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ABSTRACT: The analysis of cores collected in northernmost Baffin Bay, from within the area of
the North Water Polynya, permits definition of a composite sedimentary sequence ca. 12 m thick
spanning the last 10 000 'Cyr, with only a few discontinuities. Palynological analyses were
performed in order to reconstruct changes in surface water conditions and biogenic production.
Transfer functions, using dinocyst assemblages, were applied to estimate sea-surface temperature
(SST) and salinity, as well as the seasonal duration of sea ice cover. At the base of the record,
prior to 9300 '“C yr BP, dinocysts and organic linings of benthic foraminifers are sparse, indicating  joyrnal of Quaternary Science
harsh conditions and low productivity. After ca. 9300 '*C yr BP, the increased concentration of
benthic foraminifers (up to 10° linings cm™) and dinocyst fluxes (10°~10° cysts cm™ yr™') reveals
high biological productivity related to open-water conditions. The early to middle Holocene, from
ca. 9000 to ca. 3600 C yr BP, is marked by relatively high species diversity in dinocyst assemblages
and the significant occurrence of autotrophic taxa such as Spiniferites elongatus, Pentapharsodinium
dalei and Impagidinium pallidum. This assemblage suggests conditions at least as warm as at
present. From ca. 6400 to ca. 3600 '*C yr BP, transfer functions indicate warmer conditions than
at present, with SST in August fluctuating up to 5.5°C. After 3600 *C yr BP, the dinocyst record
suggests a trend of decreasing temperature toward modern values, marked by recurrent cooling
events. Copyright [0 2001 John Wiley & Sons, Ltd.
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source for zooplankton, and are generally characterised by
abundant and diverse fauna, including nekton, marine birds
and mammals (Stirling, 1980). The faunal resources of polyn-

Introduction

Polynyas constitute marine ecosystems of polar seas that
experience seasonal or year-round ice-free conditions within
areas usually covered by sea ice (Schledermann, 1980).
Polynyas are characterized by a high primary productivity
(e.g. Pesant et al., 1996) and might constitute sinks for atmos-
pheric CO, (Smith etal.,, 1997). They provide a feeding
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yas probably played a determinant role with regard to the
location of Inuit settlement in the Canadian Arctic
(Schledermann, 1980).

The North Water Polynya occupies Smith Sound between
Ellesmere Island and Greenland, and extends throughout
most of northern Baffin Bay (see Fig. 1). It represents an area
of open water of about 80 000 km? in summer and consti-
tutes the largest polynya in the Canadian Arctic (Stirling,
1980; Ito, 1982; Steffen and Ohmura, 1985). It was first
reported by William Baffin in 1616, and its name was given
by the whalers (cf. Dunbar and Dunbar, 1972). Based on
instrumental and historical observations, the position of the
northern edge of the polynya is relatively stable; in the
spring it is situated in southern Kane Basin (Fig. 1). The
position of the southern edge varies from year to year. Its
geographical limit is difficult to define because there is no
clear boundary between the polynya and the gradually
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Figure 1 (a) Map of Baffin Bay. Surface water circulation patterns are indicated by arrows, with solid-tipped arrows for the warm West

Greenland Current and open-tipped arrows for the cold Baffin Current.

thicker sea ice cover of Baffin Bay (Dunbar and Dunbar,
1972).

The mechanisms responsible for the formation of polynyas
are complex (Muench, 1990). In the North Water Polynya,
the cells of elevated temperature that are detected by remote
sensing appear related to wind-driven upwelling providing
heat from deeper waters. In winter, the polynya is occupied
by thin and newly formed ice, which is removed regularly
by the southward-flowing current and prevailing northerly
winds (Stirling, 1980). This causes a deep vertical water
convection, and also the thickening of pack ice to the south,
in Baffin Bay (Dunbar and Dunbar, 1972). The polynya is
truly open by May or June, when the southern limit of open
water reaches Bylot Island to the west, and Melville Bay to
the east (Dunbar and Dunbar, 1972; cf. also Ito, 1982). In
summer, surface temperatures in the polynya reach up to
2.5°C in August, and salinity is established at 32 on average
(cf. NODC, 1994).

The biological activity in polynyas has been studied inten-
sively during the past few years through international

Copyright 0 2001 John Wiley & Sons, Ltd.

research programmes, including the North Open Water
(NOW) project in the North Water Polynya (cf. NOW Web-
site, 2000). Although the modern ecosystems of polynyas
are relatively well documented, little is known concerning
their temporal evolution and their stability on secular or
millenial scales. Palynological analyses were performed on
marine cores collected in northernmost Baffin Bay in order
to document the sea-surface conditions in the North Water
Polynya region during the Holocene. Palynological assem-
blages also include different types of marine protist remains,
notably organic-walled cysts of dinoflagellates (dinocysts),
which relate to primary productivity in the upper water
column (e.g. Taylor, 1987). Dinocysts that are composed of
highly resistant organic compounds (e.g. Traverse, 1994) are
recovered in high numbers in recent sediments of subpolar
and polar seas (e.g. Mudie and Short, 1985; Mudie, 1992;
Matthiessen, 1995; de Vernal etal., 1997; Kunz-Pirrung,
1998). The distribution patterns of dinocyst assemblages in
high-latitude marine environments show close relationships
with sea-surface temperature, salinity and sea ice cover. This
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Figure 1 Continued. (b) Location of the coring sites in the northernmost Baffin Bay. The dotted line indicates the modern extent of the

North Water Polynya in May after Dunbar and Dunbar (1972).

allows the development of transfer functions for quantitat-
ive estimates based on analyses of fossil assemblages (e.g.
Rochon etal., 1999). In the present study, emphasis is
focused on the dinocyst assemblages, which are used as
proxies to reconstruct sea-surface conditions in the northern
part of Baffin Bay during the past ten millenia.

