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J. C. Duplessy,1 E. Cortijo,1 E. Ivanova,” T. Khusid,” L. Labeyrie,1 M. Levitan,>>
. Murdmaa,” and M. Paterne'

Received 17 November 2004; revised 15 April 2005; accepted 20 May 2005; published 7 October 2005.

[1] We measured the oxygen isotopic composition of planktonic and benthic foraminifera in three cores
collected at key positions to reconstruct the paleoceanography of the Barents Sea: core ASV 880 on the path of
the northern branch of Atlantic water inflowing from the Arctic Ocean, core ASV 1200 in the central basin near
the polar front, and core ASV 1157 in the main area of brine formation. Modern seawater §'*0O measurements
show that far from the coast, 'O variations are linearly linked to the salinity changes associated with sea ice
melting. The foraminifer §'®0 records are dated by '*C measurements performed on mollusk shells, and they
provide a detailed reconstruction of the paleoceanographic evolution of the Barents Sea during the Holocene.
Four main steps were recognized: the terminal phase of the deglaciation with melting of the main glaciers, which
were located on the surrounding continent and islands, the short thermal optimum from 7.8 ka B.P. to 6.8 ka
B.P., a cold mid-Holocene phase with a large reduction of the inflow of Atlantic water, and the inception of the
modern hydrological pattern by 4.7 ka B.P. Brine water formation was active during the whole Holocene. The
paleoclimatic evolution of the Barents Sea was driven by both high-latitude summer insolation and the intensity

of the Atlantic water inflow.
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1. Introduction

[2] Throughout the last glacial cycle, reorganizations of
deep ocean water masses coincided with rapid millennial-
scale changes in climate. High- and middle-latitude temper-
ature changes have been less severe during the present
interglacial. However, the study of North Atlantic sediment
cores revealed a small but continuous sea surface temper-
ature (SST) decrease from the early to the late Holocene
[Marchal et al., 2002; Rimbu et al., 2003]. In addition,
several ice-rafted events in the northwest Atlantic and the
Greenland Sea have been evidenced throughout the Holo-
cene [Bond et al., 1997]. During each of these episodes,
cool, ice-bearing waters from north of Iceland were
advected to middle latitudes as a result of a substantial
change in the North Atlantic’s surface circulation [Bond et
al., 1997]. However, we still don’t know the mechanism
of these changes: They could either be linked to thermo-
haline circulation variations [Bianchi and McCave, 1999;
Keigwin, 1996; Keigwin and Boyle, 2000] or constitute a
response of the surface ocean to the variability of the
atmospheric circulation [Giraudeau et al., 2000; Rimbu et
al., 2003].
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[3] In order to estimate changes of the flux and character-
istics (temperature, salinity) of Atlantic water carried to the
high latitudes during the Holocene, we reconstructed the
paleoceanography of the Barents Sea. Its only source of
warm (~1°C) saline (>35%o) water is an Atlantic water flow
carried by the Norwegian-Atlantic Current. This current
constitutes the northernmost extension of the ocean conveyor
belt. The Barents Sea hydrology is therefore strongly depend-
ing on the input of Atlantic water, which is present as a
surface water mass in the South West basin in the absence of
Arctic water and, more north, as an intermediate water mass
separating the Arctic water at the surface from the extremely
cold bottom water formed through rejection of brine during
freezing [Midttun, 1985]. A detailed description of the
hydrography of the Barents Sea is given by [Pfirman et al.,
1994; Rudels et al., 1994; Schauer et al., 2002].

[4] In this paper, we compared the Holocene isotopic
records of oxygen in planktonic and benthic foraminifera
from three cores, which allow us to reconstruct the evolu-
tion of the major water masses of the Barents Sea during the
last 10,000 years. We first compare the §'%O/salinity mea-
surements performed on modern seawater samples collected
over recent years. We then interpret the foraminifer §'%0
variations in terms of seawater temperature and §'*O/salin-
ity changes, which both depend on the penetration of
Atlantic water into the Nordic seas and the intensity of
the thermohaline circulation.

