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Abstract

Sr and Nd isotopic compositions of Arctic marine sediments characterize changes of sediment source regions and
trace shelf^ocean particle pathways during glacial^interglacial transitions in the eastern Arctic Ocean. In the 140-ka
sedimentary record of a marine core from Yermak Plateau, north of Svalbard, 87Sr/86Sr ratios and ANd values vary
between 0.717 and 0.740 and 39.3 and 314.9, respectively. Sr and Nd isotopic composition both change
characteristically during glacial^interglacial cycles and are correlated with the extension of the Svalbard/Barents Sea
ice sheet (SBIS). The downcore variation in Sr and Nd isotopic composition indicates climatically induced changes in
sediment provenance from two isotopically distinct end-members: (1) Eurasian shelf sediments as a distal source; and
(2) Svalbard bedrock as a proximal source that coincide with a change in transport mechanism from sea ice to glacial
ice. During glacier advance from Svalbard and intensified glacial bedrock erosion, ANd values decrease gradually to a
minimum value of 314.9 due to increased input of crystalline Svalbard bedrock material. During glacial maxima, the
SBIS covered the entire Barents Sea shelf and supplied increasing amounts of Eurasian shelf material to the Arctic
Ocean as ice rafted detritus (IRD). ANd values in glacial sediments reach maximum values that are comparable to the
average value of modern Eurasian shelf and sea ice sediments (ANd =310.3). This confirms ice rafting as a major
sediment transport mechanism for Eurasian shelf sediments into the Arctic Ocean and trace a sediment origin from
the Kara Sea/Laptev Sea shelf area. After the decay of the shelf-based SBIS, the glacial shelf sediment spikes during
glacial terminations I (ANd =310.6) and II (ANd =310.1) ANd values rapidly decrease to values of 312.5 typical for
interglacial averages. The downcore Sr isotopic composition is anticorrelated to the Nd isotopic composition, but may
be also influenced by grain-size effects. In contrast, the Nd isotopic composition in clay- to silt-size fractions of one
bulk sediment sample is similar to within 0.3^0.8 ANd units and seems to be a grain-size independent provenance
tracer. A 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Arctic Ocean in£uences the global climate
through its heat budget and has played an impor-
tant role in Cenozoic climate evolution (e.g., Aa-
gaard and Carmack, 1994; Alley, 1995). The ex-
tensive perennial sea ice cover of the Arctic Ocean
is especially important in controlling heat £ow,
water circulation, bottom water formation, sur-
face water productivity, and the sedimentation re-
gime (e.g., Aagaard and Carmack, 1989; Clark,
1990; Anderson et al., 1994). High-resolution
analyses of Arctic marine sediments potentially
archive the history of northern hemisphere ice
sheets, sea ice coverage, and surface water pro-
ductivity triggered by changes in oceanic and at-
mospheric circulation patterns, continental glaci-
ation and sea level (e.g., Stein et al., 1994a;
ElverhIi et al., 1995; Lloyd et al., 1996; Spiel-
hagen et al., 1997; Mangerud et al., 1998;
NIrgaard-Pedersen et al., 1998; Knies et al.,
1999, 2000; Vogt et al., 2001).
To constrain provenance of Cenozoic Arctic

marine sediments and trace shelf^ocean particle
pathways of river discharge, sea ice, and icebergs,
detailed studies of lithology, bulk mineralogy, and
stable isotopes of marine sediments were made
(e.g., Stein et al., 1994b; Spielhagen et al., 1997;
Vogt, 1997) including ice rafted debris (IRD) (Bi-
schof et al., 1990, 1996; Spielhagen, 1991; Letzig,
1995; NIrgaard-Pedersen et al., 1998), clay min-
eralogy (Stein et al., 1994a; Wahsner et al., 1999),
heavy mineral associations (Behrends et al., 1999)
and organic geochemistry (Schubert and Stein,
1996; Fahl and Stein, 1999).
To obtain information on sediment sources and

constrain transport processes of detrital Arctic
Ocean sediments, 87Sr/86Sr and 143Nd/144Nd ratios
were analyzed (Winter et al., 1997; Rachold et al.,
1998; Eisenhauer et al., 1999). Sr and Nd isotopic
ratios are suitable tracers for provenance studies
of continental detritus (Goldstein and O’Nions,
1981; Goldstein et al., 1984; Goldstein and Ja-
cobsen, 1988; Grousset et al., 1988; Revel et al.,
1996a,b; Winter et al., 1997). They allow the re-
construction of oceanic and atmospheric circula-
tion patterns (Asahara et al., 1995; Revel et al.,
1996a,b; Fagel et al., 1999; Innocent et al., 1997)

as well as particle pathways and sediment trans-
port mechanisms (Grousset et al., 1988, 1992;
Revel et al., 1996b; Hemming et al., 1998; Weis
et al., 1997; Innocent et al., 2000; Walter et al.,
2000).
In this study we use Sr and Nd isotope analyses

to determine changes in provenance of marine
sediments from a piston core in the eastern Arctic
Ocean, NE of Svalbard, covering marine isotope
stage (MIS) 6 to 1 (about 140 ka). The downcore
isotope analysis can place constraints on climati-
cally triggered changes in sediment provenance
that are coupled to the build-up and decay of
the Svalbard/Barents Sea ice sheet (SBIS), during
glacial^interglacial climate cycles and the glacial
erosion of di¡erent crustal rocks. These analyses
will be compared with the Sr and Nd isotope
composition of modern Eurasian shelf sediments
and sediment-laden sea ice as well as other poten-
tial circum-Arctic sources.

2. Sediment transport processes in the modern
eastern Arctic Ocean

The modern Arctic Ocean is a deep ocean basin
surrounded by the vast continental masses of Si-
beria, North America, and Greenland (Fig. 1a).
Deep-water exchange occurs only via the Fram
Strait to the Atlantic Ocean, while surface water
£ows in through the Bering Strait, over the
Barents shelf and through the Fram Strait as
the warm West Spitsbergen Current. Nearly half
of the Arctic Ocean surface area is underlain by
continental shelves extending up to 800 km from
the shoreline. The Eurasian shelf regions of
Barents, Kara, Laptev, East Siberian and Chuk-
chi Seas (Fig. 1a) are commonly very shallow
(6 30 m) and provide depositional environments
for about 90% of the £uvial suspended particulate
matter (SPM) delivered mainly by the Siberian
rivers Yenisey, Lena, Ob, Kolyma and Khatanga
(Milliman and Meade, 1983). Of the east Siberian
rivers, the Lena with a 2.5 million km2 drainage
area, has the greatest runo¡ (525 km3 a31 and
supplies most of the SPM (21U106 t a31) to the
Laptev Sea, mainly during spring/summer runo¡
peaks (Gordeev et al., 1996). The similarity be-
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tween Sr isotopic compositions of Lena river
SPM, Laptev Sea shelf sediments, sediment laden
sea ice and Arctic Ocean surface sediments pro-
vides evidence for the dispersion of riverine input

by the Transpolar Drift from the Siberian hinter-
land across the Eurasian shelf into the Arctic
Ocean (Rachold et al., 1998; Eisenhauer et al.,
1999).

Fig. 1. (a) Map of sample locations in the Arctic Ocean with general surface circulation patterns (TPD=Transpolar Drift,
BG=Beaufort Gyre) after Gordienko and Laktionov (1969). Sample numbers are according to Table 1. b= sediment core
PS1533, 7= sea ice sample, O= shelf surface sediment, black area: Permo-Triassic Putorana £ood basalts, FJL=Franz Josef
Land, NZ=Novaya Zemlya, SZ=Svernaya Zemlya. Dotted line=maximum Eurasian ice sheet extension onto the Barents Sea
shelf after Forman et al. (1999) and Lambeck (1995). (b) Bathymetric map of the location of core PS1533 on the Yermak Pla-
teau, north of Svalbard.
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Table 1
Sample locations and Rb, Sr, and Nd concentrations and isotopic ratios of shelf and sea ice sediments

Sample Sample location Sample
type

Depth Latitude Longitude Sr Rb 87Rb/
86Sr

87Sr/86SrO 2c Nd 143Nd/
144NdO2c

A
ð0Þ
Nd

(m) (ppm) (ppm) (ppm)