Methods

Five cores collected in Greenland waters during C.S.S. Hudson
cruise 91-039, at sites selected by the third author, were

Copyright 0 2001 John Wiley & Sons, Ltd.

analysed for their palynological content (see Fig. 1b). Piston
core 91-039-008P and box core 91-039-007B(C) were obtained
at 77°16.0'N, 74°19.9'W in a water depth of 663 m. Trigger
weight and piston cores 91-039-012TWC/012P, plus box core
91-039-011B(l) were collected at 76°48.3'N, 71°51.5'W in a
water depth of 823 m. Of the two piston cores, 91-039-008P
was dominantly a fairly homogeneous olive grey to dark olive
grey mud throughout. Core 91-039-012P was composed of
similar material down to 180 cm, with a number of clasts
below 95 cm. From 190 to 205 cm, it was composed of
laminated dark grey clay, with sharp contact to a dark
reddish grey diamicton at 205 cm. This unit extended to the
base of the core at 233 cm.

J. Quaternary Sci., Vol. 16(4) 353-363 (2001)
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Core 91-039-008P and the upper 120 cm of core 91-039-
012P were sampled at 20 cm intervals, whereas the lower
part of core 91-039-012P and box core 91-039-007B(C)
were sampled at 10-cm intervals. Sediment samples of 5 cm?
were processed for palynological analyses following the stan-
dard procedure used at GEOTOP (de Vernal etal.,, 1996;
Rochon et al., 1999). The addition of a calibrated suspension
of Eucalyptus globulus permitted the evaluation of palyno-
morph concentrations based on the marker-grains method
(Matthews, 1969), which vyields results accurate to about
10% for a 0.95 confidence interval (de Vernal etal., 1987).
Wet sieving through 10 and 120 pm mesh sieves was done
in order to remove coarse sand, fine silt and clay particles.
Repeated treatments with HCI (10%) and HF (49%) on the
10-120 wm fraction were carried out to dissolve carbonate
and silica particles. Immersion for less than 10 min in KOH
(10%) was necessary in order to deflocculate the organic
matter. After a last sieving at 10 um, the residue was
mounted between slide and cover slide in glycerine gel.

All palynomorphs recovered in the samples were identified
and counted on a transmitted light microscope under x400
or x1000 of magnification. They include mainly dinocysts,
pollen grains and spores, organic linings of benthic foramini-
fers and Halodinium, which probably belongs to thecamoeb-
iens (cf. de Vernal etal.,, 1989). Reworked palynomorphs
include spores (e.g. Cicatricosisporites), pollen (bisaccate and
triporate being dominant) and a few dinocysts and acritarchs.
These palynomorphs are characterised by a strong diagenetic
alteration of the sporopollenin, and they probably are
derived from the erosion of Mesozoic and/or Tertiary forma-
tions of the surrounding land areas.

Dinocysts were identified to species level using the taxo-
nomical nomenclature described in Rochon etal. (1999). In
most samples, 300 dinocysts were identified and counted
for the calculation of taxa percentages. The dinocyst assem-
blages allow reconstruction of sea-surface conditions using
both modern analogue techniques (see Guiot, 1990) and a
reference data base of the middle to high latitudes of the
North Atlantic and adjacent subpolar and polar seas (de
Vernal etal., 1997; Rochon etal., 1999). The data base,
updated in February 2000, includes 540 modern sites rep-
resentative of a wide range of sea-surface (0 m) conditions,
notably with respect to salinity (15 to 36) and sea ice cover
(0-12 months yr'). The environmental parameters that are
estimated include: the surface temperature and salinity in
August (compiled after the World Ocean Atlas, 1994 data
set documentation; see NODC, 1994); the seasonal duration
of sea ice cover, expressed as the number of months per
year with more than 50% of sea ice coverage, after data
from Markham (1980) and from the 1953-1960 data set
provided by the National Climate Data Center (NCDC) in
Boulder. The validation tests yielded accurate results: coef-
ficients of correlation between estimates and instrumental
values are greater than 0.93 for all parameters, with more
than 95% of reconstructions included within one standard
deviation around instrumental data averages. The residuals
(i.e. the differences between reconstructions and
observations) permit calculation of the degree of accuracy
of estimates, which is £1.7°C for the sea-surface temperature
in August, £0.8 for the salinity (in the >25 salinity domain),
and £1.1 month/year for the sea ice cover (see also de
Vernal and Hillaire-Marcel, 2000).

Copyright 0 2001 John Wiley & Sons, Ltd.

Chronostratigraphy of the composite record

Radiocarbon dating of individual pelecypod shells and mixed
benthic foraminiferal populations by accelerator mass spec-
trometry (AMS) provides a chronostratigraphical framework
(see Table 1 and Fig. 2). The '*C ages were normalised for
a 8"3C of =25%0 and corrected by Kyr™" to account for the
air—sea reservoir difference (see Bard, 1988). However, the
ages remain approximate because of uncertainties concern-
ing the actual air-sea reservoir difference on a regional scale
(see, e.g. Morner and Funder, 1990; Bard et al., 1994; Austin
etal.,, 1995; Barber etal., 1999; Haflidason etal., 2000).
Calibration to calendar years (see Table 1 and Fig. 2) was
made using the software caLB 4.3 for marine carbonate (see
Stuiver et al., 1998, 2000) without additional correction for
local marine reservoir (i.e., Delta R=0). Calibrated ages
were used to calculate sedimentation rates and reported in
Table 1 in order to facilitate comparison with the ice-core
chronology. Throughout the present paper, however, we
refer to corrected 'C ages in years BP (Figs 3-5), and refer-
ence to calendar ages (in ka) is made only for ice-cap
core data.

Six age determinations in piston core 91-039-008P reveal
a stratigraphy spanning about 6400 to 2400 'C yr BP
(i.e. ca.7.3 to 2.6 ka). They allow calculation of very high
sedimentation rates of about 150 cm kyr' at the coring
site. Seven other ages from core 91-039-012P indicate that
deposition commenced at about 10500 'C yr BP and
continued to 7300 '*C yr BP (i.e. ca. 12.0 to 8.2 ka), with
sedimentation rates of about 50 cm kyr™'. Piston cores 91-
039-008 and 91-039-012 together comprise a composite
record spanning 10 500 to 2400 'C yr BP, with a possible
hiatus between 7300 and 6400 '*C yr BP. A part of the
past 2400 "C yr may be missing from this composite record.
Box core 91-039-007, which yielded an age of 320 '*C yr
BP at a depth of 14-22 cm, however, represents the latest
part of the Holocene. The top of box core 91-039-007 can
be assumed to provide a picture of ‘recent’ palynological
assemblages.

