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Abstract

Sea surface temperatures (SST) and input of continental materials have been reconstructed from the study of the
long-chain alkenones and n-alkanes, respectively, in a core located in the western side of the Mid-Atlantic Ridge
(MD952037, 37³05PN 32³02PW, 2630 m depth). Both the long- and short-term variability recorded by the temperatures
and the planktonic N18O are basically the same over the last 280 kyr, showing a clear glacial/interglacial evolution.
Comparison with core SU90/08, located only 6³ north and directly influenced by the cold polar waters associated with
the polar front during glacial times, revealed different climatic conditions during glacial periods at both locations.
Whereas core MD952037 recorded similar SST values during the last two glacial periods (ca. 14^15³C), the northern
core displayed colder conditions during isotopic stage 2 (8^10³C) than in stage 6 (13^15³C). These results indicate the
existence of a well-developed steep north^south gradient between 37 and 43³N during the last glacial period but not
during stage 6, which suggests a southern expansion of the polar front during the last glacial maximum. ß 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The position of the polar front in the North
Atlantic Ocean during the last glacial maximum

(LGM) has been constrained by studies based on
foraminiferal assemblages. According to CLI-
MAP [1] this front was situated at 42^46³N ex-
tending in an east^west direction. The area lo-
cated between 38³ and 45³N was therefore
characterized by a steep south^north sea surface
temperature (SST) gradient (Fig. 1) that separated
the water masses dominated by subtropical and
polar foraminiferal assemblages. A similar SST
distribution pattern was proposed for isotopic
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stage 6 (IS6) [2] although in other studies a
displacement further south was hypothesized
[3].

In contrast, UK0
37 measurements at 43³N showed

4^5³C warmer SST during IS6 than LGM [4]. The
colder SSTs during the LGM were coincident
with higher accumulation rates of terrestrially de-
rived materials, suggesting a reduction in the in-
£uence of polar waters during IS6 [4]. These
warmer UK0

37 -SST estimates during IS6 are not re-
stricted to the Central North Atlantic. Most
UK0

37 -SST pro¢les arriving at this stage record
colder values during the last glacial period, indi-
cating a globally warmer IS6 [5]. This ¢nding has
been correlated to changes in the insolation at low
latitudes, which are strongly modulated by the
precession and eccentricity orbital cycles. On the
other hand, changes in the intensity of the ther-
mohaline overturn have also been related to ma-
jor variations in the distribution of heat over the
North Atlantic Ocean, leading to signi¢cant SST
latitudinal and longitudinal contrasts [6]. These
previous results outline the need for a better
understanding of the SST distribution in the
North Atlantic during the last glacial and inter-
glacial periods.

In order to contribute to this goal, new UK0
37

SST estimations along a core obtained at inter-
mediate latitudes (37³N) are reported in the

present study. This IMAGES core, MD952037,
is situated south of the maximum extent of the
polar front as recorded by CLIMAP [1]. Compar-
ison of the SST evolution in areas under and out-
side the periodic in£uence of polar waters will
provide a better understanding of the climatic im-
plications of the paleotemperature records. The
two SST pro¢les at 37³ and 43³N considered
here (Fig. 1) show parallel features, with the no-
table exception of IS2 and IS3, when there is evi-
dence for the development of a steep north^south
SST gradient. This structure was not observed
during IS6, indicating di¡erent climatic conditions
in these glacial periods.

2. Materials and methods

2.1. Core location and stratigraphy

Gravity core SU90/08 (43³30PN 30³24PW, 3100
m depth, 12 m long) and piston core MD952037
(37³05PN 32³02PW, 2630 m depth, 36 m long)
were retrieved in the North Atlantic during
PALEOCINAT I (1990; Le Suro|ªt vessel) and
IMAGES 101 (1995; Marion Dufresne II vessel)
campaigns, respectively. Both cores are located in
the western side of the Mid-Atlantic Ridge. The
modern oceanographic setting at this location is

Fig. 1. Summer SSTs during the LGM [32] including the location of the cores cited in the text. Cores SU90/08 and MD952037
have been collected within and below an area of strong latitudinal SST gradient.
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dominated by relatively warm conditions associ-
ated with the subtropical North Atlantic Gyre.
During the LGM, site SU90/08 was a¡ected by
polar waters and core MD952037 was located
south of the maximum expansion of these polar
water masses (Fig. 1).

