
Terrigenous events and climate history of the Sophia Basin,
Arctic Ocean

Daniel Winkelmann
Alfred Wegener Institute for Polar and Marine Research, Columbusstrasse, D-27568 Bremerhaven, Germany

Now at Leibniz Institute for Marine Sciences, Wischhofstrasse 1-3, D-24148 Kiel, Germany
(dwinkelmann@ifm-geomar.de)

Christoph Schäfer, Rüdiger Stein, and Andreas Mackensen
Alfred Wegener Institute for Polar and Marine Research, Columbusstrasse, D-27568 Bremerhaven, Germany

[1] Periods of enhanced terrigenous input to the ocean’s basins of the North Atlantic have been reported for
the last glacial period. We present a set of new sediment cores recovered from the Sophia Basin north of
Svalbard which exhibit widespread ice-rafted debris layers reflecting enhanced terrigenous input
throughout the last �200 ka B.P. Their consistent stratigraphic position, sedimentological character, high
sedimentation rate, and geochemical characteristic point to synchronously deposited layers which we name
terrigenous input events (TIEs). Owing to their higher densities, they generate excellent reflectors for
sediment-penetrating acoustic devices and prominent acoustic layers in the imagery of sedimentary
structures. Therefore TIEs can be used for regional acoustic stratigraphy. Each of the events can be linked
to major glacial activity on Svalbard. However, the Early Weichselian glaciation is not recorded as a TIE
and, in agreement with other work, might not have occurred on Svalbard as a major glacial advance to the
shelf break. Nonsynchronous timing of western and northern sources on Svalbard points against sea level–
induced iceberg discharge events.
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1. Introduction

[2] Periods of enhanced terrigenous input to the
ocean’s basins of the North Atlantic have been
reported for the last glacial period [Heinrich, 1988;
Bond et al., 1992]. These IRD-rich Heinrich layers
have been associated with events of excessive

iceberg discharge from the Laurentide ice sheet
[Bond and Lotti, 1995] and related to internal ice
sheet dynamics [e.g., MacAyeal, 1993] as well as
external forcings [Bond and Lotti, 1995; Fronval et
al., 1995]. Owing to their detrital carbonate con-
tents derived from outcropping carbonates in the
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drainage area, these layers can be recognized as
Ca/Sr peaks in XRF analysis [Hodell et al., 2005].

[3] In contrast to Greenland [cf. Kierdorf, 2006],
Spitsbergen represents a source for terrigenous
organic carbon in modern sediments [Winkelmann,
2003; Winkelmann and Knies, 2005], and organic
carbon related parameters (aside others) can be
used as a marker for this terrigenous input.

[4] Here we present a new set of sediment cores
recovered from the Sophia Basin north of Svalbard
in 2004 (Figure 1) exhibiting widespread layers of
enhanced terrigenous input throughout the last
�200 ka B.P. On the basis of a suite of geochem-
ical parameters (including TOC, C/N, Zr/Ca), we
show that these Heinrich-like layers can be related
to glacial activity and thus to the Quaternary
glaciation history of the Svalbard archipelago and
the Svalbard-Barents Sea Ice Sheet (SBIS).

2. Material and Methods

[5] Detailed bathymetric data and high-resolution
ground-penetrating echo-sounding data were
acquired by the HYDROSWEEP DS2 and the
PARASOUND Hydromap Control systems, respec-
tively, aboard R/V Polarstern during cruise

ARKXX/3 [Stein, 2005]. Additional data from
cruise ARKXV/2 of R/V Polarstern [Jokat, 2000]
have been compiled to analyze the area and structure
of the Hinlopen/Yermak Megaslide [Winkelmann et
al., 2006a, 2006b;Winkelmann and Stein, 2007]. On
the basis of this synthesis, coring sites have been
carefully selected along PARASOUND profiles
crossing the well-developed marginal facies of the
mega slide during cruise ARKXX/3 [Stein, 2005]. A
total number of 14 gravity cores were taken from
key locations. Beside the standard gravity coring
equipment the giant gravity corer (kastenlot, 30 �
30 � 1500 cm) has been applied to yield sufficient
sedimentary material for dating from key sites
[Stein, 2005]. Multisensor core logging (MSCL),
opening of cores, core description, X-ray radiogra-
phy and standard sampling have been performed
aboard R/V Polarstern.