1-1 to 1-34 Yermak Plateau sediment
core

2030 82‡01P54QN 15‡10P42QE 124* 117* 3.07* 0.72802* 29* 0.512002* 312.5*

Barents Sea shelf
2 (St. 5) Abrosimov Fjord

(NZ)
surface
sediment

10 71‡56P37QN 55‡19P20QE 90 n.d. n.d. 0.712860O 8 16 0.512432O 8 34.0

3 (Step. 15) Stepovogo Fjord
(NZ)

surface
sediment

36 72‡32P60QN 55‡29P35QE 62 97 4.5 0.725795O 9 17 0.512339O 8 35.8

4 (St. 2) Tsivolky Fjord (NZ) surface
sediment

30 74‡26P13QN 58‡37P24QE 76 115 4.35 0.731129O 15 23 0.512267O 8 37.2

5 (1149) Barents Sea (NZ) surface
sediment

63 73‡10P50QN 52‡20P00QE 210 54 0.74 0.714073O 13 13 0.511997O 8 312.5

6 (1151) Barents Sea (NZ) surface
sediment

65 73‡30P00QN 52‡50P00QE 187 52 0.8 0.713130O 16 20 0.511920O 8 314.0

7 (1152) Barents Sea (NZ) surface
sediment

152 74‡00P00QN 53‡00P00QE 138 83 1.73 0.717730O 16 18 0.512107O 8 310.4

8 (1153) Barents Sea (NZ) surface
sediment

132 74‡00P00QN 53‡32P00QE 170 53 0.9 0.713431O 8 18 0.512096O 7 310.6

9 (1154) Barents Sea (NZ) surface
sediment

144 74‡30P00QN 54‡40P00QE 127 n.d. n.d. 0.716617O 9 23 0.512173O 7 39.1

10 (200811) Novaya Zemlya surface
sediment

53 75‡59P10QN 57‡98P30QE 96 141 4.25 0.733329O 13 30 0.512180O 7 38.9

11 (200822) Novaya Zemlya surface
sediment

53 76‡25P39QN 61‡23P72QE 92 n.d. n.d. 0.730455O 8 26 0.512182O 8 38.9

12 (200831) Novaya Zemlya surface
sediment

150 76‡47P50QN 6‡51P96QE 169 95 1.62 0.716309O 9 19 0.512455O 9 33.6

13 (280811) Franz Josef Land surface
sediment

49 80‡33P20QN 52‡83P30QE 101 87 2.47 0.718640O 9 16 0.512151O 8 39.5

Laptev Sea/Barents Sea
14 (ARK 2241) Barents Sea sea ice

sediment
surface ca. 81‡N ca. 31‡E 163 92 1.62 0.713129O 14 21 0.512215O 12 38.3

15 (ARK 2281) Barents Sea sea ice
sediment

surface ca. 82.5‡N ca. 38‡E 124 103 2.39 0.714886O 10 20 0.512155O 9 39.4

16 (ARK 2291) Barents Sea sea ice
sediment

surface ca. 82.5‡N ca. 39‡E 133 101 2.19 0.714894O 9 23 0.512191O 8 38.7

17 (ARK 2331) Barents Sea sea ice
sediment

surface ca. 82‡N ca. 42‡E 142 100 2.04 0.713991O 11 18 0.512199O 9 38.6

18 (ARK 2401) Kara Sea sea ice
sediment

surface ca. 77.8‡N ca. 101‡E 118 104 2.53 0.715311O 10 20 0.512183O 12 38.9

19 (ARK 2512) East Laptev Sea sea ice
sediment

surface ca. 77.5‡N ca. 125‡E 183 83 1.31 0.713602O 11 22 0.512042O 9 311.6
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Fluvial input is the most important transport
mechanism for sediment and fresh water supply
via the Siberian shelf areas to the Arctic Ocean.
The river discharge of fresh water into the Arctic
Ocean produces a low salinity surface layer that
promotes thermohaline strati¢cation of the Arctic
water masses and the formation of sea ice (e.g.,
Aagaard and Carmack, 1989; Spielhagen and Er-
lenkeuser, 1994). Sea ice accounts for ca. 99% of
modern perennial central Arctic Ocean ice cover,
while icebergs from glaciated continental areas
(today: Ellesmere Island, Greenland, Svalbard,
Svernaya Zemlya and Novaya Zemlya) contribute
only about 1% (Clark, 1990).
In the Arctic Ocean, ice rafting plays a key role

for shelf^ocean sediment transport and large
amounts of ¢ne-grained sediment are supplied to
the central Arctic Ocean by ice rafting (Clark,
1990; Nu«rnberg et al., 1994; Reimnitz et al.,
1994). Resuspended shelf sediments are incorpo-
rated into the newly formed sea ice by suspension
freezing on shallow shelf regions with 6 30 m
water depth, especially in the Laptev Sea (Nu«rn-
berg et al., 1994; Reimnitz et al., 1994; Eicken et
al., 1997). Sea ice export from the Laptev Sea
with the highest net-ice production of ca. 400
km3 a31 (Eicken et al., 1997) is of major impor-
tance and delivers 3^4 million tons of shelf sedi-
ment to the Arctic Ocean by sea ice rafting during
the winter season.
General pathways of sea ice motion are well

known by drift research and buoy data (Colony
and Thorndyke, 1985; P¢rman et al., 1997). Two
major current systems dominate the modern sur-
face water circulation in the Arctic Ocean: the
anticyclonic Beaufort Gyre over the Amerasian
Basin and various branches (Polar, Central and
Siberian branches) of the south-west trending
Transpolar Drift (TPD) over the Eurasian Basin
(Gordienko and Laktionov, 1969) (Fig. 1a). The
TPD transports newly formed sea ice from the
Siberian shelf areas via the central Arctic Ocean
to the Fram Strait within 2^3 years (Colony and
Thorndyke, 1985) where it ¢nally melts releasing
most of its debris in the ablation area of the sea
ice margin (Hebbeln and Wefer, 1991; P¢rman et
al., 1997). Hence, most of the central Arctic
Ocean sediments were derived from the continen-T
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tal shelf areas by sea ice rafting (e.g., Berner and
Wefer, 1990; Clark, 1990). In glacial periods, ice
rafting of icebergs from surrounding Eurasian ice
sheets, especially the SBIS, contributed great
amounts of IRD to the marine sedimentary rec-
ord at the Svalbard Margin (Lloyd et al., 1996;
Mangerud et al., 1998; Knies et al., 1999).

3. Materials and methods

The marine Arctic piston core PS1533, analyzed
in this study, was raised on Polarstern expedition
ARK IV/3 1987 at the Svalbard/Barents Sea Mar-
gin. Core location is on the Yermak Plateau north
of Svalbard in 2030 m water depth (Fig. 1a,b,
Table 1). In core PS1533 sediments are predom-
inantly silty clays to clayey silts with sporadic
dropstones and clay clasts. In glacial stage sedi-
ments the content of the s 63 Wm coarse fraction
reaches up to 30 wt% and, owing to a higher
input of IRD, the sedimentation rate exceeds the
average rate of 3.1 cm ka31 (Eisenhauer et al.,
1994). Due to missing foraminiferas in core inter-
vals with carbonate dissolution the age model of
core PS1533 sediments was established on the ba-
sis of 10Be-stratigraphy (Eisenhauer et al., 1994)
and the SPECMAP time scale (Imbrie et al.,
1984). The core represents a continuous sedimen-
tary record of the last 140 ka, from marine iso-

tope stage (MIS) 1^6. 87Sr/86Sr and 143Nd/144Nd
ratios were measured on 34 core samples, cover-
ing these six MIS (Table 3). All Sr and Nd isotope
analyses were made on the 6 63 Wm grain-size
fraction.
In order to estimate possible grain-size e¡ects

on the Rb^Sr and Sm^Nd isotope systematics,
grain-size separates of two core sediment samples
(1-4 and 1-17) were made by gravimetric settling,
and analyzed for their isotopic compositions and
concentrations of Rb, Sr, Sm, and Nd (Table 2).
Sr and Nd isotope analyses of 24 modern Eur-
asian shelf and sea ice sediment samples were
made to characterize potential Eurasian source
regions (Table 1). The 12 surface sediment sam-
ples from Eurasian shelf areas were taken in
1991^1993 during several Russian and Norwegian
Arctic expeditions to the Eurasian continental
margin: six samples from fjords and shelf sites
of Novaya Zemlya, ¢ve samples from the Barents
shelf west of Novaya Zemlya and one from Franz
Josef Land (Fig. 1a). The 12 samples of sediment-
laden sea ice from Eurasian shelf areas were col-
lected on the ESARE-expedition in 1992 and the
ARK IX/4-expedition in 1993: four samples are
from the Barents Sea, one is from the Kara Sea
and seven are from the Laptev Sea. Exact sample
locations and water depths are given in Table 1
and shown in Fig. 1a,b.
All 6 63 Wm sediment samples were leached

Table 2
Rb, Sr and Sm, Nd concentrations and isotopic ratios of grain size fractions of two samples of core PS1533

wt.% Rb Sr 87Rb/
86Sr

87Sr/86Sr O 2c Sm Nd 147Sm/
144Nd

143Nd/144NdO 2c A
ð0Þ
Nd TNdDM

(ppm) (ppm) (ppm) (ppm) (Ga)

