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Abstract

Foraminiferal stable isotopes and assemblages from Franz Victoria and St. Anna troughs provide a valuable record of freshwater

and Atlantic Water flows to the northern Barents and Kara seas from deglaciation to present. The d18O and d13C of planktonic
Neogloboquadrina pachyderma (s) and benthic Elphidium excavatum were up to 1.4% lower than present at ca 13, 11.5, and
10 14Cka (global sea-level corrected), mostly reflecting substantial freshwater inputs coincident with glacial–marine sediment
deposition. Cassidulina teretis exceeded 40% of benthic foraminifera ca 13 and 10 14Cka, indicating subsurface penetrations of

Atlantic Water. The transition to postglacial marine conditions is marked by a�1% rise in foraminiferal d18O and a sharp fall in %
C. teretis soon after 10 14C ka. These changes imply reduced inputs of freshwater and Atlantic Water. Subsequent isotopic and
foraminiferal assemblage variations reflect changing Atlantic Water conditions ‘‘upstream’’ in the Nordic Seas and shifts between

the warm Fram Strait and cold Barents Sea branches of Atlantic Water. We hypothesize that glacial-isostatically induced deepening
by up to �150m influenced Atlantic Water inflows to the northern Barents Sea during deglaciation and the Holocene. Thus, effects
of isostatic recovery have to be factored into paleoceanographic reconstructions. # 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Sediment cores from the Nordic Seas and the North
Atlantic Ocean document dramatic shifts in sea-surface
temperatures (SST) since the Last Glacial Maximum
ca 20 14C ka; the largest of these SST shifts of �108C
occurred over a period of a few decades accompanied by
a ‘‘mode’’ change in ocean thermohaline and Atlantic
meridional circulation (Lehman and Keigwin, 1992;
Bond et al., 1993; Koç et al., 1993; Hald et al., 1996;
Dokken and Jansen, 1999). The degree to which these
shifts and changes propagated into the adjacent
Eurasian Arctic (Fig. 1), however, remains poorly
known. In turn, there is limited knowledge about
whether Eurasian Arctic freshwater fluxes (e.g., sea ice,
glacier ice, meltwater, and river water) modulated
observed reductions in thermohaline circulation in the
North Atlantic and Nordic Seas such as those at ca 14.5,

13.5, 12, and 10.5 14C ka (e.g., Keigwin et al., 1991;
Veum et al., 1992; Dokken and Jansen, 1999).
Existing Arctic Ocean records show a series of low

d18O meltwater events between 16 and 11.5 14C ka (e.g.,
Stein et al., 1994; N�rgaard–Pedersen et al., 1998; Poore
et al., 1999), but poor temporal and spatial resolution
has hindered determination of their magnitude, number,
ages, and sources. Furthermore, these Arctic Ocean sites
probably integrate freshwater inputs from multiple
Eurasian and non-Eurasian sources. Records from the
adjacent Eurasian shelf are specifically needed to delimit
freshwater fluxes from the northern margins of the
Barents and Kara ice sheets and the voluminous
northward flowing Eurasian rivers.
Shelf records from the Eurasian North are also

needed for delimiting changes in meridional Atlantic
Water fluxes into the high Arctic (cf. Duplessy et al., in
press). In particular, little is known about the influence
of the Barents and Kara ice sheets on Atlantic Water
transport over the Barents Sea shelf. The ice sheets may
have physically blocked this flow or indirectly altered it
by glacial-isostatically induced bathymetric changes.
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Approximately, 2 Sv (106m3/s) of Atlantic Water pre-
sently flows through the Barents Sea, about 1/3 to 1/2 of
the net Atlantic flow into the Arctic Ocean (e.g., Rudels
et al., 1994; Schauer et al., 1997a; Zhang et al., 1998).
Six sediment cores from 440 to 630m depth in the

Franz Victoria and Saint Anna troughs (Fig. 2) were
used in this study because they are well situated to
monitor variations in meltwater and Atlantic Water
flows to the western Eurasian Arctic immediately upon
deglaciation. During the Last Glacial Maximum, the
Barents Sea Ice Sheet grounded in the troughs (e.g.,
Lubinski et al., 1996; Polyak et al., 1997; Kleiber et al.,
2000), which are presently bathed by subsurface Atlantic
Water (Figs. 1 and 2). Postglacial sedimentation rates in
these shelf troughs range between �10 and 100 cm/kyr,
at least an order of magnitude higher than in the

adjacent Arctic Ocean. Previous studies of sediment
cores from these troughs and the adjacent slope clearly
showed: (1) Last Glacial Maximum glacier ice grounded
out to the shelf edge, (2) initial deglaciation by ca 15
14C ka, with initial grounding line retreat as late as ca 13
14C ka in some portions of the troughs, (3) discontin-
uous retreat, and (4) a glacial–marine to marine
transition ca 10 14C ka (Polyak and Solheim, 1994;
Herlihy, 1996; Lubinski et al., 1996; Polyak et al., 1997;
Hald et al., 1999; Kleiber et al., 2000). Our new study
differs by concentrating on reconstruction of environ-
mental conditions using higher resolution, mostly
century to multi-century scale records of foraminiferal
stable isotopic and species composition the period since
ca 13 14C ka. It also differs by assembling data on the
modern distributions of seawater d18O and certain
foraminiferal species to better understand these records.
Together, these fossil and modern data provide a basis
for interpreting the history of Atlantic and freshwater
variation for each trough since 13 14C ka; this history
gives insight to the controls on environmental change in
this seldom-studied high-latitude region and improves
our understanding of its relationships with the better-
studied, climatically connected Nordic seas and North
Atlantic Ocean to the south.

2. Materials and methods

A piston core and its gravity core trigger were
collected simultaneously from Franz Victoria Trough
by the United States Coast Guard icebreaker Polar Star
in 1991 (Lubinski et al., 1996). These two cores form
composite core PG5/JPC5, taken from the eastern flank
of Franz Victoria Trough at 460m water depth (Table 1;
Fig. 3). Four additional cores were collected from 425 to
633m water depths in St. Anna Trough by Russian–
American–Norwegian expeditions on board R/V Geo-
log Fersman in 1993 and R/V Professor Logachev in
1994 (Polyak et al., 1997; Hald et al., 1999; Ivanov et al.,
1999; Fig. 3). Although the northernmost cores PL94-29
(605m) and PL94-07 (633m) are from areas with low
Holocene sedimentation rates, they are particularly
important for our study because they contain rarely
collected deglacial sediments from St. Anna Trough.
All cores were sampled at 2–10 cm intervals. Nearly

all samples were 2–2.5 cm thick. The samples were oven-
or freeze-dried, weighed, re-hydrated in distilled water,
wet-sieved with 2mm and 63 mm screens, dried again,
and then re-weighed for particle-size analysis. The
>63 mm fraction was dry-sieved to isolate the
>125 mm fraction. Foraminifera in this size class were
counted, typically based on >150 calcareous benthic
specimens; respective planktonics ranged from a few to
�100 specimens. Agglutinated foraminifera were rare
and not studied in detail.

Fig. 1. Overview map of the Nordic Seas and western Eurasian Arctic

showing locations of our cores and those mentioned in the text. Also

shown is the limit of the Eurasian and Fennoscandinavian ice sheets

during the Last Glacial Maximum (LGM), modified from Landvik

et al. (1998), Svendsen et al. (1999), Forman et al. (1999), and Polyak

et al. (2000a); the limits are particularly poorly known in the

northeastern Kara Sea. Isobaths appear at 500 and 1000m depths.

Abbreviations of northern Eurasian land areas are as follows:

SV=Svalbard, FJL=Franz Josef Land, NZ=Novaya Zemlya,

SZ=Severnaya Zemlya, and TP=Taimyr Peninsula. The large

Yenesey and Ob’ rivers are noted.
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Paired, simultaneous measurements of d18O and d13C
were performed on the non-symbiotic planktonic
foraminifer Neogloboquadrina pachyderma (sinistral)
(n ¼ 134) and the benthic foraminifer Elphidium ex-
cavatum forma clavata (n ¼ 83). Additional isotopic
samples of the benthic species Cassidulina teretis (n ¼ 8)
provide information where E. excavatum was absent. All
isotopic samples were composed of mature individuals
in the 125–250 mm size class. This narrow class
minimizes size-dependent effects on isotopic composi-
tion (Aksu and Vilks, 1988; Keigwin and Boyle, 1989;
Oppo and Fairbanks, 1989; Donner and Wefer, 1994;

Bauch et al., 2000). Furthermore, this size class allows
direct comparison with many high northern latitude
studies (Spielhagen and Erlenkeuser, 1994; Bauch et al.,
1997; Bauch and Weinelt, 1997; N�rgaard–Pedersen
et al., 1998). Our N. pachyderma (s) specimens typically
contain a thick secondary calcite crust, which increases
the shell density and modifies its chemistry (e.g.,
Kohfeld et al., 1996). Most of the specimens had 4 or
4.5 chambers; previous studies suggest no isotopic
difference between these morphotypes (Johannessen
et al., 1994; Alderman and Lehman, 1995). The majority
of the 225 analyzed samples consisted of about 20

Fig. 2. Map of the Barents and Kara seas showing simplified bathymetry (300 and 1000m isobaths), sediment core sites, study areas, and general

circulation pattern (after Loeng, 1991; Loeng et al., 1993; Pfirman et al., 1994; Schauer et al., 1997b). Mean sea-ice limits (>12% cover) are from

Barry (1989). Three major Atlantic Water current systems are labeled: NAC=Norwegian Atlantic Current, NCC=North Cape Current, and

WSC=West Spitsbergen Current. The position of the winter sea ice limit is similar to that of the Polar Front, which separates cold Polar Water on

the surface from warm Atlantic Water.

Table 1

Core and site information

Core No. Latitude

(8N)
Longitude

(8E)
Water depth

(m)

Core length

(cm)

Core dia.

(cm)

Priora work

ref.

