the Big Pechora fan, and further consolidation of the
coastal barrier — the Gulyaevskie Koshki Islands.

Some time ago it was proposed to transfer part of the Pechora runoff (about 13-30
km®/year) to the Volga basin with artificial reduction of the natural runoff by 10-13%. For
the Pechora River mouth, negative consequences of water transfer would obviously
outbalance the positive ones. The only positive consequence is reduction of delta silting
in spring. The main negative consequence is salinization of the Pechora Bay and
increasing inflow of salt water into the river channels.

Recently the region has become exposed to intensive anthropogenic impact. In this
connection it should be noted that changeable ecosystems of the river mouth are
extremely vulnerable. Negative ecological consequences are marked not only in the
areas of hydraulic engineering constructing, but also on adjacent territories including
deltas and estuaries. Water transfer and regulation of river runoff result in reduction of
deltaic flood-plain area, silting of the deltaic branches and channels, enhanced inland
penetration of tidal wave, strengthening of storm wind-induced surges, coastal abrasion,
degradation of soil cover, impoverishment of fish populations, etc.

Geology

The Pechora Sea shelf occupies the submarine continuation of the Timan-Pechora
Epibaikalian plate and is completely located within the limits of the continental crust. It is
not a typical shelf basin because one of the three zones characteristic for shelves with
platform geotectonic regime is absent here, namely the outer one. At the same time, the
inner (down to the depth of 20 m) and middle shelf zones are well expressed. From the
east and north, the shelf Is bounded by the Hercynian mountains of the Novaya Zemlya
and Pai-Khoi. In the west it is linked to the Central (sometimes called Southern) Barents
Sea depression by the system of faults of the Kurentsovskaya structural terrace. The
depression includes an area with suboceanic crust distinguished by increased thickness
of sediment cover (up to 24 km). Submarine structures of the Baikalian folding
structures, the Timan ridge, bound the shelf from the southwest. According to
geothermal data (thermal flux measurements), the thickness of the lithosphere within
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the Pechora shelf is 190 km. The mantle, basalt, and granite layers have thicknesses of
160, 15, and 15 km, respectively (Verzhbitskii, 2001).

Geological shelf sequence (Fig. 4) consists of three groups. The lower one is
represented by heterogeneous rocks of different ages forming the fold-blocky basement
that became stable about 650-550 million years ago. lts surface is covered by
metamorphic complexes and folded sedimentary strata formed by the Baikalian and
Hercynian tectonic activity and also by epiplatform stirring up of the Earth's crust. The
depth of the basement submergence under the sedimentary cover load reaches 8 km
(Korobkin and Boiko, 1999). The middle group is represented by platform deposits,
mainly the Early Paleozoic-Early Permian carbonate sediments with a thickness of up to
4 km. This unit is subdivided into the Epibaikalian and Epihercynian subunits according
to tectonic cycles. The inner structure of the group has not yet been investigated in
detail. The upper group consists of terrigenous Late Permian — Cenozoic deposits
represented by shelf formations that reflect structural isolation of the Arctic
geodepression whose syn-oceanic development began at the Early-Late Cretaceous
boundary.

Fig. 4. Geological-geophysical profile of the northwestern Pechora Sea and
temperatures of sediment cover, in °C (Verzhbitskii, 2001).

The group is subdivided into four structural subgroups: Late Permian—Triassic (pre-
oceanic), Jurassic—Early Cretaceous, Late Cretaceous (both transitional to sin-oceanic),
and Oligocene-Quaternary (syn-oceanic). By analogy with the adjacent areas of the
Barents Sea shelf it is possible to subdivide the last subgroup into several sedimentary
complexes: Oligocene—Miocene lacustrine-alluvial complex corresponding to regressive
conditions, Pliocene-Quaternary complex with sediments of marine, giacial, and glacial-
marine origin reflecting transgressive-regressive conditions, and Late Pleistocene—
Holocene deposits evidencing transgressive conditions. The Quaternary deposits
consist of continental and terrigenous-marine high-latitudinal sediment facies. Some
researchers think that the natural cyclic spatial-temporal succession of rift complexes by
plate deposits is characteristic for the general process of regional sedimentary cover
formation. The main phase of the Earth's crust destruction in the region is dated by the
Middle (?)-Late Devonian (Shipilov, 1993).

The thickness of the Quaternary deposits on the shelf ranges from zero up to tens of
meters (Figs. 5-7). The thickness of the Holocene deposits sometimes is close to 10 m,
but averages 0.1-5 m. Depending on local conditions, deposits are represented by
clays, sands, silts or polygranular sediments.

The Quaternary deposits of the southeastern Barents Sea are well enough investigated
seismoacoustically (AMIGE and MAGE, Murmansk) and geologically (drilling carried out
by AMIGE). Most researchers suggest subdividing the Quaternary deposits into three
seismoacoustic complexes separated by unconformities (Chistyakova, 1997).
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lll-d seismoacoustic complex, Upper Valdai moraine, is characterized by massive
mainly chaotic type of seismoacoustic record. It occurs throughout the whole area and
dominates in the sequence. It has an even subhorizontal base and uneven ridge-like
top. Glacial deposits compose this complex. Their age is determined as the Late Valdai
since they represent the basement of last glacial cycle. However, it probably
incorporates relics of more ancient moraines as evidenced by occurrence of internai
boundaries.
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Fig. 5. Seismo-stratigraphic section of loose sediment
unit. Key: Sediment seismostratigraphic
(sedimentation) complexes: 1 Upper Pleistocene
Holocene; 2 Upper Pleistocene; 3 Upper-Middle
Pleistocene; 4 Lower-Middle Pleistocene; 5 Lower
Pleistocene; 6 pre-Cenozoic deposits; 7 boundaries of
sediment complexes.
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Fig. 6.'i5ine hedding of Quaternary sediments in the
Southern Novaya Zemlya trench.

ll-nd seismoacoustic complex, Lateglacial deposits, occurs in the form of lenses
filing depressions of the IlI-d seismoacoustic complex. Deposits of this complex have a
basin-like character of accumulation covering all roughnesses of the underlying
morainic deposits. Their thickness reaches 30-40 m. The complex is dated to 12.7-9.4
ka. Sediment composition studied in many cores is represented by flat-bedded,
sometimes rhythmic-bedded, clays, clayey silts, and, rarely, clayey-silty sands.
Sediments have characteristic brown and brownish grey coloring, that sharply
distinguishes them from greenish grey deposits of the Holocene sea basin.

I-st seismoacoustic complex is represented by stratified Holocene deposits (not
older than 9.4 ka). In the coastal zone they consist of sands and silts with a thickness of
up to 5-10 m. Farther offshore they are represented by silty-clayey deposits (up to 2-3 m
thick). Diagenetic mineral transformations in the form of various hydrotroillite
accumulations are marked in the Holocene beds. An up to 65-70 m thick body of the
Holocene deltaic and prodeltaic deposits of the Pechora River is traced to the east from
its mouth. Distribution of surface sediments is shown in Fig. 8.
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Fig. 7. Location of boreholes and core sections
(Polyak et al., 2000).

However, some researchers do nhot agree with this opinion about the structure and
origin of the Quaternary deposits. The basic disagreement concerns the role of the
Valdai glacial factor. Field investigations carried out by the Institute of Oceanology RAS
have shown that glacial activity in this area was insignificant, and the Pechora Sea shelf
was mainly covered by arctic tundra (Pavlidis et al., 1998; Avenarius and Dunaev,
1999).

There is not much evidence about permafrost deﬁosits on the Barents Sea shelf (Figs.
9, 10).
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Fig. 8. Bottom grounds (Ekosistemy..., 1996 with

additions).

Key: 1 - sand-gravel-pebble sediments; 2 - sands; 3 -

silty sands; 4 - sandy silts; 5 - pelitic silts; 6 - silty

pelites; 7 - sand-silt-pelite sediments; 8 - bottom

abrasion of Pleistocene beds; 9 - botiom abrasion of
Paleozoic beds; 10 - directions of sand and sit
transportation; 11- lithologic boundaries.

Within the limits of the Pechora shallow their thickness may reach 30 m, and their top is
located 25 m below the seafloor. In the Kolguev Island laida, permafrost base runs
along the depth of 10-20 m. However, taking into account low heat flux on the Arctic
shelf (=1-1,5x1%° cal/lcmxsxdegree) and short-term postglacial period in the Barents
Sea, there could probably be other places with relict permafrost. According to Mel'nikov
and Spesivtsev (1995), perennially frozen grounds and, also, relict permafrost lying in
the depth range between 25-40 and 50-100 m below the seafloor are typical for the
Pechora Sea. It is supposed that the modern submarine cryolithozone could be formed
on the Arctic shelf within water depths of 0-2.5 and 40-150 m (Rozenbaum and
Shpolyanskaya, 1998).

Different opinions exist about tectonic structure and the character of tectogenesis of the
Pechora shelf (Aksenov et al., 1987). Recent evidence (Senin, 1993) suggests that
since the end of the Baikalian stage the regime referred to as metoplatformian has been
established in the Barents Sea-Pechora Sea region. This area has been separated from
the continent since the Late Mesozoic and in the modermn structural plan represents a
pericontinental mobile platform bounded by flexures and faults of continental slopes
from the west and north, by the Caledonian and Baikalian folded structures from the
south, and by the Hercynian-early Cimmerian structures from the east. It is noted that
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the structure of the upper stage is rather independent from the tectonic plan of the
basement. Riftogenesis plays an important role in development of the region. There are
no reliable data on the relation of its tectonic structure to horizontal movements of
lithospheric plates (Mitrofanov et al., 1998).
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Fig. 9. Schematic map of the cryolithozone (Osnovy..., 1996).
Key: 1 shelf boundary; 2 area of positive water temperatures; 3 mainly
unfrozen cryolithozone with cryopegs; 4-5 relict insular permafrost within
the area of (4) positive bottom temperatures and (5) crvopeds.

In recent times the shelf has gained its modern borders. It replaced an epicontinental
sea that adjoined the Central-Arctic rise. Re-arrangement of the former structural plan
occurred. The latter was predetermined by platform geological structure formed in the
post-Baikalian time and further evolution in the Late Mesozoic-Cenozoic. Structural
forms include depressions, troughs, rises, terraces, archs, etc., often complicated with
folds and faults. At that time, new block associations and relationship between faulting
zones were created by selective activation of more ancient structural fragments. The
biggest structural forms reflected in bottom topography correspond to the structural plan
of the sedimentary cover sole and basement. Peculiarities of the modern structural plan
are discussed in several publications (Geologicheskoe ..., 1984; Makhotina, 1982;
Musatov, 1990).
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Fig. 10. Map of geocryological zonation (Mel'nikov and Spesivtsev, 1995).
Key: 1-4 - geocryological regions: 1 - continuous freezing during the
Pleistocene: permafrost sediments of submerged continental and abrasion
types developed along abrasion coasts and, partly, along stable ones, 2 -
freezing during the Late Pleistocene: insular permafrost with permafrost top
located at the depths of 15 to 40 m, 3 - continuous distribution of 0 to 50-m-
thick perennially cooled sediments, 4 - post-cryogenic sediments with positive
temperature; 5 - boreholes penetrating permafrost sediments (figures: at the
left water depth, m; numerator depth of permafrost top, m; denominator
depth of permafrost base, m); 6-8 - boundaries of: 6 - neocryologic regions, 7 -
paleoland; 8 - perspective oil and gas fields.