The age scale of core SU90/08 is based on 10
AMS 14C measurements, ash layer 2 level (55 kyr
[7]) and on the correlation of the N18O records of
Cibicides wuellerstor¢ and Globigerina bulloides
with the SPECMAP normalized isotope curve
[8,9]. The AMS 14C dates were determined on
monospeci¢c samples of Neogloboquadrina pachy-
derma (sp.) and G. bulloides and were corrected
for an ocean reservoir e¡ect of 400 years [10]. The

temporal scale of this core is fully described else-
where [11^15]. The age model of core MD952037
has been constructed by correlation to SU90/08.
From 150 kyr BP until present the model is based
on the parallel features observed on C. wueller-
stor¢ N18O curves (Fig. 2A). In the rest of the
record (270^150 kyr BP) it was determined by
comparison of the N18O records of the planktonic
species G. bulloides (Fig. 2B).

Both benthic foraminifer N18O pro¢les evidence
a clear concordance (Fig. 3), inferring the same
response to the major ice volume changes in these
two close locations. Both cores span over the last
280 kyr BP with sedimentation rates in the range
of 2^10 cm/kyr and 2^50 cm/kyr for cores SU90/

Fig. 2. Detailed chronostratigraphy of core MD952037 performed by comparison with the well-studied age model of core SU90/
08. (A) The ages of the upper 13 m are based on comparison of the C. wuellerstor¢ N18O curves in both cores. (B) In deeper sec-
tions the comparison is based on the G. bulloides N18O record, since there were no C. wuellerstor¢ N18O data available for core
SU90/08. The dashed lines connecting open circles mark all control points used.
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08 and MD952037, respectively. According to our
sampling intervals, the temporal resolution ranges
between 400 yr and 2 kyr in the northernmost
core and between 50 yr and 4 kyr in the southern
one, the period from 150 kyr until present being
the most detailed in both cases.

2.2. Analysis

The procedures and equipment used for C37

alkenones in deep sea sediments are described
elsewhere [16]. Brie£y, sediment samples were
freeze-dried and manually ground for homogene-

ity. After addition of an internal standard con-
taining n-nonadecan-1-ol, n-hexatriacontane and
n-tetracontane, dry subsamples (ca. 3 g) were ex-
tracted with dichloromethane in an ultrasonic
bath. The extracts were hydrolyzed with 6% po-
tassium hydroxide in methanol for the elimination
of wax ester interferences. The n-hexane extracts
were then evaporated under a N2 stream, derivat-
ized with bis (trimethylsilyl) tri£uoroacetamide
and analyzed by gas chromatography with £ame
ionization detection. The concentration of n-alka-
nes was determined using hexatriacontane as an
internal standard, and is expressed as ng/g of dry

Fig. 3. Upper panel: comparison of N18O in the benthic foraminifer C. wuellerstor¢ from cores MD952037 (solid line) and SU90/
08 (dotted line). Lower panel: comparison of the UK0

37 SST record (solid line) with the pro¢le of N18O of the planktonic foramini-
fer G. bulloides (dotted line) in core MD952037.
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Fig. 4. Selected data from cores MD952037 (37³N, solid line) and SU90/08 (43³N, dotted line). (a) UK0
37 -SST. On top, zoom boxes

of the last two glacial periods. (b) Odd-numbered n-alkane concentrations. (c) Percentage of the non-carbonate fraction. (d) Per-
centages of carbonate. Both SST records show parallel pro¢les re£ecting similar climatic and oceanographic conditions. This cor-
respondence is interrupted between IS2 and 3, where the SST di¡erence at both locations increased until a maximum value of
8³C. During this period the concentration of terrigenous materials at the northern location increased substantially.
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weight sediment. Absolute concentration errors of
n-alkanes were below 10%.