Number of
14C ages

Number of foram

isotopes

Franz Victoria Trough

P191-AR-PG5 81807.10 43825.90 463 117 6 2 2 26

P191-AR-JPC5 81807.10 43825.90 463 421 11 2 9 27

St. Anna Trough

GF93-163 77800.10 70800.30 550 232 11 1 2 49

PL94-67 78819.540 70802.070 443 242 11 3,4 7 75

Pl94-07 80859.690 67832.770 633 161 11.5 3,4 2 6

PL94-29 79859.590 69856.960 605 168 11 3,4 1 2

aReference codes are (1) this study; (2) Lubinski et al. (1996); (3) Herlihy (1996); and (4) Polyak et al. (1997).
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individuals. Only 14 samples consisted of 510 indivi-
duals and all of these were from stratigraphic levels with
low foraminiferal abundance in St. Anna Trough. The
majority of the d18O and d13C values were measured on
a Finnigan MAT 252 with a ‘‘Kiel’’ automated
carbonate analytical device at Woods Hole Oceano-
graphic Institution using standard methods (Ostermann
and Curry, 2000). The precision of this instrument for
the NSB19 standard, with correction for all known
biases, is � 0.07% for d18O and � 0.03% for d13C.
Small sample (10–30 mg) precision is slightly lower:
� 0.12% for d18O and � 0.05% for d13C. The
remaining 20 samples were published in Lubinski et al.
(1996). Data are reported in per mil units (%) relative to
the PDB calcite standard.
To better understand the foraminiferal isotopic

measurements, we assembled previously published
modern seawater isotopic and hydrographic data for
the Barents and Kara seas region (references listed in
Section 3). Because no empirically derived isotopic/
temperature equations exist for N. pachyderma (s) and
E. excavatum (cf., Bemis et al., 1998), we rearranged
Shackleton’s (1974) derivation of the equation of
O’Neill et al. (1969) to calculate the isotopic composi-

tion of inorganically precipitated equilibrium calcite:

d18Oe:c:ðPDBÞ ¼ ðd18OwaterðSMOWÞ � 0:27

þ ðð�16:9þ Temperature ð8CÞÞ=� 4:0Þ:

This equation includes a SMOW-to-PDB conversion of
�0.27% (Hut, 1987) and yields isotopic values �0.5%
higher than an extrapolation of the inorganic equation
of Kim and O’Neil (1997). We have chosen to use the
Shackleton (1974) equation because it is: (1) more
directly comparable to prior foraminiferal studies using
the same equation, (2) potentially more accurate than
Kim and O’Neil (1997) to the low temperatures
observed in the troughs, and (3) insufficiently different
than other equations to alter our main results.
The chronologies for the two composite records are

based on accelerator mass spectrometer (AMS) 14C
determinations made on 22 samples (Table 2). Dating
was confined to nine collections of calcareous benthic or
planktonic foraminifera selected from abundance peaks,
10 small paired pelecypods (51 cm length), and three
chitinous polychaete tubes where biogenic carbonate
was absent. All ages were reservoir-corrected by
subtraction of 440 years from the laboratory-reported,

Fig. 3. Study area maps showing bathymetry, sediment cores, and hydrographic stations. Bathymetric maps modified from Cherkis et al. (1991).

Also shown are two cores from recent studies (Polyak and Solheim, 1994; core 45; Duplessy et al., in press; core ASV-880).
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d13C-corrected age (Mangerud and Gulliksen, 1975;
Olsson, 1980; Forman and Polyak, 1997). Ages were
inferred for all sampled levels by using linear interpola-
tion between dated levels. Ages discussed in the text use
the 14C timescale and are given in ‘‘14C ka’’ units.
Calibrated calendar ages are shown in the tables and on
some figures to promote comparison with other records;
they are derived using the atmospheric calibration data
set after correction for reservoir age (Stuiver and
Reimer, 1993; Calib version 4.3).

3. Modern environment and proxies

3.1. Modern hydrography of Franz Victoria Trough and
St. Anna Trough

We call the surficial (0 to �60m) water mass in both
troughs Polar Water (PW). Its temperature rises to
>28C at the surface during summer in some regions but
is often lower than –18C by 60m depth (Fig. 4). Salinity
is often rather low (534.5), largely due to sea-ice melt

Table 2

AMS 14C ages for six sediment cores from the Franz Victoria and St. Anna troughs, northern Barents and Kara seas. arctic Russia

Core

depth

(cm)

Reported

age

(14C yrBP)

Reservoir

corr. agea

(14C yrBP)

Calender

ageb

(Cal yr BP)

Sed

ratec

(cm/cal ky)

Lab. num.d d13Ce

(% vs. PDB)

Materialf Refg

Franz Victoria Trough, P191-AR-PG5

2 440 0� 130 0 32 AA-21397 �19.4 Polychaete tube 1

114 3700 3260� 165 3510 } AA-16408 �19.3 Polychaete tube 1

Franz Victoria Trough, P191-AR-JPC5

12 3745 3305� 60 3530 } AA-16406 �16.8 Polychaaete tube 1

16 3760 3320� 60 3565 14 CAMS-5551 0.0 P-Yoldiella, Thyasira 2

48 5580 5140� 70 5910 14 CAMS-5552 0.0 P-Yoldiella, Cuspidaria 2

88 8360 7920� 70 8710 26 CAMS-5550 0.0 P-Thyasira 2

136 9800 9360� 70 10,545 25 CAMS-5553 0.0 P-Thyasira 2

168 10,640 10,200� 70 11,835 16 CAMS-5549 0.0 BF-C. t. and I. n. 2

200 12,230 11,790� 70 11,820 66 CAMS-5548 0.0 BF-C. t. and E. e. 2

312 13,330 12,890� 80 15,520 } CAMS-5547 0.0 BF-C. t. 2

St. Anna Trough, GF93-163

100 2320 1880� 60 1820 54 AA-14589 0.0 P-Yoldiella (?) 1

195 3775 3335� 50 3570 } AA-14590 0.0 P-Yoldiella (?) 1

St. Anna Trough, PL94-67

17 3420 2980� 70 3170 9 GX-20859 0.0 BF-E.e. and M.b. 3,4

50 6285 5845� 75 6660 46 AA-19029 0.0 BF-M.b. and C.i. 3,4

92 7175 6735� 160 7575 15 AA-20482 0.0 BF-mixed 3,4

115 8610 8170� 115 9150 88 GX-20860 0.0 P-Yoldiella 3,4

171 9225 8785� 120 9790 51 AA-19030 0.0 P-Yoldiella 3,4

190 9390 8950� 120 10,160 36 GX-20861 0.0 P-Yoldiella 3,4

214 10,010 9570� 90 10,820 } AA-19031 0.0 P-Yoldiella 3,4

St. Anna Trough, PL94-07

5 1870 1430� 50 1310 5 AA-16849 0.0 PF-N.p. (s) 3,4

74 13,710 13,270� 130 15,945 } AA-16848 0.0 BF-M.b. 3,4

St. Anna Trough, PL94-29

95 13,730 13,290� 110 15,970 } GX-21067 0.0 BF-M.b., C.i. 3,4

aAll ages have been normalized to a d13C of �25% vs. PDB as per Stuiver and Polach (1977). For all samples, laboratory reported ages have been

reservoir corrected by substracting 440 yr from the laboratory-reported age (Mangerud and Gulliksen, 1975).
bCalibration with Calib 4.3 program (cf., Stuiver and Reimer, 1993). In cases with more than one calibrated age, we use the mean of the 1-sigma

range with the largest relative area under the probability distribution.
cLinear sedimentation rates calculated between one calendar age and the next older one.
dLaboratory codes are (AA) National Science Foundation Arizona AMS Facility, (CAMS) Lawrence Livermore Center for Accelerator Mass

Spectrometry, and (GX) Geochron Laboratories, Krueger Enterprises, Inc.
ed13C values have been measured in three polychaete chitin samples and were assumed to be 0.0% for the remaining samples (all carbonates).
fMaterial codes are (P) pelecypod, (BF) benthic foraminfera, (PF) Planktic foraminifera, (C.t) Cassidulina, teretis, (I.n.) Islandiella norcrossi, (E.e.)

Elphidium excavatum, (N.I.) Nonion labradoricum, (M.i.) Melonis barleeanus, (C.I.) Cibicides lobatulus, and (N.p.(s)) Neogloboquadrina pachyderma

sinistral
gReference codes are (1) this study; (2) Lubinski et al. (1996); (3) Herlihy (1996); and (4) Polyak et al. (1997).
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(Pfirman et al., 1994; Ivanov and Korablev, 1997;
NODC, 1991). Sea ice typically occurs in the northern
halves of the troughs during summer (e.g., Vinje, 1976;
Parkinson et al., 1987; NSIDC, 1953–1990). Polar
Water flows northward in much of the St. Anna
Trough, except its northernmost stretches where it
moves more westerly. In the Franz Victoria Trough,
Polar Water flows westward to southwestward and is
strongly influenced by the large westward flowing
Transpolar Drift current.
A strong pycnocline and halocline separates Polar

Water from a distinctly warmer and saltier Atlantic-
derived water mass in Franz Victoria Trough and along
the western flank of St. Anna Trough down to a depth
of about 400m (Figs. 4 and 5). We call this Atlantic
water mass Fram Strait Branch Water (FSBW; >08C,
�34.9) because it originates from a northward flow of
Atlantic Water through Fram Strait (West Spitsbergen
Current), as depicted in Fig. 2. A total of �2 Sv passes
into the Arctic Ocean by this route (Aagaard and
Carmack, 1989; Gascard et al., 1995; Manley, 1995;
Zhang et al., 1998). FSBW sinks while moving eastward,
mixing a bit with the overlying Polar Water and deeper
water masses. A portion of this subsurface water mass

moves southward into the troughs as depicted in Fig. 2
(Mosby, 1938; NODC, 1991; Pfirman et al., 1994;
Ivanov and Korablev, 1997; Schauer et al., 1997a). It
forms a prominent intermediate water mass at core sites
PG5/JPC5 (Franz Victoria Trough), PL94-07 (north-
western St. Anna Trough), and PL94-29 (west central St.
Anna Trough). FSBW does not quite reach the seafloor
at any of the trough core sites (440–630m) today,
although mixtures of FBSW and the remaining water
mass, Barents Sea Branch Water (BSBW), are particu-
larly prevalent near the seafloor in Franz Victoria
Trough.
Barents Sea Branch Water (BSBW) is also an

Atlantic-derived water mass, although a much more
transformed one. It exhibits a relatively wide range of
both temperature and salinity (freezing to 08C, �34.7–
35) and, thus, can occupy a depth range from �100m
down to the seafloor. BSBW influences bottom hydro-
graphic conditions to some extent at all of our core sites,
although it is less common in Franz Victoria Trough
than eastern and southern St. Anna Trough (Fig. 4).
BSBW is formed from interactions between the Atlantic
Water that flows into the southwestern Barents Sea
(�2 Sv) and local Barents and Kara waters (Blindheim,

Fig. 4. Summer temperature and salinity profiles across the Franz Victoria and St. Anna troughs. See Fig. 3 for location. Water masses are as

follows: PW=Polar Water, FSBW=Fram Strait Branch Water, and BSBW=Barents Sea Branch Water. Mixtures of these water masses are

common, particularly in the central St. Anna Trough. Data for both troughs were collected in August 1994 and, thus, are directly comparable. Franz

