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[1] During the Last Glacial Maximum, the northwestern North Atlantic constituted a major conduit for Labrador
and Greenland ice sheet meltwaters. Vertical density gradients in its upper water masses have been reconstructed
by combining information from transfer functions based on dinocysts and from oxygen isotope measurements
(d18O) in planktonic foraminifera. Transfer functions yield temperature and salinity and thus potential density
(sq) for the warmest (August) and coldest (February) months in the photic zone. The d18O values in different size
fractions of epipelagic (Globigerina bulloides) and mesopelagic (Neogloboquadrina pachyderma left-coiled
(Npl)) foraminifera allow us to assess sq gradients through the pycnocline between surface and intermediate
waters, based on the calibration of a sq versus d18O relationship from transfer function reconstructions. The
size and density of Npl shells provide further constraints on these sq gradients. The results show the development
of a very strong pycnocline during the LGM with a difference of about 3 (summer) to 1.5 (winter) sq units
between surface and underlying waters. They indicate conditions unfavorable for vertical convection and support
the hypothesis of the spreading of a shallow, low-salinity buoyant layer over the northern North Atlantic. This
layer depicted a strong E-W gradient, with maximum seasonal contrast and minimum absolute sq values
westward. INDEX TERMS: 1635 Global Change: Oceans (4203); 4267 Oceanography: General: Paleoceanography; 4283

Oceanography: General: Water masses; 4855 Oceanography: Biological and Chemical: Plankton; 4870 Oceanography: Biological and

Chemical: Stable isotopes; KEYWORDS: Last Glacial Maximum, LGM, North Atlantic, salinity, density, pycnocline
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1. Introduction

[2] Special attention has been focused upon the paleo-
ceanography of the North Atlantic with the aim of recon-
structing changes in the rate of deep water formation and
better constraining its role in controlling the thermohaline
circulation of the ocean and global climate [e.g., Keigwin et
al., 1994; Maslin et al., 1995; Rasmussen et al., 1996; Vidal
et al., 1997; Dokken and Jansen, 1999; Sarnthein et al.,
2000]. In particular, exhaustive studies on the Last Glacial
Maximum (LGM) have been conducted in order to docu-
ment the North Atlantic paleoceanography under extreme
climate conditions [e.g., Sarnthein et al., 1995, 2000;
Weinelt et al., 1996; Rosell-Melé, 1997; de Vernal et al.,
2000; Schneider et al., 2000]. These studies have also been
motivated by the need to prescribe sea surface temperatures
(SSTs) for paleoclimate model experiments of the LGM
undertaken within the framework of the Paleoclimate Model

Intercomparison Project (PMIP) [e.g., Joussaume and Tay-
lor, 1995, 2000; Pinot et al., 1999; Vettoretti et al., 2000].
[3] The earliest paleoclimate simulations of the LGM

epoch were performed by prescribing the CLIMAP Project
Member’s [1981] SSTs, which were principally derived
from transfer functions based upon the use of multiple
regression techniques and planktonic foraminifer data [cf.
Imbrie and Kipp, 1971]. Since this early work, methodo-
logical approaches have been developed for the reconstruc-
tion of paleotemperatures, both by improving the statistical
value of the transfer functions employed [e.g., Pflaumann et
al., 1996; Waelbroeck et al., 1998], and through the use of
diverse biological proxies, notably alkenones that are pro-
duced by coccolithophorids [e.g., Rosell-Melé, 1998] and
the organic-walled cysts of dinoflagellates (i.e., dinocysts)
[e.g., de Vernal et al., 1997]. These recently developed
methods have been applied to re-evaluate the sea surface
conditions which prevailed during the LGM. In addition to
the CLIMAP Project Member’s [1981] scenario, there are
now many LGM data sets available for the northern North
Atlantic that are based on planktonic foraminifera [Weinelt
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et al., 1996], on dinocysts [de Vernal et al., 2000], and on
alkenone biomarkers [Rosell-Melé, 1997; Rosell-Melé and
Comes, 1999]. However, intercomparison of the inferences
based upon these data sets has revealed significant discrep-
ancies in paleotemperature estimates. Inasmuch as all
approaches rely on exhaustive modern sample databases
and well-validated transfer functions or paleotemperature
equations, one must admit that modern relationships
between assemblages or biomarkers and SSTs may not be
unequivocally applicable to the LGM. Without questioning
the dependency of microorganisms, or their assemblages
and chemical composition upon temperature, we suggest
that the various proxies may not be responding unequiv-
ocally to the same ‘‘temperature parameter’’ used for
paleoclimate modeling, i.e., the average summer and winter
temperatures in the surface water, at 0 m depth [see e.g.,
Faul et al., 2000; Hillaire-Marcel et al., 2001a]. Thus
differences in SST estimates for the LGM might be due to
growth seasons or habitat depths that varied from those
characteristic of the modern ecology, due to LGM variations
in seasonal and vertical gradients of temperature, salinity
and density in the water column. On these grounds, we
therefore hypothesize that the various biological proxies
provide complementary information on temperature and
salinity, and thus density, at different bathymetric levels
and during distinct seasons on a yearly basis or within a
range of inter-annual extremes. Here, we will attempt to
determine the seasonal and bathymetric gradients of density

in the upper water column at a few sites in the northwest
North Atlantic. Our approach combines information from
proxies that relate to distinct water masses, ranging from the
photic zone to the epipelagic and mesopelagic water layers.
[4] The data used to constrain sea surface conditions in the

