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Abstract

Marine sediment core and seismic records from the Svyataya (Saint) Anna Trough provide new insight into the
distribution of Late Weichselian glacial coverage, ice retreat pattern, and post-glacial environments in the northern
Barents and Kara seas. These records indicate that the Saint Anna Trough was filled with grounded glacier ice, which
likely reached the shelf edge during the Late Weichselian maximum. Several radiocarbon dates suggest early
deglaciation of the deep axial part of the trough prior to 13.3 ka. Two sandy beds in the deglacial section of the cores
imply distinct pulses of iceberg calving and/or melting, which were probably associated with stepwise retreat of the
ice margin. Morainic ridges and glacial-sole markings in the western part of the Saint Anna Trough indicate that the
northern-central Barents Sea was a site of a large ice mass during deglaciation; a smaller ice cap is inferred for the
Northern Kara Plateau. At later stages, ice retreat on the western flank of the trough was directed towards Franz-
Josef Land, and was presumably facilitated by a separation of the Barents Sea and Novaya Zemlya ice domes.
Deglaciation of the Saint Anna Trough was completed by ca. 10 ka. High post-glacial sediment fluxes between 10
and 8 ka were probably related to sea-floor/coastal erosion and/or Siberian river discharge during the rising sea level.
© 1997 Elsevier Science B.V.
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1. Introduction

Paleoglaciological models of the Late Weichselian
glacier ice over the Barents and Kara seas have
portrayed variably the extent and volume of ice,
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placement of ice divides, and deglacial history
(Grosswald, 1980; Velichko et al., 1984; Forman
et al., 1995; Lambeck, 1996). These discrepancies
are mainly associated with terrestrial glacial
records (e.g. Grosswald, 1994; Tveranger et al.,
1995), while marine geologic studies during the
past two decades concur that grounded ice occu-
pied most of the Barents Sea during the Late
Weichselian (Elverhgi and Solheim, 1983; Vorren
et al., 1988; Elverheai et al., 1990; Polyak et al.,
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1995). The marine evidence is largely based on
the ubiquitous occurrence of stiff glacigenic
diamictons overlying pre-Quaternary strata, sepa-
rated by a prominent erosional unconformity
(Upper Regional Unconformity; Solheim and
Kristoffersen, 1984). Marine fauna in glacimarine
sediments overlying these diamictons yields '*C
ages starting at 13-14 ka, which implies that at
least the upper part of the diamictons reflects the
Late Weichselian glaciation.

A critical constraint on ice-sheet geometry and
deglaciation pattern is the complex subglacial
topography of the Barents and Kara seas, which
is characterized by deep transverse troughs opening
to the Arctic Ocean and the Norwegian—Greenland
Sea (Fig.1; Grosswald, 1980; Siegert and
Dowdeswell, 1996). Marine geological studies of
the western Barents Sea show that the Bear Island
Trough and other marginal troughs served as
major conduits for grounded-ice flow from the
central areas of the shelf, associated with extensive
erosion of pre-glacial deposits and accumulation
of sediment in trough mouth fans (e.g. Vorren
et al., 1988; Sxttem et al., 1992; Faleide et al.,
1996). Estimates based on bathymetry and sedi-
ment thickness suggest that the large transverse
troughs at the northern margin of the Barents and
Kara seas (Franz-Victoria, Svyataya Anna, and
Voronin troughs) could have had a comparable
constraint on glacier movement and sediment ero-
sion and redeposition (Rasmussen and Fjeldskaar,
1996; Vagnes, 1996). During deglaciations, the
marginal troughs were sites of initial ice retreat,
presumably facilitated by sea-level rise (Vorren
et al., 1988; Elverhei et al, 1990, 1995).
Reconstruction of the little known deglaciation
history of the northern troughs is particularly
important for understanding sediment and meltwa-
ter inputs from marginal seas into the Arctic Ocean
during the last glacial cycle.

Recent marine geological results from the Franz-
Victoria Trough show that during the Late
Weichselian it was filled by grounded ice flowing
from the central-northern Barents Sea, and that
the deglaciation of the trough occurred as early as
13-15 ka (Polyak and Solheim, 1994; Lubinski
et al., 1996; Herlihy, 1996; Solheim et al., 1996).
These conclusions are consistent with sea-level

data from the adjacent Franz-Josef Land
Archipelago (Forman et al., 1996). Still enigmatic
is the role of the largest trough in the Barents and
Kara seas, the Svyataya (Saint) Anna Trough, in
ice-sheet movement and disintegration processes.
Bathymetry of the adjacent Nansen Basin resem-
bles the large depositional fans fed by glaciated
troughs in the western Barents Sea, implying
that the Saint Anna Trough was also affected by
glacier erosion at times during the Quaternary
(Vagnes, 1996). However, existing paleoglaciologi-
cal models are not constrained by direct geological
data from this area, which results in large discrep-
ancies between the minimum and maximum recon-
structions of the Barents Sea Ice Sheet (e.g.
Lambeck, 1996). In this paper, we present new
data on the glacial extent and post-glacial environ-
ments in the Saint Anna Trough, and discuss its
significance for the demise of the Late Weichselian
Barents Sea Ice Sheet.