3. Results

3.1. Alkenone-derived SST records

The UK0
37 -derived SST record of core MD952037

ranges between 21 and 13.5³C, with the warmest
estimates occurring during IS5e and the coldest
during IS4. The temporal variability of this record
shows a remarkable parallelism with the plank-
tonic N18O pro¢le (Fig. 3). Both records re£ect
the same glacial^interglacial pattern for the last
280 kyr. Also, the short-term variability is basi-
cally the same. For example, both records show a
relatively warm LGM, delimited by two cold
events, one at the transition IS3^2 and the second
one just before the deglaciation. This feature is
not well de¢ned for stage 6, and the lowest SST
estimates of this glacial period correspond to the
maximum extent of global ice volume, at the end
of stage 6, resulting in a colder glacial period than
the LGM (Fig. 3). Note that most comparisons
made in the text refer to IS2 and the latest part
of IS6 but sometimes we refer only to IS6 for
simpli¢cation, whole IS6 would be equivalent
to the last glacial period which includes IS2, 3
and 4.

The SST estimates corresponding to the inter-
glacial stages 7, 5 and 1 are 19.5, 21 and 18.5³C,
respectively. Warmer SST estimates during IS5e
compared to the Holocene have been described
for most of the UK0

37 -SST records published to
date throughout the world oceans [4,17^20].

The UK0
37 records between present and IS6 have

been classi¢ed into three groups based on the
comparison of the UK0

37 and N18O pro¢les [5].
Core MD952037 belongs to group 3, de¢ned as
those exhibiting a close resemblance between both
records. This coincidence has rarely been found in
the Atlantic Ocean since most long alkenone re-
cords belong to group 2 [21]. In this sense, core
SU90/08 (43³N) displays a large SST di¡erence
between the last two glacial maxima which is
not observed in the isotope data [4].

A detailed comparison of the UK0
37 SST esti-

mates between cores MD952037 and SU90/08
highlights a striking parallelism on the short-
term variability (Fig. 4a). SST changes during
stages 5^8 are almost the same in both records,
keeping a SST di¡erence of 1.4³C between the
northern and the southern locations. The main
exception to this trend is late IS6 and IS5e,
when SST values are roughly coincident (Fig. 4,
inset boxes). In contrast, the temporal variability
recorded in both sites between IS3 and IS2
presents marked discrepancies. SSTs diverge grad-
ually until a maximum di¡erence of ca. 8³C oc-
curring at the LGM.

On the other hand, while the SST estimates for
the last two glacial periods are roughly coincident
in MD952037 (ca. 14^15³C), in the northern site
they were ca. 4^5³C colder during IS2 (8^10³C)
than during IS6 (13^15³C). Comparison of the
UK0

37 values and coccolith composition in core
SU90/08 shows the absence of UK0

37 shifts as a
consequence of changes in the alkenone-produc-
ing species [22]. Thus, the 4^5³C SST di¡erence
between the last two glacial periods in core SU90/
08 cannot be attributed to this origin. In addition,
the evolution of coccolithophorid species has been
shown to be uniform in the whole area [23] and
therefore the UK0

37 SST di¡erences between the two
sites cannot be attributed to di¡erences in cocco-
lith species.

3.2. Tracers of continental input

The input of continental materials to the cen-
tral North Atlantic Ocean can be studied from the
concentration and accumulation rates of long-
chain odd n-alkanes, as markers of terrestrial
higher plant input [24,25] and the non-carbonate
fraction, mostly related to ice-transported detrital
matter [26] (Figs. 4 and 5 ). In core SU90/08 the
n-alkanes display a concordant temporal variabil-
ity with magnetic susceptibility and sand particle
counting during IS2^3, being associated with ice-
transported debris [27].