photic layer rely on transfer functions based on dinocyst
assemblages [cf. de Vernal et al., 1997, 2000]. The other data
which will enable us to assess conditions deeper in the water
column include oxygen isotopes in the epipelagic and
mesopelagic planktonic foraminifera taxa Globigerina bul-
loides (Gb) and Neogloboquadrina pachyderma left coiling
(Npl), respectively. As documented, for example from recent
studies in the Arctic Ocean [Kohfeld et al., 1996], the
equatorial Pacific [Faul et al., 2000], and the Labrador Sea
[Candon et al., 1999; Candon, 2000; Hillaire-Marcel and
Bilodeau, 2000; Hillaire-Marcel et al., 2001a], these taxa
precipitate their calcite at different water depths. In addition,
we will employ the size-dependent isotopic composition of
Npl, with the larger shells that develop deeper in the water
column being characterized by heavier d18O values, to
further constrain the density gradients along the pycnocline
between the surface and intermediate water masses [cf.
Candon et al., 1999; Hillaire-Marcel et al., 2001a]. In the
present study, we compare the results obtained from surface
sediment samples, which are assumed to represent the
‘‘modern’’ density gradients in the water column, with data
obtained from LGM sediment samples at seven sites from
the northwestern North Atlantic (see Figure 1). The results

Figure 1. Map of the northwest North Atlantic and location of the major study sites. The line linking the
study sites from Orphan Knoll to the Iceland basin corresponds to the transect in Figure 6. Surface
currents are indicated by arrows as follows: NAD, North Atlantic Drift; EGC, East Greenland Current;
WGC, West Greenland Current; BLC, Baffin Land Current; LC, Labrador Current. The isobaths
correspond to 200 and 1000 m.
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are integrated into a northwest North Atlantic framework
and discussed in reference to their implications in terms of
paleo-sea surface conditions, ice meltwater supply rates and
thermohaline circulation patterns.

2. Material and Methods

2.1. Surface Sediment Samples and Modern Data

[5] The relationship between micropaleontological and
isotopic data and the thermohaline structure of the upper
water column has been documented using surface sediment
samples from the top (0–1 cm) of box cores collected
during the CSS-Hudson cruises 90-013 and 91-045 [cf.
Hillaire-Marcel et al., 1990, 1991]. The content of these
surface sediment samples is attributed to subrecent deposi-
tion, which we link to the ‘‘modern’’ hydrographical con-
ditions. However, despite relatively high sedimentation
rates at the selected sites [cf. Hillaire-Marcel et al., 1994],
the surface sediment samples probably represent a time
interval spanning a few hundred years to a thousand years
because of the smoothing effect of mechanical mixing by
benthic organisms [cf. Wu and Hillaire-Marcel, 1994a].
[6] The modern hydrographical conditions, including

monthly and seasonal means of temperature and salinity
in the upper water column, were obtained from the National
Oceanographic Data Center (NODC ) [1994]. These data
were used to calculate potential density (sq) profiles after
United Nations Educational, Scientific, and Cultural
Organization (UNESCO) [1981]. They also permitted the
calculation of d18O values for calcite precipitated in isotopic
equilibrium on the basis of the equations of O’Neil et al.
[1969] and Shackleton [1974], and assuming a regional
freshwater end-member of ��17.8 % versus SMOW [cf.
Wu and Hillaire-Marcel, 1994b].

2.2. Stratigraphical Definition of the LGM Interval

[7] The stratigraphy of the cores was established on the
basis of d18O and d13C measurements in planktonic fora-
minifera, and of organic carbon, CaCO3 and coarse sand
(>120 mm) content analysis. A chronological framework has
been provided by AMS 14C measurements on monospecific
foraminifer populations (generally Npl). Stratigraphical and
chronological data for all cores used in the present study are
available on the GEOTOP Website (www.geotop.uqam.ca).
Further constraints on the absolute chronology in cores P-94
and P-13 were set based on paleomagnetic intensity records
and correlation with Greenland Ice core records [cf. Stoner
et al., 1998, 2000].
[8] The LGM has been defined chronostratigraphically to

encompass the 21 calendar ka target used for paleoclimate
model experiments undertaken notably within the frame-
work of PMIP [e.g., Joussaume and Taylor, 1995]. This time
target likely corresponds to the maximum continental ice
volume and the minimum eustatic sea level of the last ice age
[e.g., Peltier 1994; Fleming et al., 1998; Schneider et al.,
2000]. The interval analyzed here corresponds to sedimen-
tary sequences dated between 16,000 and 20,000 years B.P.
on a conventional 14C timescale, which corresponds to an
age range from 19 to 23.5 ka in a calendar chronology [cf.
Stuiver et al., 1998]. This time slice excludes two major
paleoceanographical events, represented by the Heinrich

layers H1 and H2 [e.g., Bond et al., 1992, 1993, 1999; Elliot
et al., 1998], which apparently correspond to the coldest
phases of the last ice age in the northern North Atlantic [e.g.,
Maslin et al., 1995; de Vernal et al., 2000; Sarnthein et al.,
2000]. However, as defined here, the LGM time slice
includes higher frequency paleoceanographical oscillations
that are particularly well depicted in the Labrador Sea time
series [e.g., Stoner et al., 1996; Hillaire-Marcel and Bilo-
deau, 2000]. When recognized, the results corresponding to
such events were discarded from the LGM data sets in order
to reduce signal noise.