2. Study area, materials, and methods

The Saint Anna Trough is a major pathway for
exchange of water, sediment, and ice between the
Arctic Ocean and the Barents and Kara seas
(Figs. 1 and 2). The trough contains two deep
basins with >500 m water depth separated by a
sill which is aimost 200 m shallower. The southern
basin is immediately adjacent to Novaya Zemlya,
whereas the larger northern basin extends to the
continental slope of the Arctic Ocean and attains
depths of >600 m. Shelf-originated surface and
bottom waters flow northward along the trough
into the Arctic Ocean. In contrast, intermediate
Atlantic-derived water can move southward into
the Saint Anna Trough at depths of 100 to 400 m
(e.g. Timofeev, 1961; Hanzlick and Aagaard, 1980;
Pfirman et al., 1994).

Early Russian expeditions and USCG cruises
have provided information on lithology, geochem-
istry and microfauna of recent sediments from the
Saint Anna Trough (Yermolaev, 1948; Klenova,
1960; Kulikov, 1961; Turner and Harris, 1970;
Andrew and Kravitz, 1974). However, these
studies did not establish a definitive stratigraphic
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Fig. 1. Overview map with simplified bathymetry (300 and 1000 m) and location of the study area (shaded).

framework because of the absence of reliable age
control and seismic stratigraphy.

In August and September 1994, a joint
Russian-American-Norwegian  expedition on
board R/V Professor Logachev implemented a
multidisciplinary investigation of the northern
areas of the Barents and Kara seas. Major goals
of this cruise included characterizing present
oceanographic conditions and retrieving deglacial

and Holocene sedimentary records from the Saint
Anna Trough (Fig. 2).

Acoustic records with subbottom penetration
were retrieved by a hull-mounted ORE echo-
sounder tuned at 8.8 kHz. Non-penetration 12 kHz
records were used for increasing the bathymetry
sounding coverage. Two side-scan sonar profiles
were run across the western flank of the Saint
Anna Trough with a 30 kHz system. Additionally,
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Fig. 2. Study area map showing location of sediment cores and sounding tracks (R/V Professor Logachev, 1994). Water depth (m)
is shown in solid and dotted contour lines (Cherkis et al., 1991); area with water depth >400 m is shaded. Sediment core stations
mentioned in this paper are numbered.
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Table |
Core locations

173

Core No. Core length (cm) Lat. °N Long.°E Water depth (m)
7 161 81°59.69 67°32.77 633

i1 151 81°29.48 70°07.21 632

29 168 79°59.60 69°56.96 605

67 235 78°19.54 70°02.07 443

Table 2

Physical properties of major lithostratigraphic units in the Saint Anna Trough (cores 7, 11, 29, 67) shown in mean values and

standard deviations

Unit/environment: Upper/marine

Intermediate/glacimarine
/

Lower/glacial

Background Sandy layers Turbidites
Seismic signature: Stratified/transparent Stratified/transparent Opaque/chaotic
Color: Brown to olive gray Gray with dark-gray or brown layers Gray to dark gray
No. of samples 51 22 7 8 35
Bulk density (g/cm®) 1.6+0.1 1.840.1 1.940.1 1.8+0.0 1.940.1
Water content (%) 43+6 3344 25+3 2441 2442
Sand (%) 6+2 6+4 31+5 45+6 2342
Silt (%) 40+7 38+9 30+4 28+6 3243
Clay (%) 52+9 52+7 35+4 2645 43+3
Shear strength (kPa) 7+3(16) 6+2(9) 15+6 (4) 43+26 (4) 26+27 (12)

Number of shear strength measurements is shown in parentheses. Partially indurated oxidation bed OX-I1 is omitted.

a seismic airgun line across the southern basin of
the trough was obtained in 1992 with two 40 cubic
inch sleeve guns (R/V Geolog Fersman; Solheim,
1993). Sediments were sampled by gravity and box
corers. All cores were measured for volume mag-
netic susceptibility, and selected cores were later

Table 3
AMS 19C dates

analyzed for specific gravity, water content, shear
strength, grain-size, organic matter, carbonate
content, and paleontological composition at the
Byrd Polar Research Center. Duplicate cores were
investigated at the University of Tromse with the
emphasis on the Holocene sedimentary environ-