[6] We chose two cores, PS66309-1 KAL and
PS66/308-3 SL, as key cores for the paleoceano-
graphic characterization. Both cores are undis-
turbed except for the slide-related marginal
turbidite (which they were intended to recover
[cf. Winkelmann et al., 2006a; Winkelmann and
Stein, 2007]). Recovered �10 km away from each
other, they show an excellent correlation of all

Figure 1. Location map with core stations and PARASOUND profile. LGM extent according to Landvik et al.
[1998], ice streams according to Ottesen et al. [2005], Atlantic water advection indicated as surface branches of the
West Spitsbergen Current (including CTD profile) according to Schauer et al. [2004], bathymetry from IBCAO
[Jakobsson et al., 2000]. Terrestrial sites: 1, Brøggerhalvøya; 2, Kapp Ekholm; 3, Hidalen (on Kongsøya).
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measured parameters confirming a joint history of
paleoenvironmental changes. We selected PS66/
329-3 SL and PS66/311-3 SL in addition for
representation of the NW Sophia Basin and
PS66/306-3 SL for completion of the key profile
(Figure 1 and Table 1).

[7] Core PS66/309-1 was sampled continuously at
2–3 cm intervals for tests of Neogloboquadrina
pachyderma (sin.). Stable oxygen (d18O) and car-
bon (d13C) isotopes were measured by standard
techniques [Duplessy, 1978] on the automated
Carbo-Kiel device connected to a Finnigan MAT
251 mass spectrometer at the Alfred Wegener
Institute (AWI) in Bremerhaven, Germany. The
external analytical reproducibility is 0.08% and
0.06% for d18O and d13C, respectively. Total
carbon (TC), total organic carbon (TOC) and total
nitrogen (Ntot) were determined bymeans of a LECO
CS 125 and CNS 2000 analyzer [Schäfer, 2005], and
carbonate calculated as CaCO3 = (TC � TOC) *
8,33. IRD was counted according toGrobe [1987] as
lithic particles from the X-ray radiographies.

[8] X-ray fluorescence analysis was performed on
an Avaatech automated (XRF) core scanner
[Richter et al., 2006] at the AWI, Bremerhaven.
Split core segments were scanned at 10 and 30 KV.
The standardmodel for marine sediments (including
Al, Si, P, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Co, Rh, Ba,
Cu, Zn, Ga, Br, Rb, Sr, Y, Zr, Au, Pb, Bi) was used
for calculation of elemental activities [Winkelmann,
2007]. A density correction for light elements (Al,
Si) of the core top [cf. Tjallingii et al., 2007] was not
applied owing to our focus on heavier elements and
the deeper core record.

[9] AMS radiocarbon dating was performed on
carbonaceous shells of N. pachyderma sinistralis
at the Leibniz Laboratory for Radiometric Dating
and Isotope Research at the Christian Albrecht
University in Kiel, Germany. 14C ages have been
converted to calendar ages using the CalPal online
software (http://www.calpal-online.de) with the Cal-
Pal2005_SFCP calibration curve and a correction
for the reservoir effect of 420 years [Winkelmann et
al., 2006a; Winkelmann and Stein, 2007]. All data

are available online via http://www.pangaea.de
(doi:10.1594/PANGAEA.695687).

3. Applied Paleoproxies

[10] Following our initial sedimentological and
physical examination of the TIEs, we further ap-
plied conventional C/N and Zr/Ca ratios from XRF
scanning to further characterize these events.

[11] C/N ratios have been used since long for
reconstructions of paleoenvironments in the study
area [e.g., Stein et al., 1994; Knies and Stein, 1998;
Mangerud et al., 1998; Knies et al., 1999, 2000;
Stein and Mcdonald, 2004]. Their interpretation
has been questioned owing to the fact that inor-
ganic nitrogen bound to the lattice structure of
clay minerals would dilute the C/N signal [e.g.,
Schubert and Calvert, 2001]. From an earlier study
[Winkelmann, 2003; Winkelmann and Knies, 2005]
it can be seen that conventional bulk C/N (TOC/
Ntot) ratios correlate well to the corrected organic
C/N (TOC/Norg)(R

2 = 0, 91; n = 45) as well as to
the d13Corg signal (R

2 = 0, 66; n = 45) (Figure 2).
Thus, Winkelmann [2003] and Winkelmann and
Knies [2005] showed too that conventional C/N
ratios not only remain an important paleoproxy in
the Svalbard/Fram Strait area, but that they mark
central Spitsbergen as a significant source for this
TOM supply. The C/N aside TOC/Norg, d13Corg

and %Norg (or %Ninorg) trace this input along the
Isfjorden, Van Mijen Fjorden and Storfjorden. The
problem of diluting the C/N signal by terrigenous
nitrogen (bound as ammonium to the lattice struc-
ture of clay minerals) is less important because the
measured C/N would only underestimate the ter-
restrial input leaving the prominent C/N peaks (in
our core records) unaffected by the interpretation
of enhanced terrigenous input of organic matter.