Results of palynological analyses

Palynomorph concentration

Palynomorphs are abundant throughout the composite
sequence, except in the lower part of core 91-039-012P
(Fig. 3). The most abundant palynomorphs in the sediments
are dinocysts (up to 30 000 cysts cm™), organic linings of
foraminifers (up to 6000 linings cm™) and Halodinium (up
to 7000 individuals cm™). Reworked palynomorphs of pre-
Quaternary age reach maximum concentrations of 2500
individuals cm™. Pollen and spores are relatively sparse
(<500 pollen grains cm™ and <150 spores cm™).

The number of pollen grains counted was too low for the
calculation of percentages and for an assessment of the
regional vegetation. The assemblages include input from the
regional vegetation (Salix, Ericaceae, Cyperaceae, Poaceae
and other vascular plants plus Sphagnum), in addition to
long-distance contributions from forest or shrub tundra veg-
etation (Picea, Pinus, Betula and Alnus). Such inputs are
comparable to the airborne pollen influxes recorded in snow
from ice caps in the Canadian Arctic (Lichti-Federovich,
1975; Bourgeois et al., 1985).

J. Quaternary Sci., Vol. 16(4) 353-363 (2001)
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Table 1 Radiocarbon age determinations for the composite record of cores 91-039-007, 91-037-008 and 91-039-012
Core Depth (cm)  Material dated?® Apparent "C  Laboratory Corrected C  Calibrated
ages (yr BP)®*  numbers® ages (yr BP)Y  ages (ka)®
91-039-007C 14-22 Benthic foraminifers 720 £ 85 Ua-10256 320 0.44-0.29
91-039-008P 72-73 Megayoldia thraciaeformis 2885 + 60 Ua-2832 2485 2.73-2.58
91-039-008P 461-464 Megayoldia thraciaeformis 4065 + 50 Ua-2833 3665 4.15-4.00
91-039-008P 527-529 Megayoldia thraciaeformis 4190 = 60 Ua-4118 3790 4.36-4.19
91-039-008P 704-705 Clinocardium ciliatum 5110+ 55 Ua-4450 4710 5.56-5.43
91-039-008P 831-834 Clinocardium ciliatum 6675+ 75 Ua-2834 6275 7.29-7.13
91-039-008P 832-834 Benthic foraminifers 6800 = 60 Ua-4119 6400 7.37-7.27
91-039-012T 148-153 Benthic foraminifers 4540 + 65 Ua-11796 4140 4.82-4.65
91-039-012P 15-18 Benthic foraminifers 7755+100 Ua-11797 7355 8.32-8.12
91-039-012P 24-27 Benthic foraminifers 8230+ 70 Ua-4447 7830 8.81-8.62
91-039-012P 105-108 Benthic foraminifers 9675+ 110  Ua-4448 9275 10.66-10.24
91-039-012P 117-120 Pelecypod fragments 9885+ 115  Ua-4449 9485 10.83-10.57
91-039-012P 184-188 Benthic foraminifers 10930+ 105 Ua-3366 10530 12.64-12.27
91-039-012P 188-194 Benthic foraminifers 10 805 + 145 Ua-3367 10 405 12.37-11.90
91-039-012P 190-195 Benthic foraminifers 10815+ 130 Ua-4998 10 415 12.37-11.90

aPelecypods were identified by W. Blake, Jr. Foraminiferas were identified and extracted for dating by K.-L. Knudsen and
M.-S. Seidenkrantz, Geological Institute, Aarhus University, Denmark.

PThis column lists the 'C ages as reported from the laboratory after normalisation for a 8'3C value of =25%.

CAMS dating was carried out at the Tandem Accelerator Laboratory, Uppsala, Sweden, under the direction of G. Possnert.
dA correction of 400 yr has been applied to account for the air-sea reservoir difference (see Bard, 1988). Although a reservoir
correction of as much as 800 to 1100 yr has been suggested for samples of Younger Dryas age in several areas of the North
Atlantic (Bard etal., 1994; Austin etal., 1995; Haflidason et al., 2000), data to permit such correction are not available in
northernmost Baffin Bay. In Makinson Inlet, on Ellesmere Island side of the northernmost Baffin Bay, there is excellent
agreement between the ages of the marine shell samples and terrestrial Salix wood at 8000 'C yr BP (Blake, 1979).
¢Calibrations to calendar ages in ka were made using the software cALB 4.3 for marine carbonate (Stuiver et al., 1998, 2000)
with no Delta R reservoir correction. The calibrated ages range is reported after the probability approach taking into account
one standard deviation (one sigma; i.e. a confidence interval of 68.3%). Note that calibrated ages reported here differ
somewhat from those reported by Blake (1998), which were produced by R.P. Beukens (IsoTrace Laboratory). The earlier
calibrations used a Delta R reservoir correction of 328 + 19 yr according to data sets from Stuiver and Reimer (1993) and

Stuiver and Braziunas (1993).

In the lowest part of the sequence (>9300 C yr BP),
the palynomorph concentrations are low, suggesting limited
biogenic inputs, probably because of harsh environmental
conditions with extensive sea ice cover. Presence of clasts
in the lowest part of the core also suggest ice-rafting depo-
sition. The early Holocene is characterised by increased
concentration of palynomorphs. In particular, concentrations
of dinocysts and organic linings of foraminifers increased by
about one order of magnitude, indicating significant pelagic
and benthic productivity no doubt related to seasonal open-
water conditions. Particularly high dinocyst concentrations
(10* cystscm™) and fluxes (> 10° cystscm™yr™") are
recorded in core 91-039-008, which spans about 6400 to
2400 'C yr BP. The maximum abundance of dinocysts,
recorded between 3600 and 3000 'C yr BP, coincides with
a peak occurrence of Halodinium.