Lab No.®  Core No. Core depth (cm)  Lithologic unit ~ Material ® Uncorrected age (*“C yr B.P.)
GX-21798 6 120-125 intermediate BF, mixed 8.680+ 195
AA-16849 7 5 upper PF, N. pachyderma 1.870 + 50
AA-16848 73-75 intermediate BF, M. barleeanus 13,710+130
GX-21067 29 95 intermediate BF, M. barleeanus, C. lobatulus 13,7304+ 110
GX-20859 67 17 upper BF, E. excavatum, M. barleeanus 3420+ 70
AA-19029 50 upper BF, M. barleeanus, C. lobatulus 6,285+ 75
AA-20482 92 upper BF, mixed 7,175+ 160
GX-20860 115 upper M, Yoldiella sp. 8.610+115
AA-19030 171 upper M, Yoldiella sp. 9,2254+120
GX-20861 190 upper M, Yoldiella sp. 9,390+ 120
AA-19031 214 upper M, Yoldiella sp. 10,010+ 90

* AA=NSF Arizona Facility; GX = Geochron Laboratories.
b BF = benthic foraminifers; PF = planktonic foraminifers; M =bivalve mollusks.
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Fig. 3. Airgun profile across the southern basin of the Saint Anna (Fig. 2 for location) (courtesy of A. Solheim, Norwegian Polar
Institute). @ and b represent surface and bottom reflectors, respectively, of the lower seismo-stratigraphic unit.

ments (Kolstad, 1996). Cores 7, 11, 29 and 67
collected from a longitudinal transect along the
trough axis were studied in detail to characterize
the deglacial record (Fig.2; Tables1 and 2;
Herlihy, 1996). Age control is provided by eleven
AMS '“C ages on foraminiferal tests and
small mollusks (Table 3). Laboratory-reported,
5'3C-normalized ages were reservoir-corrected by
subtraction of 400 year (Stuiver and Braziunas,
1993). Mineralogical analysis of the fine sand
faction (0.063-0.1 mm) was performed on cores
7 and 67 at the P.P. Shirshov Institute of
Oceanology.

3. Seismic stratigraphy and landforms

Echo-sounder and airgun seismic records show
that sediments above bedrock in the Saint Anna

Trough are easily subdivided into two major
seismo-acoustic units: the opaque or chaotic-signa-
ture lower unit and the acoustically laminated
upper unit, separated by a marked reflector a
(Figs. 3-6). A similar stratigraphic sequence is
identified by seismic surveys in other areas of the
Barents Sea (e.g. Elverhei and Solheim, 1983;
Gataullin et al., 1993; Polyak et al., 1995).

The airgun profile across the southern basin of
the Saint Anna Trough shows that the lower unit
reaches a thickness of 70 m in the center of the
basin and thins to less than the airgun resolution
(<5-10m) at shallower depths while acquiring a
rough surface (Fig. 3). The lower unit truncates
dipping bedrock strata with a sharp boundary b.
The bedrock in the northern and eastern Barents
Sea is largely represented by dipping strata of
weakly lithified deformable Mesozoic sediments
(Yashin et al., 1985; Johansen et al., 1993; Epshtein

Fig. 4. 8.8 kHz echo-sounder profile across the southern basin of the Saint Anna Trough at ~77°15'N (Fig. 2 for location). a=
surface reflector of the lower seismo-stratigraphic unit.
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Fig. 5. Longitudinal (67°30'E) 8.8 kHz echo-sounder profile at the northern end of the Saint Anna Trough (Fig. 2 for location). a
and b represent surface and bottom reflectors, respectively, of the lower seismo-stratigraphic unit.
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Fig. 6. 8.8 kHz echo-sounder profile across the eastern flank of the Saint Anna Trough at 81°10'N (Fig. 2 for location). a and &
represent surface and bottom reflectors, respectively, of the lower seismo-stratigraphic unit.

and Gataullin, 1993). Outcrops of Lower cate that bedrock in the Saint Anna Trough has
Cretaceous sands on the Northern Kara Plateau similar Mesozoic strata.

islands (Dibner and Zakharov, 1970), together The upper seismo-stratigraphic unit might be
with seismic data (Vinogradov et al., 1987) indi- largely masked by a bubble pulse in the airgun
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Fig. 7. 30 kHz side-scan profile across the axial part of the Saint Anna Trough at 80°N (Fig. 2 for location). Background water depth
590 m.

record, but adjacent echo-sounder profiles clearly blanket a rough surface (4) of opaque, high-

show that the unit has a laminated acoustic signa- impedance deposits of the lower unit, mostly

ture grading to transparent with decreasing thick- unpenetratable by the echo-sounder. The upper

ness (Fig.4). These sediments conformably unit is traced on echo-sounder records throughout
transverse ridges drumlin-like features