There is no agreement among geologists regarding the timing of neotectonic stage in
this sector of the Arctic, that is dated to the end of Oligocene, Miocene, Late Miocene,
Middie Neogene, Late-Middle Pliocene boundary, the end of Pliocene (Matishov, 1984;
Makhotina, 1982; Zarkhidze, 1985). Study of paleomagnetic anomalies suggests Early
Oligocene age for the cardinal reorganization of geological conditions in this region
(Savostin, 1981). It correlates with deformations of the youngest regional peneplanation
plane, that was formed, by analogy with adjacent hinterland, during the Paleocene-
Eocene. As applied to subaquatic conditions, the beginning of neotectonic stage could
be correlated with formation of the Thule basaltic province in the Barents Sea.
Comparison of the elevations of the peneplanation plane fragments with the modern
sea level enabled estimating amplitudes of neotectonic movements. One variant of
neotectonic scheme (Musatov, 1990) is based on elevations of the lower boundary of
the Neogene-Quaternary deposits. Musatov (1990) considers the modern shelf
structure to have sub-latitudinal zonality, while in the pre-Quaternary period the latter
was sub-longitudinal. The main neotectonic process implies destruction of the Earth's
crust and subsidence of inner shelf. The general tendency of tectonic movements is the
replacement of differential movements with small amplitudes by less differential ones
but with greater amplitude. Most mappable rises are the result of their slower
subsidence in comparison with adjacent seafloor areas and could be, therefore, referred
to as relative ones. Some researchers consider neotectonic movements to be
oscillatory, since the investigated sediment sequences are rhythmic. Others trace a
wavy character of these movements because of the eastward reduction of tectonic
activity in the Paleogene, and the southward reduction in the Neogene-Quaternary time.
Recent tectonic activity is emphasized by relatively high differentiation of structural
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forms, considerable total amplitude of vertical movements, etc. Nevertheless, the region
as a whole is considered to be isostatically balanced. The general trend of the Holocene
epoch is subsidence.

From the seismic point of view the area is stable. The estimated potential
seismotectonic danger is less than magnitude 3.9 — the lowermost value recorded by
the most closely located seismic stations (Assinovskaya, 1994).

Morphostructural analysis of the shelf area allows distinguishing between positive
(vaults, rises, archs), negative (depressions, troughs, trenches), and transitional
(terraces) diamorphs (structural forms) along with different lineaments identified as
dislocations, that are an important criterion of the tectonic structure organization. An
example of structurally dependent relief is given in Fig. 11, and an example of
morphostructural zonation in Fig. 12. Recent morphostructural elements of the shelf are
usuaily shown as a group with northwestern strike following tectonic zonality typical for
this area (Takki and Buivolenko, 1976). Our investigations have shown that from the
Timan-Kanin Ridge and further northward to the western edge of the Southern Novaya
Zemlya Trough the recent morphostructural elements have northwestern strike.
However, to the east of this zone, the morphostructural plan expressed in neotectonic
ridges, furrows, depressions, and rises gains northeastern strike. Farther eastward from
the Kolvinskaya Ridge expressing itself by Pesyakov Island, the northwestern
orientation of morphostructural elements (Fig. 13) is re-established. These zones differ
not only in the degree of destruction, deposit thickness, etc., but also in neotectonic
activity. The eastern zone is the most active. Some researchers rather attribute small
dislocations on the seafloor to glacial pressure than to tectonic causes. However,
Krapivner (1992) has clearly demontrated the inconsistency of this supposition. In
particular, subsurface plicative dispositions (up to several hundreds of meters deep),
often referred to as glacial ones, are created due to subsurface flattening of reversed
and reversed-shift faults. At the same time, small dislocations occur here that belong to
lithobaric (structure of loading) and cryogenic (produced by deposit freezing and further
ice crystallization) types. Danitov (1985) considers cryogenic deformations to be dozens
of kilometers wide and dozens of meters deep.

Fig. 11. Pattern of structural-tectonic relief record at the southern
flank of the Southern Novaya Zemlya trench.

The data on modern tectonic movements are available only for coastal areas and
separate upper shelf regions. In general, direction of these movements is in a good
accordance with the results of structural-geomorphological analysis. The highest rates
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of upward movements are characteristic of the Novaya Zemlya coasts (1-3 mm/year).
Submergence prevails at the southern Pechora Sea coasts (up to 3 mm/year) and
Kolguev Island (1-2 mm/year) (Nikonov, 1978; Borisov, 1976; Veinbergs, Stelle, 1995).
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Fig. 12. Morphostructural zonation of the eastern Barents Sea (Avenarius
et al,, 1999). Key: Boundaries of morphostructural elements: 1 super-
provinces, 2-- provinces, 3.- areas, 4 - regions. Graben-forming boundary
zones: 5 - between morphostructural elements, 6 - complexifying morpho-
structural elements, 7 - lineaments corresponding to active tectonic disloca-
tions, 8 - numbers of morphostructural areas (first figure) and regions
(second figure).

The local postglacial Earth's crust movements have not yet been enough studied even
in such a thoroughly investigated area as Fennoscandia. The most important questions
are the role of tectonics and glacioisostasy, size and timing of glacioisostasy, its
morphological manifestation, etc. Some researchers believe that in this area
compensating rebound of the Earth’s crust in response to removal of the glacial loading
has already finished (Freiwald et al., 1991), while the others consider that it is still
present (Nikolaev, 1988). As to the shelf, some researchers share the opinion that there
should be practically no glacioisostatic rebound, since melting ice was immediately
replaced by water. Moreover, the problem of the Earth's crust isostasy is still poorly
developed. One of the models of the last glaciation in the studied region is
substantiated in Avenarius and Dunaev (1999) (Fig. 14).

Conclusions

In order to analyze the mechanisms and characteristics of the anthropogenic impact on
the shelf and coast, it is necessary to understand the nature of environmental processes
in the region. Environmental conditions of the Pechora Sea shelf are determined by its
high-latitudinal position and warming influence of the North Atlantic.
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Fig. 13. Morphostructural scheme of the Pechora Sea (Arkticheskii.. .,
1998). Key: 1-5-boundaries of major morphostructures; 6 - fractures;

7 - structural elements (1 - Timan-Kanin uplift, 2 - Kanin-Kolguev depres-
sion, 3 - Kolguev uplift, 4 - Kolguev step, 5 - Southern Novaya Zemlya
trench, 6 - Kurentsovo structural terrace, 7 - Pomorskii trench, 8 - Sengei
uplift, 9 - Sengei trench, 10 - Malozemel'skoe uplift, 11 - Ust'-Pechora
depression, 12 - Dresven uplift, 13 - Kolva uplift, 14 - Varandei uplift,

15 - Medyn uplift, 16 - Dolgii Ostrov uplift, 17 - Khaipudyr depression,

18 - Vaigach trench, 19 - Eastern Pechora uplift, 20 - Eastern Pechora step);
8 - land boundaries.

As a result, the sea remains at least partially ice-free even in the most severe winters.
Regional climatic peculiarities are clearly manifested in the specific exogenic relief and
composition of bottom sediments, mainly represented by sedimentary material
produced by physical weathering.

At present, as a result of global processes climate and ice conditions of the Arctic
regions gradually become comparable with the Holocene “Atlantic climate optimum” (5-
7 ka). Already now steady positive temperature anomalies are observed in high
latitudes, which achieve 2°C (in relation to the period of 1966-1995). Warming will
inevitably result in reduction of ice fields on the inner shelf, activization of hydrodynamic
processes including increasing influence of storm waves upon the seabed.
Strengthening of coastal abrasion and, primarily, thermoabrasion will cause increasing
sediment discharge from land.

Specificity of ice regime lies in development of one-year ice that decreases wave impact
on the coast. Sea ice has a dynamic, thermal, and chemical influence on the coast-shelf
zone. Ice extent varies from year to year depending on the intensity of the North Cape
Current and general climate fluctuations. River runoff has additional warming influence
upon nearshore ice conditions. The Karskie Vorota Strait and the southeastern Pechora
Sea are the most strongly hummocked zones. Comparison of the archival data and
satellite images revealed considerable reduction of ice fields.
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Fig. 14. Paleogeographical scheme of the Barents Sea and adjacent land
(Avenarius and Dunaev, 1999).

Coastline: 1- modern, 2 - Late Valdai. Regions with anomalous precipitation:
3 - negative during cold season; 4 - positive during warm season. 5 - main
routes of anticyclonic air masses: a - winter, b - summer. Boundaries of ice
caps: 6 - thick and active, 7 - small moving, 8 - local, thin and stable.
Boundaries of mountain glaciers: 9 - big, 10 - small and slightly active.

11 - glacial lakes; 12 - expected river beds; 13 - perennial pack ice;

14- seasonal ice cover. Alluvial, alluvial-lacustrine, and alluvial-marine
plains with predominance of cryogenic and nival processes within: 15 -
arctic tundra, 16 - tundra-forest-steppes.

The total river runoff to the Pechora Sea equals 147,000 km®year; 90% of this amount
are supglied by the Pechora River. Its average multi-annual water discharge is about
4120 m¥s, i.e. the Pechora on average delivers about 130 km?® of water to the sea. In
terms of water runoff it is one of the biggest rivers of the Russian Arctic ranking fourth
after the Yenisei (597 km®/year that makes 31.9% of the total river runoff to the Russian
Arctic seas), Lena (530, 19.4%) and Ob (402, 14.7%). The average multi-annual solid
runoff reaches about 8.5 million t/year. Ninety percent of this discharge falls on the flood
period, when water turbidity is as high as 65 g/m® Discharge of ions is 67.5 mg/l.
Suspended matter content in the surface layer is about 1.5-5.0 g/m® The area of
freshening in the Pechora Bay depends on runoff. In summer low-water, the zone of
river and sea water mixing is located within the limits of the bay. The average width of
the mixing zone is about 50-60 km at background seawater salinity of 33. During flood
the zone extends offshore into the sea. In this case water salinity at the seaside of the
Gulyaevskie Koshki Islands falls down to zero.

Changeable ecosystems of river mouths are extremely vulnerable. Negative ecological
consequences of anthropogenic regulation of water regime are evident not only in the
areas of hydraulic engineering construction, but also on adjacent territories including
deltas and estuaries. Water transfer and regulation of river runoff result in reduction of
deltaic flood-plain area, silting of deltaic branches and channels, enhanced inland
penetration of tidal wave, strengthening of storm surges, coastal abrasion, degradation
of soil cover, impoverishment of fish populations, etc.