The n-alkane concentration values in core
MD952037 range between 50 and 300 ng/g.
They do not follow a glacial^interglacial pattern
(Fig. 4). In contrast, the non-carbonate fraction
displays a weak but consistent parallelism with
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Fig. 5. Comparison of the SST records in cores MD952037 (37³N, solid line) and SU90/08 (43³N, dotted line) (a); with the esti-
mated accumulation rates of odd-numbered n-alkanes (b); non-carbonate fraction (c); and carbonate fraction (d). Higher accu-
mulation rates of detrital material are generally observed during IS2 and 3. This increase is not observed in the previous glacial
period. In contrast, the accumulation of carbonate shows an independent pattern.
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the evolution of the northern hemisphere ice
sheets. The non-carbonate fraction constitute the
5^10% and 20^30% of the sediments during inter-
glacial and glacial times, respectively. No signi¢-
cant di¡erences in n-alkanes or non-carbonate
fraction are observed between IS2 and IS6. The
absence of coarse materials of continental origin
in this core indicates the lack of ice-transported
matter pointing to eolian sources for the non-car-
bonate fraction. Signi¢cant amounts of wind-
blown terrigenous materials have been reported
in glacial and modern sediments of the North
Atlantic Ocean south of 40³N [28]. Wind-trans-
ported materials increased during glacial periods
probably as a consequence of increased erosion
over drier land masses and/or enhanced intensi¢-
cation of the wind system.

4. Discussion

4.1. Evolution of the polar front

The strong parallelism in the UK0
37 records of

both locations indicate a similar SST glacial^
interglacial evolution, including IS6. The main
exception is observed during IS2^3, involving a
maximum di¡erence of 6^7³C in less than 6³
of latitude. This di¡erence between such close
sites in LGM has not been reported anywhere
else in the world's oceans [5] and is due to the
strong cooling in core SU90/08 during IS2. In
contrast, in site MD952037 UK0

37 -SST was ca.
1³C warmer than at the end of the previous gla-
cial stage.

In periods of negligible input of ice-rafted ma-
terials, such as interglacial periods 5e, 5c, 5a and
1, the concentrations of n-alkanes and non-carbo-
nate sediment are basically the same in both
cores, probably re£ecting uniform wind-blown in-
puts (Figs. 4 and 5). In contrast, during IS2^3 the
n-alkane concentrations at 43³N are one or two
orders of magnitude higher than at 37³N. This
huge di¡erence cannot be attributed to eolian in-
puts since the two locations are only latitudinally
separated by 6³ and must be accounted for by ice-
transported material.

These data clearly indicate the development of

a very steep SST south^north gradient between
37 and 43³N during the last glacial period in co-
incidence with the accumulation of large quanti-
ties of ice-rafted detrital matter in the northern
location. The intensity of this strong latitudinal
SST gradient is compatible with the one already
described by CLIMAP [1] based on foraminifera
and sand material, pointing to a SST di¡erence
between both locations of ca. 8³C.

In contrast, the lack of this steep SST gradient
during IS6, average di¡erences of 1.4³C, similar to
the value observed in the interglacial periods, and
the lack of signi¢cantly higher accumulation of
continental matter than during the interglacials
evidence that the polar front did not extend so
far south during the previous glacial period.

Previous UK0
37 -derived studies have also de-

scribed warmer SST in IS6 than in IS2^3 at inter-
mediate latitudes of the North Atlantic (core T88-
9P, 48³N 25³W [29]). This di¡erence has not been
observed further north (core SU90/39, 52³N
21³W), nor south of 40³N (core ODP-977, 36³N
5PW in the Alboran Sea; Cacho, unpublished re-
sults). The global picture arising from these UK0

37
records points to a longitudinal area of marked
IS2^IS6 SST di¡erence. North and south of this
band SSTs in the last two glacials were similar,
suggesting that the polar front was located in a
northward location during stage 6, somewhere
north of 48³N.

4.2. Paleoceanographic implications

Using the UK0
37 record of core SU90/08 alone, [5]

proposed that the ¢nding of warmer IS6 was re-
lated to the input of warmer tropical water masses
associated with generally warmer tropical Atlantic
waters. This hypothesis is not supported by the
data of core MD952037 that show colder SST
at the end of IS6. The SST records now available
show that core SU90/08 re£ects the presence/ab-
sence of polar waters at 43³N, while core
MD952037 traces the SST evolution of water
masses from the subtropical gyre.