The dinoflagellate cyst record

Dinoflagellate cysts assemblages are dominated by Brigante-
dinium spp. and Algidasphaeridium? minutum, including
varieties cezare and minutum (Fig. 4). The co-dominance of
these taxa is characteristic of polar environments marked by
extensive sea ice cover (see Mudie and Short, 1985; de
Vernal etal., 1992, 1994, 1997; Rochon and de Vernal,
1994; Kunz-Pirrung, 1998; Rochon etal., 1999; de Vernal
and Hillaire-Marcel, 2000). The accompanying taxa include

Copyright 0 2001 John Wiley & Sons, Ltd.

Pentapharsodinium dalei and species that belong to
Gonvyaulacales (Operculodinium centrocarpum, Spiniferites
elongatus s.l., Impagidinium pallidum and Pyxidinopsis
reticulata). The significant occurrence of these accompanying
taxa in the early to mid-Holocene part of the record (about
9300 to 3600 'C yr BP) suggests relatively mild conditions,
at least as warm as present, during the summer season. The
upper part of the record, corresponding to the late Holocene
(<3600 C yr BP), is marked by a diminution of the
percentages of Gonyaulacales, and by increased proportions
of the Arctic taxa Algidasphaeridium? minutum var. cezare,
which together indicate a trend towards colder conditions
and more extensive sea ice.

Reconstructions of sea-surface conditions

The quantitative estimates of sea-surface conditions, based
on transfer functions using dinocyst assemblages, reveal sig-
nificant hydrographical changes throughout the sequence
(Fig. 5). The lowest part of the dinocyst record, dated before
ca. 9300 C yr BP and following an episode of almost nil
productivity associated with harsh conditions, suggests the
presence of an extensive sea ice cover (11-12 months yr™).
Following this interval, from about 9300 to 3600 '*C yr BP,
ice-free conditions apparently prevailed for 4 to 5 months
per year, with summer temperature at least as warm as
present. Sea-surface temperatures of the warmest month

J. Quaternary Sci., Vol. 16(4) 353-363 (2001)
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Figure 2 Age versus depth relationships in cores 91-039-08P and 91-039-012P (see Table 1). The ages are reported in conventional '*C
years after normalisation to 8'*C of —25%., with a correction for air-sea reservoir difference of 400 yr. Corresponding calendar ages,
calculated using the caLiB 4.2 software (Stuiver et al., 1998, 1999), are reported in Table 1.

varied between 1.0 and 5.5°C. During this interval, salinity
fluctuated between 27.0 and 32.0, which is slightly lower
than at present, probably as a result of dilution with sea ice
meltwater, combined with continued retreat and melting of
tidal glaciers around northermost Baffin Bay.

After 3600 '*C yr BP, a cooling towards modern values
is recorded. High-frequency variations of temperatures and
sea ice cover are superimposed on the cooling trend. For
example, three major pulses of sea ice spreading for up to
10-11 months yr" with August temperature lower than 1°C
are recorded between 3600 and 2400 '#C yr BP.

Discussion

The onset of optimal conditions in the early to
mid-Holocene

The reconstruction of low productivity in surface water and
harsh climatic conditions prior to 9300 '*C yr BP is consist-
ent with results from other studies, which indicate glaciomar-
ine conditions on a regional scale (e.g. Osterman and Nel-
son, 1989; Zarkhidse etal.,, 1991; Blake, 1992; England,
1999; Kelly et al., 1999). According to dinocyst assemblages,
the amelioration of sea-surface temperatures towards present-
day values occurred early during the Holocene, between
about 9300 and 8000 'C yr BP. There are other lines of
evidence to support such an early establishment of marine
post-glacial conditions. Abundance peaks of planktonic fora-
minifers in southern Baffin Bay between 9000 and 6000 '*C
yr BP indicate an early Holocene penetration of subarctic

Copyright 0 2001 John Wiley & Sons, Ltd.

water into Baffin Bay, in addition to relatively high pelagic
productivity (Aksu, 1983). Benthic foraminiferal assemblages
also reveal a penetration of relatively warm and saline
bottom waters into Baffin Bay, from a southern origin, by
about 8500 C yr BP (Osterman and Nelson, 1989). More-
over, mollusc fauna collected along the west Greenland
coastline indicate the onset of northward flow of the West
Greenland Current by about 8400 ™C yr BP (Funder and
Weidick, 1991). In addition to evidence from the marine
ecosystem, the ice-core record suggests an early warming
over Ellesmere Island, as melt layers in Agassiz Ice Cap
indicate maximum melting between 9.5 and 8.5ka on a
calendar scale, probably in response to warmer summers
than today (Koerner and Fisher, 1990). Pollen concentrations
in ice-core from Ellesmere Island also record maximum
values during the early Holocene (Bourgeois etal., 2000).
This time interval coincides with the maximum summer
insolation over high latitudes (Kutzbach and Webb, 1993).

The dinocyst assemblages reveal the establishment of opti-
mal conditions, with sea-surface temperatures 2-3°C warmer
than at present by 6400 'C yr BP, if not earlier. Unfortun-
atly, a hiatus in the composite record prevents a precise age
assessment of the onset of Holocene optimal conditions,
which may be associated with the so-called ‘Hypsithermal’.
As mentioned above, there are other regional palaeoclimatic
data indicating an early onset of optimal conditions in the
marine ecosystem. However, uncertainties concerning the
air versus sea reservoir difference in 'C activities make it
difficult to set an absolute chronology from marine carbon-
ates (e.g. Bard, 1988; Barber etal., 1999). The time slice
during which optimum conditions prevailed on a regional
scale also can be a matter of debate. According to Funder
and Weidick (1991), boreal mollusc shells are recorded

J. Quaternary Sci., Vol. 16(4) 353-363 (2001)
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are reported in the left margin of the diagram (Table 1).

along the west coast of Greenland (66° to 69°N) from 8400
to 4900 C yr BP, indicating summer surface temperatures
1-3°C higher than today. The occurrence of these taxa also
suggests an increased northward flow of Atlantic waters.
Despite indications for an early Holocene climate optimum
in some Arctic regions, there are data suggesting delayed
regional responses. Blake (1998) reported radiocarbon ages
on the subarctic taxon Chlamys islandica from Smith Sound,
at the northern end of Baffin Bay, only at 6500 to 3500 '*C
yr BP. Dyke etal. (1996) also argued that the access of
bowhead whales to the Arctic channels was reduced by sea
ice cover between 8500 and 6000 yr BP, but that access
increased between 6000 and 5000 '*C yr BP, and reached
a maximum by 4000 "C yr BP, thus suggesting minimum
sea ice cover during the mid-Holocene.