Geological shelf sequence consists of the three groups: Baikalian folded block
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basement, Epibaikalian and Epihercynian metaplatform cover, and Late Permian -
Cenozoic plate complex reflecting isolation of the Arctic geodepression. The latter
includes a series of structural subgroups and sedimentary complexes. Isolation of the
shelf in its modern borders occurred at the neotectonic stage (Late QOligocene -
Holocene). It replaced an epicontinental sea that adjoined the Central-Arctic rise.
Dominant neotectonic process is destruction of the Earth's crust and submergence of
inner shelf regions.
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HOLOCENE SEA-LEVEL CHANGES IN THE RUSSIAN SECTOR
OF THE EUROPEAN ARCTIC

P.A. Kaplin, A.O. Selivanov
Faculty of Geography, Lomonosov Moscow State University, Moscow, Russia

Abstract

The paper summarizes results obtained by the authors and numerous other
investigators. A broad variety in interpretations of glacial history and, therefore,
intensity and pattern of isostatic rebound results in significant differences between
the various estimates of sea-level changes in the Russian sector of the European
Arctic. However, in general, two primary regions of the coast may be distinguished.
The decreasing trend in the relative sea level in the Kola Peninsula and Karelia,
where the highest Late Glacial terraces are situated at 90-125 m above the
present sea level, was superimposed by fluctuations in the order of 8-12 m or even
more, whereas in the eastern White Sea and in the Pechora Sea a fluctuating
pattern of sea-level changes became established after the drainage of periglaciai
lakes.

Over the whole region major periods of sea-level rise are dated to the Atlantic
period (probably Middle and Late Atlantic) and the Middle Subboreal. Fluctuations
in relative sea level during the Middle and Late Holocene were possibly in the
order of 5-7 m.

Introduction

The European Arctic coast of Russia is characterized by a broad variability of
morphology and recent history. This variability results primarily from the
differences in glacial history during the Late Pleistocene. The Kola Peninsula and
the western coast of the White Sea in Karelia were covered by the thick
Fennoscandian continental ice sheet and represent an area of intensive glacial
erosion and isostatic uplift whereas the southeastern coast of the Barents Sea
experienced steady submergence during the Pleistocene and was an area of
marine transgressions. The origin of fine-grained Pleistocene sediments has
various interpretations but the combination of lithologic, faunal, pollen and other
evidence generally proves their marine and glaciomarine origin (Danilov, 1989;
Kostyaev et al., 1992).

According to some authors, an extensive ice sheet or a number of small ice caps
of the specific "glacial shelf type" existed in the present basin of the Barents Sea
during the Late Pleistocene. The ice possibly advanced from the sea basin onto
the shelf area and the present Mezen’ and Pechora lowlands thus creating a
backwater effect (Grosswald, 1989). In contrast, according to Matishov (1984) and
Biryukov et al. (1988), the Late Pleistocene continental ice sheet advanced onto
the Barents Sea basin from the Kola Peninsula and Novaya Zemlya Islands to a
depth of 200 m. The latest extensive study by Pavlidis et al. (1998) generally
supports this hypothesis.

39



P.A. Kaplin, A.O. Selivanov: Holocene sea-level changes...

Most of the European Arctic coasts of Russia are meso and microtidal. Tidal
range in narrow inlets of the White Sea called “guba” ("lip") is as high as 10.5 m
(Mezen’ Inlet). Wave intensity varies from low in inlets to high at the open coast.

Climate-driven fluctuations in the warming influence of the northeastern Atlantic
current on the western sector of the European Arctic coast of Russia govern the
migration of Boreal malacofauna species, which serve as palaeogeographical
and stratigraphical markers in the area and provide reliable material for
radiometric dating. The general stratigraphic scheme of the Late Glacial and
Postglacial periods in the area was developed by Lavrova (1960, 1969) on the
basis of changes in mollusc assemblages. The successive basins were
correlated with the seven principal shorelines (a-h) by Tanner (1930) on
Fennoscandian coasts, presumably in the Finnmark region, distinguished by
morphological data (Table 1).

Table 1. Correlation of shorelines in the Kola Peninsula

Assemblages of | Regional Elevation of | Possible Radiocarbon
malacofauna shore- shoreline in | correlation age (uncal. yr
(Lavrova,1960) | line in Fenno- | Kola Pen., with climatic | B.P.)
scandia m periods
(Tanner, 1930) | (Koshechkin,
1979)
Late Glacial h 88-97, Allerdd
up to 120
Late Glacial g ("main®) 80-120 Younger
Dryas
Portlandia 1 f 50-80 Preboreal
Portlandia 2 e 25-40 Preboreal 10,030+130
Littorina ds-d1 16-40 Preboreal 9,490+100
8,980+180
Folas 1 d 45-75, Early 8,890+180
up 1o 90 Boreal 8,980+180
Folas 2 c4-c 0-10? Late 7,890+150
Boreal
Tapes 1 c 24-29 Middle 6,870+60
Atlantic
Tapes 2 b 22-26, Late 5,650+80
up to 45 Atlantic 6,480+60
Trivia 1 Late a9-a7 20-25 Late 5,000+120
Atlantic-
Early
Subboreal
Trivia 2 a4 15-18, Middle 4,170£70
up to 27 Subboreal 4,100+70
Trivia 3 a3 10-15, Late 3,590+200
up to 20 Subboreal 3,490£200
3,090+140
Ostrea 1 a2 15-8, Early 1,950+150
up to 14 Subatlantic | 1,800+100
1,720+ 80
Ostrea 2 al 2.8-6.0 Late 730+ 60
Subatlantic
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This paper summarizes results obtained by the authors and numerous other
investigators. Radiocarbon measurements in the area have remained scanty
and controversial so far. Only a few of the most recent measurements were
analyzed by accelerated mass-spectrometry. All datings in this paper are cited in
the non-calibrated form. A broader analysis of this problem was earlier
presented in Russian (Kaplin and Selivanov, 1999).

Late Glacial sea levels in the European Arctic of Russia

A series of submerged shorelines is found in the southwestern part of the
Barents Sea at the depths of 400-500, 200-300, 125-140, 100-115 and 60-75 m
(Strelkov, 1971; Lastochkin and Fedorov, 1978). Their coastal origin has not yet
been reliably established but the sea-level fall to at least minus 200-250 m is
beyond any doubt and has been proven by the existence of the submerged
ancient river deltas (Grosswald, 1989).

During the Late Glacial almost the whole basin of the present White Sea was filled
by the lobes of the Fennoscandian continental ice sheet. In the lower reaches of
the Severnaya Dvina, Mezen’ and some other rivers, extensive lakes existed
during the Late Glacial due to the backwater effect of the glacial lobes. These
lakes at elevations of 50-140 m above the present sea level drained southwards,
presumably through the existing river valleys (Gerasimov and Velichko, 1982).

Anomalously elevated shorelines of fluvioglacial lakes (127-138 m and up to 260
m at some locations), dated to the Alleréd and Younger Dryas (12-10,500 yr B.P.),
are typical for the White Sea coast of the Kola Peninsula (Koshechkin, 1979). On
the basis of the reconstruction of isostatic deformation, initial elevation of these
shorelines is estimated at 15-60 m above the present mean sea level (Badyukov
and Kaplin, 1979), which is, in any case, at least one hundred metres higher than
the mean sea level during the Late Gilacial.

On the coast of the Onega Peninsula in the east of the White Sea ancient coastal
terraces of fluvioglacial or glaciomarine origin have been distinguished at
elevations of up to 60-80 m (Lavrova, 1969). However, field observations of one of
the authors do not prove the existence of terraces at the elevations exceeding 20
m above the present sea-level (Selivanov, 1984). Moreover, the highest
depositional terrace (13-20 m) obviously is of lacustrine origin.

In coastal bluffs in the eastern and southeastern corner of the White Sea, boulder
tills of the last glaciation at 10-18 m above the present sea-level are usually
covered by laminated grey clays and silts with Arctic freshwater and mixed diatom
and mollusc assemblages and periglacial spore-pollen complexes (Selivanov,
1984). In coastal sections with less intensive sediment supply, the erosion of
glacial tills during that time is marked by erosional escarpments up to 16-20,
rarely 25-30 m above the present sea-level. To the southwest of the Onega
Peninsula, in the Solovki Archipelago a series of erosional terraces in pre-
Quaternary rocks lies at elevations of up to 21-23 m (Nikishin, 1981). Therefore,
the maximum water level of the periglacial lake was possibly nearly 15-20 m
above the present sea level.

Direct radiocarbon measurements from lacustrine sediments do not yet exist.
However, on the eastern coast of Onega Bay the covering peats are dated to
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7,980£270 and 7,570+£250 yr B.P., thus confirming the possible Early Holocene
age for the lacustrine clays and silts.

According to the data from bottom cores, the central basin of the White Sea and
the Onega Bay were still covered by extensive glacial masses during the Boreal
period (9,000-8,000 yr B.P.) (Nevesskii et al., 1977). Intrusion of typical marine
fauna into the central basin of the sea is dated to 8,200 yr B.P. (Koshechkin and
Strelkov, 19786), and the steady bidirectional water exchange of the White Sea and
the Barents Sea as part of the Arctic Ocean became established 7,700-7,000 yr
B.P. (Nevesskii et al., 1977). The latest estimate of the "opening” of the strait
between the White Sea and the Barents Sea is approx. 8,000 yr B.P. (Pavlidis et
al., 1998). However, marine mollusc fauna was found on the Kola Peninsula in the
sediments of terraces dated back as far as 12,000 yr B.P. This discrepancy may
preliminarily be explained by the "dead ice" character of glacial masses in the
central part of the sea basin that could survive in the periglacial marine basin for
several millennia (Nevesskii et al., 1977).

Farther east, the largest Pechora Lake possibly formed approximately 11,500 yr
B.P. in the lower reaches of the Pechora River. The highest lacustrine shoreline
lies at 80-100 m and the lowest at 30-45 m above the present sea-level (Arslanov
et al., 1985; Lavrov and Potapenko, 1989). However, the hypothesis of the
existence of this lake as well as the Late Wirmian glaciation of the area has been
strongly criticized by several authors (see Danilov, 1989 for discussion).

Holocene marine shorelines
Raised shorelines of the Barents Sea coast of the Kola Peninsula and Novaya
Zemlya Island

The Kola Peninsula experiences an intensive glacio-isostatic uplift. There is a well-
pronounced series of Late Glacial and Postglacial marine terraces on the northern
coast of the peninsula. The terraces usually have erosional character, but beach
sediments with shelis may be found in embayments. The terraces lie up to 120 m
above sea level and are tentatively correlated along the coastline by
geomorphological evidence, mollusc fauna and few radiocarbon datings (Table 1).

The highest elevations are typical for the upper Kola and Kandalaksha inlets,
which are situated closer to the former glacial centre and experience more
intensive glacio-isostatic uplift (Fig. 1). The earliest terrace is correlated with the
Alleréd interstadial and the best developed shorelines date from the Littorina
(8,500 yr B.P. by uncalibrated *C dates), Tapes 2 (6,500-5,600 yr BP.) and Trivia
1 (nearly 5000 yr B.P.) transgressive periods and are situated at the elevations of
44-90, 22-45 and 14-27 m, respectively. Shorelines of the two stages of the Tapes
transgression are marked by the most abundant and best studied mollusc
assemblage and by a pumice layer. The shoreline of the last transgressive period
Ostrea (3-6 m) is possibly dated to early A.D.

Intermittent periods of sea-level fall shown in the terrace sections near the centre
of the former ice sheet are marked by regional unconformities whereas in the
distant areas thick series of continental sediments formed during these periods.
The most intensive fall in relative sea level occurred between the Younger Dryas
and Late Preboreal and was as fast as 95-100 m in 2,000-2,500 years (Fig. 1).
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During the next millennium (9,100-8,300 yr B.P.} the relative sea-level possibly
rose by 35-40 m. Subsequent fluctuations in the sea level in the order of 8-12 m
superimposed the general negative trend (Koshechkin, 1979). However, these
fluctuations are possibly overestimated by the correlation of the areas with differing
tectonic regime.