In addition to the SST di¡erences observed be-
tween both core locations during IS2 (6³C), but
not during IS6 (average span of 1.4³C), the tem-
poral evolution of UK0

37 within the two glacial pe-
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riods is also di¡erent. In this sense, whereas core
SU90/08 shows a clear cooling trend towards the
coldest SST values registered during the LGM,
core MD952037 shows a relatively stable warm
SST period at ca. 15^25 kyr, delimited by two
events of lower SST (Fig. 4, top). This pattern is
con¢rmed by the N18O data of the planktonic for-
aminifer G. bulloides of core MD952037 showing
lighter (warmer) values during the period of max-
imum global ice volume (Fig. 3). The same tem-
poral evolution can be observed during IS6, but
now even in the northern location, when the polar
front retreated to a northern position. During the
end of IS6, SST estimates in core SU90/08 were
unusually warm and the latitudinal SST gradient
between 37 and 43³N dropped to nearly 0³C
(Fig. 4).

Overall, these results indicate that relatively
warm water masses accumulated just south of
the position of the polar front (at 37³N during
IS2 and at 43³N during IS6). The development
of an east^west front associated with the polar
front resulted in a barrier to the transport of
heat towards high latitudes. Recently, an inde-
pendent SST reconstruction based on foraminifer-
al assemblages (core SU90/03, 40³N 32³W) also
suggested the accumulation of heat within the
subtropical ocean during the LGM, indicating
the existence of a strong meridional gradient be-
tween 40 and 50³N associated with the LGM po-
sition of the polar front [30]. A more active and
cold polar^subpolar gyre during glacial times pre-
vented the northward heat transport from low to
high latitudes, causing the warming of the tropical
and subtropical Atlantic [31]. This accumulation
of warm waters is more evident in the western
tropical North Atlantic where periods of intense
cooling at high latitudes (e.g. the Younger Dryas
and Heinrich event H1) were registered as warm-
ings in this area [6].

On the basis of this hypothesis, the new data
presented here indicate the existence of a warm
SST anomaly just south of the polar front. This
anomaly is recorded at di¡erent latitudes during
the di¡erent glacial periods: at 37³N during IS2
and at 43³N during IS6.

5. Conclusions

UK0
37 -SST in core MD952037 (37³N), located

outside the in£uence of the cold waters associated
with the polar front, range between 21³C (IS5e)
and 13.5³C (IS4) showing a very good agreement
with the planktonic N18O record. Similar SSTs,
14^15³C, are recorded for the last two glacial pe-
riods suggesting similar climatic conditions during
IS6 and IS2 at this site.

Comparison with core SU90/08 located further
north, under the periodic in£uence of the polar
front, shows a strong parallelism over the last
280 kyr except for IS2 and IS3. The northern
location exhibits colder conditions during the
LGM (8^10³C) compared to IS6 (13^15³C). This
di¡erence and the fairly coincident SST values
during IS6 indicate the presence of a steep
north^south gradient during IS2 but not during
IS6, suggesting a further southerly position of the
polar front during the LGM.

These results are consistent with the measured
concentrations of long-chain odd n-alkanes and
the non-carbonate fraction at both sites. Higher
abundances of these terrestrial materials were re-
corded in core SU90/08 during the last glacial
period in concordance with the lowest SSTs ob-
served, whereas core MD952037 only presented
slightly higher abundances during glacial periods
compared to interglacial, most likely related to an
eolian source.

The lack of warmer waters at 37³N during IS6
compared to IS2 (in fact SST was about 1³C low-
er in the previous glacial stage) militates against
the previously hypothesized northward displace-
ments of warm water masses during IS6 as justi-
¢cation of higher SST in IS6 than LGM [5]. Con-
versely, the present results show that the
di¡erence between these two last glacial periods
is due to a displacement of the polar front further
south in the LGM.
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