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Figure 13. Acoustic sediment penetration above post-glacial unconformity. Boxes indicate areas on the
basis of which average thicknesses for each Facies type have been determined.
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two areas of Facies C accumulate to nearly the same sediment volume, i.e. for the
western facies 266 km?® and 24.0 x 10™ t respectively and 285 km?®and 25.7 x 10" t
(Table 3). In total the sediment mass adds up to 114 x 10'° t. These values are in good
agreement with the results of Stein and Fahl (2003). They based their estimates main-
ly on AMS “C-dated sediment cores and in comparison to our data these estimates
rather represent an underestimate. Stein and Fahl (2003) come out with a total of 123
x 10'° t averaged for the Holocene, their data base extends as far as 82° N, while in
this study we only considered data south of 78° N. Therefore, their values must be
reduced by approximately 20 x 10 t.

Our data based on acoustic profiling rather overestimate the sediment mass espe-
cially for Facies C for the following reasons.

Sedimentation in Facies C is not interrupted by clear unconformities on acoustic
profiles, thus it is not exactly clear which time interval is included by sediments overly-
ing the unconformity. In Facies A and B the unconformity itself is of post-LGM age, but
sedimentation in Facies C started earlier than on the adjacent Kara Sea Shelf, and the
unconformity grades into a conformal surface, because water depth was sufficiently
deep (Coe et al., 2003).

Sediment sources

It is beyond the scope of this work to account for all the factors, often impossi-
ble to attribute correctly, controlling the sediment input and output so we rather try to
evaluate the sedimentary mass in an evolutionary sense. Besides the ambiguity of an
absolute age model it is evident that sedimentation in Facies C occurred during sea
level lowstand and possibly during the LGM as summarised in the conceptual model in
Figure 14. This would account for the high sediment mass included by this facies type.
The sediment making up the northern sections of Facies A (Figs 8b and c), closely
resembles the conceptual model of a sequence by Vail et al. (1987) with most of the
LST probably missing. These sediments are virtually absent in Facies A and B, where
sediments by-passed and accumulated in Facies C. It is possible, though that portions
of LST strata accumulated in small sinks and “survived” the sea level lowstand, but
these are comparatively small, negligible valuess.

During transgression over the very shallow slope of the Kara Sea Shelf the in-situ
sediments were subjected to several erosion processes related to the formation of the
transgressional surface, as e.g. intense reworking due to wave-action and subsequent
shore face ravinement formation (Thorne and Swift, 1991). Although, owing to the long
subaerial exposure, large areas were probably permafrozen with abundant ice com-
plexes, consisting of alluvial plains and river channels (Alekseev, 1997). High erosion
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Figure 14. Schematic of sediment masses and bugdet for the three facies types for the Holocene

rates as well as coastal retreat rates increased 5 m per year in permafrozen soils due
to thermokarst erosion by the formation of thermocirques (Rekant et al., 2005).

Typically, the upper 5-15 m may be removed during transgression (Walker, 1992),
depending on the storm wave base and re-occurrence ratio of storms. Hine and Sny-
der (1985) found for the North Carolina shelf that (shoreface) erosion stripped off sedi-
ments and formed the ravinement surface. As known from the well-studied Eel mar-
gin, 50 % of the sediment above the unconformity are older reworked bedrock strata
(Burger et al., 2001). We think it reasonable to account at least the same value for the
Kara Sea Shelf with its gentle slope, exposing vast shelf areas to the action of waves
and storms.

Most parts of the shelf are flooded since 8-9 ka BP(Figs 7b and 9) and since then
terrestrial (fluvial) material has been dispersed on the shelf.

Dittmers et al. (2003) established the first parameter-based sediment budget for
the region. It emerged that the estuaries effectively acted as “marginal filter” (Lisitzin,
1995) and filtered out about 90 % of the suspended and 30 % of the dissolved material,
summing up to 25.5 x 10 t for the Ob and to 32.4 x 10'° t for the Yenisei for the last
7,500 years, the time they assumed the estuaries to have been active under recent
conditions. However the “real” volumes of sediment accumulated in the estuaries are
lower, indicating weak material export (Dittmers et al., 2003). This material is thought to
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accumulate in Facies B. By subtracting the sediment mass of the Facies A (25.5+32.4)
x 100t —-22.1 x 10" t the net export to Facies B is estimated to = 35.8 x 10 .

For the Holocene, taking the modern numbers, this would mean that during the first
2500 years another total of 7.4 x 10" t of suspended and 19.2 x 10" t of dissolved
fluvial material by-passed Facies A. Assuming an estuarine setting in Facies B at the
river ocean boundary, it would filter 6.6 x 10'° t of suspended and 5.8 x 10'° t of dis-
solved material while 0.8 x 10"° t of suspended and 13.2 x 10"° t of dissolved matter
would have sedimented in Facies C. However, it is not exactly determinable how much
of the material is deposited in Facies B and how much is passed on to Facies C. Fur-
thermore it is difficult to assess how much material was delivered to Facies C during
sea level lowstand and how much reworked Facies B material is in incorperated into
Facies C.

It is still unclear how much the coastal erosion effects the total sediment balance
(e.g. Stein et al., 2004). There are values of Romankevich and Vetrov (2001) of 109 x
108 t/y, which are definitely too high, because recent interpretation of satellite images
of Rachold and Cherkashov (2004) indicate erosion rates in the order of 30 x 10° t/y
(Vasiliev et al., 2005).

5. Conclusion:

The Kara Sea can be subdivided into three Facies provinces:

* Facies province A: a high mud accumulation, fluvial to marine succession with
laterally consistent reflectors. It is restricted to the modern estuaries up to 74° N.

* Facies province B: covers the shallow and flat central shelf to water depths up to
120 m; sediment thickness is variable and concentrates in depressions. Outside the
depressions sediment penetration is minor. It is restricted to the shelf.

« Facies province C: with the highest relief energy associated and little sediment ac-
cumulation and high sediment thickness with draping reflectors in channel-levees
complexes. It occurs north and westward of Facies B and generally below the 120 m
isobath.

» Sediments above the regional unconformity are of Holocene age for Facies A and
B, while in Facies C constant deep water conditions prevailed, with no distinct uncon-
formity

- Late Weichselian to Holocene strata consist of a threefold division, according to the
concept of sequence stratigraphy. including

* The total post-LGM sediment mass through all three facies areas sums up to
114 x 10'°t.

« Constant deposition occurred continuely in Facies C, with higher sedimentation rates
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during sea level lowstand when all material by-passed Facies A and B. Sediment ac-
cumulation progressively shifted towards the modern coastline and the recent estuary
of Ob and Yenisei, making up Facies A.

* There is a significant component of reworked material in Facies B making up at least
50 % of the sediment mass.

Acknowledgements

We are grateful to the crew of RV “Akademic Boris Petrov” for their support. Many
thanks to Jens Matthiessen and Volker Rachold for their helpful advices. Special
thanks to Frank Schoster and Mathias Kraus for many fruitful discussions. This study
has been performed within the German-Russian research project “Siberian River Run-
off (Sirro)”, financial support by the German Ministry of Education, science, Research
and Technology (BMBF) and the Russian Foundation of Basic research is gratefully
acknowledged.

Data are available at www. pangaea.de.



108



109

3.5 Late Weichselian Fluvial
Evolution on the Southern Kara
Sea Shelf, North Siberia



110



Late Weichselian Fluvial Evolution on the Southern Kara Sea Shelf, North Siberia 111

submitted to Global Planetary Change
3.5 Late Weichselian Fluvial Evolution on the Southern
Kara Sea Shelf, North Siberia

Dittmers, K.*, Niessen, F. and Stein, R.
Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany
Corresponding Author. kdittmers@awi-bremerhaven .de

Abstract

Glaciations had a profound impact on the global sea level and particularly
on the Arctic environments. One of the key questions related to this topic
is how the discharge of the Siberian Ob and Yenisei rivers did interact with
a proximal ice sheet? In order to answer this question high-resolution (1-
12 kHz), shallow-penetration seismic profiles were collected on the passive
continental margin of the Kara Sea Shelf to study the paleo-drainage pattern
of Ob and Yenisei rivers. Both rivers incised into the recent shelf, leaving filled
and unfilled river channels and river canyons/valleys connecting to a complex
paleo-drainage network.

These channels have been subaerially formed over a period of regressive
phase of the global sea level during the Last Glacial Maximum. Beyond recent
shelf depths of 120 m particle transport is manifested in submarine channel-
levee complexes acting as conveyor for fluvially-derived fines. In the NE area
uniform draping sediments are observed. Major morphology determining
factors are a) sea level fluctuations and b) LGM ice sheet influence. Most
individual channels show geometries typical for meandering rivers and
appear to be an order of magnitude larger than recent channel profiles of
gauge stations on land. The Yenisei paleo-channel dimensions are than the
Ob examples and could be originated by additional water release during the
melt down of LGM Putoran ice masses.

Asymmetrical submarine channel-levee complexes with Channel depths
of 60 m and more developed, in some places bordered by glacially dominated
morphology. Channels situated on the shelf above 120 m water depth exhibit
no phases of ponding and or infill during sea level lowstand.

Keywords, Late Weichselian/Last Glacial Maximum, river run-off, sea level, shelf,
channel incision, Kara Sea

1. Introduction

The exact spatial ice sheet extent during the late Weichselian = Late Glacial Maximum
(LGM) glaciation is still under debate, particularly in the Siberian Arctic. Large scale
ice domes as proposed by Grosswald (1980) are not realistic for the Russian sector
of the Arctic. Recent outcomes of the QUEEN project (“Quaternary Environments of
the European North”) summarised in Svendsen et al. (2004) rather give evidence for
relative small ice masses in the Siberian sector, with some ambiguity about the exact
spatial extent of such an ice cover, especially on the NE mainland (Alexanderson et
al., 2001).
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Especially for the Kara Sea one of the key questions related to this subject is: how did
the discharge of the Ob and Yenisei rivers interact with a proximal ice sheet? Glaciations
have sustained impact on the discharge pattern of large streams, in particular in high
latitudes, by I) influencing the global water budget and Il) by the physical presence of
large ice sheets.