2.3. Proxies to Estimate Sea Surface Conditions:
Dinocyst-Based Transfer Functions

[9] The conditions of temperature and salinity in the
photic zone are estimated on the basis of transfer functions
using dinocyst assemblages and the best analogue method
[Guiot, 1990]. The reference data set used here includes 371
sites from middle to high latitudes of the North Atlantic
Ocean and subpolar basins [cf. de Vernal et al., 1997;
Rochon et al., 1999]. These data cover both oceanic and
neritic environments and represent a wide range of sea
surface conditions with respect to sea ice cover (from ice-
free to quasi-perennial sea ice cover), salinity (20–36) and
temperature (from freezing up to 25�C) with various ranges
of seasonal amplitude. The dinocysts permit the reconstruc-
tion of salinity and temperature for the warmest and coldest
months of the year, with the following degrees of accuracy,
as determined from validation exercises: ±1.6�C and ±1.2�C
for the August and February temperatures respectively, and
±0.7 for salinity in the 25–36 range. The reference hydro-
graphical data were compiled from NODC [1994] in the
surface (0 m) layer. Details on the reconstructions for the
LGM interval can be found elsewhere [de Vernal and Hill-
aire-Marcel, 2000; de Vernal et al., 2000] and on the GEO-
TOP Web site. The temperature and salinity estimates were
used to calculate the potential density (sq) for the warmest
and coldest months in the surface water layer based on
UNESCO [1981]. Comparison of these reconstructed poten-
tial densities with those directly calculated from NODC data
yielded reasonably good results. The correlation coefficients
(r2) between estimated and actual potential density in surface
water are 0.88 and 0.91 for February and August, respec-
tively [cf.Hillaire-Marcel et al., 2001b]. Standard deviations
between estimated and observed density values are ±0.54
and ±0.63, for February and August, respectively. Such
uncertainties are included within the range of the inter-
annual variations as measured by direct observation.

2.4. Proxies for Subsurface Conditions: The Isotopic
Composition of Planktonic Foraminifera

[10] Planktonic foraminifera were analyzed in order to
document conditions in the epipelagic-mesopelagic layers.
Identification to species level and counts performed in
different size fractions (63–125, 125–150, 150–212, and
>212 mm) of surface sediment samples and LGM samples
are reported by Candon [2000]. Amongst specimens
belonging to Neogloboquadrina pachyderma left-coiled
(Npl), different morphotypes were distinguished [see also
Plouffe, 1994; Kohfeld et al., 1996; Candon, 2000; Hillaire-
Marcel et al., 2001a]. The most frequent of these, which
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consists of square shaped specimens characterized by a
thick and encrusted shell with shallow and rough sutures
between the chambers, has been used for our isotopic
measurements.
[11] The shell density of Npl has been calculated using the

mean diameter and mean weight, as measured using either a
precision scale or on the basis of precisely calibrated CO2

pressures in the inlet system of the mass spectrometer used
for stable isotope analyses (see Hillaire-Marcel and Bilo-
deau [2000] for details concerning the analytical methods).
The isotopic measurements were performed on 20 to 50
specimens of foraminifera belonging to Npl or Gb, which
were hand-picked in the 63–125 mm, 125–150 mm, 150–
212 mm, and >212 mm fractions. The d18O and d13C values
were determined from the CO2 extracted at 90�C on an
ISOCARBTM device on-line with a VG-PRISMTM mass
spectrometer and expressed against the V-PDB standard.
The overall analytical reproducibility, as calculated from
replicate measurements on the home standard carbonate, is
routinely better than ±0.05% (±1 s) for both d18O and d13C.

2.5. Reconstruction of Paleodensity Based on the
Isotopic Composition of Foraminifera

2.5.1. Basic Equations
[12] In order to infer density on the basis of d18O values

measured in foraminifera, we calibrate a sq - d
18O relation-

ship using potential densities calculated using temperature
and salinity values reconstructed for the surface water layer
based on dinocyst transfer functions, as well as the corre-
sponding isotopic composition of a calcite precipitated in
equilibrium with ambient waters at the given temperature
and salinity. For this purpose, several equations are neces-
sary together with a few boundary conditions. These are
described in what follows.
[13] The paleotemperature relation used to transcribe the

isotopic composition of calcite versus PDB (dc) into that of
water versus SMOW (dw) during calcite precipitation, or
vice versa, for a given temperature in �C (t) is that of O’Neil
et al. [1969] and Shackleton [1974] (see equations 1 and 2).
The offset value of �0.27% in equation 2 is required for
conversion into the PDB scale as demonstrated by Coplen
[1988].

t ¼ 16:9� 4:38 dc� Að Þ þ 0:10 dc� Að Þ2 ð1Þ

A ¼ dw� 0:27 ð2Þ

[14] Establishing a relationship between dw and salinity is
a more difficult matter. In general, these parameters are
linked by linear relationships. However, exceptions are
found at sites where sea ice is present. Its formation, during
the Fall season, results in the production of brines, which
are isotopically lighter than the seawater at their origin, due
to the relative enrichment of the ice in heavy isotopes
[O’Neil, 1968]. These brines sink to depths determined by
the density structure of the upper water column (e.g., a few
hundred meters in Baffin Bay [Tan and Strain, 1980]. On
the other hand, in summer, when sea ice melts, it releases
meltwater characterized by a very low salinity (0–6) but
relatively high d18O values [Bédard et al., 1981]. Such

effects cannot be ignored in Arctic environments [e.g.,
Kohfeld et al., 1996] but are likely to be of lesser impor-
tance in subarctic basins. A diagnostic criterion can be used
to verify the incidence of sea ice meltwater. The small
specimens of Npl that develop toward the upper end of the
pycnocline between surface and subsurface waters are then
likely to be characterized by higher d18O values than the
larger specimens that develop deeper within the pycnocline,
due to the dilution of surface water by low density-high
d18O sea ice meltwater (e.g., C. Hillaire-Marcel et al., in
preparation, 2002). In most other hydrographical situations,
a reverse relationship is observed: the large Npl specimens
are enriched in 18O in comparison with the small specimens.
Since this is the case of the LGM assemblages used here
[Candon, 2000], we consider that the incidence of sea ice
meltwater was negligible in comparison with that of melt-
waters ensuing from surrounding ice sheets or from ice-
bergs. For these reasons, we have simply used a linear
relationship to link the isotopic composition (dw) and the
salinity (Sw) of the ambient water, during calcite precip-
itation, based on two end-members. The first corresponds to
the isotopic composition and salinity of standard oceanic
water (dsw and Ssw). The second end-member corresponds
to the isotopic composition of local freshwater (dfw).
Together these end-members define the relation:

dw ¼ dsw� dfw� dswð Þ* Sw� Sswð Þ=Ssw½ � ð3Þ

For modern conditions, the salinity of the standard ocean
end-member has been set to 35 and its isotopic composition
to 0%, i.e., that of SMOW. Local freshwater inputs have
been set to a dfw value of �17.8% [from Wu and Hillaire-
Marcel, 1994a] with a salinity of 0.
2.5.2. Last Glacial Maximum Boundary Conditions
[15] Before applying the equations 1–3 to the LGM time

interval, boundary conditions have to be set for the param-
eters dsw, dfw and Ssw. The isotopic composition of the
LGM ocean (dsw) was first defined based on the benthic
isotope record from ODP-Site 677 [cf. Shackleton et al.,
1990], which has often been employed as a proxy for
changes in ocean water volume (and thus land ice volume)
during glaciations. For the LGM, the dsw has thus been set
to a value of +1.2%. The ODP-677 data also provide a first
estimate for salinity variations of the standard ocean water
end-member. We set an absolute range from 35 to 36 for the
ocean salinity between the present interglacial and the
LGM, which corresponds to a salinity shift of 1 for a
d18O shift of 1.2% at site 677. On these grounds, we have
employed the following relation to constrain the salinity of
the seawater end-member.

Ssw 	 35þ ðdsw=1:2Þ ð4Þ

[16] With respect to the isotopic composition of the
freshwater end-member (dfw), we have also employed a
relatively simple approach. This is based on the assumption
that freshwater inputs from the continents and ice sheets
surrounding the Labrador Sea had temporal variations in
their 18O content proportional to those in the GISP2 ice core
record, from Summit, Greenland [Grootes and Stuvier,
1997]. This suggests a value of �0.51 for the ratio between
the modern dfw and dGISP2 values, with the modern dsw
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set to 0% (i.e., to the SMOW value). We then use this ratio
to derive an isotopic composition for the LGM freshwater
end-member, from the isotopic composition of the Green-
land Ice and ocean, during the LGM, as:

dfw 	 0:51* dGISP2ð ÞLGM� dswð ÞLGMð Þ ð5Þ

The d18O composition of the ice accumulated during the
LGM being of about �41.5%, and that of the ocean being
+1.2 %, we calculate a regional LGM dfw of approximately
�20%.
2.5.3. Potential Density Versus D18O in Foraminifera
[17] The conversion of dc values of foraminiferal calcite

into sq values requires further assumptions. Ideally, one
should employ independent methods to determine the
parameters governing the paleotemperature equation. For
example, Mg/Ca ratios in foraminifer shells could help to
independently set the growth temperature [e.g., Nürnberg
et al., 2000; Lea et al., 1999; Elderfield and Ganssen,
2000]. However, the calibration curves for Mg/Ca versus

temperature are poorly constrained in the thermal domain
of the present study. In a similar fashion, ecological
temperature requirements are too large to be useful. For
example, Globigerina bulloides (Gb) occupies a broad
temperature domain [Bé and Tolderlund, 1971; Sautter
and Thunell, 1989], although it seems to record its mini-
mum temperature limit (�8�C) in the Labrador Sea.
Similarly, Npl seems to tolerate a relatively wide temper-
ature range, from �0�C in Arctic settings [e.g., Kohfeld
et al., 1996] to temperatures possibly as high as 8�C [Wu
and Hillaire-Marcel, 1994a]. Nevertheless, most studies
show that sq and dc values are linked by simple polynomial
relationships [e.g., Billups and Schrag, 2000; Candon et
al., 1999; Candon, 2000]. We have therefore employed the
extreme seasonal thermohaline conditions (i.e., August and
February) in the surface water layer, delivered by dinocyst
transfer functions, to calibrate a sq versus dc relationship at
each site. Since Gb and Npl develop between these two
periods, along the pycnocline with the underlying water
mass (Figure 2), these curves allow the interpolation of sq

Figure 2. Present-day structure of the upper water column at site MD-2024/P-94/B-93 in the Orphan
Knoll area (see Figure 1). The mean monthly temperature and salinity profiles are compiled after NODC
[1994] data, then used to calculate potential density (sq) profiles as well as the isotopic compositions for a
calcite precipitated in isotopic equilibrium (d18O CaCO3-eq.) with ambient water. The arrows on top of
the (d18O CaCO3-eq.) profiles correspond to values calculated using the February and August
reconstructions of temperature and salinity from box core top (B-93) assemblages using dinocyst transfer
functions. The Gb and Npl bars, on the same profile, correspond to values measured in four size fractions
(from 62 mm to >212 mm) of Neogloboquadrina pachyderma left coiling (Npl) and Globigerina bulloides
(Gb) shells from box core top (B-93). Npl values suggest precipitation toward the deepest part of the
summer pycnocline, whereas Gb values suggest calcite precipitation upper, along this pycnocline, in
shallower and warmer waters.
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values, based on Gb and Npl isotopic compositions, with a
reasonable degree of accuracy.