2. Selection of Cores and Local Hydrography

[s] We compared three cores raised from key positions in
the Barents Sea (Figure 1). Core ASV 880 (79°55'5 N,
47°08'2 E, 388 m) from the Franz Victoria Trough is on
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Figure 1. Location of the three cores and main oceanographic currents. The southern branch of Atlantic

water (solid arrows) enters into the Barents Sea as a surficial current, whereas the northern branch of
Atlantic water (solid arrows) penetrates into the Barents Sea. The shaded arrows indicate the path of the

East Greenland Current.

the path of the northern branch of Atlantic water inflowing
from the Arctic Ocean. This core was previously studied
by Duplessy et al. [2001]. Core ASV 1157 (70°32'9 N,
52°47'9 E, 169 m) from the southern margin of Novaya
Zemlya is located in a major area of brine formation
[Levitan et al., 2003]. In this area, the modified Atlantic
water carried by the North Cape and Novaya Zemlya
currents was already cooled and mixed with Arctic water
to constitute the Barents Sea Water [Loeng, 1991]. During
winter, surface water salinity is increased by freezing and
its density becomes large enough to induce sinking and
deep-water formation. Core ASV 1200 (75°44’9 N,
41°00'6 E, 267 m) has been raised from the central
Barents Sea. This core is located near the Polar Front,
which separates relatively warm and saline water carried
by the Norwegian Current from fresher Arctic water in the
north.

[6] Temperature and salinity profiles were obtained at the
cores’ location during summer conditions (Figure 2). They
show a low-salinity surficial Arctic water mass (S < 34%o),
of which a thin upper layer is heated by the sun: The lower
the latitude, the warmer the water. Below 40 m, the Arctic
water mixes with the inflowing Atlantic water. This results
in a temperature maximum around 100 m water depth,
which is well marked at the location of cores ASV 880
and ASV 1200. In the eastern core ASV 1157, close to

Novaya Zemlya, winter mixing is so strong that cold (T <
—1.8°C), highly saline (S > 35%o) brine water is found
below 80 m. This is the water which sinks along bottom
slope and flows into hollows and depressions in the sea
bottom [Midttun, 1985]. At the location of both cores ASV
880 and ASV 1200, the bottom water is composed of a
mixture of Atlantic water with the dense water formed
through rejection of brine during winter freezing. However,
the mixture contains only little Atlantic water at the location
of core ASV 1200 and the bottom water is only slightly
warmer than the freezing point (T = —1.3°C). The salinity is
also smaller (S = 34.91%o) than that of brine water. The
percentage of Atlantic water is higher at the location of core
ASV 880 than at the location of core ASV 1200. Accord-
ingly, the bottom temperature is higher (T = —0.15°C) than
in the central Barents Sea.

3. Modern Sea Water 8'%0 Variations

[7] Since the reconstruction of past seawater temperature
and salinity rests mainly on the variations of the §'*0 of
planktonic and benthic foraminifera in sediment cores, we
first studied the oxygen isotopic composition of eastern
Barents Sea water in order to relate it to local hydrography.
We plotted in Figure 3 the seawater 6'°0 versus salinity
using data of Ostlund and Grall [1993], Bauch [1995] and a
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Figure 2. Temperature and salinity profiles at each studied site: (a) ASV 880 on 8 September 1997,
(b) ASV 1200 on 13 September 1998, and (c) ASV 1157 on 31 August 1998. (In situ conductivity-
temperature-depth measurements were obtained during cruises 11 and 14 of the R/V Akademik Sergey
Vavilov courtesy of Y. A. Ivanov and V. I. Byshev, Shirshov Institute of Oceanology, Russian Academy

of Science).

few open sea data of Ferronskii [1978]. Coastal waters
influenced by runoff or continental glacier melting exhibit
highly scattered values, which depend on the origin of the
freshwater. Together with the Atlantic waters, they consti-
tute a broad band, of which the mean freshwater pole has a
§'%0 value of ~—12.5%o (versus SMOW). This value is
close to that of the Pechora River outflow (880 ~ —14%o)
and local precipitation [Brezgunov et al., 1983; Létolle et
al., 1993]. In addition, the linear relationship between
seawater 0'*0 and salinity observed in the case of a mixture
of marine and continental water is perturbed here by winter
formation of brines and summer sea ice melting, which both
modify the salinity without changing significantly the
seawater §'°O.

[8] Far from the coast, in the upper 100 m of the water
column, seawater §'°0 values exhibit a highly scattered
linear trend with salinity. The high-salinity—high-§'%0 val-
ues are characteristics of Atlantic water. By extrapolating
the 6'®0/salinity relationship to pure freshwater, we calcu-
late a §'%0 freshwater value of ~—2.75%o, which is close to
the mean 6'°0 value of sea ice [Bauch, 1995]. Sea ice is
formed during winter by freezing of the surficial layer of the
Arctic water and melts during summer. The linear trend
between salinity and 6'®0 shows that mixing between
Arctic and Atlantic waters is mainly responsible for §'*0
variations in the upper 100 m of the water column. In the

areas of brine formation, the salinity varies between 34.5%o
and 35.2%o and their §'%0 value is between 0 and +0.40%o.