[) In the first place the build-up of huge ice bodies/sheets “consumes” water from
the ocean, resulting in a world-wide eustatic sea level fall (Fairbanks, 1989; Chappell
et al., 1996). This has profound effect on the longitudinal profile of a river. The river
has to adjust to a new slope gradient which can locally result in pronounced erosion
and deposition and in a total reorganisation of the whole drainage pattern and direction
(Allen, 1992; Schumm, 1993; Leopold, 1994).

II) The second mode of action is the physical interaction between ice sheets and
adjacent river systems. River systems may either be deflected by ice sheets or get
totally dammed. This has also been proposed by several workers for the middle
Weichselian glaciation in Siberia, when the Ob and Yenisei rivers were thus re-routed
southward into the Caspian Sea via the Aral Sea, instead of a northward drainage into
the Kara Sea (Mangerud et al., 2003, 2004).

There were several major pro-glacial lakes in the Arctic realm like the late Weichselian
Lake Agassiz (e.g. Clark et al., 2004) in front of the Laurentide ice sheet, the middle
Weichselian Lake Komi in central Siberia (e.g. Mangerud et al., 2004) and a White
Sea lake (Mangerud et al., 2001a; 2001b). Their degradation is often coupled with
cataclysmic dam failures as documented in the Altai Mountains (Baker et al., 1993)
possibly resulting in earth’s greatest flood.

Glaciation history

The general eastern boundary of the LGM Barents Sea ice sheet extent is now
well-studied with the exception of some small uncertainties in the north-eastern area
of the Kara Sea Shelf (Fig. 1; Svendsen et al., 1999, 2004; Alexanderson et al., 2001;
Mangerud et al., 2002; Polyak et al., 2002; Stein et al., 2002). There is still an enigmatic,
isolated record of an ice advance towards the Taimyr peninsula in the late Weichselian
(Svendsen et al., 1999; Alexanderson et al., 2001), forming the LGM part of the North
Taimyr ice-marginal zone (NTZ, Alexanderson et al., 2001). It is still under debate
whether this Taimyr ice sheet was a locally isolated ice cap or whether it was linked
to the Barents and Kara Sea-ice sheet. In case this ice sheet covered the northern
Kara Sea Shelf, it might have blocked the major Siberian rivers during the Holocene
as postulated by Polyak et al. (2002) and as proposed for the early Weichselian
(Grosswald, 1980; Arkhipov et al., 1995; Mangerud et al., 2001a, 2001b).
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Figure 1. Overview map of working area (trapezium) in the central southern Kara Sea after Svendsen
et al. (2003). Limits of early and middle Weichselian glaciations and LGM as figured. Grey shaded area
indicates maximum subaerially exposed land extent during LGM according to modern bathymetry at 120

m depth contour.

Study Area

In the Arctic Ocean continental shelves make up more than 50 % of the entire area,
a significantly larger proportion compared to other world oceans (Jakobsson, 2002).
The Kara Sea Shelf (Fig. 1) occupies 10 % of the whole Arctic area. Being very shallow
with an average water depth of about 50 m for the inner Kara Sea, this shelf area is in
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particular sensitive to eustatic sea level changes between glacial and interglacial time
periods. This probably resulted in a profound impact on the drainage pattern of modern
river extensions on the Kara Sea Shelf.

Modern river run-off

Today the Ob and Yenisei rivers supply more than 30 % of the total Arctic freshwater
volume and some of the suspended sediment into the Arctic Ocean with a strong inter-
annual variation (Gordeev et al., 1996; Holmes et al., 2002; Rachold et al., 2003).
The Ob and Yenisei discharge 429 km3y' and 620 km3y~! respectively, through their
estuaries into the Kara Sea (Aagaard and Carmack,1994).

Sediment fluxes have been investigated by Stein et al. (2002, 2003b, 2004). For a
detailed summary of factors acting on riverine originated sediments and their distribution
on the shelf see Stein et al. (2004), Dittmers et al. (2003) and citations therein. Water
masses supplied by the two rivers pass the estuaries, whereas the main portion of
the suspended and minor dissolved matter flocculates and is deposited here (Lisitzin,
1995; Dittmers et al., 2003). The remaining, by-passing matter accumulates on the
Kara Sea Shelf, only a minor amount is transferred into the deep Arctic areas (Stein
and Fahl, 2003). Research mainly focussed on sediment fluxes (Stein et al., 2002,
2003b, 2004; Dittmers et al., 2003) but little has been known about paleo-discharge.

Evidence of ancient fluvial activity on the recent shelf

During sea level lowstand fluvial activity rather resulted in widespread channel
incision on the shelf, typical for several LGM shelf areas (Schumm, 1993) and as for
example the well studied New Jersey continental margin (Evans et al., 2000). This
process was probably enhanced during Termination | (Fairbanks, 1989) after the LGM
with increasing river run-off.

On the Kara Sea Shelf widespread occurrence of channels documents active fluvial
discharge during lowered sea level and subaerial exposure, in contrast to an ice-
dammed lake scenario (Stein et al., 2002; Dittmers et al., 2003).

Nansen (1904) was the first to observe incisions on the sea-floor of the Kara Sea
Shelf. The first extensive high-frequency sonar investigations of the bottom relief were
carried out by Johnson and Milligan (1968) who published results of geomorphologic
investigations of the Kara Sea and reported unfilled channels of unknown origin on the
shelf. Later Russian workers constructed charts of Quaternary fluvial features including
reconstructions of fluvial valleys, drainage networks and watersheds of rivers on the
basis of widespread seismic surveys (Lastochkin, 1977; 1978) but did not present
the basis of their data sets, leaving a tentative picture of visible fluvial features on
the shelf so far. Sediment investigations of the south-western Kara Sea region show
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that sediments consist of fluvially-derived material, whereas subsequent Holocene
sediments show stronger marine influences (Polyak et al., 2000).

For the Laptev Sea shelf Bauch et al. (2001) report a fluvial-dominated sediment
regime during sea level lowstand based on cores documenting sea level related
differences in sediment flux. Kleiber and Niessen (1999) describe submarine channels
as major distributors of terrestrially-derived sediments.

The main objective of this study is to determine the extent and character of fluvial
features visible on the sea-floor on the inner shelf of the Kara Sea concentrating on the
morphometric dimensions of identified channels. The fluvial geometries bear important
paleo-hydrological implications (Sidorchuk and Borisova, 2000; Sidorchuk et al., 2001).
This information can be used to develop a better understanding of the paleo-riverine
discharge and, thus, sediment dispersal and dynamics on the southern Kara Sea Shelf
in the past. We mainly interpret high-resolution acoustic reflection profiles (2-12 kHz) to
identify the morphology of the Kara Sea-bottom between 70° N and 78° N (Fig. 1) and
to trace and measure individual channels. Furthermore, the behaviour of Siberian river
run-off during the late Quaternary glaciation (MIS 2) and subsequent transgression is
reconstructed.

Dittmers et al. (2003) established the first regional seismostratigraphic framework
concentrating on the Ob and Yenisei estuaries. The most prominent feature is an
erosional boundary, formed during subaerial exposure of the shelf, subsequently
conformably overlain by marine sediments dating back into the Holocene (Dittmers
et al., 2003, Stein et al., 2003b). This boundary at the base of channel-fill occurred
during the transgressive postglacial sea level rise (Chapter 3.4). Channel incision is
favoured during phases of extreme relative sea level lowstand as in the middle and late
Weichselian. Subsequent channel infilling occurred during sea level rise - the Holocene
transgression - see Dittmers et al. (2003) for detailed discussions.

2. Data Base and Methods

2.1 Geophysical data collection/acquisition

Data were collected during four expeditions of RV “Akademik Boris Petrov” in
1999, 2000, 2001 and 2003 (Fig. 2) using several different echosounding systems
summarised in Table 1. For echosounding surveys in 1999-2001 we used the hull-
mounted ELAC echograph of RV “Akademik Boris Petrov” (ELAC echograph LAZ 72,
Honeywell-Nautik, Kiel, Germany) operating at a frequency of 12 kHz. Since 2003, RV
“Akademik Boris Petrov” is equipped with a parametric ATLAS PARASOUND system,
operated at a frequency of 3.5 kHz (Table 1).
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Table 1. Overview of expeditions and sounding systems: summary of sounding systems and references
for detailed set up information; * indicates digital data processing (Niessen and Dittmers, 2002; Dittmers
and Schoster, 2004)

Expedition Hull-mounted system profile Mobile profile Reference
(km)  system (km)
1999 ELAC 12khz 3000 - Stein and Stepanets, 2000
2000 ELAC 12kHz 5200 3.5kHz* 220 Stein and Stepanets, 2001
2001 ELAC 12kHz* 10000 2-8 kHz* 150 Stein and Stepanets, 2002
2003 PARASOUND 3.5 kHz* 2300 Schoster and Levitan, 2004

2.2 Morphometric Analysis

Fluvial channels depicted by echo-soundings were morphometrically analysed.
Channels were characterised on the basis of their classical geometric features basically
described by channels’ depth and width e. g. Langbein and Leopold (1966), Leeder
(1973) and Schumm (1977) (Fig. 3). The following features were measured: channel
width, channel depth (average vertical distance from thalweg bottom to base of levee
sediments) and water depth (from sea level to levee crest) (Fig. 3). Channels width and
depth were measured below Holocene sediment infill to account for channel formation
during incision. Holocene sediment thickness can easily be identified by the basal
unconformity underlying the Holocene sediments (Fig. 4), separating Units | and Il
(Dittmers et al., 2003; Stein et al., 2004). Channel depth and width are synonymously
used with bankful stage coinciding with bankful discharge defined by Rosgen (1994).