Sample 1-4
6 63 Wm 97.0* 119 105 3.26 0.724732O 14 n.d. 29.5 n.d. 0.512041O 5 311.7 n.d.
20^63 Wm 7.1 55 226 0.97 0.713879O 11 3.25 17.9 0.1101 0.512069O 8 311.1 1.58
2^20 Wm 50.5 106 165 2.57 0.719669O 12 4.42 25.2 0.1060 0.512043O 10 311.6 1.56
6 2 Wm 39.4 143 97 5.88 0.730086O 10 4.34 25.9 0.1014 0.512028O 10 311.9 1.51
Sample 1-17
6 63 Wm 99.4* 130 113 3.32 0.728261O 11 n.d. 33.0 n.d. 0.511994O 6 312.6 n.d.
20^63 Wm 6.8 58 151 1.52 0.719481O 11 3.62 20.4 0.1074 0.511971O 8 313.0 1.68
2^20 Wm 49.4 116 145 3.20 0.724219O 10 4.52 26.6 0.1027 0.511972O 7 313.0 1.61
6 2 Wm 43.2 128 104 4.94 0.732102O 10 4.52 27.6 0.0989 0.511989O 7 312.7 1.54

Grain-size separates were made by gravimetric settling in Atterberg tubes. Rb, Sr, Nd, and Sm concentrations were measured by
isotope dilution technique. Nd model ages (TDM) are calculated as TDM = (1/V)ln{[(143Nd/144Nd)sample3(143Nd/144Nd)DM]/[147Sm/
144Nd)sample3(147Sm/144Nd)DM]} using present day depleted mantle values of Goldstein et al. (1984): (143Nd/144Nd)DM = 0.513151
and (147Sm/144Nd)DM =0.21378. *= the di¡erence to 100 wt.% is the grain-size fraction s 63 Wm.
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with suprapure 1.3 N HCl at room temperature
for 1 h according to Asahara et al. (1995) and
Eisenhauer et al. (1999) remove Sr-containing,
authigenic marine mineral phases (e.g., biogenic
carbonates and Fe/Mn oxy-hydroxides). Excess
acid was removed by repeated washing with ultra-
pure water. This treatment removes sea water
Sr (leachates : 87Sr/86Sr = 0.70913^0.70933) that
would obscure the detrital Sr isotope provenance
signal. A 100-mg sample of the leached, de-carbo-
nated sediment was dissolved at 190‡C using a
HF^HNO3^HClO4 mixture in PTFE beakers.
To obtain Sr and Nd concentrations, samples
were analyzed by isotope dilution technique using
a mixed 87Rb^84Sr and 149Sm^150Nd spike added
before sample dissolution. Sr and Nd fractions
were separated by cation exchange chromatogra-
phy.
Sr and Nd were loaded on Ta-single and Re-

double ¢laments, respectively, and isotopic ratios
were measured in static mode on a Finnigan
MAT 262 RPQþ multicollector mass spectrome-
ter. Equipment reproducibility was determined
by measurement of the NBS-987 and La Jolla

standards which gave average values of 87Sr/
86Sr = 0.710249O 33 (2 S.D.ext, n=14) and 143Nd/
144Nd=0.511846O 18 (2 S.D.ext, n=13), respec-
tively. All procedure blanks were negligible (Nd
6 200 pg and Sr 6 400 pg). Measured 87Sr/86Sr
and 143Nd/144Nd ratios were corrected for mass
fractionation by normalizing to 86Sr/88Sr = 0.1194
and 146Nd/144Nd=0.7219, respectively, and for
spike contributions. Rb concentrations of the
6 63 Wm samples were measured by standard
XRF procedures while Sr, Sm, and Nd concen-
trations were measured by isotope dilution tech-
nique. Uncertainties are 6 6% for Sr and Rb and
6 0.5% for Sm and Nd concentrations. To check
reliability of results, duplicates where made of
some samples (Table 3). Larger di¡erences in Sr
and Nd concentrations and isotopic compositions
of some duplicates are probably due to grain-size
e¡ects because two aliquots of sample powder
were taken from the same safe-lock vessel after
centrifugation at the end of the leaching treat-
ment. Sample inhomogeneity was further avoided
by using the whole sample powder after centrifu-
gation. Hence, the uncertainty of isotopic compo-

Fig. 2. ANd versus 87Sr/86Sr diagram of the clay, ¢ne silt, coarse silt (¢lled symbols) and 6 63 Wm (open symbols) grain-size frac-
tions of two sediments from core PS1533. square= sample 1-4 (V15 ka, MIS 2), triangle= sample 1-17 (V71 ka, MIS 5). Error
bars are 2 S.D.ext external Nd standard reproducibility ( O 0.33 ANd-units) which is in the same range as sample reproducibility.
Gray shaded bars are the within sample variability of the ANd values between the grain-size fractions of each sample, indicating
the possible grain-size e¡ect.
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Table 3
Rb, Sr, and Nd concentrations and isotopic ratios for sediments of core PS1533

Sample Depth Age Sr Rb 87Rb/86Sr 87Sr/86SrO 2c Nd 143Nd/144NdO2c A
ð0Þ
Nd

(cm) (ka) (ppm) (ppm) (ppm)

Sediment core PS 1533
1-1 7 2.5 149 105 2.03 0.722593O 10 27.7 0.512010O 6 312.2
1-1 D 7 137 n.d. n.d. 0.725012O 11 25.5 0.511992O 6 312.6
1-2 23 8.6 121 114 2.72 0.725905O 11 28.8 0.511977O 6 312.9
1-3 44 13.5 137 117 2.48 0.719998O 14 27.1 0.512113O 15 310.2
1-3 D 44 134 n.d. n.d. 0.719530O 13 26.1 0.512075O 6 311.0
1-4 59 15.5 105 119 3.26 0.724732O 14 29.5 0.512041O 6 311.7
1-5 70 17.2 108 133 3.26 0.735760O 11 30.8 0.511947O 9 313.5
1-5 D 70 128 n.d. n.d. 0.731440O 12 26.8 0.511936O 8 313.7
1-6 83 18.6 108 111 2.96 0.724586O 11 30.8 0.512050O 5 311.5
1-6 D 83 108 n.d. n.d. 0.725564O 12 26.6 0.512061O 6 311.2
1-7 99 20.8 104 131 3.63 0.736938O 10 27.4 0.511892O 4 314.5
1-8 117 23.2 109 142 3.48 0.741186O 10 27.5 0.511877O 5 314.9
1-8 D 117 119 n.d. n.d. 0.740148O 13 31.7 0.511874O 8 314.9
1-8 D 117 120 n.d. n.d. 0.740081O 14 30.6 0.511870O 7 315.0
1-9 137 29.3 114 135 3.42 0.733351O 11 25.9 0.511873O 6 314.9
1-10 154 35.6 126 134 3.08 0.732555O 11 27.8 0.511900O 12 314.4
1-11 182 45.1 103 115 3.23 0.730117O 10 28.6 0.511998O 5 312.5
1-12 197 50.2 107 128 3.46 0.729820O 11 27.5 0.511976O 5 312.9
1-13 223 58.6 115 126 3.17 0.724349O 12 31.7 0.512052O 7 311.4
1-14 243 63.2 113 127 3.24 0.725116O 14 32.8 0.512060O 14 311.3
1-15 264 67.8 108 128 3.41 0.726654O 10 33.0 0.512033O 6 311.8
1-16 274 69.8 106 126 3.42 0.729863O 11 31.3 0.511994O 7 312.6
1-17 278 71.3 113 130 3.32 0.728261O 11 33.0 0.511994O 6 312.6
1-18 280 72.4 105 138 3.78 0.730891O 11 30.8 0.511995O 7 312.6
1-19 294 78.5 127 129 3.02 0.727583O 10 23.7 0.511950O 7 313.4
1-19 D 294 120 n.d. n.d. 0.727610O 9 23.8 0.511949O 7 313.4
1-19 D 294 123 n.d. n.d. 0.728774O 11 n.d. n.d. n.d.
1-20 314 87.6 124 124 2.88 0.728501O 11 28.8 0.511954O 6 313.3
1-21 334 96.6 130 119 2.65 0.727946O 10 28.7 0.511961O 7 313.2
1-22 354 105.8 131 132 2.91 0.728279O 13 32.1 0.511998O 19 312.5
1-23 374 114.8 125 131 3.01 0.727565O 14 30.3 0.511994O 7 312.6
1-24 378 116.4 122 136 3.21 0.729114O 12 30.2 0.511994O 6 312.6
1-25 384 119.4 132 141 3.14 0.726246O 10 25.4 0.511967O 5 313.1
1-25 D 384 127 n.d. n.d. 0.728182O 12 25.5 0.511961O 7 313.2
1-26 388 120.9 126 136 3.11 0.727580O 16 29.5 0.511964O 11 313.2
1-27 394 124.0 105 122 3.36 0.726498O 11 30.3 0.512000O 5 312.4
1-28 398 125.3 110 115 3.02 0.728796O 11 29.9 0.511998O 5 312.5
1-29 401 125.9 113 117 2.99 0.727383O 12 31.4 0.512013O 5 312.2
1-30 406 127.1 124 119 2.77 0.727320O 12 28.6 0.511996O 9 312.5
1-31 411 127.8 139 104 2.15 0.717276O 11 31.3 0.512119O 7 310.1
1-32 441 133.5 99 105 3.07 0.724287O 10 28.6 0.512126O 7 310.0
1-33 455 136.7 101 103 2.93 0.722031O 14 27.6 0.512163O 7 39.3
1-34 473 140.3 132 118 2.93 0.731754O 15 30.7 0.511915O 6 314.1
1-34 D 473 128 118 2.93 0.734228O 13 n.d. n.d. n.d.
Average value 124 117 3.07 0.72796O 1 29 0.512001O 7 312.5