Shorelines of the earlier periods of the Pleistocene are not known in the Kola
Peninsula whereas the series of terraces on Novaya Zemiya Islands up to 410-420
m above sea level represents different periods of Quaternary history. Only terraces
up to 60 m can be reliably correlated with the Late Glacial and Postglacial periods.
Dominant altitudes are 42-60, 22-40, 12-20, 6-10 and 3 m (Veinbergs, 1986). They
are tentatively correlated with the transgressive stages of the Kola Peninsula.

['s]
—

o
2 O =

1 - boulders, 2 -pebbles and gravel, 3 - laminated coarse sand, 4 - laminated medium and fine sand, 5 - sandy loam, 6 - loam,
7 - dlay or gyttja, 8 - peat, 9 - present sea-level position during high water (HW) and low water (LW) periods.

Fig.1. Schematic profile of the coastal zone in the eastem
part of Onega Bay, White Sea
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However, the precise synchronism of terraces along the Arctic coast and their
representation of large-scale sea-level fluctuations are doubtful. It is worth noting
that the stratigraphy based on mollusc complexes remains the principal basis for
their division.

Shorelines of the White Sea

Kola coast of the White Sea is characterized by the existence of 5 to 12
depositional and erosional-depositional terraces with marine mollusc fauna at
elevations of up to 100 m (Lavrova, 1960). The best developed terraces are traced
along the altitudes of 50, 20-35 and 7-10 m (Koshechkin, 1979). In embayments,
glacial tills form a significant part of outcrops in the higher terraces, whereas the
lower terraces are usually characterized by an exclusively depositional character.
Terraces on capes usually lack a sedimentary cover and are characterized by
higher elevations. Near the Vyg River mouth, in the south of the sea, a detailed
stratigraphy of Holocene sea-level and climate changes was established by
archeological investigations and pollen analysis of coastal terraces up to 45-50 m
above the present sea level (Devyatova, 1976). It was supposed that sea-level
fluctuations during the Middle and Late Holocene were as high as 15-20 m in
amplitude. However, these conclusions were not supported by detailed lithological
analysis and by tracing terraces along the coast.

On the Onega Peninsula, in the east of the sea, marine depositional terraces at 8-
15 and 3-8 m above the present sea level are traced along several segments of
the coast but have not been dated yet. Bluffs in the 8-15-meter terrace outcrop are
composed of glacial tills overlain by residual boulder causeways and a relatively
thin layer of coarse sand with beach lamination. This terrace may be tentatively
correlated with the "main postglacial shoreline" of the Kola Peninsula.

Sections of the 3-8-meter terrace, which is developed presumably in embayments,
consist usually of two transgressive-regressive sequences of sand and mud facies
of the upper shelf, intertidal flat, beach and lagoon (Selivanov, 1984). Peats
indicating falls in relative sea level were dated to 8,705-7,825 and 4,030x70 yr
B.P. (Koshechkin et al., 1977).

On the open eastern coast of the Onega Bay stretching along the belt of end
moraines dated to 13-12,000 yr B.P., erosional features are obvious in the
seaward slope of the moraine ridge, which is situated several hundred meters
inland from the present beach (Selivanov, 1984; Fig. 1). Sediments of the ancient
lagoon at the altitudes of 6-9 m are reliably dated to the Middle Atlantic period:
6,455+80, 5,940+7-250, 5,600+7-250; 5,240+7-200 yr B.P. (Boyarskaya et
al.,19886).

During the following sea-level fall a series of coastal ridges and a coastal dune
formed at the present altitude of 7-10 m. The subsequent transgressive-regressive
cycle in the relative sea level is marked in this coastal segment by a
layer of beach gravel and sand at 3-4 m above the present sea level and a series
of coastal sand ridges and a coastal dune at 5-6-meter altitudes. This
depositional coastal terrace may be tentatively attributed to the Subboreal period
by the information on the Late Neolite archaeological site (approx. 4,000-4,500 yr
B.P. in the regional chronology) found in its upper sediments. This age is
confirmed by two radiocarbon dates of the upper transgressive layer from the
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Holocene terrace in the adjacent embayment: 4,800+7-180; 4,100+150 yr B.P.
(Boyarskaya et al., 1986). Pollen analysis reveals a general coincidence of the
periods of rising sea levels and climate amelioration (Boyarskaya et al., 1986).

Summarizing the above data, the relative sea level during the Atlantic
transgressive period may be estimated as exceeding the present sea level by 5-7
m and during the Subboreal transgressive period by 3-5 m (Fig. 2). According to
the existing data, it is doubtful that sea level was higher than the present one
during the Subatlantic period. The possible influence of relatively slow coastal
emergence on the altitudinal position of these shorelines can not be excluded.
Similar to Boyarskaya et al. (1986), Selivanov (1984) did not find any traces of a
relative sea level below the present one during the Preboreal-Early Boreal and
Late Subboreal-Early Subatlantic regressive periods. Therefore, drastic Holocene
sea-level fluctuations by over 8-10
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Fig. 2. Possible changes in the relative sea level in the eastern White Sea
during the Holocene

m, assumed for Kola Peninsula (see above) and the Vyg River mouth, are not
supported by these data. The latter conclusions possibly reflect the local block
deformation of coastal areas (Selivanov, 1984),

Shorelines of the Pechora Lowland

According to the "non-glacial" interpretation of the Late Glacial history of the
Pechora Lowland (Danilov, 1989), a series of typical marine depositional terraces
at 40-60, 16-20, 8-12 and 3-5 m above the present sea level dominates the
morphology of the area. In view of the lack of radiometric age determinations, the
highest terrace is tentatively correlated with the Kargian (Middie Wirmian)
transgression in the adjacent West Siberian Lowland, whereas the three lower
terraces are attributed to the Holocene.
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In contrast, according to Lavrov and Arslanov (1977), depositional surfaces at 40-
150 m above the present sea level in the south of the Pechora Lowland represent
terraces of the extensive Pechora Lake and local periglacial lakes in front of
marginal glacial features. The terrace at 100-110 m is dated to 9,000-8,000 yr
B.P., that at 70-80 m to 8,000-7,700 yr B.P. and that at 40-50 m to 5,950 yr B.P.
According to this hypothesis, marine history of the Pechora Lowland began only in
the Late Atlantic period. A more recent paper of Lavrov and Potapenko (1989)
dates the 15-17 m terrace, which is traced for 500 km along the coast, to 10,500-
8900 yr B.P. and regards it as a terrace of an extensive perigracial lake with limited
water exchange with the sea.

Conclusions

The Late Glacial and Postglacial history of the sea level in the Russian sector of
the European Arctic depended, to a large extent, on the glacial history of the
region. Various interpretations of the latter phenomenon, from continental glaciers
spreading onto the shelf to "glacier shelves" and extensive masses of "dead ice" in
sea basins, as well as the lack or low reliability of radiocarbon dates determine the
broad variety of possible sea-level histories for the region. The situation is
complicated by difficulties in tracing terraces along shorelines due to intensive
glacioisostatic rebound in the western sector of the region and block character of
tectonic movements.

In general, the decreasing trend in the relative sea level in the Kola Peninsula and
Karelia was superimposed by fluctuations in the order of 8-12 m or even more,
whereas in the eastern White Sea and the Pechora Lowland a fluctuating pattern
of sea-level changes became established after the drainage of periglacial lakes.

Over the whole region major periods of sea-level rise are dated to the Atlantic
period (probably Middle and Late Atlantic) and the Middle Subboreal. Intensive
sea-level rise in the Boreal period is only typical for the formerly glaciated areas of
the Kola Peninsula and possibly resulted from the deceleration of postglacial
rebound superimposed on continuing fast eustatic rise in sea level. Fluctuations of
the relative sea level during the Middle and Late Holocene were possibly in the
order of 5-7 m, and the higher estimates for the Kola Peninsula reflect the
inadequacy of methodology, namely the comparison of areas with differing tectonic
regime.
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MODERN BENTHIC FORAMINIFERAL ASSEMBLAGES IN
THE PECHORA SEA

[LA. Pogodina
Murmansk Marine Biological Institute, Murmansk, Russia

Abstract

Benthic foraminifers from coretop sediments collected at 29 localities from different
parts of the Pechora Sea were taken for modern assemblage studies. Four main
assemblages were established. The most widespread Eggerella advena -
Hyperammina subnodosa assemblage is restricted to coarse sandy grounds within
the water depth range of 20 to 100 m and slightly freshened bottom waters (34.5-
32) subjected to considerable summer warming (up to 9°C). Elphidium clavatum -
Buccella frigida assemblage occurs on silty grounds around the Novaya Zemlya
Archipelago and in the Karskie Vorota Strait at the depths of 10 to 200 m in more
stable bottom water environments with temperatures ranging from ~1 to 0°C and
salinity exceeding 34. The impoverished Haynesina orbiculare — Cibicides
lobatulus assemblage inhabits the shallow hydrodynamically active region around
the Kanin Peninsula coast (20-40 m) with bottom waters experiencing freshening
down to 33 and summer warming up to 7°C. The taxonomically poor assemblage
without any well-defined dominant species occupies the most freshened (down to
5) southern part of the sea with the highest summer warming (up to 11°C).
Samples from this area are dominated by “live” specimens.

Introduction

The southeastern part of the Barents Sea called the Pechora Sea is bordered by
Kolguev Island in the west, southern Novaya Zemlya fsland in the north, Vaigach
Island in the east and Bol'shezemel’skaya tundra coast in the south. Seafloor is
represented by a flat plain gently sloping to the north. The average depth is less
than 20-60 m reaching 200 m only in the Novaya Zemlya trough (Matishov, 1997).

The environmental and biotic conditions of the Pechora Sea are primarily
dependent upon water dynamics and sea ice cover extent. The greatest part of the
year the sea is ice covered. Seasonal ice cover exists from October-November till
July. lce freeze-up starts in several distinct places in the southeastern (October-
December) and central (January-March) parts of the sea. Ice break-up is also
restricted to several centers. The zone of the most intensive ice melting is located
in the eastern Pechora Sea in April-May (Potanin et al., 1986). The Pechora Sea is
the only part of the Barents Sea basin, where freshwater runoff plays the main role
in the hydrometeorological regime. The average annual runoff of the Pechora River
equals 131.4 km?® (Gidrometeorologicheskie usloviya..., 1984). Except the shallow
area affected by the Pechora River, where the whole water column is freshened
down to the depths of 20 m, the runoff influence is evident down to the depths of
10 m, and below 25 m sea waters are located.

Obviously, the fauna inhabiting the Pechora Sea (especially its southern part) must
be able to survive under strong salinity variations (daily, seasonal, annual) and
considerable freshening during flood period. Thus, our data provide evidence for
foraminiferal fauna of a polar sea strongly affected by freshwater runoff and
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summer warming. Similar investigations were carried out in the Pechora Bay by
Maier (1974), and in the neashore zone of Kolguev Island by Digas (1969) and
Gus’kov (1998).

Material and methods

Sediment samples for foraminiferal studies were obtained by the van Veen grab
sampler during the cruise of R/V “Dal’nie Zelentsy” in September 2000 (stations
26-74) and July 2001 (stations 6-13). A total of 29 samples were analyzed. Each
sample represented 20 cm® of sediment taken from the upper 1 cm of bottom
sediments and fixed with 70° ethanol. Later it was stained with Bengal Rose and
washed over 63 pm sieve. Both colored (“live”) and non-colored (“dead”)
foraminifers were counted.