[12] In addition to the C/N ratios we applied Zr/Ca
ratios that phenomenologically record the TIEs. We
interpret Zr to reflect detrital zircons derived from
drainage areas of northern Svalbard. This hinter-
land is dominated by igneous and metamorphic
rocks and Devonian polimict conglomerates crop

Table 1. Gravity Cores of This Study

Core Latitude Longitude Water Depth (m) Recovery (cm) Type

PS66/306-2 81� 14.50N 13� 18.60E 2268 350 gravity core
PS66/308-3 81� 07.30N 12� 35.90E 2218 554 gravity core
PS66/309-1 81� 11.20N 12� 59.10E 2269 765 giant gravity core (kastenlot)
PS66/311-2 81� 41.80N 13� 28.20E 2192 493 gravity core
PS66/329-3 81� 36.30N 13� 6.10E 2211 482 gravity core
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out only along the Billefjorden on a larger scale.
Therefore, we assume the source-specific character
of the Zr signal in the Sophia Basin. We put the Zr
in relation to Ca as indicator for terrigenous input.
We interpret the Ca record to be mainly controlled
by productivity and dilution. The intrinsic assump-
tion of a marine carbonate is based on the follow-
ing facts: First, a one-to-one correlation of bulk
carbonate record (calculated for CaCO3) and the
measured Ca activities meaning no indication of
(detrital) dolomite [cf. Vogt et al., 2001]. Second,
the synoptic presence of (partly abundant) fora-
minifers throughout the core except for the TIEs
(there present but extremely diluted); consistent
with the bulk carbonate and Ca records as well as
with findings of Knies et al. [2003]. In addition, the
TIEs being clearly of terrigenous origin, exhibit
lowest (down to no) carbonate contents. Sparse
foraminifers could even been found within the TIEs
pointing to dilution rather than dissolution. No
detrital carbonates (clasts, pebbles, etc.) have been
found during sampling and other core examinations.

[13] We are aware that this source-specific assump-
tion of the Zr/Ca ratio comes with uncertainties like
grain size dependency. However, most established
proxies show a relationship to grain size owing to the

fact that their mineral or detrital carrier is preferen-
tially found in a certain grain size spectrum. How
much the Zr/Ca ratio can be affected by grain size
can be assessed within the turbidite. However, being
well sorted, the turbidite contains high amounts of
eroded, reworked foraminiferal shells that are re-
sponsible for the high carbonate values. This com-
plicates a direct comparison. The TIEs clearly show
higher grain sizes which in itself can be the reason
for the higher Zr contents. However, if the higher Zr
contents are mainly controlled by grain size they still
characterize and thus record the TIEs. Thus, differ-
ential timing of Zr/Ca and C/N peaks in our records
can be interpreted as different timing of sources.

4. Results

[14] Distinct layers with higher proportions of
terrigenous material are present in all sediment
cores at the same stratigraphic position. We name
them terrigenous input events (TIEs) that are iden-
tified in detail by the following.

4.1. Sedimentological Characteristic

[15] The TIEs are layers of generally coarser grain
size. This means gravelly sand or sandy layers with

Figure 2. Correlation of conventional TOC/Ntot versus d13Corg, TOC/Norg, and percentage of inorganic nitrogen
bound as ammonium to the lattice structure of clay minerals (%Ninorg) from surface sediment samples around
Spitsbergen (data from Winkelmann and Knies [2005]).
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individual pebbles. In this they represent layers of
enhanced accumulation of IRD. The IRD signal as
applied here (counted grains bigger than 1 mm
diameter per 10 ccm of sediment according to
Grobe [1987]) does not fully reflect these layers.
They partly exhibit lamination (e.g., TIE 0, TIE 1
in PS66/308; Figure 3). This points to a rapid
sedimentation with a pulse character. Other reasons
for lamination like seasonality, anoxic conditions,
etc. are excluded. Bioturbation can be seen from
the top of some laminated layers penetrating into
them, identifying a period of reduced sedimenta-
tion after a pulse (e.g., within TIE 3; Figure 3).
Fining upward (intraunit, partly well developed,
and less well developed, gradational toward their
tops) characterizes them again as pulses of en-
hanced sedimentation.

[16] From this synoptic examination we can char-
acterize the TIEs as layers of enhanced input of ice-
rafted terrigenous debris (strictly speaking, IRD).

4.2. Geochemical Properties

[17] The TIEs are all characterized by C/N ratios
above 8 and peak TOC (>0.6 wt.%) concentrations.
They exhibit minimum carbonate contents as seen
in the calculated CaCO3 bulk and scanned Ca
record. Further, they host higher contents of Zr.
In consequence, they appear as distinct peaks in the
Zr/Ca (>0.2) record, pointing to higher siliciclastic
proportions (Figure 4).