In our data, most relief energies of channel cross sections are underestimated
because track-lines are rarely exactly perpendicular to channel thalwegs and orientation
of cruise track to the morphology is random. However, determination of channel depth
is reliable in all cases. Nevertheless, these morphological features may still function
as a useful qualitative, descriptive parameter. Furthermore, it must be underlined that
the majority of all cruise tracks is concentrated in shallower water depths while on the
outer shelf data density is lower. Thus, more data on shallow water channels have
been collected.

Onthe basis of echo-soundings, together with additional information from navigational
charts, a detailed digital elevation model of the Kara Sea Shelf relief was compiled

<&

Figure 2. Working area with cruise tracks of ,Akademik Boris Petrov* expeditions 1999, 2000, 2001 and
2003 (Stein and Stepanets 2000, 2001, 2002). Key acoustic sediment profiles in solid lines and gravity
core BP00-07 are indicated by numbers. The position of morphological sections across the Kara Sea
Shelf in the northward vicinity of Ob (A-A’) and Yenisei (B-B’) river mouths, along thalweg of paleo-
rivers of both rivers, is given by red solid lines; note the extreme gentle slope and the relatively steeper
gradient for the Ob river branch.
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Figure 3. Idealised channel geometry morphological parameters measured in acoustic cross sections

3. Results
3.1 Topography

In general, the Kara Sea Shelf is characterised by a gentle slope gradient ranging
from an average of 1:1,351 in a representative section between 73°30 N 73°18 E and
78°00 N 73°18 E north of the recent Ob Bay to 1:4,166 along a more easterly section
between 73°30 N 79°40 E and 78°00 N 79°40 E north of the Yenisei Estuary (Fig.
2). The topography remains relatively flat to a depth of the present 50 m contour line
where a distinct change in slope gradient from an average of 1:6,000 to more than
1:1,100 is observed, defining a major shelf/slope break. The whole inner shelf has a
smooth relief with elongated deeps and troughs aligned in northerly direction in some
places. At the shelf/slope break the relief gets very rough with high relief intensity and
elevation changes of more than 50 m within lateral distances of a few hundred metres.
These features are related to the eastern boundary of the grounded LGM Barents/Kara
Sea ice sheet (Stein et al., 2002; Polyak et al., 2002).
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3.2 Channel geometry and morphological parameters

Channels have concave-up erosional bases with different levels of sedimentary
infill. In the western area, associated with the LGM glaciation margin, there are typical
levees which form the channel margins. They are characterised by their typical external
wedge shape, with internal sub-parallel layered reflectors, drapes, and thinning away
from the channel axis. The analysis of echosounding profiles generally reveals two
different types of channels defined by their morphometric and morphogenetic character
(Fig. 4):

Type | consists of filled or buried channels, characterised by a deflection of the
prominent basal reflector representing the top of Unit Il (Dittmers et al., 2003). These
channels are filled with younger well-stratified sediments (Figs 4a and b). The majority
of these channels is dominated by parallel reflectors of the channel infill (Fig. 4a).
In some cases these sediments display asymmetric fill patterns (Fig. 4b). Channel
incision depth rarely exceeds 15 m, and reaches an average of 10.4 m (Table 2). In
some places the sea-bottom smoothly ponds these incisions by leaving not more than
1 metre of relief. Channel width is 650 m on average (Table 2). The majority of this

Table 2. Morphometric characteristics of sampled channels

channel type Water depth  bankful width (m) bankful depth (m)
(m)

Filled channel

type | Min: 22.0 370.0 4.0
n=49 Max: 50.0 9600.0 35.0
Mean: 35.5 650.0 10.4
OB
Min: 25.0 250.0 12.0
n=11 Max: 80.0 13500.0 55.0
Mean: 441 2767.8 22.2
type Il
Yenisei
Min: 14.4 300.0 4.4
n=93 Max: 122.0 30000.0 106.4
Mean: 56.8 5178.7 28.5

Channel Levee
Min: 71.0 1230.0 13.0
n=9 Max: 120.0 35200.0 100.0
Mean: 97.3 10344.0 497
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channel type clusters predominantly in areas with water depths of 36 m or less.

Type Il channels are made up of open, or partly filled, channels (Figs 4 ¢ and d).
There is some varying amount of sediment accumulation inside the channel axis. This
type of channels has been subdivided on the basis of shelf morphology into a paleo-Ob
River branch up towest of 79° E (Fig. 4) and a paleo-Yenisei River branch of channels
east of 79° E (Figs 4c). These two types seem to represent and reflect two different
morphologies mainly induced by different shelf/slope gradients (Fig. 2). In general, the
gradient steepens to the north with increasing water depth, minimising channel width
and increasing depth.

The paleo-Ob River channels occur at a mean water depth of 44 m with average
bankful-depths of 22.2 m and an average width of almost 2.7 km (Table 2). Compared
to the Ob system Yenisei paleo-channels show similar bankful-depths with an average
of 28.5 m and distinctively wider developed morphologies averaging to 5.2 km. They
cluster around a water depth of nearly 57 m (Table 2).

Nine Channel-levee complexes could be identified in the NW of the working area. In
average they are found in 97.3 m water depth, are 10.3 km wide and 50 m deep.

In Figure 5a the relationship between channel-bankful-depth versus water depth
is displayed. Type | channels display the lowest depth values. Type Il data points
scatter widely but show a general decrease in this ratio with increasing water depth,
in particular below 50 m water depth. Ob River channels are generally distinguishable
from Yenisei River channels by smaller widths. Channel depth in relation to water
depth is shown in Figure 5 b. Type | channels are grouped below 50 m of water depth
with low scattering and only few individual Channel depths exceeding 15 m. Type I
channels show a wider scatter of Channel depth values with the difference that Ob
River channels are dominant at higher water depths, displaying higher values than the
Yenisei examples and are more scattered. In general, there is a pronounced drop of
Channel depth in shallower than 50 m water depth.

The same trend is depicted in Figure 5c¢), which displays water depth versus channel
width/ depth ratio (w/d-ratio). This ratio decreases significantly in more than 50 m of
water depth. Type | channels are characterised by highest w/d-ratios, while the Type
Il channels of the Ob River form the other end-member, with low w/d-ratios. Yenisei
River channels lie between both. Again the ratio diminishes distinctly with increasing
water depth.

Channel-levee complexes are characterised by high bankful-depth values and
relatively small w/d-ratios.
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3.3 Spatial distribution of
channels on the shelf

Evidence for fluvial incision is visible
in the bathymetry especially at the 30 m
isobath which is deeply entrenched in
the northward extension of the modern
river estuaries (North of 74° N; Figure
6). Downstream thalweg slope on the
inner shelf, up to 120 m of water depth,
gradients of Ob and Yenisei paleo-
channels lie in the range of 1:1,351 and
1:4,166, respectively (Fig. 2). There is
an apparent difference in the drainage
patterns of the Ob and Yenisei rivers
paleo-channels on the shelf (Fig. 6).
The Yenisei paleo-river pathways dis-
play a more dendritic pattern, probably
related to channel
around several obstacles such as is-
lands and topographic highs. There are
more channel branches in the Yenisei
River drainage system, generally trend-

branch formation

ing north-eastward, with smaller tribu-
taries orientated north-westward.
Clusters of paleo-channels have
been mapped as river branches which
extend across the entire shelf. Accord-
ing to the morphology and abundance
of identified channels, paleo-river
pathways have been defined (Fig. 6).
Branch here describes the general path
of channel(s) with incorporation of sea-

Figure 5. Channel morphometric parameters

a) Relationship of water depth (m) versus
channel-bankful width (m)

b) Relationship of water depth (m) versus
channel-bankful-depth (m)

c) Relationship of water depth (m) versus
channel width/depth ratio



Late Weichselian Fluvial Evolution on the Southern Kara Sea Shelf, North Siberia 123
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Figure 6. Channel distribution of identified channels, based on channel distribution and sea-floor morphology
(Dittmers, 2004). Atentative distribution of major paleo-valleys has beeninferred. Type | channel represented
by filled triangles, Type Il by circles. Paleochannel pathways have been defined by morphology specified
by the abundance of mapped channels.
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floor morphology (Chapter 3.1). They are large scale depressions with all types of
different channels (filled and unfilled), resulting from fluvial incision. Buried and filled
(Type |) river channels are concentrated on the inner shelf and are very widespread
above 30 m water depth (Fig. 6). Type Il river channels show no distinct preferred al-
location (Fig. 6) in dependence to water depth. Channel-levee complexes exclusively
formed in water depths exceeding 70 m and are associated with the LGM ice margin
westward of the Kara Sea Shelf.

4. Discussion

4.1 Isostasy

Little has been known about isostatic movement, the relaxation after crustal down-
bending from an ice sheet load, in the inner Kara Sea. In particular, there is still bias
about the extent and especially the thickness and loading duration of such an ice
sheet. However, these are important factors for the calculation of crustal movements.

Zeeberg et al. (2001) postulate a rebound rate of 1-2 mm/y from an estimated ice
load of 1,000 m for Novaya Zemlya resulting in an uplift of 8-16 m for 8 ka but they
present no estimates for the Kara Sea. Gataullin et al. (2001) report modest uplift fol-
lowing deglaciation from the south-eastern Pechora Sea, but this area is closer to the
proposed centre of the Barents Sea-ice dome. Studies of raised beaches concentrat-
ing on Novaya Zemlya reported only moderate uplift of maximally 20 m during the
Holocene (Forman et al., 1995, 2004; Zeeberg et al., 2001). This implies that isostatic
rebound of the Kara Sea coast is less than eustatic rise and that consequently, the
maximum thickness of any ice on the shelf and adjacent coastal plain is unlikely to
have exceeded about 400 m (Lambeck et al., 1996; Svendsen et al., 2004). First iso-
static rebound modelling results (Chapter 3.4) underline the field evidence.