Results and discussion

Sixty-one species of Foraminifera have been recorded in the Pechora Sea
sediment samples (Table 1). Of these twenty-five are agglutinated forms, and
thirty-six calcareous ones. Four assemblages of benthic foraminifers named after
dominant species were established in the Pechora Sea (Fig. 1).

Eggerelia advena — Hyperammina subnodosa assemblage predominates over the
greatest part of the Pechora Sea occurring within the water depth range of 20-100
m on sands and sandy silts. Detailed description of surface sediments is given in
the article of G.A. Tarasov and co-authors (this volume). In summer, bottom water
temperature reaches 9°C. Bottom salinity varies from 34.5 to 32. The assemblage
consists of 25 agglutinated and 28 calcareous species. The number of species in a
sample ranges from 17 to 31. Agglutinated foraminifers usually constitute half of
this number, but their abundance is higher. The total abundance of foraminifers is
29-195 specimens per 1 cm® of sediment and that of agglutinated forms 24-131
specimens/cm®. Relative abundances of Eggerella advena and Hyperammina
subnodosa are 48-65% and 16-19%, respectively. Relative abundance of
Ammotium cassis is the highest (up to 23%) at 20-40 m water depth. The group of
calcareous foraminifers is taxonomically diverse, but inconsiderable in number.
Typical representatives of high-arctic zone Elphidium clavatum, Cassidulina
reniforme, Buccella frigida predominate among calcareous forms. The ratio
between “live” and “dead” calcareous foraminifers is 2 to 1. This ratio was found to
be species-dependent. For instance, for Elphidium clavatum and Cassidulina
reniforme it equals 4:1. Only “live” specimens of Pyrgo williamsoni were recorded,
while for Buccella frigida the ratio is opposite with 1:6. Probably, the tests of
Buccella frigida are the most resistant to dissolution in course of sedimentation.

Elphidium clavatum - Buccella frigida assemblage is restricted to the northeastern
part of the sea and occupies the nearshore area around the Novaya Zemlya
Archipelago and the Karskie Vorota Strait within the water depth range between 10
and 200 m. Summer bottom water temperatures do not exceed 0°C. Bottom salinity
is higher than 34. Bottom sediments are represented by dark grey silts.
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Table 1. Taxonomic composition of the benthic foraminiferal assemblages

Textulariata Mikhalevich, 1980 Lagenata Maslakova, 1990

Astrorhiza sp. Dentalina baggi Galloway & Wissler, 1927

Rhabdammina abyssorum M. Sars, 1868 | Dentalina frobischerensis Loeblich & Tappan,

Rhabdammina discreta Brady, 1881 1953

Proteonella atlantica (Cushman, 1944) Dentalina sp.

Hyperammina elongata Brady, 1878 Lenticulina sp.

Hyperammina subnodosa Brady, 1884 Lagena semilineata Wright, 1886

Ammodiscus sp. Polymorphina sp.

Reophax curtus Cushman, 1920 Oolina melo d'Orbigny, 1839

Reophax dentaliniformis Brady, 1884

Reophax scorpiurus Montfort, 1808 Rotaliata Mikhalevich, 1980

Reophax scotti Chaster, 1892 Robertina arctica d'Orbigny, 1846

Reophax sp. Rosalina sp.

Ammotium cassis (Parker, 1970) Cibicides lobatulus (Walker & Jacob, 1798)

Adercotryma glomerata (Brady, 1878) Nonion umbilicatulum (Walker & Jacob, 1798)

Recurvoides turbinatus Brady, 1881 Nonionella auricula Heron-Allen & Earland,

Alveolophragmium crassimargo 1930

(Norman, 1892) Nonionellina labradonca (Dawson, 1960)

Cribrostomoides jeffreysi (Williamson, Astrononion gallowayi Loeblich & Tappan,

1858) Cribrostomoides subglobosum 1953

(G.0. Sars, 1872) Melonis barleeanus (Williamson, 1858)

Trochammina inflata Montagu, 1808 Haynesina orbiculare (Brady, 1881)

Trochammina sp. Buccella frigida (Cushman, 1922)

Tritaxis nana (Brady, 1881) Elphidium asklundi Brotzen, 1943

Spiroplectammina biformis (Parker & Elphidium subarcticum Cushman, 1944

Jones, 1865) Elphidium bartletti Cushman, 1933

Textularia torquata F. Parker 1952 Elphidium clavatum Cushman, 1930

Eggerella advena (Cushman, 1922) Elphidiella arctica (Parker & Jones, 1864)

Miliammina agglutinata (Cushman, 1917) | Elphidiella groenlandica (Cushman, 1933)

Cassidulina reniforme Norvang, 1945

Miliolata Saidova, 1981 Islandiella norcrossi (Cushman, 1933)

Quinqueloculina arctica Cushman, 1933 | Islandiella helenae Feyling-Hanssen &

Quingueloculina seminula (Linne, 1758) Buzas, 1976

Quinqueloculina stalkeri Loeblich & Bolivina pseudopunctata Hoeglund, 1947

Tappan, 1953 Trifarina fluens (Todd, 1947)

Miliolinella subrotunda (Montagu, 1803) Stainforthia loeblichi (Feyling - Hanssen,

Triloculina trichedra Loeblich & Tappan, 1954)

1953 Globobulimina auriculata (Bailey, 1894)

Pyrgo williamsoni (Silvestri, 1923)

Calcareous foraminifers dominate this assemblage (36 species) constituting one
third of it. Thirteen species of agglutinated foraminifers were identified. The number
of species per sample is 35-52. The total abundance of foraminifers per 1 cm?® of
sediment is 89-114 specimens. In the zone affected by the Novaya Zemlya glaciers
(station 32) subdominant species are represented by Cassidulina reniforme (16-
21%) and Nonionellina labradorica (15-18%), and in the Karskie Vorota Strait — by
Cibicides lobatulus (25-34%). The ratio between “dead” and “live” species in this
assemblage is 3:1, which is in marked contrast with other foraminiferal
assemblages of the Pechora Sea.
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1 - Eggerelia advena-Hyperammina subnodosa assemblage;

2 - Elphidium clavaium - Buccella frigida aszemblage,

2 - Haynesina orbiculare-Cihicides lobatulus assemblage;

4 - taxonomically poor assemblage without well-defined dominant
species.

Fig. 1. Modem benthic foraminiferal assemblages in the Pechora Sea

Haynesina orbiculare — Cibicides lobatulus assemblage inhabits the Kanin
Peninsula nearshore area within the water depth range of 20-40 m. Surface
sediments are represented by coarse- and medium-grained sands. The summer
bottom water temperatures here reach 5-7°C. Bottom water salinity is about 33.
The total abundance of foraminifers is less than 50 specimens per 1 c¢cm?® of
sediments. Among fourteen species identified in this assemblage only four are
agglutinated ones. The ratio between “live” and “dead” specimens is about 1:1. The
samples contain abundant Balanus shells, worm tubes, ostracods, bivalves,
hydroids and bryozoans. Together with abundance of Cibicides lobatulus this
provides evidence for the active hydrodynamics of coastal waters.

In the southern part of the sea no well-defined dominant species was found.
Samples in this zone contain only nine foraminiferal species. Impoverishment of
species composition is probably related to the short summer combined with strong
freshening of waters (down to 20-14, in the Pechora Bay down to 5), sharp
seasonal salinity variations, shallowness and considerable summer warming of
bottom waters (up to 11°C). “Live” specimens predominated among calcareous
foraminifers. Among agglutinated foraminifers, “live” and “dead” specimens showed
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equal abundance. Single “live” specimens had semi-dissolved calcareous tests.
That was the case with all tests of Quinqueloqulina stalkeri and Elphidium
clavatum.

Conclusions

Based on the distribution of modern foraminifers and the ratio between “live” and
“dead” specimens, four assemblages were established in the Pechora Sea. The
greatest part of seafloor with coarse- and medium-grained sands at the depths of
20-100 m is occupied by Eggerella advena - Hyperammina subnodosa
assemblage dominated by agglutinated foraminifers. In summer, bottom waters in
this area are warmed up to 9°C and slightly freshened down to 34.5-32. Elphidium
clavatum - Buccella frigida assemblage is restricted to silty grounds at the depths
of 10-200 m and more stable bottom water environmental conditions with
temperatures ranging from —1 to 0°C and salinity exceeding 34. This assemblage is
dominated by calcareous forms typical of polar shelf areas. It is also distinguished
by a high relative abundance of “dead” specimens (about 75%). Hydrodynamically
active shallow regions (20-40 m) experiencing summer freshening (down to 33 ppt)
and warming (up to 7°C) are occupied by the taxonomically poor Haynesina
orbiculare — Cibicides lobatulus assemblage. The southern zone with the strongest
summer freshening (down to 5) and heating (up to 11°C) is inhabited by the
poorest assemblage without any well-defined dominant species. “Live” specimens
dominate in the samples from this zone, which is a result of active post-mortal
dissolution and destruction of foraminiferal tests.
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Abstract

Samples of benthic macrofauna from the Pechora Sea (southeastern part of the
Barents Sea) were collected during riv "Dal’'nie Zelentsy” cruise in 1992, Parallel
sampling and analyses by Russian and Norwegian scientists allow comparing
the two datasets, and thus integrating Russian and other international
knowledge on benthic fauna of this region. Contrary to the previous opinion about
low biodiversity in this region, the fauna richness (446 taxa) appeared to be two
times larger. Independent of differences in the sampling equipment and washing
procedure, the number of taxa in both Russian and Norwegian datasets was
comparable. Some discrepancies in the records of certain faunal groups are
attributed to differences in species distribution and identification literature on
some systematic groups. In the Russian data, the abundance varied from 666 to
2378 ind./m?, and the biomass - from 8 to 920 g/mz. Community-based approach
to the numerical analyses of henthic production compared with faunal
assemblages (Dahle et al, 1998) shows a general similarity in species
composition and abundance distribution only in environmentally stressed areas,
where the henthic organisms generally have lower biomass. In the largest part of
the Pechora Sea, there is greater heterogeneity among dominant species within
the Dahle et al. (1998) data, because the present work incorporates production
derived from abundance and biomass.

Introduction

Analyses of benthic communities could be used to assess the effects of different
human impacts (Pearson and Rosenberg, 1978), as well as to perform
retrospective studies of climatic changes (Deryugin, 1924). Russian scientists
have carried out investigations of benthic fauna in the arctic seas (Deryugin,
1928; Pergament, 1945; Zenkevich, 1963). Denisenko et al. (1995) reviewed the
studies of macrobenthic fauna of the Pechora Sea (southeastern part of the
Barents Sea). However, the focus of these investigations has varied to such an
extent that it is difficult to compare the results of the studies over time. In addition
to the problem of compensating for and standardizing the different approaches
used throughout the years, another important issue is the differences in
methodology and analytical approaches used between Russian and other,
international laboratories. In Soviet times, a large amount of Russian data did not
reach the international scientific community. Therefore, there is an urgent need
for mutual exchange of methods and results, as well as for building bridges to
earlier findings.
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The Murmansk Marine Biological Institute of the Russian Academy of Sciences
and Akvaplan-niva, Norway, have been co-operating in the studies of the arctic
benthic macrofauna since 1990. In 1992, a cruise aboard riv “Dal'nie Zelentsy”
was organized to study the benthic fauna of the Pechora Sea. During this cruise,
parallel sets of samples were collected, using the standard methodology of the
respective Russian and Norwegian participating institutes. The Norwegian team
used a 50 kg 0.1m? Van Veen grab (Van Veen, 1933), and the samples were
washed through a 1-mm-meshsize sieve with round holes. The description of
the faunal associations was based on a numerical quantification of the species
present, as well as on the ecology of the dominant taxa. Using cancnical
correspondence analyses (CCA), the connection between the faunal data and
environmental variables was analyzed (Dahie et al., 1998).