4.3. Physical Properties

[18] The physical properties of the TIEs include
higher densities (above 1.65 g/ccm; Figures 4 and 5),

Figure 3. X-ray radiographs from terrigenous input events (TIEs) 1 to 4 of the key cores PS66/308 and PS66/309.
The TIEs are generally characterized by enhanced IRD input and associated coarser grain sizes (coarse silt, sand, and
gravel), embedded mudclasts, and high sedimentation rates (inferred from pulse-like layering (see TIE 1 in PS66/
308)). Note that the TIEs do correspond to pronounced IRD layers but can include an interval of virtual little or no
IRD input (TIE 2).
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higher acoustic impedance and in their upper parts
a slightly higher magnetic susceptibility (due to
decreasing grain size). The TIEs generally show
lower RGB color values reflecting their grayish
color.

4.4. Acoustic Properties

[19] The relation of contrasts in acoustic impedance
and density to acoustic reflectors has been shown
earlier for the Sophia Basin [e.g.,Winkelmann et al.,
2006b]. As a consequence of their higher acoustic
impedance (see above), and the contrast in acoustic
impedance to the underlying and overlying strata
(about 400 units higher than the average background
values) and their consistent surface character, the
TIEs form pronounced acoustic reflectors in a
suitable (sufficient resolution and penetration)

sediment-penetrating sonar system (Figure 6). Es-
pecially the high-resolution PARASOUND system
aboard R/V Polarstern records these layers with
high precision. With the establishment of our
chronology, they can be, thus, used for acoustic
stratigraphy in a regional context.

4.5. Consistent Stratigraphic Position

[20] On the basis of our sediment cores and cov-
erage by PARASOUND data throughout the
Sophia Basin, we can see that the TIEs occur
without exception in the megaslide-unaffected
parts of the basin. Moreover, they can be traced
by PARASOUND data from core to core. Within
the sediment cores TIEs can clearly be identified
by their darker, grayish color and the same down
core sequence.

Figure 4. Terrigeneous events (brown boxes) within the Sophia Basin in key core PS66/309-1. Core record of
density log (MSCL), geochemical bulk parameters (TOC, C/N), XRF-elemental ratio (Zr/Ca), and IRD including
indication of slide-related lithological units (marginal turbidite; gray box). The peaks of the Zr/Ca ratio indicate
increased input of detrital terrigenous minerals (zircon), from outcropping lithological strata on Svalbard. Thus, the
Zr/Ca ratio, here, can be used as proxy for glacial activity. Event 0 reflects Termination I; Event 1 (E1) reflects the
Late Weichselian glacial advance to the shelf edge; Event 2 (E2) reflects the onset and termination of the Mid
Weichselian glaciation; Event 3 (E3) reflects Termination II; and Event 4 (E4) reflects the Late Saalian glacial
advance to the shelf edge during MIS 6.2. Further events within MIS 6 (e.g., Event 5, etc.) have not been named since
they are less consistently recorded in our sediment cores. Note the signal offsets between C/N and Zr/Ca ratios,
indicating different timing of the individual sources (west Spitsbergen and Storfjord Trough for C/N [cf. Winkelmann
and Knies, 2005] and NE Svalbard for the Zr/Ca ratios).

Geochemistry
Geophysics
Geosystems G3G3

winkelmann et al.: sophia basin terrigenous events 10.1029/2008GC002038

6 of 14



[21] This consistent stratigraphic position, corrob-
orated by PARASOUND data and an excellent
correlation to other dated cores (PS1533, PS2212,
PS2128), made us feel confident in assuming them
to represent synchronously deposited layers. The
high sedimentation rates with pulse character as
seen from our sedimentological examination of
X-ray radiographies corroborates the interpretation
of rapidly and synchronously deposited layers.

5. Stratigraphy

[22] The stratigraphy of our cores is based on the
high-resolution record of stable isotopes (N. pachy-
derma sin.) which were correlated to the global
isotope curve SPECMAP stack [Martinson et al.,
1987] and several radiocarbon dates of the key core
PS66/309-1 [Winkelmann, 2007] (Figure 7). Ages
of MIS boundaries and events have been corrected
according to Lisiecki and Raymo [2005] and
Thompson and Goldstein [2006]. Four AMS 14C
dates of N. pachyderma (sin.) [Winkelmann et al.,
2006a, 2006b] helped to pinpoint MIS 2 and 3 and
one has been correlated from core PS1533-3
[Spielhagen et al., 2004] to pinpointMIS 1 (Table 2).

[23] Well-dated melting events during Termination
I, e.g., at 14.5 14C ka B.P., have been recognized in