Sample ages are interpolated according to the age model based on Be-stratigraphy of core PS1533 sediments (Eisenhauer et al.,
1994). In-run uncertainties given for Sr and Nd isotope ratios are 2c errors. Sr and Nd concentrations were measured by isotope
dilution, Rb was measured by XRF. D=duplicates, which are complete chemical and mass spectrometric procedures on di¡erent
sample aliquots. ANd values are calculated as ANd = [[143Nd/144Ndsample/143Nd/144NdCHUR]31]U104 using the present-day CHUR
value 143Nd/144NdCHUR =0.512638 (Jacobsen and Wasserburg, 1980).
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sition and concentration increased signi¢cantly
(sample 19 and 25, Table 3). According to dupli-
cates, the true external reproducibility for 143Nd/
144Nd ratios is 6 0.002%, which corresponds to
6 0.2 ANd units and is in the range of external
reproducibility of O 0.33 ANd units.

4. Results

4.1. Relation of sediment particle-size and Rb^Sr
and Sm^Nd isotope systematics

To estimate the 87Sr/86Sr and ANd variations
that may result from grain-size e¡ects we analyzed
the Rb^Sr and Sm^Nd isotopic compositions of
three size fractions: 6 2, 2^20, and 20^63 Wm
from the two core samples 1-4 (V15 ka, MIS 2)
and 1-17 (V71 ka, MIS 5) with similar grain-size

distribution (Table 2). 87Sr/86Sr and 87Rb/86Sr ra-
tios are inversely correlated with sediment par-
ticle-size and decrease, respectively, from 0.730
(6 2 Wm) to 0.714 (20^63 Wm) and 5.88 to 0.97
in sample 1-4, and from 0.732 to 0.719 and 4.94 to
1.52 in sample 1-17 (Table 2). The magnitude of
change in 87Sr/86Sr between the coarse silt and the
clay fraction of one single sample (Fig. 2, Table 2)
is similar to the range of all 34 core bulk samples
(6 63 Wm) (Table 3). This grain-size in£uence on
87Sr/86Sr ratios must be considered when inter-
preting Sr-isotope compositions in terms of prov-
enance and only well de¢ned grain-size fractions
should be compared.
In contrast, there is no signi¢cant dependence

of Sm^Nd isotopic ratios on particle grain-size,
because these elements seem not to be fractionat-
ed between mineralogically di¡erent grain-size
fractions during the sedimentary cycle. With de-

Fig. 3. Downcore variation in 87Sr/86Sr ratio and ANd values of the 6 63-Wm sediment fraction in core PS1533 over the last 140
ka. Gray shaded horizontal bands correspond to the glacial isotope stages. Black square= samples from glacial maxima and ter-
minations with maximum Svalbart/Barents sea ice sheet extension onto the shelf and highest shelf sediment input; gray square=
samples from SBIS build-up with highest input of Svalbard material; open square= samples from interglacial periods with aver-
age core sedimentation. Vertical dotted lines represent average isotopic values of the core sediments (ANd =312.5; 87Sr/
86Sr = 0.728). Error bars are 2c ; for the 87Sr/86Sr ratio they are smaller than symbol-size. SBIS glaciation curves of the northern
Barents Sea shelf after Knies et al. (2000) and for western Svalbard after Mangerud et al. (1998). Downcore variation of Sr and
Nd isotopic data of core PS1533 sediments correlates well with the SBIS glaciation curve of the northern Barents Sea, while gla-
cier extensions of the western Svalbard glaciers in MIS 5d and 5b found by Mangerud et al. (1998) are not re£ected in PS1533
sediments. But the two build-up phases of the SBIS in MIS 2 between 27 and 23 ka and 19 and 16 ka seem to be recorded in
PS1533 sediments (black arrows).
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creasing grain-size ANd values and 147Sm/144Nd
ratios decrease from 311.1 to 311.9 and 0.1101
to 0.1014, respectively, in sample 1-4. Corre-
sponding Nd-model age (TDM) decreases from
1.58 to 1.51 Ga. In sample 1-17, ANd values in-
crease slightly with decreasing size fractions from
313.0 to 312.7, which is within analytical error
(Fig. 2), while 147Sm/144Nd ratios decrease from
0.1074 to 0.0989. The corresponding TDM de-
creases from 1.68 to 1.54 Ga (Table 2).

4.2. Temporal variations of Sr and Nd isotopic
composition in core PS1533

The Sr and Nd isotopic compositions of the
core sediments are reported in Table 3. 87Sr/86Sr
and ANd values show a temporal variation over a
wide range from 0.717 to 0.740 and 39.3 to
314.1, averaging 0.728 and 312.5, respectively
(Fig. 3). Core ANd values are inversely correlated
with 87Sr/86Sr ratios (Fig. 3), and vary strongly
during MIS 2 and 6 triggered by the growth
and decay of the SBIS according to the glaciation
curves of Mangerud et al. (1998) and Knies et al.
(2000) (Fig. 3). Maximum extension of the Sval-

bard glaciers onto the Barents shelf is coupled
with an increase of ANd values and a decrease of
87Sr/86Sr ratios. Samples of MIS 4 show the same
but weaker trend, re£ecting smaller extension of
SBIS compared to MIS 2 and 6. During intergla-
cials MIS 1 and 5 and to lesser extent in MIS 3,
87Sr/86Sr ratios and ANd values deviate only
slightly from average values (Fig. 3, Table 3).
According to their isotopic composition and

MIS, the core samples can be divided into three
main groups (I^III) (Fig. 4). Interglacial group (I)
contains all samples from interglacial periods
(MIS 1, 3 and 5) with intermediate 87Sr/86Sr ratios
(0.723 to 0.730) and ANd values (312.2 to 313.4).
Glacial onset group (II) comprises samples from
the beginning of glacial MIS 2 and 6 and one
sample from upper MIS 3 with lower ANd values
(less than 313.5) and higher 87Sr/86Sr ratios
(0.732 to 0.740) compared to interglacial samples
of group I. Glacial maximum group (III) contains
samples of the ultimate and penultimate glacial
maximum of MIS 2 and 6, including termination
I and II. These samples have the highest ANd val-
ues (greater than 310.5) and the lowest 87Sr/86Sr
ratios (0.717 to 0.724). Subgroup (IIIa) comprises

Fig. 4. ANd versus 87Sr/86Sr diagram. Symbols are the same as in Fig. 3. The core samples are classi¢ed into three main groups
according to their isotopic composition and marine isotope stages: interglacial group (I), glacial onset group (II) and glacial max-
imum group (III), (IIIa) is a subgroup of group (III). Arrows (1)^(3) mark the shift of Sr and Nd isotopic composition during
the large glacial^interglacial cycles.
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samples of MIS 4 and two samples of MIS 2
showing a similar but weaker trend towards high-
er ANd values and lower 87Sr/86Sr ratios compared
to group (III) samples (Fig. 4).
The Sr and Nd isotope record of the core sedi-

ments show large glacial^interglacial changes
(Fig. 3) following a characteristic pattern between
these groups (I^III) (Fig. 4). Such a glacial^inter-
glacial cycle starts in the interglacial period
(group I) around the core average values of
ANd =312.5 and 87Sr/86Sr = 0.728. Due to increas-
ing input of less radiogenic Nd and more radio-
genic Sr, ANd values reached minimum values of
314.9 but maximum 87Sr/86Sr ratios of 0.740
(group II) at or shortly after the interglacial/gla-
cial transition. Within glacial MIS 2 and 6, 87Sr/
86Sr ratios decreased to lowest values of 0.719 and
0.717 and ANd values increased to highest values
of 310.6 and 310.1 in the glacial terminations I
and II, respectively (group III). Data for the two
core samples 1-3 (V13.5 ka) and 1-30 (V128.5

ka) of termination I and II, respectively, fall in the
¢eld of Eurasian shelf sediments (Fig. 5), indicat-
ing dominant input of Eurasian shelf material
during the ultimate and penultimate deglaciation
event of the SBIS. At glacial/interglacial bounda-
ries MIS (2/1) and MIS (6/5e), after glacial termi-
nation I and II, core 87Sr/86Sr ratios abruptly in-
creased and ANd values decreased to interglacial
average values (Fig. 3), indicating a return to an
interglacial sedimentation regime (group I).
The downcore variations of ANd values cannot

be attributed to grain-size e¡ects because the
range of 4.8 ANd units is much larger than possible
grain-size e¡ects (6 0.8 ANd units, Fig. 2). The
di¡erences in ANd values must, therefore, re£ect
changes in sediment provenance from isotopically
distinct crustal sources between interglacial and
glacial periods. Similar glacial^interglacial cycles
of Sr and Nd isotopic composition due to chang-
ing provenance and transport mechanisms were
observed in contemporaneous marine Antarctic