3. Results and Discussion

3.1. Modern Situation

3.1.1. Hydrographic Situation in the Northwest North
Atlantic: Continental Margin Versus Offshore Sites
[18] In the northwest North Atlantic, the hydrographic

conditions that prevail presently along the continental
margins of North America, where the Labrador Current
flows southward, differ significantly from those recorded
offshore in more open ocean contexts. Both cases are
illustrated here, in reference to site B-093/P-094 from
Orphan Knoll, and B-058/P-060 from the eastern Irminger
basin (see Figure 1).
[19] At the Orphan Knoll site (Figure 2), the surface water

layer is strongly influenced by the Labrador Current. As a
consequence, one observes the inception of a relatively sharp
seasonal pycnocline in the upper water column. In summer,
high SSTs (11.6�–13.5�C) and low salinity (33.6–34.2) are
responsible for the low sq values (25.4–25.8) of the buoyant
surface water layer, whereas low temperature (5�–6�C) and
salinity up to 34.8 in late winter-early spring, result in a
potential density of 27.1–27.4 at the surface. The surface
layer is thus marked by maximum amplitude seasonal
gradients of potential density, reaching as much as 2 units.
The reconstruction of sea surface temperature and salinity
based on dinocyst transfer functions calibrated with the
surface (0 m) hydrographic values thus provide an estimate
of sq values for the warmest and coldest months of the year.
These values match the annual range of sq values in this
uppermost surface water layer, as demonstrated on the basis
of validation results. Below this buoyant surface water layer,
at a depth of about a hundred meters, the seasonal pycnocline
is marked by temperatures decreasing to approximately 3�C
and salinity increasing to 34.8, which corresponds to sq
values near 27.7. Deeper in the water column, the inter-
mediate Labrador Sea Water (LSW) mass is characterized by
density reaching 27.75 at depth (i.e., at 1850 m). This water
mass develops as a consequence of vertical convection in the
western Labrador Sea, which has varied in intensity over
recent decades [e.g., Clarke and Gascard, 1983; Lazier,
1988; Sy et al., 1997; Lucotte and Hillaire-Marcel, 1994],
but which appear to be a prominent feature in the Labrador
Sea over the last 7000 years [cf. Hillaire-Marcel et al.,
2001a, 2001b]. The relatively strong seasonal stratification
of surface waters results in a low thermal inertia, and a large
seasonal shift of temperature (from�6� to 13.5�C; Figure 2).
[20] At Orphan Knoll, the large vertical gradients in

salinity, temperature and sq values that develop seasonally
result in a wide range of d18O values for a calcite precipi-
tated in equilibrium, from 0.0% at the surface to about
2.0% at a depth of 70 m, then increasing gradually to a
value of �3.0% at the base of the LSW layer (i.e., at a
depth of �1850 m). Accordingly, planktonic foraminifer
shells show a relatively large range of isotopic composi-
tions, in response to their development in different habitats
with respect to the water depth or growth season. d18O
values in Gb range from 1.4% in small shells to 1.9% in

large specimens. The growth season of the epipelagic taxa
Gb is controlled by both the primary production, occurring
here mainly in summer [cf. Antoine and Morel, 1996], and
the taxon requirements for relatively warm waters (in
comparison with Npl). As a consequence, the development
of Gb occurs mainly in August, in the Labrador Sea [Bé and
Tolderlund, 1971] and d18O values in Gb allow one to infer
growth depths assuming that the small and large specimens
develop during the same period (i.e., August). These would
range from 50 m for the smallest, ‘‘juvenile’’ specimens, to
about 70 m for the largest, ‘‘mature’’ shells. Npl shells are
characterized by significantly higher isotopic compositions
than Gb. d18O values of small shells vary between 2.06 and
2.25%, whereas those of the largest shells are as high as
2.54%. Such values suggest an early growth of Npl shells,
at the base of the summer pycnocline (below 70 m), and a
much deeper mesopelagic habitat for its large encrusted
specimens (a few hundred meters). These data are consistent
with other studies reporting on the deep dwelling behavior
of Npl and on the gradual sinking of planktonic foraminifera
in the water column from juvenile to mature stages [e.g., Bé
and Tolderlund, 1971; Bé et al., 1977; Sverdlove and Bé,
1985; Carstens and Wefer, 1992; Carstens et al., 1997].
[21] At the offshore site of the Irminger basin (Figure 3),

the surface and subsurface layers consist of a westward
branch of the North Atlantic Drift that overlies North East
Atlantic Deep Water (NEADW) [see Lucotte and Hillaire-
Marcel, 1994]. Salinity is relatively uniform, varying little
between 34.85 and 35.1 at the surface. This results in weak
seasonal changes of potential density values, between 26.95
in summer and 27.7 in winter. As a consequence, the upper
water mass there is weakly stratified and displays a high
thermal inertia as indicated by a reduced seasonal shift in
temperature, between �5 and �10.5�C, from the coldest to
the warmest month of the year (Figure 3). The relatively
small amplitude of the seasonal changes in temperature,
salinity and sq values at the surface can be estimated from
the dinocyst transfer functions, with a reasonable degree of
accuracy. The weak pycnocline at the base of the surface
layer appears to be primarily controlled by temperature and
develops down to a few hundred meters in the water
column, with sq values reaching about 28.8 at 500 meters.
The corresponding d18O values for a calcite precipitated in
equilibrium with ambient water would range from a mini-
mum of 1.3% in August, at the surface, to 2.0–2.5% at a
depth of approximately 70 m. These values would gradually
increase up to 3.0%, in the underlying water mass which
consists of North East Atlantic Deep Water (NEADW). The
d18O values in Gb shells average 1.92 %, corresponding to
precipitation at a depth of about 50 m in summer. The d18O
values in Npl shells are significantly higher, ranging from
2.1% in small size specimens, up to 2.88% in large
encrusted shells. Such values are consistent with those of
the Orphan Knoll site. They reflect the growth of the small
‘‘juvenile’’ Npl shells at the top of the pycnocline, and that
of the more ‘‘mature’’ large and dense specimens, at much
greater depths [cf. Candon, 2000].
3.1.2. TheSQVersus D