Victoria Trough data were collected on the R/V Lance (Lothe et al., 1996) while St. Anna Trough data are from the R/V Professor Logachev (Ivanov

et al., 1999). Horizontal scales are different.
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1989; Loeng, 1991; Loeng et al., 1993; Zhang et al.,
1998). As the Atlantic Water moves northeastward
across the Barents Sea, it is radiatively cooled, mixed
with fresher, colder shelf waters, and occasionally
entrained by sinking sea-ice produced brines. The
undulating relief of the Barents Sea guides transport,
mixing, and entrainment (Pfirman et al., 1994). North-
ward flowing BSBW crosses sills as shallow as �150m
but its strongest flows are associated with 200–300m-
deep passages that intersect southwestern St. Anna
Trough (Fig. 2). Upon entering southwestern St. Anna
Trough, BSBW moves quickly northward along its

eastern flank and along the bottom (Ivanov and
Korablev, 1997; Schauer et al., 1997b). Vigorous mixing
occurs in central St. Anna Trough along a shear zone
between the northward flowing BSBW and the south-
ward flowing FSBW as shown in Fig. 4 (Ivanov and
Korablev, 1997).
There are two modes of the relatively cold Barents Sea

Branch Water (Schauer et al., 1997b). The first tends to
be a mixture of cold, relatively fresh coastal water and
warm Atlantic Water, the densities of which are similar.
This mode is particularly common in eastern St. Anna
Trough at intermediate depths, where it forms several

Fig. 5. Summer water-column properties, including the d18O of seawater, compared to modern d18O values for equilibrium calcite and N.

pachyderma (s), E. excavatum, and C. teretis from selected core-tops (PG5, PL-163, PL-29 box core, and PL-07 box core). Core-top isotopic data are

shown as short thick vertical lines on the rightmost plots. Horizontal lines are drawn at the water depths of each of the six cores used in this study.

(A) Franz Victoria Trough seawater data are from the YMER80 expedition, September 1980 ( .OOstlund and Hut, 1984; .OOstlund and Grall, 1993).

Since data constraining historical variations of temperature and salinity are available and greatly exceed those measured in 1980 in the Franz Victoria

Trough, we show dashed envelopes taken from the historical NODC data set extending back to the 1920s (NODC, 1991). (B) Northern St. Anna

Trough seawater data are from R/V Polarstern ARKXII-1, July 1996 (Mensch et al., submitted). (C) Southern St. Anna Trough data are from the

R/V Ivan Petrov, July/August 1998 (Polyak, in prep). See text for discussion of the calculation of d18O of equilibrium calcite. See Fig. 3 for the loca-

tions of all stations. Water masses are as follows: PW=Polar Water, FSBW=Fram Strait Branch Water, and BSBW=Barents Sea Branch Water.
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prominent temperature minima (Fig. 4). The second,
denser mode of BSBW is formed from sinking sea-ice
brines that entrain relatively warm, northeastward
flowing Atlantic Water (Schauer et al., 1997b). The
brines are formed during winter on the shallow shelves
of the northern Barents and Kara seas (Midtunn, 1985;
Pfirman et al., 1994; Ivanov and Korablev, 1997). The
denser BSBW mode forms bottom water at all six core
sites (440–630m), although it is mixed with FSBW in
FVT. Hydrographic data show that the strongest
influence of dense BSBW on the core sites is in southern
St. Anna Trough (PL94-67 and GF93-163).

3.2. Modern oxygen isotope distributions

Compilations of published d18O, temperature, and
salinity of seawater in the troughs during summer

(Figs. 5 and 6) provide a context for interpreting the
foraminiferal d18O record from sediment cores, particu-
larly for the Holocene, when the hydrographic system
probably operated in a similar manner to the present.
These compilations also provide a baseline for compar-
ing against the clearly different deglacial period. Data
for the summer period are used because foraminifera
generally calcify at this time at high northern latitudes
(e.g., Kohfeld et al., 1996; Wollenburg and Mackensen,
1998). Although there is an absence of d18O data for
living foraminifera in the troughs, we were able to
calculate equilibrium calcite values to better understand
the modern isotopic system.
At present, the calculated d18Oe.c. values show a

stronger temperature than salinity control in the troughs
when the depths of foraminiferal calcification are
considered. This result is principally due to a higher

Fig. 6. Comparison of the d18O of seawater and equilibrium calcite with summer salinity and temperature for the Franz Victoria and St. Anna

troughs, using the modern hydrographic data depicted in Fig. 5. Linear relationships with r250:5 are shown with solid lines. Data from the entire

water column at sites 215 and 209 in Franz Victoria Trough have been excluded from calculation of linear relationships because they are�0.2–0.3%
lower than surrounding sites, suggesting a systematic measurement error (‘‘out’’=outlier). The upper-left panel shows a linear relationship between

the d18O of seawater and salinity in St. Anna Trough in 1996/1998, with freshwater endmembers of �23% for northern St. Anna Trough (1996) and

�16 to �9% for southern St. Anna Trough (1998); the latter value depends on whether a single very fresh sample is considered an outlier. These

values are generally consistent with riverine d18O compositions and surface current patterns (e.g., Brezgunov et al., 1982; Bauch et al., 1995). There is

no comparable relationship for Franz Victoria Trough in 1980, probably because the lower salinity surface layer is largely derived from melting of sea

ice formed from relatively saline waters. Lower panels are limited to a narrow depth interval, corresponding to the 100–200m calcification depth for

N. pachyderma (s) (see text). The lower-right panel shows particularly strong relationships between the d18O of equilibrium calcite and temperature.

The true temperature relationship in Franz Victoria Trough may be stronger than appears with this 1980 data set because temperatures in other

years, such as 1994, for the 100–200m depth interval are up to 1.58C higher with no substantial change in salinity (Fig. 4).
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temperature than salinity variability below the surface
Polar Water (Figs. 4–6). For our purposes, the surface
layer should be excluded because even the planktonic
foraminifer N. pachyderma (s) appears to be calcifying
below this layer, as implied by studies of two regions
adjacent to our trough study areas: the southern Nansen
Basin and the central Arctic Ocean. The average
calcification depth of this species in both regions varies
between 100 and 200m, despite differing hydrographic
regimes (Carstens and Wefer, 1992; Bauch et al., 1997).
This result, combined with the proximity of our Franz
Victoria Trough core site to the southern Nansen Basin,
strongly suggests that N. pachyderma (s) in the troughs
also calcify most frequently at 100–200m depth, where
temperature has a particularly strong influence on
isotopic composition (Fig. 6).
Coretop N. pachyderma (s) have d18O values consis-

tent with that of equilibrium calcite at 100–200m water
depth when the foraminiferal vital effect (biotic dis-
equilibrium) and temperature variability are considered.
The vital effect for N. pachyderma (s) was previously
measured in the Arctic at �1% lower than equilibrium
(e.g., Kohfeld et al., 1996; Bauch et al., 1997).
Correction for this effect yields d18O values of
N. pachyderma (s) that are similar to equilibrium calcite
averaged over the 100–200m depth interval (Fig. 5A).
The difference is only �0.2% for Franz Victoria
Trough. The difference in St. Anna Trough is less than
0.5% (hydrographic stations A96-7 and IP98-3 were
used for core tops PL-07 and GF-163, respectively).
These remaining differences may reflect temperature
variability at the core sites over time. Temperature of
FSBW can vary by 1–28C in less than a decade in the
troughs (Stanovoy et al., 1998) while the core-top
measurements are an integration of conditions for
approximately the past century. An additional factor is
uncertainty in the exact vital effect for N. pachyderma (s)
in the high Arctic, which may differ from that of the
Southern Ocean (e.g., Charles and Fairbanks, 1990;
Kohfeld et al., 1996).
Modern hydrographic measurements imply that

modern benthic d18O values, like their planktonic
counterparts, are more likely to be influenced by
temperature than salinity. At the depths of the core
sites (460–633m; Fig. 5B) today, there is a relatively
narrow range of seawater salinity (50.2) and d18Owater

values (50.4%) compared to the range of temperatures
(�38C) and d18Oe.c. (�1%). Core-top benthic forami-
niferal d18O values are also broadly consistent with
calculated d18Oe.c. when vital effects are considered. The
isotopic difference between the d18O of E. excavatum
and equilibrium calcite of near-bottom waters is �1%
for PG5 in Franz Victoria Trough and �0.5% for GF-
163 in southern St. Anna Trough (Fig. 5). These
differences are broadly consistent with vital-effect
estimates of 0.85% for E. excavatum (Poole, 1994; using

estimated d18O of water) and ��1% for the genus
Elphidium (McCorkle et al., 1990; Erlenkeuser and von
Grafenstein, 1999). Nevertheless, the vital effect for
living E. excavatum in arctic shelf settings has never
been directly measured. In contrast to E. excavatum,
little difference was observed between the d18O of
C. teretis and d18Oe.c for core site GF-163, the only
location where near-modern C. teretis was measured
(Fig. 5C). This pattern is consistent with prior high-
latitude studies of C. teretis, which show calcification
close to equilibrium (Poole, 1994).
The observed influence of temperature on foramini-

feral d18O in the Franz Victoria and St. Anna troughs
appears to extend over much of the Barents and Kara
shelves, with the notable exception of the shallower,
more river-proximal areas. As shown in Fig. 7, tem-
perature more strongly influences isotopic composition
at depths >60m. This figure also shows, however, a
stronger salinity influence when the data for all depths
are plotted together (upper left scatter plot). This result
is due to the very strong influence of salinity on the
isotopic composition of shallow, river proximal waters.
A strong salinity influence may have been present in the
subsurface of the Franz Victoria and St. Anna troughs
during deglaciation when nearby ice sheets were melting
and some Eurasian river mouths were displaced north-
ward by lowered sea level. In particular, we would
expect that the d18O of N. pachyderma (s) would become
especially salinity sensitive in the troughs after fresh-
water penetrated down to �100–200m depth, the
calcification depth of this species in our study region.
Support for this ‘‘depth-threshold’’ theory comes from
the central Arctic Ocean, where the relatively fresh Polar
Water is much thicker than at our core sites and the
d18O of modern N. pachyderma (s) is controlled by
salinity rather than temperature (Spielhagen and Erlen-
keuser, 1994; Alderman and Lehman, 1995); the
calcification depth is the same in both places (Bauch
et al., 1997).