Data from the Devon Ice Cap also reveal maximum 80O
values around 4.5 ka, in addition to a maximum concen-
tration of marine salts, which together reflect longer seasons
of open water conditions (cf. Koerner, 1989). In numerous
terrestrial records there is evidence for the onset of optimum
conditions during the mid-Holocene, as shown for example
by inland ice retreat in central West Greenland starting after
7000 C yr BP and culminating by 5000 'C yr BP, which
indicates temperature 2°C higher than at present (Weidick
etal., 1990). On Baffin Island, local pollen also indicate a
mid-Holocene warming after 7000 '*C yr BP (Short etal.,
1994); transfer functions based on pollen led to the recon-
struction of a warmer and wetter climate than present
between 6000 and 4000 '*C yr BP (Andrews etal., 1980).
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Over northwest Greenland, pollen data also indicate opti-
mum climatic conditions between 7000 and 3000 '“C yr
BP (Funder, 1978). Fredskild (1985a, b) interprets high influx
of long-distance pollen at Melville Bugt (ca. 6600-2000 '*C
yr BP) and Qegertat (ca. 6300-3300 '*C yr BP) as the result
of a milder, possibly more humid climate during a mid-
Holocene interval.

The late Holocene cooling

Both marine and terrestrial records indicate a significant
cooling during the late Holocene. The dinocyst record sug-
gests that the cooling trend in the northernmost Baffin Bay
was marked by cold pulses with extensive sea ice cover. A
late Holocene decline in diatom fluxes in northwestern Baffin
Island (Short et al., 1994), and near the coasts of Baffin and
Devon Islands (Williams, 1990), could be the result of more
important sea ice cover. On land, the mass balance of the
Agassiz lce Cap became positive during the past 3000 yr
(Koerner and Fisher, 1990), and isotopic analyses of the
Devon Ice Cap reveal a 3°C decrease in mean temperature
after 4.3 ka, whereas a decrease in the sodium and magnes-
ium content of the ice after 3.5 ka suggests reduced marine
aerosols (Fisher et al., 1995), probably related to more exten-
sive sea ice over adjacent marine bodies (cf. Bradley, 1990).
Ice readvances after 5000 '*C yr BP also have been recon-
structed over Greenland (Weidick et al., 1990), and close to
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Figure 4 Diagram of dinocyst taxa percentages in the composite sequence of cores 91-039-007B, 91-039-008P and 91-039-012P.
Brigantedinium spp. include cysts of B. cariacoense and B. simplex. In samples containing sparse assemblages (counts < 50 cysts),
occurrences are reported by dots on the diagram. Corrected '*C ages are reported in the left margin of the diagram (Table 1).

2000 ™C yr BP along the Ellesmere Island coast of Smith
Sound (Blake, 1989, 1995). At ‘Kap Inglefield S@’, near Smith
Sound, the ice on the lake became permanent around 4000
'4C yr BP (Blake etal.,, 1992), and on the summit plateau
of the northwestern island in the Carey Qer group, within
the area of the North Water Polynya, peat growth ceased
between 4500 and 4000 'C yr BP (Brassard and Blake,
1978). Decreased influx of long-distance pollen at Melville
Bugt after 2300 '*C yr BP, and at Qegqertat after 3300 '*C
yr BP, is interpreted as the result of drier, and more northerly
winds (Fredskild, 1985a, b). Pollen assemblages from Axel
Heiberg Island also indicate a colder climate after 3000 '*C
yr BP (Hegg, 1963; Nichols, 1972). The local pollen in
Agassiz lce Cap core show some decline after 2.6 ka, and
important fluctuations in pollen assemblages occur after
3.6 ka (Bourgeois et al., 2000). The cooling trends and events
mentioned in the literature and summarised above might
well correspond to the climatic oscillation and cold pulses
as recorded by dinocyst assemblages in the northernmost
Baffin Bay during the past 4000 yr.

Conclusions

The palynological data indicate that seasonally ice-free con-
ditions existed in the North Water polynya throughout most
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of the past 9000 yr. The abundance of dinocysts and organic
linings of foraminifers indeed reflects a relatively high pelagic
and benthic productivity. Reconstructions of sea-surface con-
ditions based on dinocyst assemblages, however, reveal post-
glacial changes in sea-surface conditions of northernmost
Baffin Bay as summarised below.

1 By about 9000 "C yr BP, after an extremely cold interval
marked by low productivity and extensive sea ice cover,
sea-surface temperature increased and conditions similar
to those of the present were established.

2 By 6400 ™C yr BP, and probably as early as 7800 '#C
yr BP, sea-surface temperatures reached maximum values.
During an interval lasting until 3600 '“C yr BP, ice-free
conditions prevailed for 4-5 months per year, and, on
average, sea-surface temperatures were significantly higher
than at present. Peaks of temperature up to 3°C higher
than at present occurred.

3 During the past 3600 yr, a general deterioration marked
sea-surface conditions, with a succession of short-lived
cold spells, accompanied by the development of very
extensive sea ice cover.

On the whole, the dinocyst record from northernmost Baffin
Bay strongly supports the existence of an early to mid-
Holocene thermal optimum in the High Arctic.