A radiocarbon dated gravity core BP00-07/5 (632 cm core length) was obtained
from the shallow Kara Sea Shelf (43 m water depth) at 80° E, 74° N approximately
150 km south of the islands (Fig. 2). Simstich et al. (2003) argue that linear extrapola-
tion of 5 m uplift at Izvestia Islands for the last 5 ka backwards to 8 ka BP reveals a
maximum isostatic depression of 8 m, here. In contrast, Svendsen et al. (2004) resume
from the available sea level data that there was no transgression above the present
sea level in the Kara Sea region. There is no evidence for raised beach lines on the
Siberian mainland in our working area implying neglectable isostatic movement. The
same conclusion is ascertained by Dittmers et al. (2003) by comparing dated sediment
cores from the Yenisei Estuary with the Fairbanks (1989) sea level curve. Estimates of
eustatic sea level during LGM indicate that sea level was approximately 120 m lower
than today (Chappell and Shakleton, 1986; Fairbanks, 1989, Chappell et al., 1996).
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Neglectable isostatic movement is also supported by first occurence of dinoflagellates
in core BP99-04/7 in correlation with Fairbanks™ (1989) sea level curve (Kraus et al.,
2003; Stein et al., 2003b, 2004)

4.2 Fluvial style of Ob and Yenisei rivers and paleohydrol-
ogy

In case the profile of a river does not coincide with the equilibrium profile, the river will
re-adjust its gradient in order to reach equilibrium, by either erosion into its substratum,
or the river will aggregate by accumulating sediment on the floodplain and the channel
(Allen and Posamentier, 1993). When the river has attained its equilibrium profile, it is
said to be at grade (Allen, 1992). When relative sea level exposes a shelf with a differ-
ent slope than the equilibrium gradient of the river (Schumm, 1993), valley incision is
commonly thought to occur at the knickpoint that develops at the topographic shoreline
and shelf-slope break retreating upriver.

Channel classification

Leeder (1973) and many other researchers (e.g. Osborn and Stypula, 1987; Schumm
and Khan, 1972) used w/d-ratio of stream channels as a classical parameter to char-
acterise dimension and shape controlled by the hydraulic regime. Flood and Damuth
(1987) were the first to apply fluvial geometries of subaerial formed meandering rivers
for submarine channel-levee systems of the Amazon fan successfully.

Fielding and Crane (1987) assembled data from numerous studies to differentiate
styles of fluvial geometry. The w/d-ratio is suited here to discriminate between braided,
meandering, and straight channels in particular. Although the relationship is not straight
forward and there are other “degrees of freedom” (Morisawa, 1985) to be considered,
as e. g. initial relief, lithology, climate, and vegetation (Schumm, 1977, 1981), it serves
as a good first order discrimination and classification scheme. Our data plotted in this
scheme illustrates the different fluvial styles of Type | and Il channels and between Ob
and Yenisei channels (Fig. 7). Interestingly, size relationships on the shelf represent
a straight prolongation of recent channel proportions on land (after Chavlov, 1994),
which is a typical feature of stream systems (Leopold and Maddock, 1953), indicating
that they are related features. Generally, their morphologies display features an order
of magnitude larger than the dimensions of recent fluvial cross sections on land.

Meandering rivers make up the majority of all channels under investigation. All chan-
nels on land and the majority of Type | and Il channels represent this class (Fig. 7).
Except for Type Il channels and minor recent channels, most channels representhe
“fully developed® meandering streams (Collinson, 1978). There is a slight difference
between Type Il Ob and Yenisei River channels. The Yenisei River channels cluster
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Table 3. Discharge characteristics of several gouge stations in the West Siberian Lowland; data by
courtesy of Aleksey Y. Sidorchuk (sidor@yas.geogr.msu.su)

mean annual bankful width (m) depth(m)
discharge (m®s) discharge (m?%/s)

gauge station

Kuibyshev 20,4 184 76,8 4,4
Demianka Lymkoevskie 145 953 138 6,8
Konda Chantyria 76,1 102 83,3 2,6
Konda Urai 123 235 123 3,2
Konda with Bolchary 286 551 262 3,3
Konda with Altai 327 424 208 34
Amnya with Kazym 61,6 52,7 97,2 1,2
Sev Sosva with Nyaximvol 90,1 369 130 3,2
Sev Sosva Kimkiasui 269 468 169 5,1
Sev Sosva with Sartynia 652 780 679 4
Sev Sosva Igrim 750 3190 497 6,7
Lyapin with Saran Paul 248 1360 520 55
Sob Kharp 30,1 150 63 2
Polui with Polui 132 364 133 4,6
Nadym Nadym 446 192 160 1,9
Pur Urengoi 801 4470 1300 4
Pur Samburg 899 4610 1240 4,9
PyakuTarkocakeice 298 2740 5,6 4.4
Basin Sidorovsk 1070 3750 625 8,1
Ob Barnaul 1470 3960 338 9,1
Ob Stone Calculuson 1560 4960 703 6,8
Ob Mogochino 4110 11700 1260 7,7
Ob Kolpashevo 4260 11400 835 9,6
Ob with Belogore 10300 21800 1300 16
Ob Salekhard 12300 25900 2240 13,1
Berd Maslyanino 20,1 132 107 1,6
Berd Iskitim 45,8 300 110 2,3
Tom Mezhdurechensk 168 1660 334 4,2
Mras Ust 67,1 616 103 2,9
Mundybash Mundybash 22,6 281 69,8 1,8
Top Ters Aspen Pleso 47,6 481 80 2,6
Comp Ters Monashka 82,2 587 142 1,9
Taidon Medvezhka 47 454 100 24
Chulym with Balakhta 102 599 113 3,9
Chulym with Zyryanskoe 550 1530 467 3,7
Chulym with Sergeevo 737 2760 594 4,6
Chulym Kommunarka 794 2900 508 55
Uriup with Izyndaeva 31,9 131 92,7 1,4
Kiyacuecue Kiyacue Mariinsk 148 719 162 3,7
Kiyacuecue Kiyacue Okuneevo 177 781 192 4,5
Ket Maximkin Yar 243 793 208 4,6
Orlovka Druzhnyi 63,5 281 128 2,9
Chuzik Osipovo 30,5 225 240 2,2
Vasiugan 164 557 162 5,6
Vasiugan Naunak 381 1020 244 7
Tym with Vanzhil 74,3 567 128 5
Tym with Napas 182 612 195 3,8
VakhwithLobchinskoe 504 1150 245 7.8
Tromwith Ermakovo 102 362 244 2,1
Agan with Var 127 630 117 5,9
Pim Pim 68,2 217 168 1,8
Lyaminfact Gorshkovo 81,4 423 111 4.4
Bollugan with Ugut 143 402 159 4,4
Tobol with Zverinogolovskoe Zaboloch 26,2 172 126 2,2
Tobol Mound 45 364 124 4,6
Tobol with Lipovskoe 809 3500 411 8,3
Iset Kataisk 23,9 300 249 3,8
Iset with Mekhonskoe 64,8 109 175 2,9
Iset with Isetskoe 68 299 150 4,2
Miass with Newly 71 50,1 33,9 1,4
Miass with Sosnovskoe 12,4 105 36,9 2,5
Miass with Karachelskoe 14,7 200 115 2,5
Tura Turinsk 109 500 149 52
Tura Tyumen 178 1180 230 59

TavdaTavda 462 1580 244 7.8
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closely between line 1 and line 2 (Fig. 7), characterised by high w/d ratios and some

of them come close to the “braided river field”, probably resulting from a lower general

slope gradient. In contrast, the Ob River channels exclusively plot to the left of line
2 and closer to line 1 (Fig. 7). The Ob and Yenisei river geometries reflect different
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shelf physiography, whereas Type | channels probably represent a different mode of
channel genesis. No channels plot in the “braided river field”, but the majority of the
“fully developed” meandering streams (Collinson, 1978). The Yenisei River channels
cluster closely between line 1 and line 2 (Fig. 7), characterised by high w/d-ratios and
some of them come close to the “braided river field”, probably resulting from a lower
general slope gradient. In contrast, the Ob River channels exclusively plot to the left
of line 2 and closer to line 1 (Fig. 7). The Ob and Yenisei river geometries reflect dif-
ferent shelf physiography/gradient, whereas Type | channels probably represent a dif-
ferent mode of channel genesis. No channels plot in the “braided river field”, but the
majority of Type | plot between line 1 and 2 in the true meandering river field (Fig. 7).
Channel-levee complexes are characterised by relatively high thalweg depth values
and bankful widths, but depict the general trend and rarely fall into the straight chan-
nel field. It should be emphasised that they are underwater formations with different
physical processes behind especially the density contrast between air and water and
sediment-saturated water to sea water is highly different. But interestingly their dimen-
sions, and morphometric behaviour is similar to subaerially formed meandering river
systems (Clark and Pickering, 1996; Flood and Damuth, 1987).

The filled channels are consequently interpreted as small tributaries, existing for short

a) (W E distances, quickly feeding into more sta-
50 m— ble, longer lived channels that are more
deeply incised, and self-adjusting to the
60 m— shelf gradient (Schumm, 1993). This is
reflected in higher w/d-ratios. This type

b)[W E
could be classified as immature as it is
not adapted to the equilibrium profile,
50 m. because adjustment of base-level to a
st eady state has not been achieved.
In contrast, meandering channels act
60 m- as relatively stable sediment transport
o)[SW NE agents by-passing suspended mate-
rial after incision (Schumm, 1981). The
spatial distribution of the differentiated
50 m channel types is shown in Figure 6.
Examples of Yenisei channels are
70 m shown in Figure 8 a) to c) as typical me-
andering channels of the middle Kara
Sea Shelf.