3.3. Modern carbon isotope distributions

Recent studies of the distributions of modern
planktonic d13C in the Arctic (e.g., Spielhagen and
Erlenkeuser, 1994; Bauch et al., 1997, 2000) provide a
useful context for interpreting the N. pachyderma (s)
d13C record in our cores. An important result of these
studies is the understanding that lateral transport of
surface and pycnocline water from the Eurasian arctic
shelves to the central Arctic Ocean results in subsurface
waters which are better ventilated than inflowing Fram
Strait Branch Water (FSBW). This ventilation difference
causes N. pachyderma (s) d13C values in central Arctic
Ocean tow nets and coretops to be �0.5% higher than
in our more southerly region despite much heavier
sea-ice cover. Primary productivity may also alter
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distributions of planktonic d13C. This factor appears to
be minor to the north of our sites in the southern
Nansen Basin, as shown by a lack of a d13C increase in
N. pachyderma (s) in the upper water column and no
relationship between d13C and phosphate concentra-
tions (Bauch et al., 2000). Although a stronger
productivity effect might occur at our sites given less
sea-ice cover, it is probably not a dominant control on
present d13C values because productivity is still low
relative to more southerly sites (e.g., Rudels et al., 1991).
An additional controlling factor on planktonic d13C
distributions is the low d13CDIC of riverine inflow to the
Eurasian Arctic, which generally varies between �5 and
�10% (Erlenkeuser et al., 1999; Erlenkeuser and Von
Grafenstein, 1999). Because this d13CDIC is much lower
than the �+1% value for Atlantic Water and the
summer discharge of rivers is quite high (Aagaard and
Carmack, 1989), mixing between these sources can affect
the d13C of marine foraminifera in freshwater-proximal
environments. Although this factor probably was not
significant during the Holocene, it may have been
important at times during deglaciation.
The environmental controls on the d13C of benthic

foraminifera are more poorly understood than for
planktonics. Nonetheless, they are generally controlled

by the d13C of ambient waters, which in the case of pore
waters may be strongly affected by degradation of
organic matter (e.g., Grossman, 1984). The inferred
infaunal habitat of E. excavatum is often associated with
organic-matter decomposition, which shifts the d13C
disequilibrium to �2 to �3.5% (McCorkle et al., 1990).
In contrast, the d13C disequilibrium for the planktonic
species N. pachyderma (s) is not as pronounced (��0.8
to �2%; Labeyrie and Duplessy, 1985; Kohfeld et al.,
1996; Bauch et al., 2000). The d13C difference between
E. excavatum and N. pachyderma (s) in our cores is
similar to other regions, ranging from �1 to �3%.

3.4. Modern distributions of Cassidulina teretis and
planktonic foraminifera

Prevalent benthic foraminifera in our core-tops and
cores are the common arctic shelf and/or upper slope
species Elphidium excavatum, Cassidulina reniforme,
Cassidulina teretis, Cibicides lobatulus, Islandiella nor-
crossi, Buccella frigida, and Melonis bareleeanus. For
this study, we concentrate on the percentage of C. teretis
(also called C. neoteretis; Seidenkrantz, 1995) relative to
all calcareous benthic foraminifera (% C. teretis)
because prior core and surficial sediment studies

Fig. 7. Comparison of the d18O of equilibrium calcite versus summer salinity and temperature for four regions of the Barents and Kara seas and

surrounding areas. Lower panel excludes waters above 60m and is more applicable to planktonic and benthic foraminiferal calcification in our

trough study areas. Hydrographic measurements}including the d18O of seawater}are from Ferronskii (1978), Brezgunov et al. (1982), .OOstlund and

Grall (1993), Bauch (1995), Bauch et al. (1995), Mensch et al. (submitted), and Polyak (in prep). Data span the months from June to September and

are irregularly distributed in both space and time (1976, 77, 80, 83, 84, 87, 88, 91, 92, and 98).
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demonstrate that this species is common in the Arctic
only where chilled, slightly transformed subsurface
Atlantic Water is present below �200m depth (Green,

1960; Lagoe, 1979; Mackensen et al., 1985; Mackensen
and Hald, 1988; Ishman and Foley, 1996; Jennings and
Weiner, 1996; Wollenburg and Mackensen, 1998). In the
Barents and Kara seas, C. teretis occurs almost
exclusively in Bear Island, Franz Victoria, and St. Anna
troughs, all areas with Atlantic Water in the subsurface
(Todd and Low, 1980; Polyak, 1985; Mackensen and
Hald, 1988; Steinsund, 1994; Fig. 8). C. teretis does not
occur in areas where Atlantic Water has been strongly
mixed with shelf waters such as in the northeastern
Barents Sea. The distribution of C. teretis in the troughs
probably reflects a combination of environmental
factors associated with Fram Strait Branch Water
(FSBW) including its relatively high phytodetrital
deposition, temperature, and salinity.
Planktonic foraminifera in the coretops and cores are

almost exclusively of the species N. pachyderma, nearly
all of which are sinistral. The mapped distribution of the
modern proportion of planktonic foraminifera relative
to all calcareous foraminifera (% planktonic) resembles
that discussed above for the proportion of C. teretis
(Fig. 8). In general, planktonic percentages are high in
the troughs relative to the shelves and thus, are
approximately coincident with inflow of relatively
unmodified Atlantic-derived waters. Nevertheless, we
consider % planktonic in the troughs to be a less reliable
indicator of the presence of FSBW than % C. teretis
because % planktonic integrates environmental controls
for both planktonics and benthics, some of which may
be independent.

3.5. Identification of water mass change

Shifts between water masses in Franz Victoria Trough
and St. Anna Trough during deglaciation and the
Holocene are likely to have been accompanied by
distinctive changes in foraminiferal species and isotopic
compositions. We expect to observe shifts between three
main water masses: Fram Strait Branch Water (FSBW),
Barents Sea Branch Water (BSBW), and a freshwater

Fig. 8. Maps of the Barents and Kara seas showing: (A) approximate

shelf area where 200m temperature is >18C, reflecting the occurrence
of relatively unmodified Atlantic Water from both the Barents Sea and

Fram Strait branches, (B) % Cassidulina teretis, and (C) % planktonic

species. C. teretis data are relative to the calcareous benthic

foraminifera, while % planktonic data are relative to all calcareous

foraminifera. The smallest dots show the locations of samples with no

C. teretis (B) and no planktonics (C). Temperature map is from a

recent compilation by Matishov et al. (1998). Most of the foraminiferal

data are from a 10-study compilation for the Barents and Kara seas by

Polyak (1985) and Steinsund (1994). Additional data for the Kara Sea

are from Paulsen (1997) and Polyak (unpublished). Central Arctic

Ocean data are from Wollenburg and Mackensen (1998). Nearly 675

sample sites are shown. Planktonics are dominated by Neogloboqua-

drina pachyderma (s).

3
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mass composed of ice-sheet meltwater and/or riverine
water (neither of which occur below the surface waters
in the troughs at present). Shifts between the first two
water masses are readily distinguished because the
relatively warm FSBW is accompanied by the presence
of C. teretis and relatively low foraminiferal d18O, while
colder BSBW is accompanied by sparse or absent
C. teretis and relatively high d18O. Freshwater flows
voluminous enough to influence depths down to 100–
200m will have low d18O values of N. pachyderma (s) in
excess of those which could be caused by reasonable
temperature increases (assumed to be associated with
increased FSBW); such freshwater flows may also be
associated with low d13C of N. pachyderma (s) due to
increased stratification or proximity to rivers. The
proxies used in this study cannot be used to distinguish
ice-sheet meltwater from river water, either of which
may be seasonally stored as sea ice. Nevertheless,
independent determinations of ice-sheet margins and
river mouths may provide helpful constraints for
distinguishing these sources.
Providing information on the vertical structure of

these three water masses is the d18O difference between
benthic and planktonic foraminifera. This difference
tends to reflect stratification between the subsurface and
bottom portions of the water column (cf. Duplessy et al.,
in press). The present d18O difference is mostly due to
temperature stratification because of the strong influ-
ence of temperature on the d18O composition of
E. excavatum and N. pachyderma (s). Past differences
may have been more controlled by salinity stratification
or the degree of downward transport of low d18O sur-
face water with brines created during sea-ice formation.
More problematic to reconstruct are surface-most

waters because none of the proxies used in this study
directly record surface layer conditions (0–60m). As
discussed above, calcification of planktonic foraminifera
in Franz Victoria Trough and St. Anna Trough occurs
in the subsurface at 100–200m depth. Although a
subsurface measure, d18O of planktonic foraminifera
may provide indirect information on surface conditions,
including the identification of large subsurface fresh-
water flows; such flows must have also been present at
the surface.

4. Lithostratigraphy, chronology, and sedimentation rate:

setting a framework for interpretation of foraminiferal

paleoenvironmental proxies

4.1. Lithostratigraphy

Prior detailed lithologic and geophysical studies
delineated three major seismo- and litho-stratigraphic
units for our cores, which form an upward sequence of
generally decreasing proximity to a glacier margin

(Herlihy, 1996; Lubinski et al., 1996; Polyak et al.,
1997):
The lowest unit, a massive, almost unfossiliferous

gray-to-dark-gray diamicton, was penetrated in only
three of our six cores: JPC5, PL-07, and PL-29 (Fig. 9).
However, seismic data show that the diamicton is
widespread and associated with grounded glacier ice
during the Last Glacial Maximum (Lubinski et al., 1996;
Polyak et al., 1997; Kleiber et al., 2000). It is probably
composed of a spatially varying combination of
subglacial till, ice-proximal debris flows, and iceberg-
turbated till.
The middle unit consists of mud, thin sandy layers,

laminated clay, and turbidites. This unit is mostly fossil
barren but contains intermittent abundance peaks. In
St. Anna Trough cores, this unit includes two prominent
yellowish- or reddish-brown layers containing iron and
manganese oxides, accompanied by lows in magnetic
susceptibility, carbonate, and organic carbon contents.
These brown layers provide regional lithostratigraphic
markers (Polyak et al., 1997), which are particularly
useful given the paucity of 14C ages in St. Anna Trough.
The contact between the diamicton and the middle unit
is conformable, consistent with the interpretation of the
middle unit as being deposited in ice-proximal to ice-
distal glacial-marine environments.
The upper unit is a homogeneous brown-to-olive-gray

mud with generally low sand content and bulk density.
It is fossiliferous, bioturbated, and often stained with
iron-sulfides. This unit resembles the postglacial interval
in other regions of the Barents Sea, which is associated
with biologically productive marine conditions, sea-ice
sedimentation, and re-distribution of sediments by
currents (e.g., Elverh�i and Solheim, 1983; Elverh�i
et al., 1989).