Acknowledgements This study is a contribution to the Canadian
research network ‘Climate System History and Dynamics’ (CSHD),

J. Quaternary Sci., Vol. 16(4) 353-363 (2001)



HOLOCENE SEA-SURFACE CONDITIONS, BAFFIN BAY 361
Sea-surface Sea-surface Sea-ice cover
temperature (August) salinity (August) (months/year)
91039-007C 15 20 25 30 35 6 7 8 9 10 1 12

91039-008P 0

020 2 4 6 8 10
320 BP —>j § %
50
PRI BT ST R B SR PRI PRI PRI PR

2485BP ——
200 ]
300
400 ]
3665 BP ———>

500
3790 BP ——»

600 -

4710 BP ——»700

6275 BP 800 J ]
6400 BP) >
900 J 3
91039-012P .
7355 BP ——§ |
7830 BP E ]
92758 — 180 E
9485 BP
10 530 BP E E
10 405 BP
10 415 BP E E

Depth
(cm)

= =

Figure 5 Reconstruction of sea-surface conditions from the composite record of cores 91-039-007B, 91-039-008P and 91-039-012P. The
solid lines represent the most probable estimate based on the weighted average of the five best analogues. The thin lines correspond to
maximum and minimum values possible according to the set of analogues. The ‘+ signs on the upper horizontal axis correspond to
modern instrumental values. Corrected '*C ages are reported in the left margin of the diagram (Table 1).

funded by the Natural Sciences and Engineering Research Council
(NSERC) of Canada. We also benefited from the financial support
to A. de V. from the Fonds pour la Formation de Chercheurs et
I’Aide a la Recherche (FCAR) of Quebec. We thank Jocelyne Bour-
geois, Jens Matthiessen and Fabienne Marret for their critical review
of the manuscript and helpful comments. We acknowledge useful
discussions with P. J. Mudie (GSC, Atlantic) and the contribution of
André Rochon (GSC, Atlantic) and Virginie Loucheur (GEOTOP) for
help with analyses, data treatment and drawing the figures. Tracy
Barry (GSC, Ottawa) drew Fig. 1a and b. W. B., Jr. acknowledges
with thanks the assistance of officers and crew aboard C.S.S. Hudson
cruise 91-039 and the generous allocation of ship time to the
marine geological programme by Chief Scientist H. Ruth Jackson.
The entire '*C AMS dating series was funded by grants to W. B.,
Jr. from Stiftelsen Ymer-80, Stockholm. Geological Survey of Canada
Contribution 2000121; Cape Herschel Contribution No. 65.

References

Aksu AE. 1983. Holocene and Pleistocene dissolution cycles in
deep sea cores of Baffin Bay and Davis Strait; palaeoceanographic
implications. Marine Geology 53: 331-348.

Andrews JT, Mode WN, Davis PT. 1980. Holocene climate based
on pollen transfer functions, eastern Canadian Arctic. Arctic and
Alpine Research 12: 41-64.

Austin WEN, Bard E, Hunt JB, Kroon, D, Peacock JD. 1995. The
'4C age of the Icelandic Vedde ash: implication for Younger
Dryas marine reservoir age corrections. Radiocarbon 37: 53-62.

Barber DC, Jennings AE, Andrews JT, Kerwin MW, Morehead MD,
Dyke A, McNeely R, Hillaire-Marcel C, Bilodeau G, Southon J,
Gagnon J-M. 1999. Forcing of the cold event of 8,200 years
ago by catastrophic drainage of Laurentide lakes. Nature 400:
344-348.

Copyright 0 2001 John Wiley & Sons, Ltd.

Bard E. 1988. Correction of accelerator mass spectrometry '*C ages
measured in planktonic foraminifera: paleoceanographic impli-
cations. Paleoceanography 3: 635-645.

Bard E, Arnold M, Mangerud ], Patterne M, Labeyrie L, Duprat J,
Mélieres M-A, Senstegaard E, Duplessy J-C. 1994. The North
Alantic atmosphere-sea surface 'C gradient during the Younger
Dryas climatic event. Earth and Planetary Science Letters 126:
275-286.

Blake W Jr. 1979. Age determination on marine and terrestrial
materials of Holocene age, southern Ellesmere Island, Arctic
Archipelago. Geological Survey of Canada Paper 79-1C: 105-109.

Blake W Jr. 1989. Application of *C AMS dating to the chronology
of Holocene glacier fluctuations in the High Arctic, with special
reference to Leffert Glacier, Ellesmere Island, Canada. Radiocar-
bon 31: 570-578.

Blake W Jr. 1992. Holocene emergence at Cape Herschel, east-
central Ellesmere Island, Arctic Canada: implications for ice sheet
configuration. Canadian Journal of Earth Sciences 29: 1958-1990.

Blake W Jr. 1995. Holocene glacier fluctuations, northernmost Baffin
Bay to Kane Basin. In Conference Abstracts, CANQUA-CGRG
Joint Meeting, June: CA3.

Blake W Jr. 1998. The broad Yoldia, Megayoldia thraciaeformis, in
northernmost Baffin Bay: radiocarbon ages and paleoceanographic
implications. Bulletin of the Geological Society of Denmark 44:
129-138.

Blake W Jr, Boucherle MM, Fredskild B, Janssens JA, Smol JP.
1992. The geomorphological setting, glacial history and Holocene
development of ‘Kap Inglefield Se’, Inglefield Land, North-West
Greenland. Meddelelser om Gronland, Geoscience 27: 1-42.

Bourgeois JC, Koerner RM, Alt BT. 1985. Airborne pollen: a unique
air mass tracer, its influx to the Canadian High Arctic. Annals of
Glaciology 7: 109-116.

Bourgeois JC. Koerner RM, Gajewski K, Fisher DA. 2000. A Holo-
cene pollen record from Ellesmere Island, Nunavut, Canada. Quat-
ernary Research 54: 275-283.

Bradley RS. 1990. Holocene paleoclimatology of the Queen

J. Quaternary Sci., Vol. 16(4) 353-363 (2001)



362 JOURNAL OF QUATERNARY SCIENCE

Elizabeth Islands, Canadian High Arctic. Quaternary Science
Reviews 9: 365-384.

Brassard GR, Blake W Jr. 1978. An extensive subfossil deposit of
the arctic moss Aplodon wormskioldii. Canadian Journal of Botany
56: 1852-1859.