the adjacent areas [cf. Hebbeln et al., 1994]. In
core PS66/309 a series of meltwater peaks charac-
terize the MIS 2. We date the most prominent peak
at 15.66 ± 70 14C ka B.P. (18,491 ± 237 cal. ka
B.P.). The MIS 3/2 boundary is characterized by a
well-defined sequence of sedimentological, miner-
alogical and organic-geochemical parameters in all
sediment cores in the region [cf. Andersen et al.,
1996; Vogt et al., 2001]. The middle part of this
interval exhibits lamination and contains high
amounts of mature terrestrial organic material
(Figures 3, 4, and 5) and, among other, very low
carbonate contents [Vogt et al., 2001]. This layer
was described as Event I by Knies and Stein [1998]
and corresponds to TIE 1. It was deposited be-
tween 22.5 and 19.5 14C ka B.P. as based on
several AMS 14C ages. In core PS66/309-1 KAL
the closest AMS 14C date directly above this layer
gives an age of 20.02 ± 140 14C ka B.P. (23379 ±
394 cal. ka B.P., Table 2 and Figures 2 and 3).
Assuming it to be a synchronous deposit in all
sediment cores we use it as one indicator of the
lowermost MIS 2. However, following the age
correction of Lisiecki and Raymo [2005], the
MIS2/3 boundary is best defined by our closest
AMS date (Table 2). The MIS3/4 boundary is
based upon an increase to peak values in d13C in
the early MIS 3 shortly after a typical peak in the

Figure 5. Key core PS66/309-1 and correlation to bulk and MSCL data in the west Sophia Basin [Winkelmann et
al., 2008]. Brown boxes indicate TIEs; gray boxes indicate the slide-related lithologies (debris flow, turbidite, fining
upward).
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C/N ratios that is not reflected in the TOC signal
and the onset of intensive ice rafting at the MIS4/3
boundary. This interval is characterized by a car-
bonate minimum too. A typical decrease of the
d13C values from late MIS 5 to lowest values in
early MIS 4 is observed and used as a regional
stratigraphic fix point for the MIS4/5 boundary [cf.
Dokken and Hald, 1996; Nørgaard-Pedersen et al.,
1998; Spielhagen et al., 2004]. The MIS5/6 bound-
ary is based on the d18O meltwater peak that is
accompanied by peak IRD concentration shortly
after a characteristic C/N peak (that again is not
reflected in the TOC record), a distinct carbonate
minimum and a density maximum, indicating
Termination II. The definition of MIS boundaries
is further supported by the correlation to the
Greenlands ice core data (N-GRIP and GRIP)
[Winkelmann, 2007], by correlation to PS2212
[Vogt et al., 2001; cf. Winkelmann, 2007] and
PS2644 which has been correlated to the GRIP
record in great detail [Voelker, 1999; Voelker et al.,
2000; cf. Winkelmann, 2007].

[24] The stratigraphic model for the sediment cores
from transects across the Hinlopen/Yermak Mega-
slide’s western margin in Sophia Basin has been
established by correlation of MSCL data to PS66/
309-1 KAL [Winkelmann et al., 2006a, 2006b,

2008]. This correlation is further supported by
correlation of geochemical bulk and IRD records
(Figure 4) and acoustic reflection data (see below).

[25] According to our chronology, the TIEs corre-
spond to Termination 1 (TIE 0), the approaching of
the shelf break during LGM onset (TIE 1; identical
with Event 1), the onset and termination of the Mid
Weichselian glaciation (TIE 2; or 2a and 2b,
respectively; see Figure 3), Termination 2 (TIE 3)
and the onset of the Late Saalian glaciation (TIE 4).
There are earlier events (e.g., TIE 5) that might
correspond to the onset of an Early Saalian glaci-
ation. However, the following termination (not
labeled, Figure 5) is less consistently recorded.
Owing to this and decreasing stratigraphic control,
we refused to outline and discuss them further.

6. Discussion

[26] Winkelmann [2003] and Winkelmann and
Knies [2005] have shown that a distinction be-
tween marine and terrigenous organic carbon on
the Spitsbergen shelf based on geochemical bulk
parameters is possible. The stable carbon isotopic
composition of the organic carbon fraction
(d13Corg) aside HI, Tmax (Rock-Eval pyrolysis)
and elemental C/N ratios (C/N, TOC/Norg),

Figure 7. Stable isotopic record (Neogloboquadrina pachyderma sinistralis), AMS radiocarbon dates, and
chronology of the key core PS66/309-1. Assignment of isotope stages according to Martinson et al. [1987].
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appeared most favorable for this distinction. How-
ever, the standard application of conventional C/N
ratios for a general determination of terrigenous
input of organic matter proved to be valuable
(Figure 2) though not to be useful for budgeting
of organic carbon proportions.

[27] The higher input of terrigenous organic mate-
rial from Svalbard is reflected among others in the
C/N ratios [cf. Winkelmann, 2003; Winkelmann
and Knies, 2005]. Mineralogic evidence (orderly
layered expandable minerals, OLEMs) for some
TIE-internal layers points to a Storfjord Trough
origin [Vogt et al., 2001]. Every TIE starts with a
distinct peak in TOC and C/N. Followed by peaks
in the Zr/Ca ratios that last about 2 ka and decline
gradually toward normal values. The offset be-
tween C/N ratios (reflecting west Spitsbergen and
Storfjord) and Zr/Ca ratios (reflecting north Sval-
bard) points to a different regional glaciation tim-
ing on Svalbard (Figure 4). Consequently, the
western fjords of Spitsbergen and the Storfjord
Trough are first active and their drainage areas
are, thus, more sensitive for glacial inception. The
northern Svalbard sources with lower TOC and

higher siliciclastic composition [cf. Winkelmann,
2003; Winkelmann and Knies, 2005] respond more
slowly or retarded both, during inception and
during termination of a major glaciation. All of
the 5 TIEs can be related to major glacial activity
on Svalbard.