Fig. 5. ANd versus 87Sr/86Sr diagram summarizing the isotope compositions of the core sediments in relation to whole rock, river,
shelf and sea ice sediment samples covering the circum-Arctic region. Eurasian shelf sediment data are from this study and Eisen-
hauer et al. (1999); Svalbard data from Johansson et al. (1995, 2000) and Johansson and Gee (1999), Johansson (personal com-
munication); Greenland data from McCulloch and Wasserburg (1978), Goldstein and Jacobsen (1988), and Weis et al. (1997);
Scandinavian data from Miller et al. (1986), Novaya Zemlya data from this study, MORB data from Revel et al. (1996b), Ice-
land data from Revel et al. (1996b) and references therein, Siberian £ood basalt data from Sharma et al. (1992) and Buechel
(personal communication).

MARGO 3009 2-5-02

T. Tu«tken et al. /Marine Geology 182 (2002) 351^372 361



sediments (Walter et al., 2000) as well as on larger
time scales in Arctic marine sediments by Winter
et al. (1997).

4.3. Sr and Nd isotopic composition of modern
Arctic shelf and sea ice sediments

The 87Sr/86Sr and ANd values of all modern shelf
and sea ice sediment samples are given in Table 1
and sample locations are shown in Fig. 1a. The 12
modern Eurasian shelf sediments from or near
Novaya Zemlya vary over a wide range of 0.713
to 0.733 and 33.6 to 314.0, respectively. The
three fjord samples (2, 3 and 4) of eastern Novaya
Zemlya have 87Sr/86Sr ratios and ANd values of
0.713 to 0.731 and 34.0 to 37.2, respectively.
The ¢ve samples (5^9) from the shelf west of No-
vaya Zemlya have di¡erent isotopic compositions
(87Sr/86Sr = 0.713 to 0.717; ANd =39.1 to 314.0)
with much lower ANd values similar to Eurasian
shelf and sea ice samples. The other three Novaya
Zemlya coastal samples (10^12) have an isotopic
composition similar to those of the eastern fjord
samples (Table 1). The isotopic composition of
sample (13) from Franz Josef Land is similar to
the isotopic composition of Eurasian shelf and sea
ice sediments (Table 4).
Sediment-laden sea ice from the Eurasian shelf

areas (Barents, Kara and Laptev Seas) supplying
the Siberian branch of the TPD with sea ice has a
narrow range of Sr and Nd isotopic composition
(87Sr/86Sr = 0.713 to 0.715; ANd =38.3 to 39.4),
except for samples 19, 23, 24, and 25 from the
eastern Laptev Sea for which ANd values are lower
(ANd =311.6 to 313.4) and 87Sr/86Sr ratios are
higher (87Sr/86Sr = 0.719 and 0.717; samples 23
and 25) (Table 1). Although geographically wide-
spread, the sea ice samples have Sr and Nd iso-
topic compositions that are similar to those of
their Eurasian shelf source regions (especially
the Laptev Sea) (Table 4 and Fig. 5).

5. Discussion

5.1. Sr and Nd isotopic composition and sediment
particle size

Grain-size e¡ects on 87Sr/86Sr ratios of sedi-
ments due to varying mineralogical and hence
chemical composition of di¡erent size fractions
(Dasch, 1969; Goldstein et al., 1984; Douglas et
al., 1995; Eisenhauer et al., 1999) are con¢rmed in
this study. This phenomenon results in a large
spread in 87Rb/86Sr and 87Sr/86Sr ratios between
the di¡erent grain-size fractions (Fig. 2, Table 2),

Table 4
Average Sr and Nd concentration and isotopic composition of core PS1533 sediments, Svalbard bedrocks, and modern Arctic
shelf and sea ice sediments

Sample type Values Sr 87Sr/86Sr Nd A
ð0Þ
Nd

(ppm) (ppm)

Core 1533 sedimenta n=34 124 0.72802 29 312.5
Svalbard bedrockb n=58 132 0.75251 49 314.6
Arctic Ocean sea icea n=12 148 0.71495 23 310.0
West Laptev Sea icea n=3 131 0.71436 22 39.0
West Laptev Sea shelfc n=3 168 0.71450 n.d. 39.4
East Laptev Sea icea n=4 174 0.71617 26 312.3
East Laptev Sea shelfc n=3 158 0.71750 n.d. 312.2
Barents Sea icea n=4 140 0.71423 21 38.7
Kara Sea icea n=1 118 0.71531 20 38.9
Novaya Zemlya fjords and shelfa n=6 97 0.72498 22 36.4
Eurasian shelf sediments
(+Arctic Ocean sea ice)a;b

n=31 159 0.71585 21 310.3

a Data from this study.
b Data from Johansson et al. (1995, 2000); Johansson and Gee (1999); Johansson, personal communication.
c Data from Eisenhauer et al. (1999). For ANd and 87Sr/86Sr weighted average values have been calculated based on the relative

concentration of Nd and Sr in the rocks.

MARGO 3009 2-5-02

T. Tu«tken et al. /Marine Geology 182 (2002) 351^372362



although all size fractions probably come from
the same source. 87Sr/86Sr ratios are only suitable
to distinguish di¡erent sediment sources when
data from the same grain-size fraction are com-
pared.
In contrast, Sm and Nd seem not to be frac-

tionated between mineralogically di¡erent silt and
clay size fractions. Hence, the ANd values of all
three grain-size fractions (6 2, 2^20, 20^63 Wm)
are almost identical in one sample (0.3 ANd units
in 1-17 and 8 ANd units in 1-4) (Fig. 2). The grain-
size fractions of each bulk sample all overlap
within analytical error (Fig. 2), except the coarse
silt fraction of sample 1-4 which has a higher ANd
value, probably indicating a di¡erent source com-
pared to the ¢ne fractions. This con¢rms that all
three size fractions of each sample have a crustal
source with similar Sm^Nd systematics and thus
the same crustal residence times (TDM) and ANd

values (McCulloch and Wasserburg, 1978; Gold-
stein and Jacobsen, 1988). Therefore, di¡erences
in Nd isotopic ratios in the sediments are caused
by input from source regions with di¡erent Sm^
Nd systematics. The di¡erence in ANd values (0.9
ANd units) between the two bulk (6 63 Wm) sam-
ples 1-4 and 1-17 (Fig. 2, Table 2) is three times
larger than analytical error ( O 0.3 ANd units) and,
therefore, indicates a variation in sediment prov-
enance between MIS 2 and MIS 5, respectively.
This di¡erence cannot be attributed to grain-size
e¡ects because these samples have very similar
grain-size distributions (Table 2). Furthermore,
the di¡erences in ANd between the same size frac-
tions of these samples are 0.8^1.9, increasing from
the clay to the coarse silt fraction (Fig. 2, Table 2).
This supports a di¡erent source origin of all the
size fractions of each sample. The increasing dif-
ference between the clay and silt fractions might
be interpreted as a grain-size e¡ect but may also
be due to di¡erent sources of the size fractions.
This has to be veri¢ed by sediment samples where
all size fractions de¢nitely come from the same
crustal source to avoid di¡erent provenance of
the grain-size fractions. Walter et al. (2000) found
no signi¢cant di¡erences between the Nd isotopic
composition of the clay and silt fraction of a till
sample, which supports the idea of grain-size-in-
dependent Nd isotopic composition.

The fact that both Sr and Nd isotopic compo-
sitions of the core sediments are changing in par-
allel (Fig. 3) must be related to variations in sedi-
ment provenance rather than to grain-size e¡ects
which would merely cause a change in Sr isotopic
composition without signi¢cant changes in ANd

values. The Nd isotopic composition of grain-
size separates can, therefore, provide more infor-
mation about the sedimentary history than bulk
samples and thus allow for a distinction of prov-
enance and transport processes for di¡erent size
fractions (McLennan et al., 1989; Revel et al.,
1996a; Fagel et al., 1999; Innocent et al., 2000;
Walter et al., 2000).