The present work documents the findings of the Russian team, who used a
modified Petersen grab (Petersen and Boysen Jensen, 1911) with a sampling
area of 0.25 m® An integrated, community-based approach to the numerical
analyses was applied, combining the species biomass and abundance into a
purpose-devised formula to achieve an index of benthic production. The latter is a
suitable parameter for estimating the role of each species in a community
because it is based on a combination of both abundance and biomass. Although
the two datasets are not extensive enough to be used to reveal statistically
significant relations between the two approaches, the fact that both sets of
samples were collected at the same locations and at the same time allows for a
first comparison of the results from the two different sampling and analytical
approaches.

Study area

The Pechora Sea occupies the southeastern part of the Barents Sea and is
bordered by Kolguev, Novaya Zemlya, and Vaigach islands in the west, north, and
east, respectively, and by the mainland in the south (Fig. 1)

The Pechora Sea is a heterogenecus area in terms of water depth (Fig. 1) and
sediment type (Adrov and Denisenko, 1996; Dahle et al., 1998). Temperature and
salinity of bottom and surface water layers show strong seasonal and spatial
variations. Bottom water ’temperatureso reach their magdmum in  August-
September, and generally range from —1 C in the north to 6 C in the southwest,
close to the coast (Adrov and Denisenko, 1996). The average bottom salinity in
the open part of the Pechora Sea ranges from 34 in winter to 30-31 in early
spring due to large amounts of freshwater runoff from the Pechora River and ice
melting.

In short, the Pechora Sea forms a mixing zone of four main water masses (li'in
and Matishov, 1992): coastal water masses in the south, waters of Atlantic origin
in the central parts, Barents Sea botiom water in the deep trench south of Novaya
Zemlya, and Arctic water extending from the Kara Strait and flowing northwards
along the Novaya Zemlya coast.

Material and methods
Sampling
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Sampling was carried out in July 1992 from the MMBI research vessel “Dal'nie
Zelentsy”. The station locations (Fig. 1) correspond to those of Dahle et al.
(1998). Two additional stations, 6a and 7a, were sampled in the western open
sea.
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Fig. 1. Location of stations sampled for analysis of benthic fauna
in the Pechora Sea. Bathymetry in meters.

Quantitative samples were collected using an Ocean grab (Lisitzin and Udintsev,
1955) with a sampling area of 0.25 m?. The weight of this grab is ¢. 70-90 kg
depending on the additional weight, and its penetration into the ground is 20-25
cm depending on sediment softness. Two or three replicate samples were
collected at each sampling station. The samples were gently flushed through a
nylon net bag with a square meshsize of 0.75 mm (i.e. diagonal opening close to
1 mm). After washing to remove fine sediment particles, the remaining sediment
and animals were fixed in 4% formaldehyde buffered by sodiumtetraborate
(hexamine).

Laboratory analyses

In the laboratory, the samples were sieved through a soft nylon mesh with a
square meshsize of 0.5 mm in running water to remove formaldehyde and any
remaining fine sediment particles. The animals were sorted to different
taxonomic groups using a microscope. They were preserved in 70% ethanol,
and, subsequently, identified either to species or the lowest taxonomic level
possible. Specimens that could not be accurately identified to species level due
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to taxonomic difficulties (Spongia, Cnidaria, Nematoda, Sipuncula, Tunicata)
were identified to generic or family levels, and recorded in the total number of
‘taxa’.

The identified species in each sample were counted and weighed (wet mass in
alcohol) to 3 decimal points using a calibrated scale. Molluscs, bryozoans, and
barnacies were weighed including shell skeleton. The annelids were removed
from their tubes for weighing, except the polychaete Spiochaetopterus typicus,
which was weighed inclusive of tube, mainly because it is entirely self-secreted
by the animal, and, also, because it is difficult to remove the tube without
destroying the fragile animal.

Numerical analyses

The species numbers and abundance data from the two or three 0.25 m?
replicates were combmed for each station, giving a total sampling area for each
station of 0.5 m? or 0.75 m , respectively. For all stations a mean value for the
number of taxa per 0.25 m? was calculated, while the abundance and biomass
were calculated per one square meter.

Clustering of the benthic communities was carried out using similarities of
samples based upon calculations of species production. Estimation of a given
species production from its abundance and biomass was suggested by Brey
(1990) and Denisenko and Denisenko (1990). In our calculations, the formula
derived by Denisenko and Denisenko (1990) was used to figure out the
production of the identified species:

P .=k B.>"**N "% where Pg is the approximate production of a species in a given
sample per year or seasonal growth (in the same units as biomass), Bg
biomass, and Ng abundance of 's'-species.

To calculate the inter-station similarity, we applied the Czekanowski-Soerensen
index (Czekanowski, 1909; Soerensen, 1948). The production value of each
species was used in the calculations as follows:

Cz=2+_[min (PP I/ _ (P, +Pyl

where P_is the estimated production of ‘s-th species at station ‘a’, P, the
estimated production of ‘s-th’ species at station ‘b’

5a

To determine faunal communities, a standard hierarchical clustering procedure
(Pesenko, 1982) with the average linkage method was used. To define the level
at which the samples should be assigned to separate communities, the average
level of similarity for the whole matrix was calculated (Sirotinskaya, 1975).

The dominant species, after which the communities are named, are the species
having the highest "validity". The validity of a given species is calculated as the
product of the species production and its frequency of occurrence within samples
incorporated into the community.

Station grouping by their similarity on the basis of standardized environmental
characteristics (such as depth, bottom temperature, salinity, dissolved oxygen
content, type of bottom sediments) was carried out by hierarchic clustering using
Euclidean distances as similarity coefficients.
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Results

Species composition

A total of 446 different taxa were recorded, of which 343 were identified to species
level. Tzhe number of taxa at different stations varied between 15 and 129 (per
0.25 m?).

A total of 16 phyla, 19 classes, and 134 families were recorded. The species
number of different systematic groups is presented in Table 1 and Fig. 2A. The
highest species richness (129 taxa per 0.25 mz) was recorded on the mixed
bottom sediments near the Kata Gate Strait (St.19, 21, see Fig. 2A).

Table 1. Fauna structure in the Pechora Sea, comparison of the two studies
carried out during the same cruise in 1992.

Phylum Russian data set Norwegian data set
(after Dahle et al.,
1998)
Totaltaxa Species Total Species
taxa

Protozoa 1 - 1 1

Porifera 1 - 1 -
-Cnidaria 31 23 10 3
Nemertini 1 - 1 -
Nematoda 1 - 1 -
Sipuncula 6 4 4 2
Priapulida 3 2 3 2
Echiurida 1 - 2 1
Polychaeta 118 90 117 77
Pantopoda 1 - 2 -
Crustacea 102 76 73 46
Moliusca 93 72 91 68
Bryozoa+ 61 56 87 76

Brachiopoda
Echinodermata 22 17 17 14
Tunicata 4 1 6
Total 446 416
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Fig. 2. Faunal structure of zoohenthos at different stations in the Pechora
Sea.

A — According to the data set collected by the Russian team in 1992; B —

according to the data set collected by the Norwegian team in 1992,

Key: ANN - Annelids; CR - Crustaceans; ED - Echinoderms; MO - Molluscs; OTH

- others. Diameter of a circle reflects the number of species found at each

station.

The remaining stations located on sandy-mud or muddy-clay sediments
contained from 71 to 85 taxa. An impoverished benthic fauna was found in and
close to the Pechora Bay (15 and 41 taxa at St. 29 and St. 27, respectively). At all
stations Polychaeta showed the highest taxonomic diversity.

Abundance

The highest number of individuals at stations 3, 7a, 13 and 24 (Fig. 3A) exceeded
2000 ind./m?. The lowest abundance was recorded at St. 27 (666 ind./m?). In
general, polychaetes represented the most abundant faunal group, and their
abundance varied from 152 (St. 21) to 2248 ind./m? (St.13). Polychaetes
predominated throughout the whole area except the Pechora Bay (St. 29) and
Kara Strait area (St 19, 21), where crustaceans were dominant with the
abundance equal to 1066, 489 and 465 ind./m? respectively. The highest
abundance of molluscs (573 ind./m?) was registered at St. 6, and the lowest at
stations 12 and 27 (38 and 44 ind./m? respectively). Echinoderms were not
numerous, and their frequency varied from 6 (St. 6a, 7) to 188 ind./m? (St. 6).
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Biomass

Fig. 4 presents variations m biomass within the study area. The biomass ranges
between 108 and 446 g/m® in the northern part of the Pechora Sea with mixed
bottom grounds. At St 6 to the northeast of Kolguev Island, the recorded
biomass equals 710 g/m?. However, this high value is attributed to the presence
of a single large specimen of the echinoderm Henricia scoricovi. Exclusion of
this species reduces the biomass value down to approximately 400 g/m?.
Stations 8, 21, and 24 (the latter two on coarse sed:ments) are characterized by
intermediate biomass values (108 103, and 122 g/m respectlvely) In the
Pechora Bay, the biomass is 44 g/m®. The lowest biomass, 8 g/m?, is found at St.
27, on sandy sediments in the southern part of the study area.

Community structure

Based on the similarity analyses, the benthic fauna of the 16 stations may be
grouped into six communities, subsequently referred to as Groups A to F (Fig. 5).
Fig. 6 shows the spatial distribution of these communities, and their main
characteristics are given in Table 2. The community referred to as Group A
includes only one station (7a) located southwest of Novaya Zemlya at the depth
of 120 m on soft silty clay sediments with a small sand portion. This community
is dominated by two species, Ctenodiscus crispatus and Macoma calcarea.

Group B (Table 2) is made up of 5 stations (3, 8, 11, 12, 13, 14}, four of which (8,
12, 13, 14) are located close to each other in the depression south of Novaya
Zemlya, at the depths between 180 and 250 m, which is the deepest part of the
Pechora Sea. Stations 3 and 11 are located in shallow areas - in the strait
between Kolguev Island and the mainland, and in the Chernaya Fjord. At all five
stations characterized by high concentration of organic matter in the sediment
surface and subsurface, deposit feeders predominate. The dominant species is
Spiochaetopterus typicus.

Group C (Table 2) is made up of stations 6, 6a, 7, 19, and 20, all at depths
between 88 and 126 m on sandy mud sediments. Stations 6, 6a, and 7 are
influenced by currents from the western Barents Sea, while stations 19 and 20
are influenced by the Kara Sea water. This community is dominated by the
mobile filter-feeder Tridonta borealis. This species has neither the highest
abundance nor the biomass, but it occurs in more than half of the samples,
which in combination gives the highest species validity within the community.
Despite the large biomass of Henricia scorikovi, its very low frequency and
abundance prevent it from being a dominant or subdominant species for this
community.