18ORelationship at the Study Sites
[22] The relationships between sq and d18O values in the

modern upper water column (0–500 m) of the 7 study sites
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were calculated using August and February data compiled
from NODC [1994] (see Figure 4). A second-degree poly-
nomial sq versus d18O relationship may yield slightly better
correlation coefficients than a linear regression [e.g., Faul et
al., 2000], but they differ little from each other at most sites.
According to the linear regression equations, the y-intercept
value of the sq versus d

18O calibration line is close to 26 sq
units at all sites, and the mean value of the slope is
approximately equal to 0.6, with extreme values ranging
from 0.44 to 0.88.
[23] For comparison purposes and as a means of validating

this approach, we have estimated the sq versus d
18O relation-

ship for the late Holocene interval (the last 3000 years), based
on dinocyst transfer function results in a few cores. Late
Holocene data are not always available because of low
sedimentation rates and poor recovery of surface sediment.
Three sites (P-72, P-13 and P-94) yielded more than 30 cm of
late Holocene sediments, thus allowing statistically repre-
sentative analyses to be performed. Despite uncertainties due
to the fact that both recent and late Holocene time intervals
have recorded relatively large amplitude hydrographical
changes [Hillaire-Marcel et al., 2001b], the modern and late

Holocene data sets are in accord with the same best fits on the
same calibration lines within the range of their respective
standard deviations. This indicates that the proposed
approach is suitable for the reconstruction of paleopotential
density gradients in the water column. The data also show
that for any given sample down core, based on temperature
and salinity estimates from transfer functions, a simple
regression line between sq values for the coldest and warmest
months and the corresponding d18O values of a calcite
precipitated in equilibrium with ambient waters, can be
established using the boundary conditions and equations of
section 2.5. This regression line can then be used to calculate
sq values for the planktonic foraminifer habitats, using their
actual d18O values [Hillaire-Marcel et al., 2001b]. However,
it seems statistically preferable to fix sq versus d

18O calibra-
tions for time slices represented by several samples, as below.

3.2. LGM Conditions

3.2.1. Calibration of LGM SQVersus D
18O Relationship

at the Study Sites
[24] The LGM relationship between sq and d18O values

was estimated at the 7 study sites using temperature and

Figure 3. Present-day structure of the upper water column at site P-58/B-60 in the Irminger Basin (see
Figure 1). The mean monthly temperature and salinity profiles are compiled after NODC [1994] data,
then used to calculate potential density (sq) profiles as well as the isotopic composition of a calcite
precipitated in isotopic equilibrium (d18O CaCO3-eq.) with ambient water. The arrows on top of the (d18O
CaCO3-eq.) profiles correspond to values calculated using the February and August reconstructions of
temperature and salinity from box core top (B-60) assemblages using dinocyst transfer functions. The Gb
and Npl bars, on the same profile, correspond to values measured in four size fractions (from 62 mm to
>212 mm) of Neogloboquadrina pachyderma leftcoiling (Npl) and Globigerina bulloides (Gb) shells
from box core top (B-60). Npl values suggest precipitation toward the deepest part of the summer
pycnocline, whereas Gb values suggest calcite precipitation upper, along this pycnocline, in shallower
and warmer waters.
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salinity reconstructions from the dinocyst transfer function
(Figure 5). The LGM data points are representative of a
relatively long time interval (20,000–16,000 years B.P.
on a 14C timescale). This interval includes exceptional

hydrographic events despite the precautions taken to
remove this influence, which may explain the relatively
large scatter of sq versus d18O values when compared
with the modern or Holocene situations. Nevertheless, the

Figure 4. Polynomial and/or linear calibrations of the present-day relationships between potential
density (sq) and d18O values for a calcite precipitated in isotopic equilibrium (d18O CaCO3-eq.) with
ambient water. The sq and corresponding d18O values are calculated for the months of February and
August. At sites P-94/B-93 (a), P-13/B-17 (c), and P-72/B-71 (g) this calibration is based on modern
NODC [1994] data in addition to late Holocene values calculated using temperature and salinity derived
from dinocyst transfer functions. At sites TWC-03/B-90 (b), P-12/B-11 (d), P-52/B-51 (e), and P-58/B-60
(f ) the calibration is exclusively based on modern NODC data.
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Figure 5. Polynomial and/or linear calibrations of the LGM relationships between potential density (sq)
and d18O values for a calcite precipitated in isotopic equilibrium (d18O CaCO3-eq.) with ambient water.
The sq and corresponding d18O values are calculated using the February and August sea surface salinity
and temperature estimates from dinocyst transfer functions. Note that the calibration at the nearshore
Orphan Knoll site P-94 (a) shows a much steeper slope than that of the other sites, TWC-03 (b), P-13 (c),
P-12 (d), P-52 (e), P-58 (f) and P-72 (g), suggesting larger salinity gradients at the very margin of the
Laurentide ice sheet. The vertical bars correspond to d18O values measured in Neogloboquadrina
pachyderma left coiling (Npl) assemblages, and to the corresponding range of sq values assuming a
growth temperature between 0� and 4�C.
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results show that linear relations, with high coefficients of
correlation (r2) ranging 0.81 to 0.96, can be determined
between these sq and d18O values. In most cases, a
polynomial equation does not yield a significantly better
correlation coefficient than the linear equation. The LGM
results illustrate sq versus d18O relationships differing
significantly from either the modern or the Holocene
relationships, and a much larger scatter of values. They
yield y-intercepts of approximately 25.5 sq units, and
relatively steep slopes, around 1.0 at most sites, but with
extremes ranging from 0.73 to 1.14. It is of note that the

data indicating the steepest slope and lowest y-intercept
are recorded at site P-94, off Newfoundland, i.e., near the
margin of the Laurentide ice sheet.
[25] Despite the wide ranges of sq and d18O values

estimated for the LGM surface waters based on dinocyst
transfer functions, Npl assemblages yield d18O values
(from 4.4 to 4.6%) that fall systematically well outside
these ranges. This suggests that Npl then lived in a water
layer characterized by much higher sq values than those
reconstructed for the surface water layer, thus the develop-
ment of a strong pycnocline with large sq gradients,
between the photic zone and the subsurface layer repre-
sented by Npl (see Figure 5). Potential density values can
be calculated for the layer occupied by Npl, using the
corresponding d18O values and the sq versus d