5.2. Potential sediment sources for the Arctic
Ocean

5.2.1. Sr and Nd isotopic composition of circum
Arctic crustal terranes

ANd values and 87Sr/86Sr ratios of sediment sam-
ples and potential circum-Arctic source regions
are graphically displayed in Fig. 5. In this dia-
gram, data points for all samples of core PS1533
form an array between the two potential isotopic
end-members: Eurasian shelf sediments (weighted
average: 87Sr/86Sr = 0.71585; ANd =310.3) and
Svalbard bedrock (weighted average: 87Sr/
86Sr = 0.75251; ANd =314.6) (Table 4).
The Eurasian shelf end-member comprises shelf

surface sediments and sea ice samples from the
Barents, Kara and Laptev Seas (Fig. 1a). These
¢ne-grained sediments have 87Sr/86Sr ratios of
0.713 to 0.719 and ANd values ranging from
38.3 to 313.4 (Table 1). Sea ice samples of the
Siberian branch of the TPD form a more re-
stricted group within the shelf sediments with
87Sr/86Sr ratios of 0.713 to 0.715 and ANd values
of 38.3 to 39.4, which re£ect their dominant
western Laptev Sea origin. The average 87Sr/86Sr
ratio of 0.716 and ANd value of 310.3 for all Eur-
asian shelf and sea ice sediments (Table 4) are
equivalent to average global river SPM with
87Sr/86Sr of 0.716 and ANd of 310.6 (Goldstein
and Jacobsen, 1988). Eurasian shelf sediments as
natural mixed samples of the drained continental
crust in the vast Siberian hinterland have a nar-
row range of Sr and Nd isotope composition
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which is distinct from those of other source ter-
ranes like Greenland or Svalbard (Fig. 5), which
partly consist of very old Precambrian crustal
rocks. Therefore, the Svalbard Archipelago close
to the core location is the most likely end-member
for sediments with a high 87Sr/86Sr ratio and low
ANd value. Because there are no isotope data for
sediments from Svalbard, whole rock Sr and Nd
isotope data are used to characterize Svalbard as
sedimentary source region.
The bedrock geology of Svalbard can be divid-

ed in three litho-tectonic sequences: post-Devon-
ian sedimentary cover rocks, Devonian Old Red
Sandstone sequences and pre-Devonian basement
rocks of Palaeoproterozoic to Early Palaeozoic
age that form three Caledonian terranes (e.g.,
Harland, 1985). The Lower Hecla Hoek For-
mation/Stubendor¡breen Supergroup/Atomfjella
Complex in western Ny Friesland (Eastern Ter-
rane) is a 15^20-km-thick metamorphic rock
unit consisting of Palaeoproterozoic to Early Pa-
laeozoic meta-sedimentary and meta-igneous
rocks that form a tectonostratigraphic succession
of alternating basement and cover units, thrusted,
folded, and metamorphosed during the Caledo-
nian orogeny (Gee et al., 1994). These Proterozoic
crystalline basement rocks with U^Pb zircon ages
of 1720^1780 Ma, have present-day 87Sr/86Sr ra-
tios of 0.742 to 1.369 and present-day ANd values
of 318.6 to 324.6 (Johansson et al., 1995; Jo-
hansson and Gee, 1999). On Nordaustlandet
(Eastern Terrane), a Grenville-age (V950 Ma)
basement of meta-volcanic and granitic rocks is
overlain by Neoproterozoic to Early Palaeozoic
sediments and intruded by Caledonian (V420
Ma) granites (Gee et al., 1995; Johansson et al.,
2000). The Grenvillian and Caledonian igneous
rocks all have present-day ANd values between
36.1 and 313.8 (Johansson et al., 2000). All these
rocks outcrop in the northern areas of the Sval-
bard archipelago and are likely to represent the
Svalbard end-member (Fig. 5). They are the most
probable source for rock material with high 87Sr/
86Sr ratios and low ANd values eroded during
Pleistocene glaciations of the Svalbard archipela-
go and supplied to the Svalbard Margin sedi-
ments. This is in agreement with the petrography
of dropstones (metamorphic and magmatic rock

fragments) of glacial MIS sediments in the Fram
Strait (Bischof et al., 1990). Further evidence for
an input of crystalline bedrock material of Sval-
bard origin by increased iceberg transport in-
cludes, high quartz and amphibole and reduced
feldspar contents in IRD-rich MIS 2 sediments
of neighboring core PS 2212-3 from Yermak Pla-
teau (Vogt et al., 2001).
Siberia might have also contributed some crys-

talline IRD from glaciated areas in the region of
the Kara/Barents Sea to Arctic Ocean sediments
(Spielhagen et al., 1997). Contributions of Sibe-
rian material are also indicated by the presence
of mature coal fragments originating from Sibe-
rian outcrops (Bischof et al., 1990). Siberia was
partially glaciated during MIS 6, 4 and perhaps to
a lesser extent in MIS 2 (Velichkov et al., 1997),
but the glaciation is still in debate and was prob-
ably restricted on mountain areas, hence glaciers
did not reach the shelf edge to contribute large
amounts of IRD, therefore this source is not con-
sidered as important.
Contribution of material from the Amerasian

and Greenland area is not likely because ANd val-
ues of less than 320 are typical for these domi-
nantly Precambrian rocks (Fig. 5). However, there
are also some younger rocks of Phanerozoic age
that crop out in the northeastern part of Green-
land. Contribution of these rocks to the sedimen-
tary record of core PS1533 is unlikely because
IRD of the Svalbard Margin sediments contains
no characteristic Amerasian rock material (Spiel-
hagen, 1991; Kubisch, 1992) and Arctic Ocean
surface circulation patterns (Fig. 1a) limit ice
and sediment transport from the Amerasian Basin
towards the Eurasian Margin.
Novaya Zemlya sediments show too high ANd

values and fall above the isotopic mixing line
(Fig. 5). The Scandinavian shield is also not a
relevant sediment source due to missing particle
pathways although the presence of chalk frag-
ments in Fram Strait sediments west of Svalbard
show the possibility of northward sediment trans-
port by ice rafting from Cretaceaous outcrops as
far south as the North Sea area during glacial
times (Spielhagen, 1991; ElverhIi et al., 1995).
However, this kind of transport was rare.
Input of mantle-derived Sr and Nd is not sig-
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ni¢cant in the Arctic Ocean, due to the exception-
ally slow spreading rate (1^3 mm a31) of the
Nansen-Gakkel Ridge (Fig. 1b), that results in
reduced ocean-£oor volcanogenic and hydrother-
mal activity. There are also no subduction zones
and/or volcanic arcs exposed to weathering in the
circum-Arctic region, which could contribute
mantle-derived material to the Arctic sediments.
Therefore, the extended Permo-Triassic £ood ba-
salts of the Putorana plateau (Fig. 1a) are the
only important exposed source for mantle-derived
Sr and Nd (87Sr/86Sr V0.705; ANd V0; Sharma
et al., 1992; Buechel, personal communication) to
the eastern Arctic Ocean. The £ood basalt weath-
ering products, especially smectite, are found in
many marine Arctic sediments and are a good
tracer of a Laptev Sea/Kara Sea origin for these
sediments (e.g., Wahsner et al., 1999).

5.2.2. Sr and Nd isotopic composition of modern
Eurasian shelf and sea ice sediments
The Khatanga and the Yenisey River, drain the

£ood basalts of the Putorana plateau (Fig. 1a)
and basalt weathering products strongly in£uence
the mineralogical and geochemical composition of
the shelf and sea ice sediments in the western
Laptev Sea (e.g., Behrends et al., 1999; Eisenhau-
er et al., 1999; Ho« lemann et al., 1999; Rachold,
1999; Wahsner et al., 1999). The isotopic di¡er-
ences between western Laptev Sea ice samples
(average 87Sr/86Sr = 0.714 and ANd =39.0) and
eastern Laptev Sea ice (average 87Sr/86Sr = 0.717
and ANd =312.2) re£ect the isotopic di¡erences
among of the Laptev Sea shelf sediments. Eastern
Laptev Sea sediments (87Sr/86Sr = 0.717, ANd =
312.5, Eisenhauer et al., 1999) are dominantly
controlled by the Lena river SPM, which has
87Sr/86Sr ratios of 0.716 to 0.717 (Rachold et al.,
1998; Rachold, 1999). Western Laptev Sea sedi-
ments (87Sr/86Sr = 0.715; ANd =38.7; Eisenhauer
et al., 1999) contain more weathering products
from the Siberian £ood basalts, especially smec-
tite, and have lower 87Sr/86Sr ratios and higher
ANd values compared to the eastern Laptev Sea.
Therefore, the sediments in the sea ice of the Si-
berian branch of the TPD have a narrow range of
isotopic compositions (87Sr/86Sr = 0.714O 0.001;
ANd =39.0 O 0.5) which together with a high con-