Group D (Table 2) comprises station 21 located in the Kara Strait. This station is
influenced by strong bottom currents and is, therefore, characterized by mixed
sediments with a large portion of coarse components such as gravel and
pebbles. Due to its high biomass, the dominant species Strongylocentrotus
pallidus has a twice greater validity than the subdominant species, the erect filter-
feeding bryozoan Myriapora gracilis, even though the latter is very abundant and
present in all samples.
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Fig. 3. Abundance (ind./m?) of the bottom fauna and the share of different
systematic groups. A — According to the data set collected by the Russian team
in 1992; B — according to the data set collected by the Norwegian team in 1992,
Key for group description is the same as in Fig. 2.
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Fig. 4. Biomass (g/m?) of the bottom fauna and the share of different
groups in the study area. Key for group description is the same as in Fig. 2.
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Fig. 6. Distribution of bottom communities in the study area.
Key is the same as in Fig. 5.
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Table 2. The ten most significant taxa according to their validity *) for every of
the six established benthic communities (A-F) in the study area of the Pechora
Sea. Average abundance, biomass, frequency, and relative production are
indicated for each taxon. Additionally, average biomass, number of species, and
samples for every community are given.

Community group Abundance, Biomass, Frequency Relative Species
with ten most common ind./m? g/m? of occurrence production validity*
taxa

Group A

Ctenodiscus crispatus 34 68.11 0.80 57.06 45.64
Macoma calcarea 529 35.87 0.40 70.10 28.04
Yoldia amygdalea 46 18.12 0.60 2267 13.60
Ophioctén sericeumn 44 8.52 1.00 12.84 12.84
Macoma moesta 660 28.88 0.20 63.14 12.62
Portlandia arctica 33 16.73 0.60 19.15 11.49
Nuculana pernula 40 9.67 0.60 13.71  8.22
Lumbriconereis sp. 340 1.68 1.00 575 575
Scalibregma inflatum 269 1.19 1.00 4.53 453
Golfingia margaritacea 4 35.76 0.20 2068 4.13

Number of samples: 5. Number of taxa: 112, Average biomass: 145.38

Group B

Spiochaetopterus typicus 220 110.86 0.82 129.91 107.32
Maldane sarsi 264 2227 1.00 38.85 38.85
Chaetozone setosa 516 242 0.95 9.12 8.72
Ctenodiscus crispatus 11 21.65 0.47 16.50 7.89
Yoldia amygdalea 74 21.49 0.21 2347 510
Priapulus caudatus 17 6.95 0.56 6.15 3.48
Lumbriconereis sp. 288 1.22 0.69 474 3.30
Ophiocten sericeum 36 3.87 0.47 6.70 3.20
Nicania montagui 37 7.78 0.26 1126 293
Thyasira gouldi 135 1.58 0.52 4.63 2.41

Number of samples: 23, Number of taxa: 257, Average biomass: 166.80

Group C
Tridonta borealis 39 126.34 0.55 87.54 48.63

Travisia forbesii 27 155.36 0.33 90.65 33.21
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Henricia skorikovi 10 698.00 0.1 24148 26.83
Cillatocardium ciliatum 9 80.01 0.55 4533 2518
Golfingia margaritacea 17 99.08 0.33 63.75 21.25
Nicania montagui 62 16.55 0.88 2148 19.09
Balanus crenatus 94 82.54 0.22 81.78 18.17
Spiochaetopterus typicus 64 9.18 0.88 1431 1272
Maldane sarsi 97 5.39 0.88 10.66 9.48
Macoma calcarea 28 51.58 0.22 412 5916

Number of samples; 9. Number of taxa: 229, Average biomass: 427.25

Group D
Strongylocentrotus pallidus 12 98.36 1.00
5772 57.72

Myriapora subgracilis 212 11.72 1.00 23.91 23.91
Celleporina incrassata 36 11.10 1.00 14.86 14.86
Macoma calcarea 60 17.36 0.50 23.67 11.83
Ophiura robusta 88 6.24 0.50 12.09 6.04
Alvania viridula 8 6.80 0.50 7.08 3.54
Nephtys ciliata 4 7.28 0.50 6.27 3.13
Rhodine gracilior 86 0.40 1.00 1.52 1.52
Polychaeta varia 4 1.27 1.00 1.48 1.40

Number of samples: 2. Number of taxa: 112, Average biomass: 150.91.

Group E

Serripes groenlandicus 10 55.89 0.66 35.01 23.34
Stegephiura nodosa 135 4.88 0.77 11.04 8.58
Bivalvia g.sp. 61 5.28 0.77 9.17 7.13
Ascidiacea g.sp. 34 5.37 0.44 8.49 3.77
Pelonaia corrugata 56 11.16 0.22 16.50 3.66
Owenia fusiformis 74 1.23 1.00 278 2.78
Modiolus modiolus 12 23.72 0.1 20.00 2.22
Myriochele oculata 338 0.35 1.00 1.93 1.93
Scoloplos armiger 68 0.55 1.00 1.78 1.78
Edwardsiidae g.sp. 23 1.14 0.77 225 1.75

Number of samples: 9. Number of taxa: 146, Average biomass: 70.64

Group F
Macoma balthica 245 38.51 1.00 60.39 60.39
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Pontoporeia femorata 790 2.36 1.00 10.07 10.07
Halicriptus spinulosus 121 1.24 1.00 3.75 3.75
Spionidae g.sp. 71 0.78 1.00 2.23 2.23
Diastylis sulcata 201 0.22 1.00 1.22 1.22
Nemertini g.sp. 16 0.66 0.83 1.40 1.17
Nephtys minuta 208 0.07 1.00 0.56 0.56
Polychaeta varia 12 0.12 1.00 0.36 0.36
Amphipoda g. sp. 72 0.04 1.00 0.29 0.29
Yoldielia intermedia 10 0.50 0.16 1.05 0.17

Number of samples: 6, Number of taxa: 16, Average biomass: 44,08

*) Species validity is the species production multiplied by their frequency of occurrence.

Group E (Table 2) encompasses stations 24, 26, and 27 located in the shallow
southern part of the study area on sandy sediments with low organic content. The
area is influenced by coastal water masses with highly variable temperature and
salinity. The benthic community is dominated by filter-feeding bivalve Serripes
groenlandicus. Due to its large biomass, S. groenlandicus has a validity three
times higher than that of the subdominant species, the carnivorous brittle-star
Stegophiura nodosa, although the abundance of the latter species is ten times
higher than that of the former.

Group F (Table 2) contains samples from St 29 in the estuarine part of the
Pechora Bay. The muddy sediments in this area are under strong influence of
brackish water. Species richness, abundance, and biomass are relatively low;
the dominant species is the deposit feeding mollusc Macoma balthica. Although
the abundance of the subdominant species, the amphipod FPonfoporeia
femorata, is approximately three times higher than that of M. balthica, the latter
taxon has a far higher biomass (38.5 g/mz).

Discussion

Zenkevich (1927) recorded only 220 species of macrozoobenthos from the
Pechora Sea, and considered the region to be relatively poor in species. The
number of species recorded during the present study is 446, while the
Norwegian team reported 416 species (Dahle et al.,, 1998). Some discrepancies
were found between the two datasets in certain faunal groups, for instance, the
phyla Polychaeta and Crustacea, resulting from differences in species
identifications and synonyms of the taxa in the taxonomic literature used by the
two teams. In addition, the phylum Hydroidea, was identified to species level in
the Russian but not the Norwegian samples.

Nevertheless, the two datasets demonstrate similar results in terms of species
composition and spatial distribution of species numbers (Fig. 2 A, B). The
highest species richness in both sets of samples was observed near the Kara
Strait, where the seafloor consists of mixed grounds offering a wide range of
habitat types. A sparser benthic fauna found in the Pechora Bay and in the area
around the Pechora river mouth reflects a benthic fauna which has to cope with
low salinity (Remane and Schpileper, 1871) and a strong seasonal variation in
temperature and salinity (Adrov and Denisenko, 1996). The low species
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richness, abundance and biomass, found immediately outside the bay as well
as in the other seas influenced by strong freshwater discharge (Denisenko et al.,
1999), most probably reflect a quite uniform shallow water habitat of unstable
sand, as is the case around the mouth of the Ob’ Bay (Milliman and Syvitski,
1992; Lisitzin, 1995).

In general, the proportion of species from different systematic groups is similar
in the Russian and Norwegian samples from the same stations. But at the
stations 7 and 21, the number of species in the Russian samples was
approximately 2/3 as compared to the findings of the Norwegian team. Small
forms of crustaceans, such as Byblis gaimardi and Protomedia fasciata, and
some species of echinoderms and polychaetes were not recorded in the
Russian samples. These differences are attributed either to patchy occurrences
of the organisms concerned, or to differences in sampling on stony or sandy
sediments between the van Veen and “Ocean” grabs.

The environmental conditions, particularly bottom topography, sediment type, and
water depth, strongly influence benthic community structure (Figs. 7, 8) as has
been demonstrated for the study area (Dahle et al., 1998), which is not subjected
to any significant anthropogenic impact (Loring et al., 1995).

The accumulation areas with high concentrations of total organic carbon (TOC)
correlative to the fine fraction portion in bottom sediments (Klenova, 1960; Loring
et al.,, 1995) are located in the Chernaya Fjord (St.11), Pomorskii Strait between
Kolguev Island and the mainland (St.3), in the depression south of Novaya
Zemlya (St. 7a, 8, 12-14), and near Dolgii Island (St. 24) (Loring et al., 1995).
Surface and sub-surface deposit-feeding polychaetes are the most abundant
faunal group in all these areas (Fig. 3 A, B). At station 29 located in the Pechora
Bay, where TOC content is high, but salinity is very low, the deposit-feeding
brackish-water bivalve Macoma balthica is the most abundant. Co-dominance of
filter-feeding molluscs and bryozoans was observed in the nearshore zone (St.
21) and farther offshore at St. 7 located on the coarse grounds close to the Kara
Gate Strait. This area is affected by strong bottom currents. Similar groups
predominate at shallow St. 26 with water depth less than 15 m and strong water
mixing. Like in the case with abundance, the biomass of polychaetes is the
highest in organic-rich soft muddy sediments (St. 11, 12, 13) in the deepest
northern part of the Pechora Sea. Polychaetes constitute the main part of the total
biomass, because big molluscs with heavy shells, such as Tridonta borealis or
Nicania montagui, are rare there.
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Fig. 7. Cluster diagram showing station grouping based on the
similarity of environmental data.
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Fig. 8. Distribution of station groups according to their environmental
characteristics (bottom sediments, depth, temperature, and salinity).

Key: 1 — estuarine shallow station; 2 — marine shallow stations with low TOC; 3 -
marine stations with intermediate TOC; 4 — deep marine stations with high TGC.