18O calibra-
tion equations of Figure 5. For the LGM interval, Npl
assemblages yield d18O values falling beyond the range of
values yielded by transfer function data, thus requiring us
to extrapolate, instead of interpolate, sq values from the
calibration curves. In order to add constraints on potential
density estimates for the Npl habitat layer, we have
calculated a range of sq values for Npl assemblages,
assuming arbitrarily that Npl calcite precipitation occurred
within a temperature range of 0� to 4�C (see the vertical
bars on Figure 5 diagrams), i.e., within the lower part of
the ecological temperature domain of Npl. On the whole,
the sq versus d18O Npl values calculated for the 0�–4�C
temperature interval seem to better fit the polynomial
equations when these differs significantly from the linear
equations. The linear relationship seems to characterize
sites in the continental margin domain (i.e., sites P-94, P-
12, P-13 and P-52), whereas polynomial equations better
represent the offshore domain (i.e., sites TWC-003, P-58
and P-72; Figure 5). A linear relationship between sq and
d18O values can be explained by the dominant forcing due
to salinity since both sq and d18O are linearly linked to
salinity, and thus by a reduced influence of temperature. In
the case of the continental margin off Greenland (P-13, P-
12, P-52), and even more so off eastern Canada (P-94),
large salinity gradients in surface waters are recorded by
dinocysts. These are associated with large supplies of

Figure 6. (opposite) Schematic illustration of the gradients
of density between the surface water layer and the
subsurface, mesopelagic layer occupied by Npl (or ‘‘Npl
layer’’) along a transect across the Labrador Sea and the
Irminger Basin (see Figure 1). The potential density (sq)
values for the surface water layer are estimated from
dinocyst transfer functions, and those along the pycnocline
with the underlying layer are based on estimates from
isotopic composition of Neogloboquadrina pachyderma
(Npl) and Globigerina bulloides (Gb) shells in different size
fractions, using the calibration equations of Figures 4 and 5,
respectively for the modern and LGM situations. The
modern situation is illustrated in Figure 6a and the LGM
situation is shown in Figure 6b. In Figures 6c and 6d are the
LGM salinities and temperatures in the surface layer,
respectively, derived from dinocyst transfer functions,
which were used to calculate the sq values.
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meltwater from the Greenland and Laurentide ice sheets,
which were then at their maximum extents. Polynomial
relationships between sq and d18 values can be explained
by a lesser effect of salinity and an enhanced effect of
temperature, which exerts a nonlinear forcing on both the
isotopic composition and potential density. Thus, at the
offshore sites of the central Labrador Sea (TWC-003),
Irminger basin (P-58), and Iceland basin (P-72), the sq
versus d18O relationships that are nonlinear suggest the
development of a seasonal pycnocline, between surface
and mesopelagic waters, with strong temperature gradients
in addition to large salinity offsets.
3.2.2. Density Gradient Between the Surface and
Subsurface Layers
[26] The density gradients between the surface layer and

the subsurface layer occupied by Npl (henceforth the ‘‘Npl
layer’’) can be illustrated on a regional scale using the sq
versus d18O calibrations equations as defined above for
each study site (see Figure 6). Modern data show a
relatively narrow range of sq values in the surface water
layer, and the corresponding ‘‘Npl layer’’ seems charac-
terized by values averaging 27.7, not much different from
those recorded in the surface layer during winter (see
Figure 6a). Such data are compatible with deep vertical
mixing, as it occurs presently in the Labrador Sea. The
LGM data reveal a strongly contrasting situation compared
with modern (see Figure 6b). Firstly, the LGM sq values in
the surface layer indicate much larger seasonal gradients
than those recorded today (about twice modern-day val-
ues). Secondly, sq values in the LGM ‘‘Npl layer’’ were
significantly higher than those of the modern ‘‘Npl layer.’’
They averaged 28.8 and appear to have been much higher
than those of the LGM surface water layer, by approx-
imately 1.5 (winter) to 3 (summer) units (Figure 6b). Even
when taking into account uncertainties in the sq versus
d18O calibrations, these gradients of potential density
values are large enough to demonstrate the presence of a
sharp and strong pycnocline all year long between surface
waters and the ‘‘Npl layer,’’ during the LGM, a circum-
stance that provides strong evidence for a complete shut
down of winter convection in the northwestern sector of
the North Atlantic.
3.2.3. Northern North Atlantic Surface Water Layer
[27] The data base presented herein on sea surface

salinities and temperatures for the LGM, as reconstructed
from dinocyst transfer functions, includes 32 sites from the
northern North Atlantic [cf. de Vernal et al, 2000] (see
also the GEOTOP Web Site). This data set was used to
calculate August versus February sq values in the surface
layer of this sector (see Figure 7). On the whole, the
distribution pattern of sq values in both summer and
winter shows a west to east gradient. This suggests the
presence of distinct surface water masses. The surface
water layer occupying the northwestern sector was appa-
rently characterized by overall low sq values. This can be
attributed to strong dilution by meltwaters along the east-
ern Canadian and Greenland ice margins, and/or along
iceberg routes. The water mass occupying the eastern
sector, off western Europe, was characterized by relatively
high sq values. It likely relates to a northward flow of