W \ / hummock field E

l 8OM «  slope >

iceberg scours

Fig. 8. 30 kHz side-scan profile across the western flank of the Saint Anna Trough at 80°N (Fig. 2 for location). Water depths are
shown by the image.
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Fig. 9. 30 kHz side-scan profiles across the shallow area at the western side of the Saint Anna Trough at 80°N (A) and 79°35'N (B)
(Fig. 2 for location). Background water depths: 340 m (A) and 300 m (B).

the Saint Anna Trough and typically has 1 to 3 m
thickness, increasing to > 10 m thickness in local
depocenters along the trough periphery. In the
northern part of the trough, another marked
reflector () is identified at 3 to 10 m below the
sea floor, presumably indicating a thin lower unit
(Figs. 5 and 6). The origin of underlying deposits
cannot be derived from an echo-sounder record,
but considering the stratigraphic position and the
sharp, smooth character of the reflector, we suggest
that it is the reflector b seen in the airgun profile.

The echo-sounder and side-scan sonar records
reveal a complicated system of erosional and depo-
sitional morphological features, inciuding numer-
ous furrows and ridges of variable size, associated
almost exclusively with the upper surface of the
lower seismo-acoustic unit (Figs.4-9). Large
ridges, up to 30m high and >5km wide, are

recorded mostly at the western flank and adjacent
axial part of the trough. Only one conspicuous
ridge of under 20 m high is detected on the eastern
flank (Fig. 6). Mapping of major ridges on
multiple intersecting profiles suggests arcuate
shapes which form an echelon-like set of subparal-
lel belts (Fig. 10). The ridge belts are most appar-
ent at depths between 350 and 550 m; at shallower
depths, a high density of ridge-and-furrow features
complicates the correlation of profiles.

Side-scan sonograms in the central part of the
Saint Anna Trough reveal numerous smaller ridges
and hummocks with prevailing widths of 10 to
30 m and heights of <5 to 10m. These topo-
graphic features are most clearly visible in the
axial part of the trough at water depths exceeding
400 m due to the sparseness of superimposed fur-
rows and a thin upper seismo-acoustic unit at
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Fig. 10. Distribution of identified bedforms based on echo-
sounder and side-scan data. Orientation of major morainic
ridges is inferred from side-scan sonograms and from correla-
tion between echo-sounder profiles; where correlation was not
available, ridges are shown perpendicular to echo-sounder lines.
Minor morphological features (glacial-sole markings) are inter-
preted from side-scan sonograms. Water depth (m) is shown in
100 m contour lines (Cherkis et al., 1991).

these levels. The most common directional features
are sets of slightly curved, sinuous, or bifurcating
ridges spaced at 50 to 200 m intervals (Figs. 7 and
8). In shallow areas, they may be more winding
and irregular, forming an anastomosing pattern
(Fig. 9). These features appear to be subparallel

to the larger ridge belts, and may grade into fields
of small hummocks. Several sites also have a
perpendicular generation of linear ridges with even
denser spacing (Fig. 7). In some areas, they grade
into chains of elongated mounds with somewhat
larger dimensions of 50 to 100 m in width and
>10 m in height (Fig. 8).

Multiple furrows, up to 200 m wide and 20 m
deep, are identified at the sea floor on acoustic
and side-scan sonar records, commonly truncating
both large and small ridges. These incisions are
typically ‘v-shaped’ and may have berms. The
furrows are most abundant at the trough periphery
in water depths of <400 m, but are also common
at depths reaching 550 m, especially on the crests
of large ridges in the central part of the trough.
Side-scan sonograms reveal diverse orientations
for furrows, with linear, winding or parabolic
pathways that often intersect (Figs. 8 and 9).

4. Sediment stratigraphy

The lithology of sediment cores recovered from
the Saint Anna Trough is divided into three major
lithostratigraphic units, based on sediment color,
structure, physical properties, magnetic susceptibil-
ity, grain size, organic matter and carbonate
contents, as well as faunal and mineral composi-
tion (Table2; Figs. 11 and 12; Herlihy, 1996;
Kolstad, 1996).

The basal unit is a gray to dark-gray, stiff,
massive, almost unfossiliferous diamicton with
clayey matrix, fairly high sand content of 20-30%,
and common subangular coarse clasts. The small
volume of grain-size samples precludes an accurate
quantification of the coarse component, but the
X-ray images show abundant clasts up to 10 cm
in size. The diamicton is distinguished by high
bulk-density (1.8-2.0 g/cm®), modest water
content of around 25%, and variable shear strength
averaging at 25 kPa and in some places reaching
>70 kPa. The sediment appears homogeneous
with occasional sandy lenses (core 29) or clay
interclasts (core 7). The heavy mineral composition
is dominated by minerals of authigenic origin,
mainly pyrite and siderite (Fig. 11). Together with