4.2. Chronology and sedimentation rates

The chronostratigraphic framework for the Franz
Victoria and St. Anna Trough cores is provided by 10
and 12 14C ages, respectively (Table 2). Only five
samples directly constrain the age of the deglacial
period, because the middle lithostratigraphic unit is
often fossil barren. Assigning ages to the major
lithostratigraphic units is aided by the occurrence of
prominent unit boundaries and oxidized beds. We infer
an age of 513 14Cka for the boundary between the
basal and intermediate unit in the Franz Victoria
Trough and northern St. Anna Trough. The true age
is probably considerably older than 13 14C ka in
northern St. Anna Trough (�15 14C ka?) because
�30–50 cm of sediment separate the oldest 14C samples
(13.3 14Cka) and the diamicton. This intervening
sediment includes a regionally extensive oxidized layer,
which probably reflects slow sedimentation (Polyak
et al., 1997). In contrast, the oldest 14C samples in
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Franz Victoria Trough (12.9 14C ka) lie only a few cm
above a mostly massive diamicton (Lubinski et al.,
1996). Thus, the age for the boundary between the basal
and intermediate unit in Franz Victoria Trough is
probably younger than in St. Anna Trough. An age of
ca 10 14C ka is interpolated from existing 14C ages for
the transition from the intermediate to upper unit in
both troughs.
Radiocarbon ages and lithostratigraphy of the degla-

cial sediments (intermediate unit) suggest substantial
variations in sedimentation rate. For example, the
sedimentation rate for glacier-proximal clays in Franz
Victoria Trough is �100 cm/kyr, about an order of
magnitude higher than the glacier-distal, coarser-
grained sediments.
To provide a chronological estimate for undated

deglacial sediments in St. Anna Trough, the 52 cm level
in core PL-07 (a dashed line in Fig. 9) was assigned a
ca 11 14C ka age based on lithostratigraphic correlation
with the better-dated Franz Victoria Trough deglacial
record. This level contained sufficient foraminifera for

stable isotopic analysis but not for 14C dating. The
52 cm level occurs in the upper portion of the middle
lithostratigraphic unit between two distinct sandy layers.
Because all deglacial sediments collected in the St. Anna
and Franz Victoria trough regions have contained two
distinct sandy layers in a similar stratigraphic sequence
(e.g., Lubinski et al., 1996; Polyak et al., 1997; Kleiber
et al., 2000), we used the deglacial 14C ages in Franz
Victoria Trough core JPC5 and the position of its sandy
layers to provide a first-order estimated age of ca 11
14C ka for the 52 cm level in core PL-07.
Holocene sedimentation rates are better known

and do not show any strong similarities between the
troughs. Early Holocene rates are nearly an order of
magnitude higher than those of the late Holocene in St.
Anna Trough core PL-67 (Table 2), consistent with
other cores from southern St. Anna Trough (Hald et al.,
1999). In contrast, Holocene sedimentation rates
in Franz Victoria Trough are less variable, with
slightly higher rates during the early Holocene and
since ca 3 14Cka.

Fig. 9. Basic lithostratigraphy and correlation of sediment cores from Franz Victoria and St. Anna troughs. Three main units are based on sediment

color, structure, grain-size, bulk density, and magnetic susceptibility. Solid curves=volume magnetic susceptibility (MS); dotted curves=sand

content. Core locations are shown in Fig. 3.
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5. Results and interpretation of foraminifera and stable

isotopes: timing of deglacial and postglacial freshwater

and Atlantic Water inflows to Franz Victoria and St.

Anna troughs

5.1. Timing of deglacial inflows

Glacial–marine sediments comprising the deglacial
interval from >13 to ca 10 14C ka are mostly barren of
foraminifera, probably due to lowered productivity
and/or high dissolution (e.g., Steinsund and Hald,
1994). Nevertheless, there are several isolated but
important abundance peaks, which are roughly centered
on ca 13, 11.5, and 10 14C ka (Fig. 10; Table 2).
The oldest abundance peak in our cores, dated ca 13

14C ka, provides evidence for Atlantic Water and fresh-
water contributions to Franz Victoria and northern
St. Anna troughs during deglaciation. The dominance
of C. teretis at ca 13 14C ka (Fig. 10) shows a clear
presence of relatively unmodified Atlantic-derived water
in both troughs, probably similar to the present Fram
Strait Branch Water (FSBW). The planktonic and
benthic foraminiferal d18O records (Figs. 10 and 11A)
are dominated by pronounced depletions. To compare
these isotopic values with local values for the present,
the influence of global ice-sheet melting on seawater
d18O must be accounted for; we used a d18O decrease of
�0.011% per meter rise in global sea level (Fairbanks
and Matthews, 1978; Fairbanks, 1989). With this
correction, the local d18O values of N. pachyderma (s)
and E. excavatum at ca 13 14C ka are 0.8–1.4% lower
than modern (Fig. 11). These substantially low d18O
values are unlikely to solely reflect a temperature
influence given that the values equate to temperatures
�3–58C higher than present. Such an elevated tempera-
ture during deglaciation is inconsistent with environ-
mental constraints inferred from benthic foraminiferal
assemblages. Nevertheless, a more modest bottom
temperature increase of �1–28C above present is
plausible for this time given C. teretis proportions
>40%. A smaller difference is possible given uncertain-
ties in relating C. teretis and other benthic foraminifera
to temperature. Thus, the lower-than-present d18O
values may or may not contain a minor temperature
effect. The values are mostly due to freshwater input; a
result supported by d13C values of N. pachyderma (s)
0.6–1.1% lower than present (Figs. 11 and 12). This
degree of lowering is in excess of the global effects on
carbon cycling since the Last Glacial Maximum, which
are�0.3–0.4% (Shackleton, 1977; Duplessy et al., 1988;
Boyle, 1992, Spero et al., 1997). The low d13C values
probably reflect poor ventilation and/or freshwater with
low enough d13C DIC and high enough volume to
reduce the overall d13C DIC of seawater. The low d18O
values probably also reflect deglacial freshwater end-
members with d18O values lower than those of present

riverine inflows, which range from about �14 to �21%
(Pechora, Ob, Yenesey, and Lena rivers; e.g., Brezgunov
et al., 1982; Bauch et al., 1995).
The ca 11.5 14C ka period is distinguished from the

ca 13 14C ka period by having lower % C. teretis and a
very low benthic–planktonic d18O difference. The
C. teretis values suggest that FSBW was still present,
but may have been less strong than at ca 13 14C ka.
Relative to the ca 13 14C ka period, E. excavatum d18O
values became �0.4% lighter, while N. pachyderma (s)
became �0.3% heavier (Fig. 11). The E. excavatum
values themselves became 0.4% lower than those for N.
pachyderma (s) (see benthic–planktonic d18O difference
in Fig. 11). This unusual benthic–planktonic isotopic
signature most likely reflects increased vertical mixing,
probably associated with downward transport of water
with low d18O/high salinity during sea-ice formation
(i.e., brine formation). This result does not necessarily
imply that the benthic foraminifera experienced lower
d18O of ambient seawater than their planktonic counter-
parts because the vital-effect uncertainties for both
species are large enough to explain the �0.4%
difference. At ca 11.5 14C ka, freshwater must have been
the dominant influence because all d18O values remained
well below the present.
By ca 10 14C ka, benthic foraminifera were again

present in trough sediments. The proportions of
C. teretis were >40%, while d18O values were well
below present. These conditions were similar to those at
ca 13 14C ka, with inflows of both Atlantic-derived water
and freshwater.

5.2. Timing of Holocene (postglacial) inflows

The relatively rapid transition to post-glacial condi-
tions soon after ca 10 14C ka is one of the strongest
signals in our records and is coincident with a
lithological change to sulfide-stained, olive-gray mud
(Fig. 9). The d18O of N. pachyderma (s) increased by 1%
in less than �400 14C years, while that of E. excavatum
increased by 0.7%. The d13C of N. pachyderma (s) also
rose relatively quickly. Combined with a simultaneous
decrease in the proportion of C. teretis, these isotopic
shifts reflect a relatively rapid cessation of freshwater
and Fram Strait Branch Water (FSBW) flows at a
similar time in both troughs (Fig. 12). These shifts also
imply that subsurface and bottom temperatures fell
relatively quickly. These cold, early Holocene conditions
persisted until ca 7.5 14C ka in both troughs and show a
strong influence of cold, highly modified water from the
Barents Sea branch (BSBW). Carbon isotopic values for
N. pachyderma (s) are lower than the Holocene average,
suggesting relatively poor ventilation and/or lower
productivity.
The succeeding interval from ca 7.5 to 6 14C ka

is characterized by low d18O of N. pachyderma (s) and
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high % C. teretis, due to return of warm FSBW. The
�0.3–0.5% decrease in planktonic d18O between ca 8
and 7 14C ka suggests that subsurface temperatures may

have risen by �1–28C. The magnitude of this change is
consistent with a replacement of BSBW by FSBW. A
relatively low benthic–planktonic d18O difference in

Fig. 10. Foraminiferal time-series data from: (A) Franz Victoria Trough cores PG5 and JPC5, and (B) St. Anna Trough cores GF-163, PL-67, PL-

07, and PL-29. Average planktonic values are shown with a thick connecting line, benthic values with a thin line. For comparison, the isotopic effect

of global sea-level rise (Fairbanks and Matthews, 1978; Fairbanks, 1989) on the d18O of N. pachyderma (s) is shown. The global sea-level effect on

d18O of E. excavatum is not shown but is a simple offset of the depicted dashed line. Horizontal shading highlights intervals with especially low d18O
in N. pachyderma (s). To place the d13C of N. pachyderma (s), E. excavatum, and C. teretis on the same scale, 1.5% has been added to the

E. excavatum values and 0.5% to the C. teretis values. Similarly 0.5% has been subtracted from the d18O of C. teretis to plot them with

N. pachyderma (s) data. Especially small samples for N. p. (s) (2–4 specimens) in SAT are highlighted (6 for PL-67, 1 for GF-163).