Figure 8 Examples of Type Il Yenisei channels in
the vincinity of recent estuary (Fig. 2 for location).
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Submarine channel-levees are concentrated along the LGM ice margin (Figs 9 and
10). They are indicative of underwater formation as described by Flood and Damuth
(1987) from the Amazon fan. Water depth of channels exceeds 80 m in all cases.

Paleo-hydrology

By analysing hydraulic geometry of streams, Leopold and Maddock (1953) and Mat-
thes (1956), later refined by Dury (1964, 1965, 1967), found that in both, normal and
flood conditions, stream width, depth and velocity increase as simple power functions
of discharge. From records of streams and rivers in central and southwest USA, they
established that the depth of a channel increases nearly as the square root of dis-
charge, regardless whether it is a small mountainous river or a large stream (Dury,
1967). The same rules for channel width, but with a different local factor.

Rivers often act as recorders of sudden catastrophic events rather than of “nor-
mal” discharge conditions prevailing most of the year (Schumm, 1977, 1981). Channel
forming stages and incision events, for example, occur during bankful discharge, when
stream power increases dramatically (Dury, 1986). In the Arctic realm these events
usually coincide with the snow melt originated spring flood. Thus, all geometries might
reflect only one event in an extreme situation. In our working area the quantification
of pre-Holocene fluvial discharge is hard to determine from the maximum discharge
channel (geometry) forming stage, as it rather reflects a momentary annually re-occur-
ring event.

Although difficult to quantify it is evident from Figure 7 that channels on the shelf,
thus, represent higher discharge events than their recent analogues on land (Fig. 7).
There are several arguments for higher peak discharge that could explain the greater
geometries of the channels under examination. These could be possibly related to
a hinterland blocking of the Ob and Yenisei rivers as proposed by Yamskikh (1996,
1998). He reports several fluvial terraces, dating into the late Weichselian, in the up-
stream Ob and Yenisei rivers interpreted as polycyclic short time blocking events, in
the order of months, due to ice damming in narrower parts of the river bed, combined
with catastrophic release events.

Another explanation are “macro meanders”, fluvial features an order of magnitude
larger than recent fluvial dimensions, formed during the LGM/postglacial transition until
14 ka BP (Sidorchuk et al., 2001). They relate these features to a very punctuated river
run-off during glaciation; although the mean precipitation was lower than today, an in-
creased discharge may have been caused by the existence of permafrost, draining all
surface waters immediately towards the river.

Furthermore, river run-off volume is reduced by peat accumulation since 14 ka BP
with a distinct peak during 11.5 - 9 ka BP in the West Siberian Lowlands (Kremenetski
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et al., 2003; Smith et al., 2004). These accumulations have lead to the formation of the
worlds largest peat lands possibly containing 50 % of the total worldwide peat (Smith
et al., 2004). Today, this large area acts as a buffer for the whole discharge dynamics
and store huge amounts of water. Another important factor for the sudden release of
huge water masses is the whole post-glacial termination process, manifested for ex-
ample in sediment cores by a distinct susceptibility spike after deglaciation (Kleiber et
al., 2001; Dittmers et al., 2003). The peak is explained by enhanced decay of continen-
tal (Putoran) ice sheets and increased fluvial discharge rates due to climatic warming
(Kleiber and Niessen, 2000; Dittmers et al., 2003). This incident does not only mark
the melt down of the Circum-Arctic and Putoran ice sheets, but also the degradation of
permafrost, enhanced precipitation, and the decay of mountain glaciations in the whole
drainage area (Velichko, 2002; Svendsen et al., 2004). All these processes boosted up
the amount of water released and drained towards the Arctic Ocean. The above argu-
ments lead to the picture that peak discharge during late Weichselian and Termination
| has been even more pronounced and enhanced, compared to today, despite of a
smaller total net water discharge during glacial times.

Difference between Ob and Yensiei paleo-channels

To estimate the discharge of both quantitatively, we calculated the relationship of
channel depth and discharge volume of recent distributary channels in order to estab-
lish a characteristic basin discharge (data provided by Sidorchuk, pers. comm., 2004).
As outlined earlier the depth of the paleo-channels is always determined correctly. On
the basis of this relationship we took the average depth of Yenisei and Ob paleo-chan-
nels (Table 2) and calculated both the annual discharge, 15,089 m3/s and 8,494 m?/s,
respectively, and the bankful discharge, 20,225 m3/s and 12,271 m?®s, respectively
(Fig. 11). As expected from Figure 7 the paleo-examples resulted from higher (peak)
discharge, but furthermore the Yenisei channels indicate significant higher discharge
volumes, almost twice as high as the Ob examples.

Spielhagen et al. (2005) studied sediment core PS 2456 on the Laptev Sea shelf
and describe oxygen-isotope fluctuations in foraminifera caused by regional freshwater
release from ice masses. Their study reveals a major excursion from 13 ka BP to 12.2
ka BP with the distinct lack of foraminifera in this interval, due to a salinity drop below
critical limit. They interprete this finding with the massive partly ice-dammed river-wa-
ter release of the Lena river. This event lasted for 350-400 years and they postulate a
catastrophic water release of 100, 000 km?®and resulting in a salinity drop of 1.2 %.. We
think this event marks the deglaciation of the Hinterland feeding the drainage area, as
documented by the abundant susceptibility spike of Kleiber and Niessen (2000, 2001),
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which is documented in the Kara Sea as well (Chapter 3.3 and 3.4). We would like to
consider the possibility that the Putoran Mountains contributed to the paleo-discharge
of the Yenisei river and could be responsible for the larger fluvial dimensions of Yenisei
channels and larger paleo discharge values.

Today 80 % of the water volume drained from the Putoran Mountains flows into the
Yenisei, i.e. 430 km?/y, while approximately 100 km?®y drain into the Kathanga and
Anabar (Rachold et al. in Stein and MacDonald, 2004). We determined the portion of
the Putoran Mountains that lie above 500 m with the GIS tool Global Mapper based
on the IBCAO data set: 285,015 km?. Assuming that 300 m of ice accumulated sum-
ming up to a volume of 85,205 km?, a number in correspondence with Velichko et al.’s
(1997) estimate of 80, 000 km?(Table 4). We think it plausible to assume that this ad-

ditional melt-water volume boosted up the Yenisei paleo-discharge and is responsible

Table 4. Discharge estimates based on different ice thicknesses of the LGM Putoran ice cap are shown
in the first row (hatched box denotes the most realistic) and annual discharge volumes additionally
released into the Yensiei in the last columns for different discharge periods. Today approximately 80 %
of the total Putoran water Volume is drained into the Yenisei (Rachold et al. In Stein and MacDonald
2004).

The shaded boxes indicate values that match into the estimated discharge difference of Ob and Yenisei

Ice  Total lce Drainage | water volume draining into | average annual discharge | average annual discharge | average annual discharge
(m) volume area (km?) the Yenisei (km®) during 200 years (km?®/y) during 400 years (km3/y) during 1000 years (km3/y)
(km?)
60% 70% 80% 60% 70% 80% 60% 70% 80% 60% 70% 80%
100 28502 285015 17101| 19951 22802 86 100 114 43 50 57 17 20 23

- — 2000 _ _57003_ 285015 34202 _39902| 43602 _ _171 _ _200] _ _228[ _ _ 86| _ _100] _ _114] _ _ 34 _ _ 40| _ _ 46|

300 85505 285015 51303] 59854| 68404 257 299 342 128 150 171 51 60

500 142508 285015 85505] 997561 114006 428 499 570 214 249 285 86 100

68,

L _ 400 _ 114006 _285015 68404] _79804| 91205 _ _342| _ _399 _ _456[ _ _171, _ _200| _ _228| _ _ 68| _ _ 8L _ _ 91,

114.‘
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for the larger extensions of Yenisei paleo-channels on the shelf. Table 4 summarises
the ice volume in relation to different ice thickness and discharge portions draining into
the Yenisei.

It is remarkable that a sudden decay of a relative thin ice cap (300 to 400 m, red box
in Table 4), could account for the additional water volume released over a time period
of several hundred years. Spielhagen et al. (2005) date their “freshwater event” after
13 ka falling into the younger Dryas. It is known from pollen studies that temperatures
in middle Siberia had been higher than today (Hubberten et al., 2004). A change from
dry hot to humid climate occurred since 12.5 ka BP, which could mark the triggering of
the ice decay. We propose a relatively sudden warming event that led to a rapid (self
accelerating) non-linear meltdown of the Putoran/Siberian ice masses. It is obvious
that a complete decay of the whole ice mass could not have occurred in this short inter-
val. However, the process could have been enhanced by additional hinterland melting
in the upper reaches of the river system in the Altai mountains for example.The same
processes could have happened in the Laptev Sea and boosted up the riverine water
discharge.

4.3 Development/evolution of channel geometry

Channel depth and width in dependence to water depth (Table 1, Figure 5) increase
and decrease, respectively, down slope as observed for natural rivers (Schumm, 1977).
This confirms subaerial formation and no underwater setting as for e.g. the well-stud-
ied Amazon fan where these attributes behave inversely (Flood and Damuth, 1987).
Schumm (1993) reports that channels rather incise into steeper parts of the slope than
deposit material. This accounts for the progressive decrease of channel width and vice
versa, increasing channel depth (Fig. 5¢) with increasing water depth, which yields a
steeper gradient in our working area (Fig. 2). Considering the distribution of channels
versus water depth (Fig. 5a) in the light of changing sea level (Chappell et al. 1996;
Fig. 12) the Kara Sea comprises some information about channel incision.