tents of smectite and clinopyroxene (Nu«rnberg et
al., 1994; Letzig, 1995; Behrends et al., 1999) in-
dicate an origin from the western Laptev Sea and/
or the isotopically and mineralogically indistin-
guishable material from the eastern Kara Sea
shelf (Behrends et al., 1999; Eisenhauer et al.,
1999; Wahsner et al., 1999).
Sediment input to the Arctic Ocean by ice raft-

ing from the Kara Sea is of minor importance due
to greater water depth and hence less favorable
conditions for sediment entrainment by suspen-
sion freezing (P¢rman et al., 1997). Therefore,
the similarity of the Sr and Nd isotopic composi-
tions of western Laptev Sea surface sediments and
sediment-laden sea ice from the Siberian branch
of the TPD support the idea that the formation of
sediment-laden sea ice by suspension freezing on
the western Laptev Sea shelf is a major source for
Arctic Ocean sediments (Nu«rnberg et al., 1994;
Eicken et al., 1997). The Sr and Nd isotope com-
positions of ice rafted shelf sediments trace par-
ticle pathways from river-borne Siberian SPM to
the open Arctic Ocean by the TPD and can
clearly be distinguished from other potential cir-
cum-Arctic end-members such as Svalbard,
Greenland or Novaya Zemlya (Fig. 5).

5.3. Interglacial sedimentation regime at the
Svalbard Margin

During interglacial phases sediment input
through sea ice rafting is assumed to dominate
the sediment budget to the deep sea of the Arctic
Ocean (Clark, 1990; Berner and Wefer, 1990),
whereas input of IRD by iceberg rafting is re-
duced to a minimum.
If sea ice rafting is the most important process

of sediment transport, then the Arctic Ocean sedi-
ments should have Sr and Nd isotopic composi-
tions similar to those of the Eurasian shelf sedi-
ments. However, the average isotopic composition
of interglacial core sediments deviates from the
characteristic average isotopic composition of
modern Arctic Ocean sea ice from the TPD
(Table 4, Fig. 5). This indicates an additional in-
put of Svalbard material during interglacial peri-
ods, having more radiogenic Sr, but lower ANd

values. Sr and Nd mixing calculations show that
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during MIS 1, 3, and 5 about 75 to 55% of the
sediment is delivered by sea ice via the TPD while
the 25 to 45% originates from local Svalbard
sources (Fig. 5).

5.4. Glacial sedimentation regime at the Svalbard
Margin

With the onset of glaciation, increasing
amounts of bedrock from the Svalbard archipela-
go were eroded, because the Svalbard ice sheet
extended up to the shelf edge during glacial max-
ima of MIS 2, 4, 6, and probably also during MIS
5 (Lloyd et al., 1996; Mangerud et al., 1998;
Knies et al., 1999) (Fig. 3). Increased iceberg raft-
ing contributed sediment from Svalbard crustal
rocks with high 87Sr/86Sr ratios and low ANd val-
ues during the glacier advance. However, the
trend of decreasing 87Sr/86Sr ratios and increasing
ANd values in core PS1533 sediments towards the
glacial maxima of MIS 2, 4, and 6, especially in
termination I and II (Fig. 3) indicates higher in-
put from Eurasian shelf material. This re£ects a
change in the sediment source from the local Sval-
bard end-member to increased input from the
Eurasian shelf end-member. There are three pos-
sible explanations for the increase in Eurasian
shelf sediments: (1) intensi¢ed ice rafting of shelf
sediments by sea ice and/or calving icebergs of the
advancing Svalbard/Barents Sea ice sheet; (2) en-
forced downslope transport by stronger ocean
and/or turbidity current activity; and (3) glacial
erosion of rocks with isotopic compositions sim-
ilar to those of the Eurasian shelf sediments.
Possibility 1, ice(-berg) rafting, best explains the

observed changes in isotopic, mineralogic and
sedimentologic features of the core sediments.
Sediment input by sea ice rafting during glacial
periods was of minor importance due to the eu-
static drop in sea level (V120 m; Fairbanks,
1989) and shelf exposure. Eurasian shelf areas
fell dry, which shifted the loci of sea ice formation
towards the Arctic Ocean and decreased suspen-
sion freezing into sea ice. Hence, the production
of sediment-laden sea ice in the Laptev Sea/Kara
Sea area was drastically reduced and sea ice raft-
ing cannot account for the isotopic shift towards
the Eurasian shelf end-member. Furthermore, the

composition of the Arctic ice cover (i.e. iceberg/
sea ice ratio) changed. A greater percentage of
icebergs was released from the circum-Arctic ice
sheets of Scandinavia, North America, Green-
land, and the Barents/Kara Sea in response to
extended glaciation of the surrounding continents
(e.g., CLIMAP Project Members, 1981; Stein et
al., 1994c) and iceberg transport of sediment be-
came more important. We assume that during the
last glacial maximum, the sediment £ux from Eur-
asian shelf areas was reduced due to shelf expo-
sure and reduced £uvial run o¡.
Despite discrepancies between glacial-maximum

ice sheet reconstructions the entire Barents Sea
area was covered by an ice sheet during the late
Weichselian (e.g., ElverhIi et al., 1993; Landvik
et al., 1998; Forman et al., 1999; Svendsen et al.,
1999). A maximum ice sheet thickness of 2 km
was inferred from isostatic crustal response mod-
els and postglacial emergence, which indicate
maximum ice sheet loading over the central
Barents Sea and eastern Svalbard (Lambeck,
1995; Peltier, 1996). Increased in£ux of warm At-
lantic water with the West Spitsbergen Current
via the Fram Strait resulted in seasonally open-
water conditions as far north as the Yermak Pla-
teau (Vogt et al., 2001) and had an important
in£uence on the moisture supply, triggering the
build-up of the SBIS (cf. Hebbeln et al., 1994).
The upper Weichselian build-up of the northwest-
ern SBIS was a two-step process between 27 and
23 ka and 19 and 16 ka (Hebbeln et al., 1994;
ElverhIi et al., 1995). This correlates well with
the £uctuations of the Sr and Nd isotopic compo-
sition in MIS 2, which show peaks of Svalbard
material during these two build-up phases of the
SBIS in core sample 1-5 (V17.2 ka) and sample
1-8 (V23.2 ka) (Fig. 3). The stability of this shelf-
based ice sheet was strongly controlled by mois-
ture supply and sea level changes (Hebbeln et al.,
1994). Hence ice recession took place by rapid
calving during sea level rise. During MIS 2 the
decay of the SBIS started at 14.5 ka BP (Hebbeln
et al., 1994; ElverhIi et al., 1995), which was fol-
lowed by a second melting event around 13 ka
(NIrgaard-Pedersen et al., 1998) that resulted in
a rapid retreat of the western SBIS glaciers be-
tween 13 and 12 ka (Mangerud et al., 1998) and
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a complete break-down of the SBIS after 10 ka.
Great amounts of icebergs and melt water spikes
were released to the Arctic Ocean during the melt-
down of the SBIS and caused IRD peaks and low
N
18O values of foraminifera in the marine record
around Svalbard (Stein et al., 1994b; ElverhIi et
al., 1995; Lloyd et al., 1996; Vogt et al., 2001).
According to our Sr and Nd isotopic data the
shelf sediment input reached a maximum during
glacial terminations I and II in good agreement
with a Laptev/Kara Sea shelf sediment related
smectite peak in termination I sediments of the
neighboring core PS 2212-3 from Yermak Plateau
(Vogt et al., 2001). The isotopic shift towards the
Eurasian shelf sediment end-member during ter-
minations I and II, is probably caused by rapid
disintegration of the shelf-based SBIS. Especially
the meltdown of the northern SBIS margin in the
Barents/Kara Sea caused the release of a great
number of icebergs with high contents of IRD
(incorporated shelf material). This IRD is respon-
sible for the high input of sediment with an iso-
topic composition of Laptev Sea/Kara Sea mate-
rial that correlates well with high sand contents
(Table 4) in glacial termination core sediments
(Fig. 4). There is also evidence for an ice sheet
covering the Kara Sea shelf, especially in MIS 4
(Svendsen et al., 1999), which might have contrib-
uted such shelf sediments. Furthermore, there was
an extensive shelf sediment reworking because of
the melt water release and the £ooding of the
western Siberian shelves due to the contempora-
neous sea level rise (cf. Forman et al., 1999). After
termination and the Holocene £ooding of the
Laptev Sea shelf there was a return to the modern
interglacial sedimentation regime, which resulted
in a rapid increase of 87Sr/86Sr ratios and a drop
of ANd values towards core average values in the
Holocene (Fig. 3). According to similar changes
of the Sr and Nd isotopic composition in termi-
nation II (Fig. 3), a scenario as described above
can be assumed also for the penultimate glacial^
interglacial cycle.
With regard to point 2, little is known about

ocean current activity at the Svalbard Margin and
its sediment transport capacity. In general, bot-
tom currents can make large contributions to
the clay and silt fraction of marine sediments