4. Lithostratigraphy and Radiocarbon
Chronology

[o] In all Barents Sea cores, the Holocene constitutes a
well-defined unit. It is marked by a characteristic olive gray
color (from light to dark olive gray and black because of the
presence of hydrotroilite) and replaces the yellowish and
brownish shades of Late Glacial sediments. By comparison
with glacial deposits, Holocene sediments are also charac-
terized by a dominant clay fraction, a reduced sand fraction,
an increased abundance of foraminiferal fauna, and a larger
organic matter content [/vanova et al., 2002; 1. O. Murdmaa
et al., manuscript in preparation, 2005]. A full description of
the cores is given elsewhere [Murdmaa and Ivanova, 1999].

[10] The chronology of the cores is based on AMS '*C
dates performed on mixed benthic foraminifera or on
mollusk shells. Radiocarbon and calendar ages of cores
ASV 1157 and ASV 1200 are reported in Table 1. A
correction has to be made to take into account the difference
between '*C-dated terrestrial plant material and marine shell
material (the marine reservoir age). Modern reservoir ages
(R) of 320 £ 70 years were measured in mollusk shells as
the regional mean and standard deviation (n = 6) for the
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Figure 3. Scatterplot of oxygen isotopic composition of seawater (5'®*0 versus standard mean ocean
water) versus salinity for the main water masses in the Barents Sea (diamonds, open sea surface samples
above 100 m; squares, samples with continental influence; triangles, water below 150 m. The linear
regression line (y = 0.09x — 2.76) is valid for the open sea surface water samples. The linear regression
line (y = 0.36x — 12.48) is valid for the other water samples with coastal influence).

coastal Barents Seas [Forman and Polyak, 1997], close to  reservoir ages of some 640 + 180 years were not taken into
the present-day values of R = 410 years in the well mixed account as they are related to deposit feeder species as
open waters of the North Atlantic Ocean [Bard, 1988] and  Portlandia artica [Forman and Polyak, 1997]. We therefore
of the Norvegian Sea [Bondevik et al., 1999]. Greater applied the 410-year correction, typical for well-ventilated

Table 1. Radiocarbon and Calendar Ages Measured in Cores ASV 1157 [Levitan et al., 2003] and ASV 1200 [Ivanova et al., 2002]*

Core Depth, cm 14C age Error Age, cal B.P. Error Species
ASV1157 13 840 60 472 38 Macoma calcarea
ASV1157 50 1900 60 1444 73 Tridonta borealis
ASV1157 165 3910 70 3888 82 Macoma calcarea
ASVI1157 338 6890 90 7392 79 Leda sp
ASV1157 355 7290 90 7744 88 Macoma calcarea
ASV1157 378 7600 80 8050 95 Macoma calcarea
ASV1157 393 8130 90 8606 135 Macoma calcarea
ASV1157 398 8160 90 8669 152 Macoma calcarea
ASVI1157 423 8570 100 9108 177 Pontlandia artica
ASV1157 440 8970 90 9483 325 Macoma calcarea
ASV1200 7.5 Modern 0 Yoldiella sp.
ASV1200 82.5 4660 80 4890 85 Battyarca sp
ASV1200 110 5810 70 6225 118 Yoldiella sp.
ASV1200 118.5 6200 90 6630 105 Battyarca sp
ASV1200 120 6180 60 6610 134 mix benthics
ASV1200 195 9220 80 9980 536 Yoldiella lucida
ASV1200 205 9450 80 10080 428 Yoldiella sp.
ASV1200 210 9550 80 10330 400 Yoldiella intermedia
ASV1200 215 9910 90 10735 764 Yoldiella fraterna

A 410-year correction has been applied to all conventional '*C ages. '*C ages have been converted into calendar ages using the marine calibration of
Stuiver and Reimer [1993].
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Figure 4. Age-depth relationship for the three cores.

open waters to all conventional '*C ages measured in the
Barents Sea cores. '*C ages have then been converted into
calendar ages using the marine calibration of Stuiver and
Reimer [1993], which is well established for the Holocene.
The discussion below will therefore refer to calendar ages.
The chronology of core ASV 880 has been reported
previously [Duplessy et al., 2001]. Figure 4 compares the
age-depth relationship in the three Barents Sea cores. Their
timescale was generated by computing the best fit between
the calendar ages and the core depth: A linear relationship
was used for core ASV 1157, a second-order polynomial fit
was used for core ASV 1200 and a fourth-order polynomial
fit was used for core ASV 880.