D.J. Lubinski et al. / Quaternary Science Reviews 20 (2001) 1851–1879 1865



Franz Victoria Trough during the ca 7 14C peak of this
interval (Fig. 11) suggests that temperature stratification
was low and that FSBW may have expanded to the sea
floor. In contrast, a relatively high benthic minus
planktonic d18O difference in southern St. Anna Trough
implies that FSBW generally overlay BSBW. By ca 6 ka,

temperatures had fallen in both troughs due to
decreased FSBW influence and/or increased BSBW
influence.
The period from 6 to 3 14C ka is a period of transition,

reflecting changes in the relative influence of FSBW and
BSBW in each trough. Oxygen isotopic values of

Fig. 11. Averaged and corrected foraminiferal time-series data from the Franz Victoria Trough (thick line) and St. Anna Trough (thin line). The

d18O data have been corrected for the influence of global sea-level rise (see text). Horizontal shading highlights intervals with especially low d18O in

N. pachyderma (s).
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N. pachyderma (s) and E. excavatum in the two troughs
diverged at ca 6 and 4 14C ka, respectively, leading to
systematically lower d18O values in Franz Victoria
Trough than southern St. Anna Trough during the late
Holocene. This isotopic separation suggests a transition
from a shared dominance of mostly FSBW in subsurface
waters ca 7 14C ka to a stronger influence of FSBW in
Franz Victoria Trough than southern St. Anna Trough.
After the transitions, oxygen isotopic values of
N. pachyderma (s) and E. excavatum in Franz Victoria
Trough were �0.4% lower than in southern St. Anna
Trough, equivalent to subsurface and bottom water
temperatures �1.58C higher. This interpretation is
consistent with higher % C. teretis in Franz Victoria
Trough than southern St. Anna Trough. The modern
hydrographic data in Figs. 4 and 5 show that tempera-
tures in Franz Victoria Trough are indeed higher than
near core GF-163 in the southern St. Anna Trough, but
the difference is only �0.758C at the seafloor (Fig. 5).
This apparent discrepancy suggests that the hydro-
graphic data collected in 1998 for southern St. Anna
Trough may not be representative of recent average
conditions, which are probably colder. The alternative
explanation}that seawater d18O values in the southern
St. Anna Trough are systematically and substantially
higher than in Franz Victoria Trough}is unlikely given
that available seawater isotopic data suggest the

opposite trend. Temperature stratification was probably
low in southern St. Anna Trough and high in Franz
Victoria Trough (benthic minus planktonic d18O differ-
ence data), implying that the water columns differed
greatly. BSBW in St. Anna Trough was probably
dominant in the subsurface and bottom while it was
more dominant only at the bottom of Franz Victoria
Trough.
Carbon isotopic values for N. pachyderma (s) during

the ca 6–3 14C ka transition period were at their
Holocene maximum, suggesting a relatively well-venti-
lated water mass and/or high productivity. The general
increase in d13C values through the early Holocene up to
this interval (Fig. 11) may reflect ventilation conditions
over a broad area. One possibility is that sea-level rise in
unglaciated regions of the Kara and Laptev Sea resulted
in a progressive increase in shelf area, increasing the
transport of well-ventilated shelf waters to the Arctic
Ocean until sea-level stabilization ca 6 14C ka (cf., Bauch
et al., 1999).
The interval from ca 3 to 2 14C ka is characterized by

relatively low d18O values and high % C. teretis,
suggesting an increase in the influence of FSBW in both
troughs. This result is supported by generally higher %
planktonics at this time. d13C values N. pachyderma (s)
show the start of a trend toward slightly lower values
that extends to the present. This suggests that ventilation

Fig. 12. Summary data and basic interpretation of our Franz Victoria and St. Anna trough records.
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and/or productivity might have started to decrease
slightly during the latest Holocene.
The interval from ca 2 14C ka to the present is

characterized by generally low d18O values, but higher
than at ca 3–2 14C ka. Combined with a decrease in %
C. teretis, the isotopic values suggest a reduction of
FSBW influence in both troughs. However, % plank-
tonic generally increased, reaching maximum values for
the entire record at present (Fig. 10). The cause for this
maximum is still not known.

6. Discussion: comparison with other records and causes

for inflow variations

6.1. Deglacial ice margins, stable isotopes, and
freshwater flow sources

During the Last Glacial Maximum ca 20 14C ka, the
Barents Sea Ice Sheet covered the shelf out to its edge
along much of the northern and western margins,
grounding in the deep shelf troughs while much of the
Kara Sea probably remained unglaciated, especially in
the south (e.g., Landvik et al., 1998; Forman et al., 1999;
Mangerud et al., 1999; M .ooller et al., 1999; Polyak et al.,
2000a). If a northern Kara Sea ice sheet existed, it may
have blocked drainage of the large Ob’ and Yenisei
rivers}thus creating the potential for large, river/lake
discharges that may have traveled to Franz Victoria and
St. Anna troughs during deglaciation. Regardless of the
ice sheet geometry in the Kara Sea, the Barents Sea Ice
Sheet would have blocked any northward Atlantic
Water flow via the Barents Sea branch. Re-establish-
ment of this important branch required deglaciation of
the deep troughs and portions of the shallower central
Barents Sea. The re-establishment probably occurred
relatively early, between ca 15 and 13 14C ka}a
particularly data sparse interval for the Barents and
Kara seas.
At ca 15 14C ka, retreat began along the northern and

northwestern Last Glacial Maximum margin of the
Barents Sea Ice Sheet (Svendsen et al., 1996; Landvik
et al., 1998; Andersson et al., 1999; Kneis et al., 1999,
2000; Kleiber et al., 2000; see Fig. 13). New isotopic
studies of Arctic Ocean cores PS2138 and PS2446 from
995 and 2022m depths adjacent the Franz Victoria
Trough suggest the first major pulse of freshwater along
the northern margin of the Barents Sea Ice Sheet at
roughly ca 14 14C ka (Kneis et al., 2000), generally
consistent with isotopic records from the central Arctic
Ocean (Stein et al., 1994; N�rgaard–Pedersen et al.,
1998; Fig. 14C and D).
By ca 13 14C ka, the ice-sheet had retreated to near-

coastal areas in western and northern Svalbard but
probably still covered shallow areas of the northern
Barents Sea (e.g., Forman, 1990; Elverh�i et al., 1995;

Lierdal, 1997; Landvik et al., 1998; see Fig. 13). Our
foraminiferal d18O and d13C data show substantial
freshwater influx to the already deglaciated Franz
Victoria and northern St. Anna troughs. This ca 13
14C ka freshwater influx was probably derived from
nearby melting glacier ice, although additional influence
from the Ob’, Yenisei, and other Eurasian rivers cannot
be ruled out. Riverine influences may have included
damming by a Kara Ice Sheet or progradation of rivers
to locations closer to the troughs. Progradation may
have occurred given a global sea level �100m below
present at 13 14C ka (Fairbanks, 1989) and unglaciated,
shallow shelves in the Laptev Sea (Bauch et al., 1999)
and the eastern Kara Sea.
By ca 11.5 14C ka, the ice sheet had fragmented into

separate ice caps over the Svalbard, Franz Josef Land
and Novaya Zemlya regions (e.g., Elverh�i et al., 1995;
Landvik et al., 1998; see Fig. 13). Freshwater was
present in Franz Victoria and St. Anna troughs ca
11.5 14C ka. The apparent proximity of remaining
glacier ice to the troughs suggests that it may have been
the main source of the d18O depletion. A riverine source,
however, is also possible given that preliminary analysis
of a high-resolution Arctic Ocean record from the
unglaciated Laptev Sea margin implies a very large
freshwater discharge into the Arctic Ocean just before
the start of the Younger Dryas (PS2458, 985m,
Spielhagen et al., 1998; see Fig. 1 for location).
The ca 10 14C ka period in Franz Victoria and

St. Anna troughs, like the ca 13 and 11.5 14C ka periods,
was also characterized by depleted d18O values reflecting
freshwater inputs. Although little of the Barents Sea ice
Sheet remained at ca 10 14C ka, melting of its remnants
may have been especially vigorous from ca 10.2 to 9.5
14C ka when abrupt arctic warming occurred during the
Younger Dryas–Preboreal transition (e.g., Ko

-
c et al.,

1993; Cuffey and Clow, 1997; Bj .oorck et al., 1997; Hald
and Hagen, 1998). It is also possible that a pronounced
river discharge from northward displaced Eurasian
rivers contributed to the depleted d18O values. This
latter possibility is supported by low d18O during the
earliest Holocene in an apparently more river-proximal
core from 125m water depth in the southwestern Kara
Sea (Core L0987; Polyak et al., 2000b; see ‘‘R9’’ in
Fig. 1 for location). Regardless of the source(s), the ca
10 ka freshwater pulse appears to be restricted to the
Barents and Kara seas region. To our knowledge, it has
not been observed in the northeastern Nordic Seas, the
Arctic Ocean, or the Laptev Sea continental margin.
The only cores showing relatively low or decreasing
d18O at this time, such as core M17732 from the eastern
Nordic Seas (Bauch and Weinelt, 1997; see Fig. 1 for
location), are accompanied by increased d13C, suggest-
ing a lack of freshwater in these regions. It is unlikely
that our ca 10 ka event (dated 10.2 14C ka in JPC5) is
related to low d18O observed during the short-lived
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9.8 14C Preboreal oscillation in the Nordic Seas (e.g.,
Bj .oorck et al., 1997; Hald and Hagen, 1998) because the
oscillation appears to have been associated with a
reduction in the strength of northward Atlantic Water
flow; this contrasts with the clear Atlantic influence
(FSBW) during our event. Nevertheless, we cannot rule
out the possibility that these events are related given the
rarity of deglacial samples in our cores, poorly known
reservoir ages, and the prominent 14C plateaus at this
time.

The Franz Victoria and St. Anna troughs and
surrounding marine areas were completely deglaciated
by no later than ca 10 14C ka. Fully marine sediment
appeared in our cores soon after ca 10 14C ka and
in others throughout the Barents Sea by no later than
ca 9.5 14C ka (e.g., Elverh�i et al., 1990; Polyak
et al., 1995). In addition, glacial-isostatically raised
beaches had already begun to form on Franz Josef Land
and eastern Svalbard by ca 10.3 14C ka (Bondevik et al.,
1995; Forman et al., 1997).

Fig. 13. Hypothesized freshwater and Atlantic Water flows to the Franz Victoria (FVT) and St. Anna (SAT) troughs for seven time periods since the

last deglaciation. Environmental conditions in the troughs for each time period are listed in the lower right boxes, where FSBW=Fram Strait Branch

Water and BSBW=Barents Sea Branch Water. Potential freshwater sources include nearby ice sheets, whose margins have been modified from

Lambeck (1996); Landvik et al. (1998); Forman et al. (1999); Svendsen et al. (1999), and Polyak et al. (2000a). The margins are particularly poorly

known in the northern Kara Sea. Additional freshwater sources include river outflows from the voluminous Ob’ and Yenisei rivers, whose mouths

probably prograded northward when global sea level was lower. Past river mouth positions in the Kara Sea are approximated using global sea level

from Fairbanks (1989) and bathymetric charts, assuming that the rivers are sufficiently distant from ice loads to have escaped substantial isostatic

depression. We hypothesize that glacial-isostatically induced bathymetric changes may have altered Atlantic Water flow. Past water depths in the

northern Barents Sea are estimated using an Earth rheology-based model (Lambeck, 1996, BK-3 model) and relative sea level data and are shown as

deviations from present depth at 25-m intervals; positive numbers indicate deeper-than-present waters. Depth deviations at 15, 13, and 11.5 ka are

modified from model results at 18, 15, 12, and 10 ka and are only approximate because deglaciation probably proceeds too quickly in this model.