In Figure 12 channel formation and infill is drafted according to their sequence strati-
graphic interpretation introduced by Dittmers et al. (2003). Channel incision ceases
as soon as sea level starts to rise giving (accommodation) space for transgressive
sediments. Channel-fill pattern is dependent on sediment supply and relative position
of the channel on the shelf during transgression. Filled channels concentrate in water
depths below 50 m, probably representing an area of most intense reworking during
transgression. On the other hand, terrestrial sediment supply might have abated dur-
ing passage over the shelf, only reaching shallow water depths. As shown by Dittmers
et al. (2003) most of the fluvially-derived material is stored in the Ob and Yenisei estu-
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Figure 12. Eustatic sea level curve for the last 120 ka BP (after Chappell et al., 1996). Main marine
isotopic stages, according to Mangerud et al. (1996), are given in roman numbers; glaciations of Kara
See area are indicated by grey-shaded areas (Mangerud et al., 1999, 2001); sequence stratigraphic
system tracts are indicated in capitals: RST = regressive system tract, LST = lowstand system tract,
TST = transgressive system tract, HST = highstand system tract; terminology as defined by Mitchum
et al. (1977), according to Dittmers et al., 2003. (Chapter 3.4) Enlarged section of curve with identified
depositional units and major events of fluvial incision with succeeding infill phase compromising the
last 30000 years. Major sequence stratigraphic events are given in abbreviations: TS = transgressive
surface, MFS = maximum flooding surface, see Chapter 3.4.

aries during Holocene times.

Figure 13 shows a longitudinal profile of the whole drainage area. The slope in-
creases continuously from south to north and as a consequence channels incised
into the shelf in contrast to an “unincised” scenario (Schumm, 1993; Sommerfield et
al., 1995) where the shelf gradient is lower than in the Hinterland. As slope increases
stream power, it increases the tendency for channels to incise (Schumm, 1993). Dur-
ing subsequent transgression, these areas of increased accommodation space are
preferred sedimentation areas.

4.4 Paleo-environmental implications

It is still under debate whether there was a pro-glacial basin in front of the LGM ice
sheet resulting from blocked Siberian rivers or not (e.g. Mangerud et al., 2001; Polyak
et al., 2002; Stein et al., 2002). From our data there is no evidence for such a lake, a
deeper/still-water sedimentation on the shelf such as draping sediments in morpho-
logical depths as proposed by Polyak et al. (2002). In contrast underneath the recent
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Figure 13. Schematic section through the Kara Sea Shelf and adjacent hinterland of the West Siberian
lowland; principle slopes of morphological segments are indicated at the top; amplitude of sea level
fluctuations during the Weichselian shown in the left; SL1= recent; SL2= LGM.

water depth of 100 m another facies is encountered at the NW and NE corner of the
working area, representing subaqueous formations. Stratigraphically they represent
the upper part of a "lowstand fan” (Piper and Normark, 2001) of a “lowstand wedge”
which must have been formed during sea level lowstand (Posamentier and Vail, 1988;
Posamentier et al., 1992).

Channels on the shelf shallower than 100 m recent water depth

Most of the channels under investigation plot in the fully developed “meandering
river” field (Fig. 7), meaning they are quite mature in terms of fluvial development.
Although an absolute chronology is missing, the nearly 700 km northward extent of
fluvial features on the shelf north of the Ob river, the good conservation of incised
channels and their maturity, argue for a long lasting fluvial-dominated history of the
Kara Sea Shelf. The findings of Mangerud et al. (1999) and Svendsen et al. (1999) and
the widespread occurrence of the “markhida line” on the Siberian mainland indicate a
middle Weichselian glaciation having originated in the north at approximately 60 ka
BP. This former glaciation would have annihilated the most prominent geomorphologi-
cal features by overriding the whole southern Kara Sea Shelf, leaving behind a typical
rough ground moraine surface as visible in Figure 9 and 10. Into this newly formed
topography subaerially exposed rivers started to incise, creating the regional basal
unconformity (Dittmers et al., 2003) (Fig. 12), conveying sediments across the shelf
towards its edge.
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Deeper water (<120 m) facies
NW area

Channel-levees show a delineation of the thalweg route by the LGM ice sheet, and
in some places, individual channels directly border to end moraines (Figs 9 and 10)
and topographic highs which acted as dams. The marine extensions of the Ob branch
clearly postdate the underlying glacial morphology. Thus, here the time of channel for-
mation could not have been initiated before the LGM (approximately 20 ka BP). There
are several examples where the areas occupied by LGM ice with its severely deformed
topography (Figs 10 a and b) lie deeper than the adjacent channel-overbank complex-
es. This fact leads us to the conclusion that there still was a certain amount of ice that
hindered the channel to enter the lower terrain and channel-levee formation occurred
during the physical existence of ice bodies (Chapter 3.4). In classical glaciomarine en-
vironments sediment normally accumulates adjacent to the ice in depressions, where-
as morainic facies is found in the higher ground (e. g. Dowdeswell et al., 1998; Syvitski
etal., 1996; Vorren et al., 1998). According to the Fairbanks (1989) sea level curve and
given the fact that isostasy only plays a minor role in our working area, a average water
depth of ca. 100 m of the channel-levee complexes would give a maximum age of 14
ka BP (Fig. 14), as they represent underwater formations. Although our evidence bears
no absolute chronology, the relative timing implies a synchronous or later formation of
channels adjacent to the LGM ice border. It is also possible that large dead ice blocks
were separated from the ice sheet during its decay, with the channels flowing around
them. The ice blocks could have survived the major part of the postglacial transgres-
sion, especially when subjected to sediment entrainment during stranding on the shelf.
The water column necessary to elevate an ice package can be estimated by sea-ice =
900 kg m water = 1,028 kg m=densities (Fricker and Padman, 2002) meaning that the
water depth needs to exceed ice thickness by approximately 114 %. Channel-levee
complexes have been identified at an average water depth of ca. 100 m. Some 120 m
of sea water column are necessary to establish a hydrodynamic equlibrium and higher
water levels are necessary to elevate an ice body with minimum thickness of 100 m;
thus a relatively thin body of ice could have survived the major part of the post-glacial
transgression. Probably all processes interacted and submarine channels were de-
flected by the remnants of the LGM ice sheet, but during its decay, there were some
“break-throughs” and the flow pattern reorganised itself, finding new pathways, typical
for glacial environment (Elverhoi et al., 1998, 1989). However, an exact (side scan so-
nar) survey of ice marginal channel-levee complexes with a very high spatial resolution
could reveal the exact timing.

The Amazon fan has become a reference example for passive margin channel-
levee systems and acts as a good depositional analogue for channel-levee formation



138 Chapter 3.5

in our working area. Mikkelsen (1997) report sedimentation differing in three orders of
magnitude rates of 5 cm/ka during interglacial times with only pelagic background sedi-
mentation and 5,000 cm/ka during glacial times when sediments are channelled to the
deep sea. Typical “lifespans” of individual channel-levee systems vary between 1-3 ka
(Piper et al., 1997). Once a submarine levee route has been established it is relatively
stable, and major adjustments in the self-stabilizing channels pathway are unlikely,
ignoring the surrounding morphology. Avulsion and abandonment of channel-levee
complexes is triggered by changing sea levels, climatic controlled sediment supply
and auto-cyclic processes (Flood et al., 1991): It is likely for our specific environment
sea level fluctuations combined with formation and disintegration of (dead) ice caused
channel fluctuation and migration.

Interestingly the channel-levee complexes are located at transition from the shelf to
basin areas as for example the Novaja Zemelya trough at the shelf/slope breaks with
relatively steep gradients. Direct downslope gradient (perpendicular to the ice margin)
would have resulted in canyon entrenchment, typical for the upper fan (Bouma, 2000).
In contrast sediment transport was oriented parallel to the shelf morphology, resulting
in a shallower thalweg gradient enabling the upward growing channel-levee complex-
es. According to Nelson and Kulm (1973) channel-levee systems occur preferentially
between slop gradients of 1:1,000 and 1:4,000. For the Kara Sea these values are
found at the shelf/slope break where all of the identified channel-levee systems are
located. Average sediment thickness at thalweg is 15 m, which is in good agreement
to the average life span of 2 ka Documented channel-levee complexes are not likely
to have been connected or formed at the same time, although channel thalweg depths
could indicate a progressive northward deepening (Fig. 14). For the Kara Sea channel-
levee complexes, we favour an analogon to the Amazon fan model where the docu-
mented channels on the shelf act as feeder for the channel-levee complexes formed
as under water extensions of the river mouth estuarine point sources, characterised by
locally high sedimentation rates. With progressive transgression these point sources
migrated southward towards shallower water depths. According to this hypothesis the
northernmost channel-levee system is the oldest and to the south, with shallower wa-
ter depths, channels are younging.

Deeper water (<120 m) facies
NE area

The sediment accumulation in the NE corner of the working area characterised
by ponded muds (Fig. 14), with high sediment thicknesses (Fig. 15). No LGM ice or
glaciation traces are visible for the LGM, no major undercurrent sub aqueous channel-
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Figure 14. Paleo-geographic map of Kara Sea area and fluvial run-off routes. Grey shaded area
corresponds to recent 120 m isobath, and proposed sea level during LGM (Fairbanks 1989). Dashed
lines indicate time transgressive position of the paleo-shoreline during the Holocene transgression
according to modern bathymetry. Filled dots indicate major channel-levee systems, numbers represent
recent water depth.