5. Foraminifer Oxygen Isotope Records

[11] Stable isotope measurements were performed with a
Finnigan MAT 251 mass spectrometer with an automated
Kiel Device. The results are presented versus the PDB
standard. We used both NBS 19 and NBS 18 as reference
standards to ensure a proper calibration on a large range of
§'%0 values [Ostermann and Curry, 2000]. Oxygen isotopes
were measured on the planktonic foraminiferal species Neo-
globoquadrina pachyderma left coiling (Ic) in cores ASV 880
and ASV 1200. Core ASV 1157 is totally barren of planktonic
foraminifera. N. pachyderma Ic lives today in the Atlantic
water below the Arctic water. Its 6'®0 value faithfully records
the temperature and §'%0 value of the Barents Sea water at
the depth of the temperature maximum, i.e., in the core of the

Atlantic water which penetrates into the Barents Sea
[Duplessy et al., 2001]. The three cores contain benthic
species. The dominant species Elphidium clavatum provides
a continuous isotope record in both cores ASV 880 and ASV
1200. In core ASV 1157, no benthic foraminifera were found
between 5 cm and 195 cm depth. This barren zone, which is
observed in numerous cores from the same basin, is not an
artifact of the laboratory procedures, because the sediment
was kept continuously wet and stored at low temperature
(+4°C) before sieving. We believe that the disappearance of
foraminiferal shells results from carbonate dissolution at the
water sediment interface due to CO, production by decaying
organic matter [Levitan et al., 2003]. The §'®0 analyses were
performed on the most abundant benthic species Nonion
labradoricum, which is present at the core top and below
195 cm. Results are reported in Table 2.

[12] Figure 5 displays the oxygen isotope records of the
three cores. Their general characteristic is the low amplitude
of each individual record, which is lower than 1%o. Although
not identical, the isotope records of N. pachyderma lc exhibit
rather similar values in cores ASV 880 and ASV 1200. This
similarity reflects the small temperature and salinity differ-
ence of Atlantic waters at the location of both cores. By
contrast, the benthic record of core ASV 1157 generated with
Nonion labradoricum exhibits §'%0 values about 0.75 %o
heavier than those of cores ASV 880 and ASV 1200
generated with Elphidium clavatum. This difference cannot
be explained only by temperature and salinity differences in
the Barents Sea deep waters (see Figure 2).
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[13] Benthic foraminifer §'30 values reflect accurately
both temperature and seawater §'*0 values only if the
isotopic disequilibrium during calcite precipitation is taken
into account [Duplessy et al., 1970, 1984; Graham et al.,
1981; Grossman, 1984, 1987; Vincent et al., 1981; Woodruff

Ice Volume
Seawater Change

§ < et al., 1980; D. A. R. Poole et al., Stable isotope
§ N fractionation in recent benthic foraminifera from the
B “E Barents and Kara seas, unpublished manuscript, 1999,
] . hereinafter referred to as Poole et al., unpublished man-
gl 2= uscript, 1999]. This isotopic disequilibrium is characteris-
E I gﬁ tic of each species. In order to determine it for the species
z o_i ~ present in Barents Sea sediment, we compared their isoto-
71 . pic composition to that of well-known species, Melonis
—§ SZ’ barleeanus and Cibicides lobatulus, when these foramini-
<8 fers were present in the same sediment sample. Results are
o< reported in Table 3. We assume that the correction factor of
€ g +0.64%o for Cibicides is also valid for Cibicides lobatulus.
g° These measurements show that Nonion labradoricum is
0.20 £+ 0.15%0 heavier than equilibrium values, whereas
- 5 g o Elphidium clavatum is 0.55 + 0.18%o lighter than equilib-
g+ ElTTT rium value. We are confident that this calibration, which
ai-l:| IR be statistically improved by additional measurements
< 5 may be s Yy 1mp y )
«“ is basically correct because we determined a correction
Es o factor of 0.35 + 0.18%o for Melonis barleeanus, which is
S g Zlacacw similar to that we apply for this species in the Atlantic
> 28l mcaan . A
| 380 e=== Ocean and the Norwegian Sea [Labeyrie et al., 1995,
|~ 1987]. It is also in fairly good agreement with the calibra-
§ Lilszan tion of recent benthic foraminifera from the Barents and
S| ZBlTTT7 T Kara seas made by Poole et al. (unpublished manuscript,
-l A 1999). We apply this specific correction to all our benthic
§ 9 e measurements in order to compare thq three bent]};ic
o SxleEze records. We also attempt a similar calibration for the o°C
2 og|TYTT values of the same species. The very large statistical error
w of the §'°C difference between species (Table 3) indicates
= . that different benthic foraminiferal species have different
g —§§ Booq depth habitat in the sediment and that neither Nonion
ES R = labradoricum nor Elphidium clavatum §°C can be used
e to reconstruct accurately the §'>C of the total CO, dissolved
o in the Barents Sea deep water.
| & % - § . . . . il e .
Z5|Saa8 [14] After correction for isotopic disequilibrium, foramin-

ifer 8'®0 variations reflect both temperature and seawater
§'80 changes. The latter results from three causes whose
effects are additive, namely, global continental ice melting
and two local causes: changes in the hydrological cycle
(precipitation plus runoff plus local glacier melting minus
evaporation) and changes in rate of advection and mixing.