Depth deviations for St. Anna Trough are not shown because BK-3 does not include grounded ice there, a result contradicted by field data collected

after the model run (Polyak et al., 1997). Depth deviations at 10, 9 and 7 ka are based on measured emerged beaches on eastern Svalbard and Franz

Josef Land (e.g., Bondevik et al., 1995; Forman et al., 1997; Lambeck, 1996). Present isobaths at 500 and 1000m are shown, but not labeled.
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6.2. Deglacial biotic data and Atlantic Water inflows

Fram Strait Branch Water (FSBW) probably flowed
into the Arctic Ocean intermittently during early phases
of deglaciation between ca 15 and 13 ka. Studies of cores
from offshore the northern margin of the Barents Sea
Ice Sheet even suggest that some FSBW flow may have
existed near the Last Glacial Maximum (Kneis et al.,
1999). This result is supported by the presence of some
Atlantic Water further south and ‘‘upstream’’ in the
Nordic Seas ca 19.5–14.5 14C ka (e.g., Hebbeln et al.,
1994; Dokken and Hald, 1996; Bauch et al., in press).
Evidence for the periodic nature of deglacial Atlantic
flow includes prominent decreases at 14.5 (�Heinrich
event H-1) and 13.5 14C ka in the Nordic Seas (e.g.,
Keigwin et al., 1991; Veum et al., 1992).
The presence of Cassidulina teretis in Franz Victoria

Trough and St. Anna Trough at ca 13, 10 14C ka, and to

a lesser extent at ca 11.5 14C ka in Franz Victoria
Trough, clearly indicates that flow of FSBW to the high
Arctic occurred during later phases of deglaciation; a
result supported by Atlantic Water inflows to the
Nordic Seas and independent evidence from the Arctic
Ocean. A strong deglacial flux of Atlantic Water
occurred in the southeastern Norwegian Sea ca 13
14C ka, linked with the start of deep convection and the
appearance of at least seasonally ice-free conditions
(e.g., Lehman and Keigwin, 1992; Veum et al., 1992;
Koç et al., 1993; Fig. 14K). Northward transport of this
Atlantic Water flux into the Arctic Ocean via at least the
Fram Strait branch is supported by our results in Franz
Victoria and St. Anna troughs as well as ostracod data
from the central Arctic Ocean (Cronin et al., 1994,
1995). FSBW influence in the high Arctic during some
deglacial intervals may have been similar to or greater
than present given ostracod-based reconstructions of a

Fig. 14. Comparison of foraminiferal records from the Franz Victoria and St. Anna troughs to paleoenvironmental records from the Barents Sea,

central Arctic Ocean, and Nordic Seas. Data sources besides this paper are: (A) PS1295-4, Jones and Keigwin, 1988; (C) PS2170, Stein et al. (1994);

(D) PS2177, N�rgaard–Pedersen et al. (1998); (E) Fairbanks (1989); (F) Berger (1978); (G) Lubinski et al. (1999); (H) modified from Salvigsen et al.

(1992) by Lubinski et al. (1999); (I) PS21842-5, Koç et al., 1993; (J) HM52-43, Koç et al., 1993, (K) Troll 3.1, Lehman and Keigwin (1992); and (L)

Keigwin et al. (1991). For location of all core sites, see Fig. 1.
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thicker-than-present FSBW layer in the Arctic Ocean
and very high % C. teretis in the troughs. In contrast,
the Atlantic Water influence was clearly curtailed during
the Younger Dryas in the Nordic Seas (e.g., Koç et al.,
1993). None of our trough samples date to the Younger
Dryas period, suggesting reduced productivity and/or
high dissolution. The subsequent return of Atlantic
Water to the high Arctic is shown by a high proportion
of C. teretis (and low d18O values) in Franz Victoria and
St. Anna troughs ca 10 14Cka.

6.3. Comparison of Holocene (postglacial) records in
Franz Victoria Trough

Similarity between our JPC5/PG5 composite record
(463m water depth) and nearby records of shorter
duration (Polyak and Solheim, 1994; Duplessy et al.,
in press) shows that JPC5/PG5 is broadly representative
of overall Atlantic Water inflows to the Franz Victoria
Trough during at least the Holocene. In particular,
JPC5/PG5 is similar}except for the last three millen-
nia}to a new high-resolution trough isotopic record
that extends from ca 8.7 14C ka to the present (Duplessy
et al., in press; core ASV-880; see Fig. 3 for core
location). Both JPC5/PG5 and ASV-880 contain a
prominent low d18O period centered ca 7 14C ka but its
magnitude is higher in ASV-880 (Fig. 15). This differ-
ence is probably at least partly due to a sedimentation
rate about twice higher in ASV-880 than in JPC5/PG5 at
ca 7 14C ka (less bioturbation). The especially strong E.
excavatum signal in ASV-880 may also be related to the
shallower water depth at ASV-880 (388m); benthic
foraminifera at this site lie about 75m higher in the
water column and closer to the warm core of FSBW
than they do in JPC5/PG5. The ASV-880 record also
shows distinctly lower d13C values during the short-lived
low d18O period centered ca 7 14C ka, which is consistent
with our interpretation of the presence of less-well
ventilated FSBW during this period. The higher resolu-
tion ASV-880 record appears to show higher frequency
events such as a 8.2CALka event (�7.6 14C ka) that
briefly interrupted early Holocene warming in at least
the Nordic Seas and North Atlantic region (e.g., Alley
et al., 1997; Barber et al., 1999). The main difference
between the records is for the period from
ca 3 14C ka to the present when JPC5/PG5 has generally
lower d18O values than ASV-880 (�0.1–0.3% offset).
The pattern of isotopic change in each record suggests
that FSBW had a stronger influence at JPC5/PG5 than
ASV-880 over much of this Late Holocene period.

6.4. Holocene (postglacial) Atlantic Water inflows

Very cold subsurface and bottom waters in the Franz
Victoria Trough and southern St. Anna Trough from
ca 9–7.5 14C ka occurred when surface conditions in the

eastern Nordic Seas and at least the northwestern
portion of the Barents Sea were similar to or warmer
than present. The transition to this period is character-
ized by an increasing influence of cold BSBW in Franz
Victoria and St. Anna troughs while the eastern Nordic
Seas SST records show a clear warming trend inter-
rupted only by the short Preboreal oscillation at 9.8
14C ka (e.g., Lehman and Keigwin, 1992; Koç et al.,
1993; Bj .oorck et al., 1997; Hald and Hagen, 1998;
Fig. 13). SSTs in the eastern Nordic Seas had reached
present values by ca 9.5 14Cka, followed by the above
present values in most areas until at least the middle
Holocene (e.g., Koç et al., 1993; Fig. 14J). Sea-surface
and air temperatures at the Svalbard shore were at their
Holocene maxima from ca 9–7.5 14C ka and remained
above present until ca 5 ka (Birks, 1991; Salvigsen et al.,
1992; Hjort et al., 1995; Wohlfarth et al., 1995;
Fig. 14H). Furthermore, glaciers on Svalbard and Franz
Josef Land had retreated to positions at or behind
present limits by ca 10 ka and remained retracted until
the Late Holocene, probably due to the high summer
temperatures (Svendsen and Mangerud, 1997; Lubinski
et al., 1999; Fig. 14G).
Relatively warm FSBW returned to Franz Victoria

and St. Anna troughs during the ca 7.5–6 14C ka
interval, generally coinciding with maximum Atlantic
Water influence in the Nordic Seas. In particular,
diatom assemblages throughout the Nordic Seas show
maximum Atlantic Water influence ca 8–5 14Cka (e.g.,
Koç et al., 1993). Eastern Nordic Seas SST reconstruc-
tions (based on diatoms) show warm, stable conditions
for a long period from ca 9.5–4 14C ka. In contrast,
western Nordic Seas SST reconstructions show a shorter
duration peak ca 7.5 14C ka due to westward migration
of Atlantic Water into a region formerly (and subse-
quently) dominated by Polar Water (Fig. 14I). The
timing of this peak is roughly similar to the ca 7 14C ka
FSBW maxima in the Franz Victoria and St. Anna
troughs. Data from core ASV-880 suggest a duration of
about 1000 yr for this maxima in Franz Victoria Trough
(Duplessy et al., in press).
The middle Holocene period from ca 6–3 14C ka is

an interval of transition in Franz Victoria Trough,
St. Anna Trough, and adjacent regions. This includes a
shift toward a higher influence of FSBW in Franz
Victoria Trough and BSBW in southern St. Anna
Trough. This period also encompasses a transition to
reduced Atlantic Water influence and lowered SSTs in
much of the Nordic Seas (e.g., Koç et al., 1993).
Although the late Holocene period from ca 4 14C ka

to present is characterized by decreased Atlantic Water
influence in surface waters of the Nordic Seas and
coastal Svalbard, the trough records suggest that inflow
of FSBW may have increased at times, particularly
between ca 3 and 2 14C ka. This result is not surprising
given that Franz Victoria Trough has a strong FSBW
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Fig. 15. Franz Victoria Trough foraminiferal isotopic records for our core JPC5/PG5 and core ASV-880 (Duplessy et al., in press). Unlike the

previous figures, the time-series data are shown against calendar age and are truncated near the Holocene boundary. The d18O data have been

corrected for the influence of global sea-level rise in slightly different ways. An approximate temperature scale from Duplessy et al. (in press) is shown

for the d18O data, which is consistent with modern hydrography data (�+18C at 100–200m depth and�08C at the seafloor) and our interpretation

of strong temperature control on foraminiferal d18O composition during the Holocene. Horizontal shading shows the intervals with especially low

d18O in N. pachyderma (s) noted earlier in our Franz Victoria and St. Anna trough cores. ASV-880 shows no evidence for the youngest interval. It

does show, however, a very well defined event with low d18O and low d13C centered ca 7.5CALka.
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signature at present. Our record, however, does appear
to conflict with a commonly held view that the warmest
surface conditions in the Nordic Seas ca 8–5 14C ka were
times of strongest deep-water formation and meridional
Atlantic Water flow. This view has been questioned
recently by Bauch et al. (in press), who suggest that very
strong convection occurs after ca 5 14C ka. In addition,
there are a few records ‘‘upstream’’ in the Nordic Seas
showing periods of enhanced Atlantic Water influence
during the late Holocene (e.g., core T-88-2; Hald and
Aspeli, 1997; see Fig. 1 for location).