[28] There is only one event between TIE 5 and 4
(not labeled) that is less consistently recorded
(Figures 4 and 5). A plausible explanation is that
MIS 6 was generally characterized by heavier stable
oxygen isotopic values (i.e., colder) (Figure 7).
Therefore the glaciated Arctic archipelago might
have been responded less effective to an ice sheet
decay. The sedimentation pattern resembles the
period between MIS 4 and 3 with interstadial-like
characteristics before TIE 4 although on a ‘‘colder
level’’ [cf.Winkelmann, 2007]. However, themissing
sedimentological evidence of enhanced terrige-
nous input in our sediment cores throughout the
early Weichselian (circa 120–100 cal. ka B.P.) is
remarkable.

[29] The Early Weichselian glaciation described by
Mangerud et al. [1996, 1998] as a major glacial

Table 2. Age Fix Points of Refined Age Models for Both Coresa

Age (cal. ka B.P.) MIS* PS66/309-1 (cm Core Depth) PS66/308-3 (cm Core Depth) Reference

10.9 15.5 6
18.49 - 89.5 72.6 4
23.38 - 143 111.2 5
29.93 - 180.5 141.8 4
31.1 3.1 283.0 1
45.86 - 300.5 216.8 4
47.8 3.3 305.5 224.8 1
52.2 3.31 315.5 234.8 1
57 4.0 360.0 279.8 2
67.7 4.23 385.0 290.4 1
71 5.0 385.5 299.0 2
80.5 5.1 400.5 312.2 1
91.3 5.2 415.5 324.6 1
100.3 5.31 420.5 330.8 1
104.0 5.33 433.0 335.0 1
108.5 5.4 450.5 351.4 1
122.6 5.51 460.5 357.8 1
129.3 6.0 490.5 381.4 1
135 6.2 560.5 408.0 3
142 6.3 583.0 416.0 3
153.9 6.4 620.5 428.8 1
164.0 6.41 650.5 441.6 1
172.9 6.5 673.0 451.4 1
179.2 7.0 688.0 457.2 1
190.8 7.1 708 463.8 1

a
AMS radiocarbon dates from PS66/309-1 were correlated to PS66/308-3 by their Ca and carbonate records. References for MIS event ages: 1,

Thompson and Goldstein [2006]; 2, Lisiecki and Raymo [2005]; 3*, SPECMAP event numbers from Martinson et al. [1987]; 4, AMS radiocarbon
dates (bold italic) from Winkelmann et al. [2006a]; 5, Winkelmann and Stein [2007]; 6, Spielhagen et al. [2004].
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advance to the shelf edge is not documented as a
TIE in our sediment cores. These results are in
accordance with findings of Knies et al. [1999,
2000, 2001] from the northern Barents Sea Margin
and Severnaya Zemlya. The synthesis of terrestrial
evidence for an Early Weichselian major ice sheet
advance on Svalbard is essentially based on the site
interpretation at Kapp Ekholm. This site is situated
in central Spitsbergen. There, the identification of
this Early Weichselian till is based upon intrasite
correlation of outcrops [cf. Mangerud et al., 1998].
The wider correlation of the corresponding marine
sediments of the so-called Phantom Odden Inter-
stadial is based on luminescence dates. This cor-
relation appears tentative, since the luminescence
dates do not show significantly different values for
marine sediments of the Interglacial B (Eemian)
and the Phantomodden Interstadial that would
enclose a diamicton from glacial advances [cf.
Mangerud et al., 1998; Forman, 1999]. On Kong-
søya, a site of the main deposition center of the
SBIS, there is no indication for an Early Weichse-
lian ice sheet [Ingólfsson et al., 1995].