Local
§'%0
Variations

Ice Volume
Seawater
Change

local benthic 6'*0 records, plotted against calendar age are
compared in Figure 6. Similarly, the local §'*0 records of

*Benthic foraminifera §'*0 values have been corrected for disequilibrium (see text).

o Global continental ice volume changes were large during
§ the deglaciation and they were still significant during the
3 S lower Holocene: The sea level was 33 m below present
2 P 10 ka and 20 m below present 7.5 ka [Bard et al., 1990;
§ <8 Fairbanks, 1989; Lambeck and Chappell, 2001]. The
=z © deglaciation was only completed 5.5 ka [Denton and
gl £ao Hughes, 1981]. In order to reconstruct foraminifer §'*0
E R variations due to local seawater tem[i)erature and 60
212 = . changes, we subtracted the seawater 6'°O variations due
E £ _‘é’ to global ice sheet melting from the planktonic and benthic
E 5L 5 6'%0 records of the three cores. We used the seawater 6'*0
= go< record computed by Waelbroeck et al. [2002]. The resulting
(o]
e

Depth,
cm
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Figure 5. Oxygen isotope (5'*0 versus Peedee belemnite) planktonic and benthic records versus depth

for the three cores.

the planktonic species N. pachyderma Ic in cores ASV 880
and ASV 1200 are reported in Figure 7.

6. Paleoceanographic Evolution of the
Barents Sea

[15] The planktonic and benthic isotope records from the
three Barents Sea cores exhibit both long-term and high-
frequency variations, which permit to distinguish several

climatic regimes within the Holocene: The terminal phase of
the deglaciation before 7.8 ka B.P. (calendar age before
present), a regime with strong Atlantic inflow during the Nordic
thermal optimum and during the last 4.7 ka and a regime with
weak Atlantic inflow during the middle Holocene.

6.1. Lower Holocene Before 7.8 ka B.P.:
Terminal Phase of the Deglaciation

[16] The local 'O records of planktonic and benthic
foraminifera in the core ASV 880 located in Franz Victoria
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Table 3. Synthesis of Comparisons of §'%0 and §'>C Measurements Performed on Different Foraminiferal Species Found in the Same

Sediment Samples of Cores ASV 1157 and ASV 1200*

Number of
Foraminifer Reference Comparisons §'%0 Difference §'%0 Sigma §'C Difference §'°C Sigma

ASV 1157 Elphidium Nonion 15 —0.84 0.24 —0.69 0.54
ASV 1200 Elphidium Nonion 24 —0.74 0.13 —0.19 0.49
ASV 880 Elphidium Nonion 40 —0.75 0.13 —0.56 0.42
Mean value —0.76 0.16 —0.47 0.5

ASV 1183 Elphidium Cibicides 5 0.35 0.15 —2.53 0.42
ASV 1200 Elphidium Cibicides 29 0.08 0.15 —2.6 0.36
ASV 880 Elphidium Cibicides 17 0.02 0.17 —2.86 0.32
Mean value 0.09 0.18 —2.68 0.37
ASV 1183 Melonis Cibicides 31 0.29 0.18 —2.45 0.2

ASV 1200 Nonion Cibicides 18 0.83 0.15 —2.41 0.51

“Digital values for core ASV 880 were previously published by Duplessy et al. [2001].

Trough at the northern limit of Barents Sea exhibit some
light §'®0 peaks, but no major long-term trends. By
contrast, the local records of planktonic and benthic fora-
minifera in cores ASV 1157 and ASV 1200 located more
south exhibit an increasing trend, with §'*0 values still
lower or equal to those of core ASV 880 (Figures 6 and 7).
In addition, both records exhibit light §'®0 peaks. As we
have no additional proxy to estimate sea surface temperature
(SST) independently from isotope measurements, two hy-
potheses could explain these low §'0 values: First, they
may reflect warmer SST in the southern and middle Barents
Sea. At this time, the Norwegian Current and the West
Spitzbergen Current were warmer than today [Hald and
Aspeli, 1997; Hald et al., 2003, 2004; Sarnthein et al.,

2003] so that the inflow of warm Atlantic water might have
resulted in high SST in the central, eastern and northern
Barents Sea. However, whereas the warming appears con-
tinuous during the lower Holocene in the western Barents
Sea, the isotope records in Figures 6 and 7 exhibit only light
§'80 peaks of short duration. The climate records of the
western and eastern basins of the Barents Sea are not fully
comparable.