De Vernal A, Larouche A, Richard PJH. 1987. Evaluation of palyno-
morphs concentrations: do the aliquot and the marker-grain
methods yield comparable results? Pollen et Spores 29: 291-304.

De Vernal A, Goyette C, Rodrigues C. 1989. Contribution palynos-
tratigraphique (dinokystes, pollen et spores) a la connaissance de
la mer de Champlain: coupe de Saint-Cézaire, Québec. Canadian
Journal of Earth Sciences 26: 2450-2464.

De Vernal A, Londeix L, Mudie PJ, Harland R, Morzadec-Kerfourn
M-T, Turon J-L, Wrenn JH. 1992. The Quaternary organic walled
dinoflagellate cyst of the North Atlantic Ocean and adjacent seas:
ecostratigraphic and biostratigraphic records. In Neogene and
Quaternary Dinoflagellate Cysts, Head M), Wrenn JH (eds). Amer-
ican Association of Stratigraphic Palynologists Foundation: Dallas;
289-328.

De Vernal A, Turon J-L, Guiot J. 1994. Dinoflagellate cyst distri-
bution in high-latitude marine environments and quantitative
reconstruction of sea-surface salinity, temperature, and seasonality.
Canadian Journal of Earth Sciences 31: 48-62.

De Vernal A, Henry M, Bilodeau G. 1996. Techniques de prép-
aration et d’analyses en micropaléontologie. Cahiers du Géotop
no. 3, Université du Québec a Montréal: Montréal.

De Vernal A, Rochon A, Turon J-L, Matthiessen J. 1997. Organic-
walled dinoflagellate cysts: palynological tracers of sea-surface
conditions in middle to high latitude marine environments. Géo-
bios 30: 905-920.

Dunbar M, Dunbar MJ. 1972. The history of the North Water.
Proceedings of the Royal Society of Edinburgh B 72: 231-241.
Dyke AS, Hooper ), Savelle JM. 1996. A history of sea ice in the
Canadian Arctic Archipelago based on postglacial remains of the

bowhead whale (Balaena mysticetus). Arctic 49: 235-255.

Dyke AS, England J, Reimnitz E, Jetté H. 1997. Changes in driftwood
delivery to the Canadian Arctic Archipelago: the hypothesis of
postglacial oscillations of the transpolar drift. Arctic 50: 1-16.

England J. 1999. Coalescent Greenland and Innuitian Ice during the
last glacial maximum; revisiting the Quaternary of the Canadian
High Arctic. Quaternary Science Reviews 18: 421-456.

Fisher DA, Koerner RM, Reeh N. 1995. Holocene climatic records
from Agassiz Ice Cap, Ellesmere Island, NWT, Canada. The Holo-
cene 5: 19-24.

Fredskild B. 1985a. Holocene pollen records from West Greenland.
In Quaternary Environments, Eastern Canadian Arctic, Baffin Bay
and Western Greenland, Andrews JT (ed.). Allen and Unwin:
London; 643-681.

Fredskild B. 1985b. The Holocene vegetational development of
Tugtuligssuaq and Qegertat, Northwest Greenland. Meddelelser
om Gronland, Geoscience 14: 1-20.

Funder S. 1978. Holocene climates in Greenland, and North Atlantic
atmospheric circulation. Danish Meteorological Institute Climatol-
ogical Papers 4: 175-181.

Funder S, Weidick A. 1991. Holocene boreal molluscs in Green-
land—paleoceanographic implications. Palaeogeography, Palaeo-
climatology Palaeoecology 85: 123-135.

Guiot J. 1990. Methodology of paleoclimatic reconstruction from
pollen in France. Palaeogeography, Palacoclimatology, Palaeo-
ecology 80: 49-69.

Haflidason H, Eiriksson J, Krefeld S van. 2000. The tephrochronology
of Iceland and the North Atlantic region during the middle and
late Quaternary: a review. Journal of Quaternary Science 15:
3-22.

Hegg O. 1963. Palynological studies of peat deposits in front of
the Thompson Glacier (progress report). In Axel Heiberg Research
Reports, Preliminary Report 1961-1962. McGill University: Mon-
treal; 217-219.

Ito H. 1982. Sea ice atlas of northern Baffin Bay. Ziircher Geographi-
sche Schriften 7: 1-142.

Kelly M, Funder S, Houmark-Nielsen M, Knudsen K-L, Kronborg
C, Landvik J, Sorby L. 1999. Quaternary glacial and marine

Copyright 0 2001 John Wiley & Sons, Ltd.

environmental history of northwest Greenland: a review and reap-
praisal. Quaternary Science Reviews 18: 373-392.

Koerner RM. 1989. Queen Elizabeth Islands glaciers. In Quaternary
Geology of Canada and Greenland, Fulton R) (ed). Geology of
Canada No 1, Geological Survey of Canada, 464-473.

Koerner RM, Fisher DA. 1990. A record of Holocene summer
climate from a Canadian high-Arctic ice core. Nature 343:
630-631.

Kunz-Pirrung M. 1998. Aquatic palynomorphs: reconstruction of
Holocene sea-surface water masses in the eastern Laptev Sea.
Berichte zur Polarforschung 281: 1-117.

Kutzbach JE, Webb T 1lI. 1993. Conceptual basis for understanding
Late-Quaternary climates. In Global Climates since the Last Gla-
cial Maximum, Wright HR Jr, Kutzbach JE, Webb T IlI, Ruddiman
WE, Street-Perrott FA, Bartlein PJ (eds). University of Minessota
Press; 5-23.

Lichti-Federovich S. 1975. Pollen analyses of surface snow from
five Canadian Arctic ice caps. Geological Survey of Canada Paper
75-1B: 135-137.

Markham WE. 1980. Atlas des glaces, littoral de I’est Canadien.
Environment Canada, Atmospheric Environment Service: Ottawa,
Ontario.