Figure 7. Schematic illustration of sea surface density in
February (a) and August (b) over the northern North
Atlantic during the LGM. The continent and ice sheet limits
in Figures 7a and 7b are delimitated after Peltier [1994].
The sea surface conditions which permitted to delimitate the
perennial sea ice and to calculate the potential density are
from de Vernal et al. [2000].
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relatively saline North Atlantic waters. The distribution
pattern of sq values also suggests the existence of gyres in
the Irminger and Labrador Sea basins (Figure 7), which
would have been responsible for the mixing of the two
water masses. Comparison of the seasonal distributions of
sq values in the surface water layer indicate larger SE-NW
gradients in summer than in winter (Figure 8), essentially
controlled by salinity.
3.2.4. Northwest North Atlantic ‘‘Npl Layer’’
[28] As shown in Figure 6, the LGM ‘‘Npl layer’’ of the

northwest North Atlantic was characterized by variable, but
relatively high sq values (�28.8), as compared with the
present situation (�27.7). The Npl size distribution and
relative abundance in the planktonic foraminifer assemb-
lages add constraints on the properties of this ‘‘Npl layer’’.
Npl was more abundant and had much larger and heavier
shells during the LGM, than at present (Figure 9). This
suggests temperature conditions generally unsuitable for
the growth of more thermophilous taxa. However, the
LGM was also characterized by relatively high August
SSTs, at sea surface, probably due to the low thermal
inertia of the strongly stratified, likely shallow surface
layer. This specificity may account for sporadic occurren-
ces of Gb, at a few sites [e.g., Hillaire-Marcel and
Bilodeau, 2000]. Nevertheless, the strong density gradient
between surface and subsurface waters allowed Npl shells
to grow larger and thicker along the corresponding pycno-
cline. It seems therefore that Npl behaves as a ‘‘proxi-
densitometer’’, with its large thick-walled and/or encrusted
shells (see morphotypes 1 and 2 of Hillaire-Marcel et al.
[2001a]) developing in denser waters than its lighter shells
(cf. morphotype 3 of Hillaire-Marcel et al. [2001a] and
Candon [2000]).

3.2.5. Implication for Ocean Modeling
[29] The implications of the observed sea surface and

water column properties of the LGM North Atlantic
Ocean, insofar as understanding the ocean general circu-
lation is concerned, are extremely interesting. Firstly, the
results strongly suggest that this region was significantly
warmer and that sea ice was less extensive than originally
suggested by the CLIMAP group [CLIMAP, 1981]. Recent
modeling results using a mixed layer ocean coupled to an
atmospheric general circulation model [Vettoretti et al.,
2000], as well as a coupled atmosphere-ocean model of
intermediate complexity [Weaver et al., 1998, 2001], are
consistent with this primary result based upon the proxy
data analyzed herein.
[30] Of greater interest, however, will be the extent to

which coupled atmosphere-ocean-sea ice models will be
able to deliver a more detailed accord with these observa-
tions. In particular, it will be possible to directly investigate
the extent to which the deep-water formation process is
affected under LGM conditions. Preliminary indications are
contradictory, with Peltier and Solheim [2001] noting that
in the absence of the incorporation of an explicit component
of freshwater forcing associated with the melting of icebergs
produced by calving off the flanks of the Laurentide and
Fennoscandian ice sheets, the rate of deep water formation
in the North Atlantic would not be significantly influenced,
although the latitude at which this preferentially occurs is
shifted markedly to the south. To the extent that we are in a
position to assert that the thermohaline circulation was
significantly weaker at the LGM [e.g., Boyle and Keigwin,
1987], this result can be construed to provide a means
whereby we might be able to infer how strong the berg flux
must have been. Weaver et al. [1998, 2001], on the other
hand, find a weakening and shallowing of the North
Atlantic thermohaline circulation, with less of a southward
shift in the location of deep water formation. Nevertheless,
the present study demonstrates that deep-water formation
could not have occurred north of the 50th parallel, during
the LGM.

4. Conclusions

[31] From a methodological viewpoint, this study allows
the conclusion that any attempt at reconstructing the past
properties of the surface water layer of the ocean, notably
with reference to those of the underlying water layer,
requires the combination of several proxies. Here, dinocyst
transfer functions proved to be essential in documenting
thermohaline conditions in the photic layer, i.e., in the true
‘‘surface’’ layer, whereas isotopic compositions of plank-
tonic foraminifera documented conditions along the pycno-
cline, seasonal or permanent, at the base of this layer.
Isotopic Gb data seem to provide information on thermoha-
line properties toward the top of this pycnocline, during the
warmest months, whereas Npl data clearly illustrate con-
ditions much deeper along the same pycnocline and cannot
therefore be used to infer surface water properties. Interest-
ingly, Npl behaves, in the study sector, as a "proxy-densi-
tometer". It shows larger and thicker-walled morphotypes
when living on top of a denser subsurface water layer.

Figure 8. Relationship between the potential density (sq)
in February (y axis) and the seasonal density gradient in
surface water (February sq value minus August sq value)
during the LGM. A west-east gradient of increased surface
water density seems correlative with a decrease in the
seasonal density gradient.
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[32] A major feature of the LGM northwest North
Atlantic ocean that can be inferred from the present study
is the development of a shallow, low density surface
layer, strongly stratified over a water mass significantly
denser, at the Npl habitat level, than that of today. This
structure of the upper water column resulted in a very
low thermal inertia for surface waters and thus in con-
trasting a thermal regimes between summer and winter
which appear to explain the paradoxically high summer
temperatures that were reported for the LGM northern

North Atlantic in earlier studies [e.g., de Vernal et al.,
2000].
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Figure 9. Size range, density, and relative abundance of Neogloboquadrina pachyderma left coiling
(Npl) in LGM samples, as compared to modern (box core tops). (a) Mean size versus weight and (b)
mean size distribution versus percentage of Npl in planktonic foraminifer populations at a few key sites
of the study area (data are from Candon [2000]).
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