[17] An alternative hypothesis would interpret these light
880 values as deriving from local freshwater input result-
ing from melting of nearby glaciers. Although most of the
deglaciation of the eastern Barents Sea was already
achieved by the beginning of the Holocene [Forman et
al., 1996], evidence for continuing deglaciation and ice

36T
—a— ASV 880
—=— ASV 1200
381 —ar— ASV 1157
4+
L
27 /‘\.
)
’.
I1I)-". \l
461 ‘
48

3 6 T 8 9 10

Calendar age (kyr)

Figure 6. Local oxygen isotope records for benthic foraminifers in cores ASV 880, ASV 1157, and
ASV 1200. See color version of this figure at back of this issue.
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Figure 7. Local oxygen isotope records for planktonic foraminifers in both cores ASV880 and

ASV1200.

rafted transport is provided by coarser sediments before 8 +
0.2 kyr B.P. in cores ASV 880 and ASV 1157 and
glaciomarine deposits in core ASV 1200 [Murdmaa and
Ivanova, 1999]. As a consequence, local seawater &'°0
variations might have a measurable impact on the forami-
niferal §'®0 record. Lubinski et al. [2001] also showed that
during the deglaciation, planktonic and benthic foraminifera
from Barents Sea cores exhibited §'%0 values even lower
than present, coincident with glacial marine sediment de-
position. The §'®0 variations of core ASV 1157 and ASV
1200 at the beginning of the Holocene might therefore
represent a record of the terminal deglaciation phase of
islands and continental lands surrounding the Barents Sea.
As this signal is predominantly found in cores ASV 1157
and ASV 1200, we assume that the input of meltwater
originated mainly from land-ice masses located in the
southern side of the Barents Sea, i.e., Novaya Zemlya and
the European continent. Around 8.5 ka B.P., the three cores
exhibit a sharp §'%0 light peak. These peaks are synchro-
nous within the uncertainties of '*C dating. They may
reflect either a warm event observed at the scale of the
whole Barents Sea or the last large meltwater event recorded
in this basin.

6.2. A Strong Atlantic Inflow During the Thermal
Optimum and the Last 4.7 ka

[18] Between 7.8 and 6.8 ka B.P. and during the last
4.7 ka, the planktonic and benthic §'%0 records show that
the water column below the Arctic water at the location
of core ASV 880 was significantly warmer than in the

central Barents Sea. This hydrologic pattern, qualitatively
similar to the present is the signature of a large inflow of
Atlantic water into the Barents Sea.

[19] Between 7.8 and 6.8 ka B.P., the local §'*0 record of
the planktonic species N. pachyderma lc in core ASV 880
exhibits a well-marked double §'®0 light peak. Its large
amplitude, which is close to 0.5%o most likely indicates that
the Atlantic water flowing from the Arctic Ocean to the
Barents Sea as an intermediate water mass in the Franz
Victoria Trough was warmer than 2°C. This feature marks
the Holocene thermal optimum in the Barents Sea and
compares nicely to a similar warming measured in the
§'%0 record of N. pachyderma Ic in a core raised from the
St Anna Trough [Hald et al., 1999]. As a similar §'%0 light
peak is observed in the benthic record of the same core, the
whole deep water column below the Arctic water was
therefore warmer than today, indicating an Atlantic inflow
larger than the modern. In core ASV 1200, N. pachyderma
Ic is extremely rare and only one level was rich enough for
isotope analysis (Figures 5 and 7). No conclusion on the
flux of Atlantic water brought into the southern Barents Sea
by the North Cape Current during this thermal optimum can
be drawn from one single analysis, which however indicates
the presence of cold water in the central Barents Sea.