[30] Therefore we question the existence of an Early
Weichselian glaciation on Svalbard (Glaciation C of
the Svalbard glaciation curve [cf. Mangerud et al.,
1998]) that is still included in the recent view of the
Weichselian glaciation history [cf. Svendsen et al.,
2004] and the associated Phantom Odden Inter-
stadial as a separate unit. Owing to the fact that
an Early Weichselian glaciation is recorded in other
(remote) terrestrial archives as well as in sea level
changes [e.g., Lambeck et al., 2002], we rather see
Svalbard being still inundated following the Late
Saalian glaciation and/or being too warm during
the MIS 5e-c. Northern Svalbard was probably not
experiencing an extensive glaciation between 115
and 100 ka B.P. and was rather moderately glaciated
during MIS5 as indicated by slightly elevated Zr/Ca
ratios (Figure 4). This conclusion is supported by
the terrestrial records in Brøggerhalvøya, Kapp
Ekholm, Skilvika, Hidalen (Kongsøya) depending
on their interpretation [see Mangerud et al., 1998,
and references therein] as well as geological evi-
dence from marine records [e.g., Knies et al., 2000,
2001] and, thus, revises the current glaciation curve
of Svalbard [Mangerud et al., 1998] (Figure 8). In
analog to Severnaya Zemlya [Möller et al., 2006],
the Svalbard archipelago probably constituted
glaciation nuclei for the subsequent growths of
the SBIS during the MIS 5 and for the preceding
and proceeding glaciations.

[31] The occurrence of orderly layered expandable
minerals (OLEMs) within Event 1 [cf. Vogt et al.,
2001] has been attributed to hot shales cropping
out on the Spitsbergenbanken. The plume of the
interpreted plumite originated from the Storfjord
ice stream and can be traced in sediment cores at
declining water depths west of Spitsbergen and
around the Yermak Plateau. The associated interval
in our cores corresponds to TIE 1 (Figure 3). The
same Event 1 (TIE 1) sediments have been found
in PS2138 from the Franz-Victoria Trough (FVT)
[Knies and Stein, 1998]. This core is positioned in
shallower water depths (862 m) excluding a plume
transport via Fram Strait. Given the fact that the hot
shales have been only reported to crop out on the
Spitsbergenbanken and that their sediments
reached from there the FVT in eastern direction,
the Spitsbergenbanken must have been a glaciation
nucleus [cf. Howell et al., 2000] for the Late
Weichselian glaciation in that area [cf. Mangerud
et al., 1998; Svendsen et al., 2004]. The Barents
Sea shelf further east must have been covered by
the sea before 24 cal. ka B.P. to allow a plume
transport into the FVT. Additionally, a sea level
drop [cf. Lambeck et al., 2002] probably in concert

Figure 8. Terrigeneous input events (TIEs) of the
Sophia Basin north of Spitsbergen and revised glacia-
tion curve for Svalbard during the last glacial cycle
(modified after Mangerud et al. [1998] with permission
from Elsevier; for location names and associated
numbering, see Mangerud et al. [1998, and references
therein]).
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with a developing fore bulge [cf. Winkelmann and
Stein, 2007] would be necessary to expose the
Spitsbergenbanken subaerially to allow for exten-
sive ice sheet growth. Main ice deposition centers
reconstructed from postglacial emergence [cf.
Landvik et al., 1998, and references therein] would
be thus less reliable. They then rather tell us about
lithospheric rebound than ice loading history. Al-
ternatively, TIE 1 has little plumite character. In
this view an excessive iceberg drift transported the
terrigenous input signal along the paleo-West
Spitsbergen Current from the Storfjord to the FVT.

[32] The apparent synchronity of IRD events in
North Atlantic’s sediments and the possible link to
short time sea level fluctuations [cf. McCabe and
Clark, 1998] might be alternatively explained by a
far-reaching iceberg drift in the North Atlantic
realm. The differences in timing between west
Svalbard and north Svalbard input sources stands
against synchronous, sea level–induced iceberg
discharges on Svalbard. The IRD record (according
to Grobe [1987]) seems decoupled from the TIEs
in large intervals as seen in our core records
(Figures 4 and 5). This, again, points to a promi-
nent iceberg drift probably from the Nordic Seas.
The associated meridional surface circulation pat-
tern with a counterclockwise iceberg drift has been
reported for the glacial buildup phases throughout
the last �200 ka [Hebbeln et al., 1994, 1998;
Dokken and Hald, 1996; Knies et al., 2000; Hald
et al., 2001; Spielhagen et al., 2004] for the cooler
stages of the Holocene [Pirrung et al., 2002] and
for the OLEM events during TIE 1 and upper MIS
5 [cf. Vogt et al., 2001].

[33] Early MIS 3, for example, is characterized by
an increase of carbonate contents, rather low and
low variable TOC contents and C/N ratios. High
IRD contents point toward increased glacial activ-
ity throughout the early and middle MIS 3. Both
key cores (PS66/309-1 KAL and PS66/308-3 SL)
show three maxima in early MIS 3. They all
exhibit a similar pattern and point toward a well-
developed cyclicity of the IRD signal during this
time. The cyclic IRD peaks that characterize the
MIS 3 might correspond to the Daansgaard-
Oeschger Events (DO events) in Greenland ice
cores and their relation to the Heinrich events
(H events) that are well described in marine records
of the North Atlantic and Nordic Seas [e.g., Bond
et al., 1992; Voelker, 1999; Voelker et al., 2000;
Mix et al., 2001]. In contrast to sediment cores off
Greenland [Kierdorf, 2006], these events are not
imprinted on the TOC records in our cores. One

probable explanation is the drift of icebergs coming
from Greenland with the paleo-WSC toward the
southwestern Sophia Basin during MIS 3. Both the
carbonate record and the cyclic IRD peaks point to
this meridional circulation condition [cf. Vogt et
al., 2001]. There are 7 distinct IRD events during
the time window of D/O 6–18, including H4–6 in
our cores. H6 as well as H2 may be recorded as
TIEs in the Zr/Ca record (Figure 4). However, a
local source appears not probable for the remaining
IRD events since they are not reflected as TIEs.