Matthews J. 1969. The assessment of a method for the determination
of absolute pollen frequencies. New Phytologist 68: 161-166.
Matthiessen J. 1995. Distribution patterns of dinoflagellate cysts and
other organic-walled microfossils in recent Norwegian-Greenland

Sea sediments. Marine Micropaleontology 24: 307-334.

Morner N-A, Funder S. 1990. C-14 dating of samples collected
during the NORDQUA 86 expedition, and notes on the marine
reservoir effect. In Late Quaternary Stratigraphy and Glaciology
in the Thule Area, Northwest Greenland, Funder S (ed.). Medde-
lelser om Gronland, Geoscience 22: 57-59.

Mudie PJ. 1992. Circum-arctic Quaternary and Neogene marine
palynofloras: paleoecology and statistical analyses. In Neogene
and Quaternary Dinoflagellate Cysts, Head M), Wrenn JH (eds).
American Association of Stratigraphic Palynologists Foundation:
Dallas; 347-390.

Mudie PJ, Short SK. 1985. Marine palynology of Baffin Bay. In
Quaternary Environments, Eastern Canadian Arctic, Baffin Bay
and Western Greenland, Andrews JT (ed.). Allen and Unwin:
London; 263-308.

Muench RD. 1990. Mesoscale phenomena in the Polar Oceans. In
Polar Oceanography. Part A Physical Science, Smith WO Jr (ed.).
Academic Press: San Diego; 223-286.

Nichols H. 1972. Summary of the palynological evidence for late-
Quaternary vegetational and climatic change in the central and
eastern Canadian Arctic. In Climatic Changes in Arctic Areas
during the Last Ten-thousand Years, Vasari Y, Hyvérinen H, Hicks
S. Acta Universitatis Ouluensis 3, Geologica 1: Oulu; 309-339.

NODC 1994. World Ocean Atlas. National Oceanographic Data
Center, National Oceanic and Atmospheric Administration; CD-
Rom Data Sets.

NOW Website. 2000. http://www.fsg.ulaval.ca/girog/now.

Osterman LE, Nelson AR. 1989. Latest Quaternary and Holocene
paleoceanography of the eastern Baffin Island continental shelf,
Canada: benthic foraminiferal evidence. Canadian Journal of Earth
Sciences 26: 2236-2248.

Pesant S, Legendre L, Gosselin M, Smith REH, Kattner G, Ramseier
RO. 1996. Size differential regimes of phytoplankton production
in the Northeast Water Polynya (77-81°N). Marine Ecology Pro-
gress Series 142: 75-86.

Rochon A, de Vernal A. 1994. Palynomorph distribution in Recent
sediments from the Labrador Sea. Canadian Journal of Earth
Sciences 31: 115-127.

Rochon A, de Vernal A, Turon J-L, Matthiessen J, Head MJ. 1999.
Distribution of Dinoflagellate Cyst Assemblages in Surface Sedi-
ments from the North Atlantic Ocean and Adjacent Basins and
Quantitative Reconstruction of Sea-surface Parameters. Special
Contribution Series, 35. American Association of Stratigraphic
Palynologists: Dallas, Tx.

Short SK, Andrews JT, Williams KM, Weiner NJ, Elias SA. 1994.
Late Quaternary marine and terrestrial environments, Northwest-

J. Quaternary Sci., Vol. 16(4) 353-363 (2001)



HOLOCENE SEA-SURFACE CONDITIONS, BAFFIN BAY 363

ern Baffin Island, Northwest Territories. Géographie physique et
Quaternaire 48: 85-95.

Schledermann P. 1980. Polynyas and prehistoric settlement patterns.
Arctic 33: 292-302.

Smith W Jr, Gosselin M, Legendre L, Wallace D, Daly K, Kattner
G. 1997. New production in the Northeast Water Polynya: 1993.
Journal of Marine Systems 10: 199-209.

Steffen K, Ohmura A. 1985. Heat exchange and surface conditions
in North Water, northern Baffin Bay. Annals of Glaciology 6:
178-181.

Stirling 1. 1980. The biological importance of polynyas in the Canad-
ian Arctic. Arctic 33: 303-315.

Stuiver M, Braziunas TF. 1993. Modeling atmospheric '*C influence
and '*C marine ages of marine samples to 10,000 BC. Radiocar-
bon, 35: 137-189.

Stuiver M, Reimer PJ. 1993. Extended '*C data base and revised
CALIB 3.0 'C age calibration program. Radiocarbon 35:
215-230.

Stuiver M, Reimer PJ, Bard E, Beck JW, Burr GS, Hughen KA,
Kromer B, McCormick G, van der Plicht J, Spurk M. 1998.

Copyright 0 2001 John Wiley & Sons, Ltd.

Radiocarbon age calibration, 24,000-0 cal. BP. Radiocarbon 40:
1041-1083.

Stuiver M, Reimer PJ, Reimer R. 2000. CALIB Radiocarbon Cali-
bration HTML version 4.3 and Marine Reservoir Correction Data
Base. http://depts.washington.edu/qil/calib/.

Taylor FJR (ed.). 1987. The Biology of Dinoflagellates. Botanical Mono-
graphs, Vol. 21, Blackwell Scientific Publications: Oxford; 785 pp.
Traverse A (ed.). 1994. Sedimentation of Organic Particles. Cam-

bridge University Press: Cambridge; 544 pp.

Weidick A, Oerter H, Reeh N, Thomsen HH, Thorning L. 1990.
The recession of the inland ice margin during the Holocene
climatic optimum in the Jakobshavn Isfjord area of West Green-
land. Global and Planetary Change 2: 389-399.

Williams KM. 1990. Late Quaternary paleoceanography of the West-
ern Baffin Bay region: evidence from fossil diatoms. Canadian
Journal of Earth Sciences 27: 1487-1494.

Zarkhidse VS, Fulton RJ, Mudie PJ, Piper DJW, Musatov EE, Narysh-
kin GD, Yashin DS. 1991. Circumpolar Map of Quaternary
Deposits of the Arctic. Map 1818A (1: 6 000 000), Geological
Survey of Canada.

J. Quaternary Sci., Vol. 16(4) 353-363 (2001)