140 Chapter 3.5

. N
3 5.4 km >
"BPO1-39/2 ’I

W Holocene

MIS 2-4

128

144

160

176

192

Wet Bulk Magnetic
Density (g/cm3) Susceptibility (10 * 10-° SI)

1.4 1.6 1.8 10 20 30 40
1 ) i

Ol M

11 : -

g : 10050

3] . 10280

4 5 :

5 : g
“Trerrrprpr—, ey 10430

BP01-39/2 AGE (cal. a BP)

Figure 15. Example of high-resolution CHIRP profile of 2001 cruise (Stein et al., 2002; Niessen and
Dittmers, 2002) and physical properties (Dittmers and Niessen, 2002) of dated sediment core BP01-
39/2 (Stein et al., 2004).



Late Weichselian Fluvial Evolution on the Southern Kara Sea Shelf, North Siberia 141

levee complex, no ice margin setting, smooth relief. The sediment core BP01-39 (106
m water depth) shows continuous marine conditions (Stein et al., 2004) with high ac-
cumulation rates up to 10,000 BP in a core at a water depth from approximately 110 m.
This indicates forced sedimentation during sea level lowstand and enhanced delivery
proximal to the source, while (sea level) highstand sedimentation is much more dimin-
ished, manifested in metres of sediment deposited during 10, 000 years. To our under-
standing, this facies is a still-water deposit formed in depressions, possibly adjacent to
the ice sheet, rather than relicts of a reservoir lake expanding over the whole shelf.

Alternatively, these accumulations could be normal pro-deltaic marine sediments
that accumulated during a period of low sea level stand as reported by Kleiber et
al. (2001) from the eastern Vilkitsky Strait, interpreted as a delta which was possibly
fed by fluvial input through the Kara Sea and no local point source. We think that the
examples at the edge of the shallow shelf, the channel-levee facies in the NW area
and the draping sediment accumulation facies in the NE area document the same in
two different primarily morphology-controlled areas. The NW area is characterised by
channelled sediment flow, while the NE is characterised by lower slope gradients and
suspended sediment spread out into a wide area.

Evidence of Spielhagen et al. (2004) who reviewed the sediment composition of the
central Arctic Ocean in the light of ice sheet records, supports our idea of a constant
(channelised) northward sediment flux. Major deglaciation events are normally repre-
sented by ice-rafted debris (IRD) rich layers associated with elevated smectite concen-
trations indicative of a source in the eastern Kara Sea and western Laptev Sea area
(Nuernberg et al., 1994; Stein and Korolev, 1994; Wahsner et al., 1999). In contrast,
indications of melt-water events in the central Arctic Ocean during the last glacial Ter-
mination | are much smaller than those during Terminations Il and Ill at 130 and 50 ka,
respectively (Knies and Vogt, 2003; Spielhagen et al. 2004 and references therein).
This excludes a large LGM ice-dammed lake scenario with its typical self accelerating
fresh water out-burst, as reported for Lake Agassi (Magny and Bégeot, 2004). Con-
stant fluvial run-off, therefore, seems reasonable for the Kara Sea at that time.

5. Conclusions

There is evidence that there was a long lasting fluvial activity on the Kara Sea Shelf.
The analysis of numerous channels on the Kara Sea Shelf led to the conclusion that
they were formed during the last global sea level regression phase, having its peak
during the LGM. There is a distinct difference between the Ob and Yenisei branch/
system resulting from the different slope gradient of their paleo-drainage paths. Both
systems display filled channels, preferable found in shallow water depths, and open,
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or partly filled channels. We think, that our data support only a brief glacial surge
across the northern Kara Sea during the LGM (Alexanderson et al., 2002) with no
evidence of a large territory occupied by an ice-dammed lake for the LGM and subse-
quent times. Morphometric analysis of channel dimensions showed that they predom-
inantly belong to the meandering river regime. These findings argue for a time inter-
val of subaerial exposure and channel formation sufficiently long enough for rivers to
incise and to adjust under equilibrium conditions. The channels dimensions are larger
than the modern dimensions of gauge stations of Ob and Yenisei rivers, probably
formed under colder climate conditions during LGM resulting in a distinct peakedness
of river run-off.
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Conclusions
Key results

* How is the fluvially-derived material dispersed on the (recent) shelf: pathways
of sediment? (CHAPTER 3.2, partly CHAPTER 3.3)

Silt size surface sediments exhibit a widespread bimodal grain-size distribution,
indicative of at least two transport processes acting on grain-size populations in the
mud fraction. We favour seasonality with different conditions affecting the sediment
distribution. In the summer the whole system is controlled by strong riverine water
and sediment influx. Terrestrially-derived sediment settles out of the river plume,
being influenced by the prevailing surface currents, mainly induced by winds. After the
particles made their way through the water column they flow density-induced along the
bottom relief.

The winter situation is characterised by little direct riverine sediment and freshwater
input but due to the high current energy, ice transport, and ice erosion, rather marks
a period of intense sediment resuspension and redistribution. Coastal, nearshore,
and estuarine areas are effectively sheltered by the fast-ice from vigour wave induced
currents and finer grain-size populations are dominant.

Terrestrially-derived material is transported along the Kara Sea Shelf bottom relief.
Magnetic susceptibility enlightens the pathways of signal and dispersion following the
morphology predetermined by ancient incised channels with the established paleo-
river “drainage network”, probably related to morphology-controlled density-driven
sediment distribution for example by a bottom nepheloid layer. The exact transport
processes could not be identified. The majority of sediment is trapped in the estuaries
of Ob and Yenisei as visible on acoustic profiles.

* The establishment of a Holocene Sediment budget
Estuaries

The total post LGM sediment mass through all three facies areas sums up to
114 x 10'°t. These numbers are in good agreement with results of Stein and Fahl
(2003) averaging t0123 x 10 t for the Holocene. Our calculations for Facies A, the
Ob and Yenisei estuaries, 8.0 x 10" t and 14.1 x 10" t, respectively, lie in the same
range as described by Dittmers et al. (2003) with slightly lower values for the Yenisei
Estuary.
Shelf

For Facies B, covering the largest area with least sediment sediment mass of
42.2 x 10" t is estimated. Facies C accumulates a sediment volume of 49.7 x 10 t.

Deposition occurred constantly in Facies C, with higher sedimentation rates during
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sea level lowstand when all material by-passed Facies A and B. Sediment accumulation
progressively shifted towards the recent estuaries of Ob and Yenisei (Facies A) with
elevating sea level. There is a significant component of reworked material in Facies B
making up at least 50 % of the sediment mass reducing the net sediment mass to some
24.85 x 10'° t. It appears as if the estuaries effectively hindered Holocene sediments
from entering the Kara Sea. The shelf has been supplied by sediments that “escaped”
the estuaries and mostly by coastal erosion, besides the major reworked component.
Facies C was built up during sea level lowstand.

* What was the late Weichselian to Holocene evolution of the inner Kara Sea
Shelf (CHAPTER 3.3, 3.4 and 3.5)

The sediments in the Ob and Yenisei estuaries can be divided into two major
acoustic and lithological Units (I and II). Unit Il forms the pre-Holocene basement with
little acoustic penetration. During the last sea level lowstand, the erosional surface
was formed on top of this unit including several incised river channels. The younger
Unit | can be divided into three Subunits, la to Ic. The lowermost Subunits Ic and Ib
show fluvial seismic features comparable to typical subaerial formed channel-levee
complexes representing a fine-grained meandering river depositional environment
overlain by a transgressive system tract.

We correlated these units with strata on the shelf, establishing a regional
chronostratigraphic frame work:

Regressional and lowstand system tracts (RST and LST) before 15 ka BP: During
the sea level lowstand the present shelf areas were transformed into alluvial plains and
valleys due to fluvial incision and erosion acting mostly as non-deposition sediment
bypassing zones with sediment accumulation beyond the shelf edge. Formation of
sequence bounding unconformity on top of Unit II.

Transgressive system tract (TST) 15 ka BP- 5 ka BP: Most sediments on the shelf
(< 120 m water depth) comprising this time interval are of fluvial origin. Shortly after the
LGM, shoreline transgressed over the shelf area involving a sea level rise of more than
80 m. Accommodation space was rapidly increased resulting in a deepening upward
sequence. The transgression formed a shore face ravinement surface defining the
boundary between subunit Ic to subunit Ib, dated to 8.5 ka BP in the Yenisei area. In
Facies B Holocene sediments contain a reworked component and a recent one above
the transgressive surface and maximum flooding surface at ca. 8 ka BP marking the
highest rate of available accommodation space between sea and sediment surface
and relatively deepest water conditions during sea level rise

Highstand system tract (HST) since 5 ka BP: Since approximately 6 ka BP sea level
has approached a relatively stable position. The deposition of draping HST started at
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least 5 ka BP, implying weak currents in relatively deep water conditions comparable
to the recent estuarine environment.

* What was the fate of the large west Siberian rivers (Ob and Yenisei) during
last glacial maximum sea level lowstand, and how far did they extend onto the
shelf? (CHAPTER 3.4 and 3.5)

The analysis of numerous channels on the Kara Sea Shelf led to the conclusion that
they where formed during the last global sea level regression phase. Morphometric
analyses of channel dimensions showed that they predominantly belong the
meandering river regime. Dimensions of channels on the shelf are larger than recent
analogues of Ob and Yenisei rivers. These findings argue for a time interval of subaerial
exposure and channel formation sufficiently long enough for rivers to incise and to
adjust under equilibrium conditions. Furhermore river run-off pattern was different than
today with minor total run-off but more spiked main flooding events, producing larger
geometries.

The interface between LGM morainic morphology with under water extensions
of the channels implies a deflection of channel-levee systems by the ice sheet and
furthermore a constant drainage to the north. This finding invalidates the proposed
link between the Barents Sea-Novaya Zemlya ice sheet and the Taimyr Peninsula
glaciation: with the caveat that an exact dating is missing.