[20] The isotopically light double §'%0 peak found in the
benthic record of core ASV 880 coincides with a §'*0
increase of ~0.2%o in the benthic record of core ASV 1157,
leading to slightly higher than modern values (Figure 6). As
this latter core has been raised from an area of major brine
formation under modern conditions, the bottom temperature
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cannot have been lower than today in the past. The
+0.2%0 6'%0 increase measured in the benthic record of
core ASV 1157 indicates first that the bottom water was
not warmer than today during the Holocene thermal
optimum. Second, it shows that the bottom water §'%0
at the core location was 0.2%o heavier than modern
values. Surface water sinking occurs without change in
its 6'80 value. The §'8O increase of ~0.2%o in the
benthic record of core ASV 1157 indicates therefore that
the surface water, which sank during winter, was also
0.2%o heavier than modern value. Under modern condi-
tions, brine water 8'°0 values are 0.3 to 0.4%. lower
than Atlantic waters because of their dilution by fresh-
water [Bauch, 1995]. Our measurements indicate that
during the Holocene thermal optimum, the dilution of
Atlantic water by fresh, 6'®0-light Arctic water was
reduced by about 50% as compared to today and that
the mechanism of Barents Sea bottom water formation
by brine sinking was still active. We stress that these
data, which provide a characterization of the composition
of the mixture constituting the brine water, provide no
information on the flux of the brine and their variations
during the Holocene.

[21] Assuming that the brine water temperature was close
to the freezing point, the §'%0 difference between cores
ASYV 880 and ASV 1157 would indicate that the deep water
in Franz Victoria Trough was, like the Atlantic water at
intermediate depth, warmer than today by ~2°C during the
thermal optimum. The mixture of Atlantic water with brine
water which constituted the deep water mass at the location
of core ASV 880 therefore contained less brine water than
today, so that the stratification was minimal [Duplessy et al.,
2001]. We note that this optimum was interrupted by a
strong cooling of short duration, which is also observed in
the planktonic record of core ASV 880.

[22] The benthic record of core ASV 1200 exhibits §'%0
values slightly lighter than those of core ASV 1157. These
values are intermediate between those measured in cores
ASV 1157 and ASV 880. They show that the deep water in
the central Barents Sea was like today a mixture of Atlantic
water and Barents Sea bottom water, with a low tempera-
ture, about 0.5 to 1°C above the freezing point.

6.3. A Reduced Penetration of Atlantic Water
During the Mid-Holocene

[23] Between 6.8 and 4.7 ka B.P., the three cores display
almost identical benthic §'%0 values, which are similar to
present-day values at the location of core ASV 1157. The
Barents Sea deep water below 250 m was therefore uni-
formly cold, with a temperature close to the freezing point,
similar to that of the deep water in the formation area near
Novaya Zemlya. This suggests that the Barents Sea deep
water, which is a mixture of Atlantic water with brine water
was dominated by brine water near the freezing point and
that the Atlantic flow brought to the Nordic Seas was much
smaller than during the thermal optimum.

[24] The reduced inflow of Atlantic water resulted in a
significant cooling of the water mass around 100 m depth in
Franz Victoria Trough. This is marked by a sharp increase in
the 6'%0 records of N. pachyderma lc of core ASV 880. The
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Atlantic water penetrating into the Barents Sea from the
north was about 0.5°C colder than today in the Franz
Victoria Trough. These features point to a sharp reduction
of the heat transport into the Barents Sea by the Norwegian-
Atlantic current, which flows northward along the coast
of Norway. A progressive warming at a mean rate of
0.25°C/ka led to the modern conditions by 4.7 ka B.P.

7. Discussion

[25] An early Holocene temperature maximum has
already been found in both continental and marine records
of the high latitudes of the Northern Hemisphere. Evidence
was reviewed by Crowley and North [1991] and Duplessy
et al. [2001]. This warming is probably due to the
penetration of temperate Atlantic water into the Nordic
seas. It is recorded as early as 11.8 kyr B.P. in the
subarctic Fjord Malanger, northern Norway [Hald et al.,
2003] and 10.8 kyr B.P. in the northern Norwegian Sea at
75°N [Sarnthein et al., 2003]. By contrast with the
climatic evolution of the Norwegian Sea and most of the
European continent, the thermal optimum has a very short
duration in the Barents Sea (about 1000 years). More
south, near 67°N, a detailed paleoclimatic record from
the eastern Voring Plateau shows that the period of
maximum warmth lasted for 3000 years [Birks and Kog,
2002]. It began at about 9700 yr B.P., i.e., 2000 years
before the thermal optimum of the Barents Sea (our cores
and those of Hald et al [1999]) and finished about
6700 years B.P., almost simultaneously with the end of
the warm episode in the Barents Sea.

[26] The thermal optimum in the Nordic seas appeared
about 2 ka at 67°N and 4 ka at 80°N after the June solar
insolation maximum at 70°N. The lag in temperature
versus insolation indicates that, in addition to insolation,
local feedback mechanisms, such as the slow melting of
the remnants of the continental ice sheets or sea ice
variations played a significant role in the regional climate
and delayed the warming at 80°N with respect to that of
lower latitudes.