(e.g., Revel et al., 1996a; Innocent et al., 1997).
For example, the formation of a cold and dense
nepheloid layer in front of the Barents Sea ice
sheet and the release of turbid plumes of sub-
glacial melt water may have been possible
(ElverhIi et al., 1993). Although this transport
mechanism cannot account for the high IRD
content, it may have contributed to the sediment
¢ne fraction. Since the core location is on a sub-
marine swell of the Yermak Plateau, it excludes
strong turbidity currents as a major transport
process.
For point 3, the contribution of material from

another sediment source with similar isotopic
composition as Eurasian shelf sediments is consid-
ered unlikely because the other potential source
terranes have distinct isotopic compositions di¡er-
ent from those of Eurasian shelf sediments. Be-
cause there is a lack of isotopic data from Barents
shelf bedrocks, they cannot be excluded as source
for IRD, since the Barents shelf was covered by
the SBIS. The Barents shelf itself consists domi-
nantly of Late Triassic to Early Cretaceous sedi-
mentary rocks (coal-bearing sandstones with in-
terbedded shales and carbonates) and some
Tertiary sandstones and volcanic rocks in the
northern and north-western part, overlain by a
thin Quaternary sediment cover (Vorren et al.,
1993). During glaciation there has been a supply
of Barents Sea shelf bedrock material as IRD to
Arctic sediments as indicated by detrital Mesozoic
carbonates (e.g., ElverhIi et al., 1995; Vogt,
1997). Such material has not been found in core
PS1533 though.
Therefore low 87Sr/86Sr ratios and high ANd val-

ues, high IRD content and low N
18O values of

foraminifera in glacial sediments at the Svalbard
Margin most likely originate from melting events
of the SBIS and the Kara Sea ice sheet which
delivered spikes of reworked Eurasian shelf sedi-
ments and fresh water into the Arctic Ocean. Ice-
(-berg) rafting is the most likely transport mech-
anism supplying these sediments.

5.5. Sediment mixing due to glacial^interglacial
changes in ice rafting

During a glacial^interglacial cycle, the Sr and
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Nd isotopic compositions of core sediments
change in a characteristic pattern that is corre-
lated with the extension of the SBIS (Fig. 3).
Both Nd and Sr isotopic composition of the
core PS1533 sediments record interglacial^glacial
shifts that we interpret to re£ect changes in sedi-
ment provenance due to the erosion of di¡erent
rock types during advance and retreat of the gla-
ciers from Svalbard onto the Barents Sea shelf.
Isotopic data for core samples lie on a mixing
hyperbola linking two end-members: Eurasian
shelf sediments (A) and Svalbard bedrock (B)
(Fig. 5).
With a two-component mixing model, a pre-

liminary quanti¢cation of the contributions of
both end-members to the core sediments can be
made. Mixing proportions were calculated with
weighted average Sr and Nd isotopic composi-
tions and concentrations for Eurasian shelf sedi-
ments and Svalbard bedrocks (Table 4) using the
following mixing equations according to Faure
(2001) for the isotopic ratios and elemental con-
centrations of Sr and Nd in the mixture:

½c�M ¼ ½c�AUf A þ ½c�BUð13f AÞ ð1Þ

ðXÞM ¼ ðXÞAUf AU
½c�A
½c�M

� �
þ ðXÞBUð13f AÞ

½c�B
½c�M
ð2Þ

where [c]M is the element concentration in the
mixture; [c]A is the element concentration in com-
ponent A; [c]B is the element concentration in
component B; (X)M is the isotopic ratio of the
element in the mixture; (X)A is the isotopic ratio
of the element in component A; (X)B is the iso-
topic ratio of the element in component B; and fA
mixing parameter giving the abundance of com-
ponent A in the mixture.
Mixing calculations were made with two as-

sumptions: (a) the Sr and Nd isotopic composi-
tion of Eurasian shelf sediments, which ultimately
re£ect the £uvial input supplied to the Arctic
Ocean, did not change signi¢cantly during the
last 140 ka; and (b) the isotopic composition of
crystalline bedrocks from Svalbard is representa-

tive for the sedimentary input from Svalbard.
Svalbard is the most likely isotopic end-member
for material from old continental crust with low
ANd values and high 87Sr/86Sr ratios. Sr and Nd
isotope data for shelf sediments are available only
for modern SPM and surface sediments (Rachold
et al., 1998; Eisenhauer et al., 1999; this study).
The isotopic composition of Eurasian shelf sedi-
ments and hence TPD sea ice sediments may have
varied with time due to changing hinterland ero-
sion, £uvial activity and sea level, but this is un-
known and hence, cannot be considered in the
mixing calculations.
According to the mixing calculations, average

core PS1533 Sr and Nd isotopic compositions
(Table 4) represent a mixture of V70% Eurasian
shelf sediments and V30% Svalbard-derived ma-
terial (Fig. 5). Eurasian shelf sediment contribu-
tion to core sediments varies between the 30 and
95% while local input of Svalbard material ac-
counts for 70 to 5%. During waxing of the Sval-
bard glaciers the input of the Svalbard material
increases by a factor of two compared to average
interglacial core sediments. This shift to more in-
put from Svalbard material (up to 70%) during
build-up of the SBIS is caused by advancing Sval-
bard glaciers (ElverhIi et al., 1995; Lloyd et al.,
1996; Mangerud et al., 1998) and intensi¢ed gla-
cial erosion and supply of material from the Pre-
cambrian/Palaeozoic bedrock by icebergs. To-
wards the glacial maxima in MIS 2, 4 and 6
higher ANd values indicate an increase in shelf
sediment input, due to increased glacial erosion
and ice rafting of shelf sediments during SBIS
extension onto the Barents Sea shelf. In termina-
tion I and II there is a sharp increase to highest
ANd values and a decrease to lowest 87Sr/86Sr ra-
tios in the core (Fig. 3) similar to values of mod-
ern shelf and sea ice sediment (Fig. 5) which were
probably caused by shelf sediment spikes resulting
from intense iceberg rafting during rapid decay of
the shelf-based SBIS and shelf sediment rework-
ing during £ooding of the Eurasian shelves. In
these IRD-rich sediments Eurasian shelf material
contribute up to 95% of the 6 63 Wm fraction and
Svalbard material decreases to a minimum of 5^
10% (Fig. 5).
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6. Conclusions

The 87Sr/86Sr ratio alone is an ambiguous tracer
of sediment provenance, because it can vary due
to grain-size e¡ects despite sediment derivation
from the same source. In contrast, size fractions
from the same crustal source have similar ANd

values. Therefore, di¡erences in Sm^Nd isotopic
compositions of clay- and silt-size fractions are
clearly related to di¡erent crustal sources. This
may allow for a reconstruction of particle prove-
nance and transport processes supplying di¡erent
size fractions in deep-sea sediments.
The Sr and Nd isotopic composition of core

PS1533 sediments show large temporal variations
that follow systematic glacial^interglacial cycles.
These re£ect the growth and decay of the SBIS
resulting in changes of the sediment sources,
which coincide with changes of sediment trans-
port mechanisms from sea ice to icebergs. The
variations are interpreted as mixtures of Eurasian
shelf sediment and Svalbard bedrock material
with mixing proportions of both end-members
varying in response to glacial^interglacial oscilla-
tions of ice sheet extension and sedimentation re-
gime of the Arctic Ocean. During build-up phases
of the SBIS, input of Svalbard material reached
maximum values due to intensi¢ed glacial erosion
of the Proterozoic/Palaeozoic bedrocks when gla-
ciers advanced from Svalbard fjords onto the
Barents Sea shelf. In contrast, during maximum
extensions of the SBIS up to the shelf edge and ice
sheet breakdown of the northern SBIS margin
and/or the Kara Sea ice sheet, increasing amounts
of Eurasian shelf sediments were supplied by ice-
berg rafting and shelf sediment reworking, espe-
cially during glacial termination I and II.
The Sr and Nd isotopic composition of modern

Arctic sea ice and shelf sediments con¢rm sea ice
rafting as a dominant transport mechanism for
Eurasian shelf sediments to the Arctic Ocean.
Modern sediment-laden sea ice of the Siberian
branch of the TPD has an isotopic composition
similar to that of the Eurasian shelf source areas,
especially to those of the western Laptev and
Kara Sea. Similar Sr and Nd isotopic composition
as Eurasian shelf sediments in termination I and
II core sediments re£ect shelf sediment spikes dur-

ing deglaciation events of the nearby shelf-based
SBIS. Hence, Sr and Nd isotopic composition of
marine Arctic sediments can be used as a tracer of
continental glaciation and ice rafting.
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