6.5. Causes for variations in Atlantic Water flows to the
troughs?

Deciphering the causes for changing Atlantic Water
flows to the troughs is not easy given that the core site
hydrographies are strongly controlled by mixtures of the
warm Fram Strait and cold Barents Sea branches of
Atlantic Water and that changes in these mixtures may
reflect changes in either the flux or the hydrographic
characteristics (i.e., temperature, salinity) of either
branch. These variations, in turn, may reflect changes
in a number of environmental factors on global to
regional scales, including the strength of global deep-
water production/thermohaline circulation and regional
patterns of atmospheric and ocean circulation. Modern
data- and model-based studies show that certain atmo-
spheric circulation patterns, such as the North Atlantic
Oscillation (NAO) and Arctic Oscillation (AO), alter the
flow of Barents Sea Branch Water and that feedback
mechanisms with sea ice, temperature, and air pressure
act to enhance the flow changes (e.g., Ådlandsvik and
Loeng, 1991; Loeng, 1991; Zhang et al., 1998). Also
important is the substantial variation in summer
insolation at high latitudes, which peaked at more than
10% higher than modern during deglaciation (Berger,
1978; Mitchell et al., 1988; TEMPO, 1996; Kerwin et al.,
1999; Fig. 14F). This insolation change no doubt
contributed to altered circulation patterns, even during
the Holocene (c.f., Harrison et al., 1992). The high
insolation seasonality (high summer values, none in
winter) probably also altered sea-ice cover in the Barents
and Kara Seas. Increased seasonality may have also
increased production of sea-ice brines, which would
alter BSBW characteristics and flow. Another important
factor for understanding past Atlantic Water flow is
glacier-isostatically and eustatically induced variations
in bathymetry. Because this factor has seldom been
studied but is important for paleoceanographic recon-
struction, we discuss it in detail in the next section.

6.6. Bathymetric controls on Atlantic Water inflows?

We hypothesize that Barents Sea Branch Water
(BSBW) inflows to Franz Victoria and St. Anna troughs

were influenced by glacial-isostatically induced bathy-
metric changes in the Barents Sea and, potentially, by
eustatically driven bathymetric changes elsewhere in the
Arctic. The Barents Sea is the only continental shelf in
northern Eurasia that sustained a 2+ km-thick ice sheet
during the last glaciation (Forman et al., 1995;
Lambeck, 1996; Svendsen et al., 1999; Howell et al.,
2000). Emergence patterns constrain the largest Last
Glacial Maximum ice load in the Barents and Kara seas
to the north central Barents Sea (Lambeck, 1996;
Forman et al., 1997; Zeeberg et al., submitted). Much
of the deglaciation under this load probably took place
sometime between ca 13 and 10 14C ka (possibly ca 13–
11.5 14C ka), while deglaciation of the thinner ice in the
southern Barents Sea mostly occurred between ca 16
and 13 14C ka (e.g., Vorren et al., 1988; Polyak et al.,
1995; Vorren and Laberg, 1996; Forman et al., 1997;
Landvik et al., 1998). During the ca 13–10 14C ka
deglacial interval in the troughs, glacial-isostatic depres-
sion resulted in a much higher-than-present relative sea
level over the northern shelf area; this shelf was
probably deepened by at least 200m at the start of
deglaciation (Lambeck, 1996; Howell et al., 2000;
Fig. 13). In contrast, the relatively thin ice and early
deglaciation in the southern Barents Sea resulted in a
similar-to or shallower-than-present bathymetry at ca
13–10 14C ka. The Bear Island Trough, however, would
have remained sufficiently deep (�400m) to permit
Atlantic Water to enter the Barents Sea relatively
unhindered. Even during the early Holocene, the
northern shelf was up to �100m deeper than present
(Bondevik et al., 1995; Forman et al., 1997; Landvik
et al., 1998; Fig. 14). The northern shelf progressively
shoaled, with �90% of the rebound complete by ca 6
14C ka (Forman et al., 1997).
At present, sills southwest of Franz Victoria Trough

are too shallow by �50–150m to permit unhindered
northward flow of BSBW into the Arctic Ocean (Pfir-
man et al., 1994; Fig. 2). These sill depths combined with
the scale of glacial-isostatic deepening of the northern
Barents Sea shelf suggest that the deepening was
probably sufficient to permit Atlantic Water travelling
through the Barents Sea to easily reach the Franz
Victoria Trough, a pattern which does not occur today.
Such a transit path may help explain why colder-than-
present subsurface and bottom waters in Franz Victoria
Trough from ca 9–7.5 14C ka occurred when warmer-
than-present conditions were prevalent upstream in the
eastern Nordic Seas (e.g., Koç et al., 1993). Continued
shoaling may have acted to progressively restrict the
flow of BSBW to Franz Victoria Trough until relative
sea levels were stabilized by ca 6 14Cka. Such a
restriction may have enhanced the ca 7 14C ka FSBW
maximum and the ca 6–3 ka divergence of the d18O
signals in Franz Victoria and St. Anna troughs.
Separating the glacier-isostatic affects from other
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forcings}such as insolation and the strength of
thermohaline circulation}will require more data and
new model simulations. For example, simulations for
the period of cold conditions in the troughs ca 9–7.5
14C ka may shed light on whether the BSBW flows are
due mostly to glacier-isostatically induced circulation
changes, high insolation seasonality with high sea-ice
brine production, or other factors.
Atlantic Water inflows to the troughs may also have

been affected by bathymetric changes elsewhere in the
Arctic (i.e., Nares Strait and other eastern Canadian
Arctic Channels, Bering Strait). Of these, the opening of
Bering Strait ca 11 14C ka might be the most important
because it introduces relatively fresh Pacific waters into
the Arctic Basin. Preliminary modeling experiments
show that opening of Bering Strait strengthens mer-
idional Atlantic Water circulation through the Fram
Strait, possibly at the expense of Barents Sea inflow
(Forman et al., 2000).

7. Conclusions

Our study of Franz Victoria and St. Anna Trough
sediments combines AMS 14C-constrained foraminiferal
data from five cores that delimit inflows of freshwater
and Atlantic Water to the deep northern Barents and
Kara seas from the last deglaciation to present. The cold
Barents Sea Branch of Atlantic Water}which presently
carries �1/3 to 1/2 of the Atlantic Water into the Arctic
Ocean}would have been blocked by the Barents Sea Ice
Sheet during the Last Glacial Maximum. Re-establish-
ment of this important branch required deglaciation of
the deep troughs and portions of the shallower central
Barents Sea. Although the re-establishment age remains
poorly known (between 15 and 13 14C ka?), initial
deglaciation of the outermost troughs probably began
ca 15 14C ka. The inner Franz Victoria Trough,
however, may not have been deglaciated until closer to
ca 13 14C ka.
Foraminifera were common in the troughs during

three deglacial intervals centered at ca 13, 11.5, and 10
14C ka. The d18O and d13C of Neogloboquadrina
pachyderma (s) and Elphidium excavatum were up to
1.4% lower than present at these times (after global sea-
level correction); indicating substantial freshwater in-
puts that influenced both the subsurface and bottom.
Freshwater sources likely included still unknown com-
binations of ice-sheet melt and river inflow. Rivers in the
Kara and Laptev seas may have had particularly strong
influences when their mouths may have been much
further north due to lowered sea level. Cassidulina teretis
was more abundant than present ca 13 and 10 14C ka,
showing deglacial penetrations of the trough by
Atlantic-derived water, similar to the present Fram
Strait Branch Water (FSBW). These warm-water

penetrations probably contributed to the low d18O
values. Substantial freshwater input ca 10 14C ka (dated
10.2 14C ka in core JPC5/PG5) may have been unique to
the northern Barents and Kara seas region; no
correlative freshwater signal has been identified in the
Nordic Seas and Arctic Ocean.
The transition to postglacial marine conditions in

Franz Victoria and St. Anna Troughs is marked by a
rapid�1% rise in foraminiferal d18O and a sharp fall in
% C. teretis soon after ca 10 14Cka. The isotopic
increase reflects the cessation of the last large freshwater
flow to the troughs and reduced temperatures associated
with decreased relative influence of warm FSBW. FSBW
influence remained minor from soon after ca 10 14C ka
until ca 7.5 14C ka, indicated by a near absence of
C. teretis and relatively high d18O values. These cold
conditions reflect an enhanced influence of Barents Sea
Branch Water (BSBW), possibly due to glacial-isostati-
cally induced deepening of the northern Barents Sea by
�100m, changes in atmospheric circulation that pre-
ferentially steered Atlantic Water into the southwestern
Barents Sea, and/or increased generation of sea-ice
brines. Subsequent isotopic and foraminiferal assem-
blage variations show a return of relatively warm and
unmodified FSBW by ca 7.5 14C ka, associated with the
Atlantic Water maximum ‘‘upstream’’ in the Nordic
Seas and possibly with reduced glacial-isostatic shoal-
ing. This maximum FSBW period was short lived
(�1000 yr) and followed by a middle Holocene shift
toward a higher influence of relatively warm FSBW in
Franz Victoria Trough and colder BSBW in southern St.
Anna Trough. We hypothesize that this shift may at
least partly reflect continued shoaling, which reduced
flow of BSBW to Franz Victoria Trough but did not
greatly affect its path to St. Anna Trough. The
subsequent Late Holocene period includes a small
FSBW maximum in Franz Victoria Trough, and to a
lesser extent in St. Anna Trough, ca 3–2 14C ka.
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Möller, P., Bolshiyanov, D.Y., Bergsten, H., 1999. Weichselian

geology and palaeoenvironmental history of the central Taymyr

Peninsula, Siberia, indicating no glaciation during the last global

glacial maximum. Boreas 28, 92–114.

Mosby, H., 1938. Svalbard waters. Geofysiske Publikasjoner 12, 85.

NODC (1991). Global ocean temperature and salinity profiles

(NODC-02), Atlantic Ocean CD-ROM. National Oceanographic

Data Center, Washington, D.C.

N�rgaard–Pedersen, N., Speilhagen, R.F., Thiede, J., Kassens, H.,
1998. Central Arctic surface ocean environment during the past

80,000 years. Paleoceanography 13, 193–204.

NSIDC (1953–1990). AARI 10-Day Arctic Ocean EASE-Grid Sea Ice

Observations. National Snow and Ice Data Center. NSIDC

Distributed Active Archive Center, Boulder, Colorado.

Olsson, I., 1980. Content of 14C in marine mammals from northern

Europe. Radiocarbon 22, 662–675.

O’Neill, J.R., Clayton, R.N., Mayeda, T.K., 1969. Oxygen isotope

fractionation in divalent metal carbonates. Journal of Chemical

Physics 51, 5547–5558.

Oppo, D.W., Fairbanks, R.G., 1989. Carbon isotope composition of

tropical surface water during the past 22,000 years. Paleoceano-

graphy 4, 333–351.

Ostermann, D.R., Curry, W.B., 2000. Calibration of stable isotopic

data: an enriched d18O standard used for source gas mixing

detection and correction. Paleoceanography 15, 353–360.

Östlund, H.G., Grall, C., 1993. Arctic Tritium, 1973–1991. University

of Miami.
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