[27] The mid-Holocene cooling observed in the Barents
Sea is also recorded at lower latitude on the Voring Plateau,
where a SST reconstruction exhibits also a gentle cooling
trend between 6.7 and 4.7 ka B.P. [Birks and Kog¢, 2002]
and in the northern Norwegian Sea, where it began around
7.8 kyr B.P., culminated at 6.8 kyr B.P. and then experi-
enced minor fluctuations until 2 kyr B.P. [Sarnthein et al.,
2003]. This slow temperature decrease contrasts sharply
with the abrupt cooling of the water column at intermediate
depth and near the bottom observed in the northern Barents
Sea around 6.8 ka. The diatom record of Birks and Ko¢
[2002] also shows that at the same time, the assemblage
associated with the North Atlantic water decreased, whereas
that of Norwegian-Atlantic water began to increase contin-
uously for 2000 years. This trend is similar to the small
warming depicted by the §'®O/temperature records of
N. pachyderma in both Barents Sea cores ASV 880 and ASV
1200. This observation suggests that the broad intense warm
Atlantic current, which fed directly the Nordic seas during
the thermal optimum [Kog¢ et al., 1993], was suddenly
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reduced by 6.7 ka and did not reach any more the Barents
Sea. This reduction in direct Atlantic flow was compen-
sated by a strengthening of the Norwegian-Atlantic current
carrying Atlantic water mixed with coastal waters along
the coast of Norway. In the northern Barents Sea, the
temperature variations of the Atlantic water mass at a
depth around 100 m recorded first the disappearance of the
direct Atlantic flow as a sharp cooling and the increasing
intensity of the Norwegian Current by a small warming
trend leading to temperatures close to the present.

[28] The setting of the modern regime in the Barents Sea
coincides with a change in the diatom assemblage on Voring
Plateau and a small temperature decrease during summer
[Birks and Kog, 2002]. This regime persisted up to now
with minor oscillations of the temperature of both the deep
and intermediate water masses water in Franz Victoria
Trough and central Barents Sea. Modern ship observations
show that the transport of Atlantic water to the Barents Sea
depends mainly on the wind field associated with the North
Atlantic Oscillation. During the positive phase of the North
Atlantic Oscillation, strong westerlies result in a larger and
warmer flux of Atlantic water transported both by the North
Cape Current directly to the Barents Sea and by the current
which enters the Arctic Ocean through Fram Strait [ Dickson
et al., 2000] and continues at intermediate depth. Our data
point to long-term (centennial to millennial) fluctuations of
both the flux of Atlantic water penetrating into this basin
and the temperature of the water column in the northern and
central Barents Sea. Since the Holocene thermal optimum
and the disappearance of the broad Atlantic flow which
directly fed the Nordic seas, the fluctuations of the
westerlies intensity appear as a potential cause for the
variations of the Barents Sea hydrology during the last
6.8 ka. This mechanism, which has been already invoked to
explain instabilities in surface circulation south of Iceland
[Giraudeau et al., 2000] and in sea surface temperature in
the North Atlantic [Rimbu et al., 2003] and in the eastern
Norwegian Sea during Holocene times [Risebrobakken et
al., 2003] might well be the dominant factor driving the
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North Atlantic circulation, not only on decadal but also on
centennial to millennial timescales since 4.7 ka.

8. Conclusion

[29] The paleoceanographic evolution of the Barents Sea
during the Holocene is characterized by four main steps: the
terminal phase of the deglaciation with melting of the main
glaciers,, which were located on the surrounding continent
and islands, the short thermal optimum from 7.8 ka B.P. to
6.8 ka B.P., a cold mid-Holocene phase with a large
reduction of the inflow of Atlantic water and the inception
of the modern hydrological pattern by 4.7 ka B.P.

[30] Both global and local factors were responsible for the
evolution of the hydrology and climate of the Barents Sea.
The deglaciation and the subsequent warming were trig-
gered by the increase of the high-latitude insolation, but
local glacier melting maintained cold and low-salinity
surface waters up to 7.8 ka B.P., whereas the Norwegian
Sea experienced warm conditions since about 10 ka B.P.
The end of the thermal optimum was synchronous in both
basins as a consequence of a sharp reduction of warm
Atlantic water to the Nordic seas. This flow increased again
after 4.7 ka B.P. and modern conditions were established at
that time. Minor fluctuations of the surface and deep water
temperature of the Barents Sea may be related to centennial
to millennial-scale variations of the intensity of westerlies in
the North Atlantic.
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Figure 6. Local oxygen isotope records for benthic foraminifers in cores ASV 880, ASV 1157, and
ASV 1200.
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