An increase in coarse fraction portion leads to a change in the dominant group
constituting the main part of the total biomass of zoobenthos, and detritovorous
polychaetes are substituted by filter-feeding molluscs. At St. 6 and 7 on mixed
grounds, the biomass of polychaetes is still quite high, but molluscs become
more abundant compared to muddy sediments and, as a result, they dominate
over polychaetes. Mobile and very large carnivorous animals, such as starfishes
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and crabs, are rarely caught by grab in the offshore area, but their occasional
appearance can sometimes considerably increase the total biomass, as is the
case with St. 8. Itis an accidental fact, because biomass of echinoderms in the
Pechora Sea does not usually exceed 50 g/m2 (Khodkina, 1964).

The predominance in biomass of a detritovorous feeder, sea urchin
Stongylocenthrotus pallidus, at St. 21 on mixed grounds with low organic content
is due to the presence of fine fraction in the surface sediment layer. The
presence of diverse bryozoans, immobile filter-feeders with comparatively large
biomass, testifies to the considerable portion of coarse fraction in the sediment
of the area with good water exchange and high content of suspended organic
matter in water column (Zenkevich, 1927).

As shown by Kuznetsov (1970), the trophic structure of fauna in a certain area is,
in general, determined by a species, or several species with the same type of
feeding, which have the biggest share in the total biomass of zoobenthos.
Figures 7 and 8 show the four discrete groups of stations that differ from each
other mainly in water depth and salinity. Group One occupies the areas deeper
than 100 m, and Group Two occurs at the depths between 50 and 100 m. The
stations of both groups are restricted to organic-rich sediments (Loring et al,,
1995). Surface (Spiochaetopterus typicus, Macoma calcarea) and sub-surface
(Maldane sarsi, Pectinaria hyperborea) deposit feeders predominate in Group
One. Group Two is dominated by mobile filter-feeding species (Tridonta borealis,
Nicania montagui, Ciliatocardium ciliatum). Group Three includes shallow
stations located at depths of 10-20 m. Suspension feeders, such as bivalve
Serripes groenlandicus, bryozoans, and the ascidian Pelonaia corrugata
predominate in the southern regions of the Pechora Sea and Kara Strait. A single
station in the Pechora Bay forms Group Four, where deposit feeders
predominate. In general, the bay represents a typical high latitude estuarine zone
(Denisenko et al,, 1999), where the distribution of abundance and biomass, as
well as trophic structure, agree well with the generalized scheme for the whole
Pechora Sea plotted on the basis of the data collected in 1992-1994 and the
present data set (Denisenko et al., 1997).

As noted by Dahle et al. (1998), there are two main quantitative approaches to
determine benthic communities or faunal associations. One approach mainly
uses abundance (Petersen, 1913), whereas the other approach, usually adopted
by Russian scientists, uses biomass or some other derivative (Moebius, 1877;
Brodskaya and Zenkevich, 1939; Vorob'ev, 1949). The role of an organism in the
transformation of matter and energy can be estimated knowing its respiration
and production. Using the calculated production values reflecting the integrated
data on abundance and biomass allows determining the functional role of each
species in the community (Alimov, 1989; Brey, 1990; Denisenko and Denisenko,
1990). Owing to the use of production values, the importance of numerous small-
bodied organisms and a single individual of a large-size species in the total
production of a community can be compared and estimated. Thus, production
characteristics allow statistically grouping samples collected throughout the year,
including periods of mass juvenile recruitment. Comparison of the present
results with previously published data (Zenkevich, 1927 jn Dahle et al., 1998;
Fig.6), which were based on analysis of biomass only, demonstrates a certain
similarity in the structure of bottom communities of the Pechora Sea. The main
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difference lies in a slightly reduced significance of large-size molluscs in the
given outcome.

The present results show similar trends in community boundary determination to
those outlined by Dahle et al. (1998), who used only numerical abundance in the
faunal analyses. In both studies, a similar distribution pattern and similar
dominant species were found in the areas subjected to environmental stress,
such as the fjordic Chernaya Bay, the cold-water depression south of Novaya
Zemlya, and the estuarine Pechora Bay. Opposite to this, in the open part of the
Pechora Sea the dominant species of the communities determined with the use
of production values differ markedly from those determined by abundance data
only.

The reliability of the results in faunal groups analysis increases with growing
number of stations and replications involved in the calculations. Thus, when the
data of the present study are incorporated into larger-scale analyses (Denisenko
et al., 1997), the minor difference is not unexpected. The distribution area of
some communities determined during the present calculations was reduced,
because some stations were included in the neighboring communities and
integrated with them. It happened because in large-scale calculations
significance for some species was decreased, while for other species it was
increased. The last group of species is more regularly distributed as it is present
in all investigated samples and replications.

Conclusions

Contrary to the existing opinion about sparse benthic fauna in the Pechora Sea
resulting from long ice-covered period, insignificant Atlantic influence, and
considerable freshwater runoff of the Pechora River (Zenkevich, 1927) the
number of species appeared to be comparable with the number of species in the
western Barents Sea (Brodskaya and Zenkevich, 1939). The present study
supports previous investigations that have described plentiful sublittoral
zoobenthos in this area (Denisenko et al., 1995; Antipova, 1975).

Trophic structure of zoobenthos, its biomass and abundance strongly depend on
environmental conditions in the study area, as has been demonstrated by
zoobenthos abundance in parallel data sets from the same cruise (Dahle et al.,
1998).

Compared to the parallel data sets from the same stations analyzed using
numerical abundance only (Dahle et al., 1998), the present study reveals
differences in the species considered as dominant ones. However, in
environmentally stressed areas, such as the Chernaya Bay and the depression
south of Novaya Zemlya, where the dominant animals are relatively low in
biomass, bottom communities were dominated by the same species.
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Abstract

For the first time, well-defined submarine terraces were recorded on the Pechora
Sea floor, which was previously referred to as a gently sloping submarine plain.
These conclusions are based on "Parasound" acoustic profiling. The terraces were
found at the depths of 140, 120, 110, 100-104, 60, 50-54, 40, 32, and 25 m. The
terraces located at depths of 50-54 and 120 m show the best preservation. The
120 m deep terrace is tentatively correlated with the Late Glacial sea-level
lowstand, and the one at 50-54 m water depth with the pre-Holocene time (12-11
ka). The presence of submarine terraces on the Pechora Sea floor is inconsistent
with the existence of the Late Wirm ice cap on the Pechora Sea shelf, and
contradicts coalescence of the Northern Ural and Novaya Zemlya ice caps.

Introduction

There are many questions in the Late Pleistocene-Holocene history of the Pechora
Sea that remain to be answered. The most debatable one is the problem of
existence or, on the contrary, absence of the Late Wirm ice cap. However, there is
no agreement among defenders of the ice cap existence regarding the extent of
the ice cover. Whereas some of them support the idea of panarctic glaciation, the
others consider the Pechora Sea to be the place of coalescence of the Novaya
Zemlya and Northern Ural ice caps. Some scientists including the authors support
the hypothesis of the limited extent of ice caps and believe that during the last
glacial maximum the studied region represented an arctic tundra, and only in the
Southern Novaya Zemiya Trough (SNZT) there was a sea basin covered by pack
and seasonal ice. Here we present new data on distribution of a series of
submarine terraces on the Pechora Sea floor along with certain
paleoenvironmental reconstructions. The lower terrace at 120 m water depth
corresponds to the generally assumed depth interval of sea-level lowstand during
the last glacial maximum, without corrections on the thickness of the Holocene
sediments and tectonic movements.

The conclusions based on the geomorphological analysis of bottom topography,
morphology and morphometry of terraces are preliminary. Paleoenvironmental
reconstructions for the Late Valdai epoch in the Pechora Sea require additional
drilling data, biostratigraphical evidence, absolute age dating, and facial-genetic
analysis of the Holocene sediment sequence.

Materials and terminology

The article analyzes materials of echo sounding carried out during the 8" cruise of
r'v “Professor Shtokman” (1982), and "Parasound" seismoacoustic records with 0.5
m resolution obtained during the 11" (1997) and 13" (1998) cruises of r/v
“Akademik Sergei Vavilov”. For our purposes the most informative transects are
those crossing the Pechora Sea from the SNZT to the coastline, which allowed
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Fig. 1. The Pechora Sea.

Key: 1 - locations and numbers of bottom profiles; 2 - boreholes;

3 - stations of RV “Professor Shtokman”; 4 - stations of RV “Akademik
Sergei Vavilov”; Submarine terraces at: 5 - 50-54 m; 6 - 120 m.

tracing the submarine terraces on the gently sloping towards SNZT seabed. For
convenience these profiles were numbered from 1 up to 5 (Fig. 1).

A marine terrace is a subhorizontal or gently sloping surface of marine origin
limited by a cusp that was formed during previous epochs of sea-level high or
lowstands.

Morphometry and morphostructure of terraces

Until recently the Pechora Sea floor was characterized as a gently sloping plain
slightly inclined towards the SNZT, as is shown in all bathymetric maps. The
profiling revealed the plain to have a number of terrace levels stretching across the
whole sea, approximately along the isobaths.

Seismoacoustic profile Ne 1 (Fig. 2A) stretches southwestward from the Novaya
Zemlya Archipelago, through the SNZT, to Kolguev Island. The northern rocky
slope of the SNZT is steep and formed by a series of tectonic faults. It has no
terraces. The southern siope is gentle and consists of sedimentary rocks overlain
by a poorly consolidated sediment cover. A trough bed represents a relatively
plane surface with 20-m-deep and 4-km-wide V-shaped trench at the depth of 166-
167 m.

At least three distinct terraces could be traced at the southern SNZT slope. The
first, lowermost, terrace is located at the depths from 118 m (inner border) to 120
m (terrace cusp) (Fig. 3A). Its nearly 2-km-wide surface is almost horizontal with a
very small inclination (¢=0,001) to the trough thalweg. It has a rough surface with
relative height range of about 1-3 m. The gentle 5-m-high bench separates the
120-m-high terrace from the second one located at the depth of 110 m.
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Fig. 2. Bottom profiles: a) A - seismoacoustic profile 1; B - echo sounding
profile 2; C - seismoacoustic profile 3; b} D - seismoacoustic profile 4;

E - echo sounding profile 5.

The Roman figures on profiles designate fragments of “Parasound” record.
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The latter has a convex wavy cusp and slightly concave (about 2 m) surface with a
width of 4 km and a depth of 110 m. A 6-m-high gentie bench separates this
terrace from the third terrace located within the southern SNZT slope at the depth
of 105 m (Fig. 3B). Seismoprofiling record allows assuming accumulative origin of
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Fig. 3a
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Fig. 3 Fragnrisdf “Parasound” records:
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these terraces. The thickness of stratified deposits ranges from 15 to 20 m. The
105-m-high terrace is separated by a rather steep bench from the flat rise at the
top of the SNTZ border. The top of this rise is located at the depth of 91-92 m and
is cut by the so-called listric faults. This surface and the rise itself mark a zone of
slope discontinuity and transition to the central Pechora Sea shelf. The latter has a
structural rise in the middle that represents a northwestern pericline of the
Zakharinskii arch. The arch separates two depressions filled with stratified loose
sediments. Maximuml sediment thickness in the depression located to the north
from the arch reaches 35-40 m as determined by sounding, while in the southemn
depression it exceeds 50 m. Borehole 109 recovered southeastward from this
profile has the following sediment sequence, that has been palynologically studied
by Rudenko (2001):

0-2,5 m - dark gray silty mud with sand and gravel. Pollen of dwarf birch, pine, fur;
spores of arctic lycopodiums.
2,5-5,0 m - fine-grained sand 