7. Conclusions

[34] 1. The Sophia Basin is characterized by at
least 5 terrigenous input events (TIEs) during the
last 6 marine isotope stages.

[35] 2. Each event is associated with intensive
glacial activity on Svalbard reflecting either a
major glacial advance or a deglaciation (or both
for the Mid Weichselian glaciation).

[36] 3. They exhibit highest densities and associated
acoustic impedances and are thus excellent reflectors
in the sediment penetrating acoustic imaging of
sedimentary structures, best seen in the PARASOUND
data. With the establishment of our chronology
they can be used for regional acoustic stratigraphy.

[37] 4. The TIEs are initially characterized by
elevated concentrations of terrigenous organic ma-
terial, lowest to missing carbonate contents and
associated peaks in C/N and Zr/Ca ratios.

[38] 5. The offset between C/N and TOC peaks to
Zr/Ca reflects the different origin (west Svalbard
and north Svalbard, respectively).

[39] 6. Thus, west Svalbard appears more suscep-
tible to glacial inception than north Svalbard.

[40] 7. The Early Weichselian glaciation is not
recorded as a major ice sheet advance to the shelf
break in our sediment cores.

[41] 8. Therefore, we question the existence of this
major glaciation on Svalbard.
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dem Europäischen Nordmeer, D.Sc. dissertation, Ber. Inst.
Geowiss. 9, 278 pp., Univ. of Kiel, Kiel, Germany.

Voelker, A. H. L., P.M.Grootes,M. J. Nadeau, andM. Sarnthein
(2000), Radiocarbon levels in the Iceland Sea from 25–
53 kyr and their link to the earth’s magnetic field intensity,
Radiocarbon, 42, 437–452.

Vogt, C., J. Knies, R. F. Spielhagen, and R. Stein (2001),
Detailed mineralogical evidence for two nearly identical gla-
cial/deglacial cycles and Atlantic water advection to the Arc-
tic Ocean during the last 90,000 years, Global Planet.
Change, 31, 23–44, doi:10.1016/S0921-8181(01)00111-4.

Winkelmann, D. (2003), Reconstruction of recent and late
Holocene sedimentation processes on the continental shelf
west off Spitsbergen, M.S. thesis, 156 pp., TU Bergakad.
Freiberg, Freiberg, Germany.

Winkelmann, D. (2007), Sediment dynamics of megaslides
along the Svalbard continental margin and the relation to
paleoenvironmental changes and climate history, Ph.D. the-
sis, 183 pp., Univ. of Bremen, Bremen, Germany.

Winkelmann, D., and J. Knies (2005), Recent distribution and
accumulation of organic carbon on the continental margin
west off Spitsbergen, Geochem. Geophys. Geosyst., 6,
Q09012, doi:10.1029/2005GC000916.

Winkelmann, D., and R. Stein (2007), Triggering of the Hin-
lopen/Yermak Megaslide in relation to paleoceanography
and climate history of the continental margin north of Spits-
bergen, Geochem. Geophys. Geosyst., 8(6), Q06018,
doi:10.1029/2006GC001485.

Winkelmann, D., W. Jokat, F. Niessen, R. Stein, and A. Winkler
(2006a), Age and extent of the Yermak Slide north of Spits-
bergen, Arctic Ocean, Geochem. Geophys. Geosyst., 7,
Q06007, doi:10.1029/2005GC001130.

Winkelmann, D., W. Jokat, F. Niessen, R. Stein, and A. Winkler
(2006b), Dynamic and timing of the Yermak/Hinlopen Slide,
Arctic Ocean, paper presented at European Geosciences
Union General Assembly 2006, Vienna, Austria, 2–7 April.

Winkelmann, D., W. H. Geissler, J. Schneider, R. Stein, and
H.-W. Schenke (2008), Dynamic and timing of the Hinlopen/
Yermak Megaslide north of Spitsbergen, Arctic Ocean, Mar.
Geol., 250, 34–50, doi:10.1016/j.margeo.2007.11.013.

Geochemistry
Geophysics
Geosystems G3G3

winkelmann et al.: sophia basin terrigenous events 10.1029/2008GC002038

14 of 14