There is no geomorphic or sedimentological expression of a large reservoir storage.
Our data support only a brief glacial surge across the northern Kara Sea during the
LGM (Alexanderson et al., 2002) with no evidence of a large territory occupied by an
ice-dammed lake for the LGM and subsequent times. Therefore, we conclude that the
lake could only have endured a couple of hundred years - a time span not sufficient
enough traceable in the geological record on our data basis.
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5. Synthesis

This chapter discusses the results of the thesis relating the main topics to unsolved
problems in this particular working area. The discussion of the critical facts specifies
the focus of future research. An open question and controversely discussed subject
is the question whether there was an LGM ice-dammed lake or not (see Mangerud
et al., 2004 and Svendsen et al., 2004, for comprehensive summaries). Another open
question is: how was the drainage of Ob and Yenisei rivers influenced by the proximal
ice sheet? This issue has been addressed previously in this thesis Chapters 3.4 and
3.5 and to an minor extent in Chapter 3.3, but here we want to tackle the topic in a
more speculative way and show where the future work has to focus on.

Landforms and features diagnostic for an ice-dammed lake after
Clarke et al. (2004) and references therein are:

1. incised outlet channels, showing fluvial erosion, often characterised by rapid
water release due to catastrophic (cataclystic) dam failure (Jokulhaups;
Bjornsson, 2003)

2. cliffs eroded along the paleo-beach line by lake waves; these should be visible in
topography and be documented in the sedimentary record as beach gravel and
sand deposits

. deltaic deposits at the places where rivers enter the lake basin

. fine-grained lacustrine sedimentation in the central lake, rich in ice rafted debris
(IRD)

5. intensive ice gouging on the lake bottom in the relatively shallow waters (Dyke,

2003; Josenhans and Zevenhuizen, 1990)

H W

Possible traces that such a lake could have left behind and
evidence from our data:

1. Although we report the widespread abundance of channels on the shelf (Chapter
3.5), no particular lake outlet channel could be found in our working area. It should
be characterised by deep incision due to upper flow regime during cataclysm with
progressive incision during water release (e.g. Baker et al., 1973, 1993). These
channels occur not only at the lake outlets, but are also found in the central lake
basin, as reported by Josenhans and Zevenhuizen (1990). Deeper water (<100 m)
channels found in the working area, are growth structures, typical for channel-
levee complexes (Flood and Damuth, 1989), rather than incised outlet channels.

2. In our soundings and the related elevation model no pronounced beach cliff or
paleo-shoreline is visible on the shelf that could have been formed by a lake.
Possibly this large scale depression could be revealed by future research including
high-resolution side scan sonar surveys.

3. The predecessors of Ob and Yenisei rivers should have had their expression in
an ice-dammed lake, where they would have dumped their sediment load. These
deltas must have been massive because the sedimentation regime shifts rapidly
from moving water to still water and the rivers release a large amount of their
(suspension) load, although their net suspended freight volume would be smaller
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Figure. 5.1. Dimensions of a possible LGM ice-dammed lake (hatched) in the Kara Sea assuming
a link between the Taimyr Peninsula and Novaya Zemlya ice sheets

than today because of the dryer climate. Their typical external form makes it
difficult to oversee these features, and it seems not very likely that they have been
completely removed by erosion during transgression, but no evidence for deltaic
features could be found within our working area.

4. It is difficult to differentiate between typical marine muds encountered in our
working area and sediments originated in a still water-lake environment. But these
sediments should be expressed as draping units in acoustic data, because their
sedimentation is not current-controlled. There are no widespread draping sediments
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of greater lateral extent visible in our working area.

5. Chapter 3.4 describes a preferred occurrence of ice gouges at approximately 50
m water depth. It is theoretically possible that they were formed in a pro-glacial
lake setting, but it remains questionable whether they survived the subsequent
reworking processes accompanied with the transgression. Given the fact that
they are not covered by sediments of significant thickness and their good state of
preservation, it is more likely that they are of recent origin, or have been formed
during the transgression.

We conclude that there is little morphological/sedimentological evidence for the
existence of an ice-dammed lake in the Kara Sea. However it is still possible that
this lake existed and that all its "whitenesses” has been erased by the subsequent
transgression, as proposed by Polyak et al. (2002). Nevertheless, even a short lived lake
should have been resulted in a catastrophic freshwater release during disintegration
of the ice dam.

For further discussion we first estimate the volume of such a lake (Table 5.1; Figure,
5.1), assuming that the river run-off was only the half of the recent value during glacial
times due to the glacial climatic conditions, we come to an annual run-off for the Ob
and Yenisei rivers of 220 km?® and 310 km?3, respectively (after Gordeev et al., 1996;
Rachold et al., 2003), summing up to 530 km?. It would take only some 60 years to fill
up the estimated pro-glacial lake volume of 27,313 km?*; Lake Agassiz measured 9,500
km3(Clarke et al., 2004).

The water would have been rapidly banked up in front of the ice sheet, therefore it
would have been very likely that drainage occurred during a sudden catastrophic event
with typical channel base incision during flood release (Baker et al., 1993; Clarke et
al., 2004).

Outburst floods, or islandic “Jokulhaups”, as described by (Bjornsson, 2003), are
documented by the presence of kilometre wide, deeply excavated channels (Josenhans

Table 5.1. measured water volume based on our elevation model (Chapter 3.2 and area deterinations
made by global mapper

Depth area within ice limit (km?) volume (km?)

120 m 457,123 11036.9
100 m 365, 149 3321
80m 331, 939 2323.1
60 m 302, 900 473.4
50 m 295, 010 5920.3
40 m 176, 605 1414.5
20m 141, 243 2824.9

273141
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and Zevenhuizen, 1990). The outburst event of lake Agassiz was triggered by northward
drainage of the lake (Clarke et al., 2004); catastrophic floodings have a profound impact
on global climate as the example of lake Agassiz, that probably stopped the north
Atlantic current during the 8.2 ka BP cooling event (Clark et al., 2001).

In the Siberian analogy, these water masses should have been at least recorded in
the central Arctic Ocean by IRD peaks or isotopic excursions related to the massive
freshwater signal, if not in a deterioration in global climate. Furthermore, Mangerud
et al. (2004) report that modern modelling of thermohaline circulation (Stoecker and
Wright, 1991) indicate that freshwater discharge of 0.1 Sv (1 x 10 m?/s) influences the
oceanic circulation. The meltwater flux of the lake Agassiz outburst is estimated to 4-5
Sv (Clarke et al., 2004) which is the same range as the LGM Kara See lake would have

(HV) 05
107 — =3.24 (HV)
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Figure.5.2. Relation of peak discharge to the product of dam height (m) and times lake volume
(m?3) after Baker et al. (1993). Data for lake Komi after Mangerud et al. (2004); Lake Agassiz’
volume taken from Clarke et al. (2004).
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reached utilising Baker’s et al. (1993) equations (Fig. 5.2).

However, data from the central Arctic Ocean show no traces of major freshwater
signals (Norgard Petersen et al., 2004; Spielhagen et al., 2004). Norgard Petersen et
al. (1998, 2003) report low O values during LGM highest value in MIS2, IRD maxima
before LGM 23-28 ka and only restricted ice proximal meltwater input. Central Arctic
ocean shows very low IRD with a peak at 17 ka BP and few icebergs in the central
Arctic (Darby et al., 2002).

Therefore, we conclude that the lake only could have endured a couple of hundred
years - a time span not sufficient to be handed down in the geological record on our
data basis.

Future research perspective
Based on the aforementioned discussion the following topics are of special interest. An
exact survey of ice marginal channel-levee complexes by means of geo-accoustics with
a very high spatial resolution; combined with sedimentological studies emphasising on
the discrimination of marine-fluvial environments: isotopic investigations, palynological
and pollen analysis.

there a two areas of high interest:

1. examination of the continental margin north of the Kara Sea Shelf as proposed by
Stein et al. in VERITAS in order to investigate sediment by-passing the shelf during
sea level lowstand, accumulating in a lowstand wedge/fan

2. close the gap between the Vilkitzky straight and the inner Kara Sea.

In both areas, sediment budget determinations and depositional history
reconstructions based on high-resolution acoustic stratigraphy would shed new light
on the reconstruction of the LGM paleoenvironment. It would be important to close the
gap in data coverage between the Vilkitzky straight (Weiel, 1998; Kleiber and Niessen,
2000) as well as to investigate the continental margin to the North of the Kara Sea
Shelf, to trace sediments/fluxes during sea level lowstand and to evaluate sediment
masses. These investigations could also lift the last secrets concerning the last glacial
maximum and the controversy about a pro-glacial lake.

The employment of a Vibro corer in areas of little Holocene depositions, as well in
glacially overprinted terrain would be another important step to improve the regional
stratigraphic framework.

In the light of present global change it is of major interest of course to predict future
trends. Having established and characterised most processes relevant for the recent
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system, the frame has been established, especially for high-resolution studies in the
future. The fluvial dominated Siberian part of the Arctic will be strongly influenced
by global change. Labat et al. (2004) propose a change in the global hydrological
cycle with 4 % higher run off for every 1°C of warming. Furthermore, Manabe et al.
(2004) propose that climate change will have 15 % stronger effect in higher latitudes.
Peterson et al. (2002) predict the average annual discharge of freshwater from the six
largest Eurasian rivers to the Arctic to increase by nearly 10 % during this century. The
increase of discharge is coupled to the NAO (North Atlantic Oscillation) and increased
surface temperatures (Peterson et al., 2002). The Intergovernmental Panel on Climate
Change (IPCC, 2001) estimates a winter warming of more than 40 % greater than the
global mean, for high latitude regions by the end of this century.

High-resolution studies of the sedimentary history will play a key role in the prediction
of these enormous changes. A proposal (DI 119/2-1) for funding has been submitted to
the DFG in order to investigate the Holocene in high resolution(Deutsche Froschungs
Gemeinschaft; “Rekonstruktion holozaner Umweltbedingungen in der KaraSee”
RUKS).
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