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[1] A reconstruction of Milankovitch to millennial-scale variability of sea surface temperature (SST) and sea
surface productivity in the Pleistocene midlatitude North Atlantic Ocean (marine isotope stage (MIS) 16–9) and
its relationship to ice sheet instability was carried out on sediments from Integrated Ocean Drilling Program
(IODP) Site U1313. This reconstruction is based on alkenone and n-alkane concentrations, U37

K 0 index, total
organic carbon (TOC) and carbonate contents, X-ray diffraction data, magnetic susceptibility, and accumulation
rates. Increased input of ice-rafted debris occurred during MIS 16, 12, and 10, characterized by high
concentrations of dolomite, quartz, and feldspars and elevated accumulation rates of terrigenous matter.
Minimum input values of terrigenous matter, on the other hand, were determined for MIS 13 and 11. Peak values
of dolomite, coinciding with quartz, plagioclase, and kalifeldspar peaks and maxima in long-chain n-alkanes
indicative for land plants, are interpreted as Heinrich-like events related to sudden instability of the Laurentide
Ice Sheet during early and late (deglacial) phases of the glacials. The coincidence of increased TOC values with
elevated absolute concentrations of alkenones suggests increased glacial productivity, probably due to a more
southern position of the Polar Front. Alkenone-based SST reached absolute maxima of about 19�C during MIS
11.3 and absolute minima of <10�C during MIS 12 and 10. Within MIS 11, prominent cooling events (MIS 11.22
and 11.24) occurred. The absolute SST minima recorded directly before and after the glacial maxima MIS 10.2
and 12.2 are related to Heinrich-like event meltwater pulses, as supported by the coincidence of SST minima and
maxima in C37:4 alkenones and dolomite. These sudden meltwater pulses, especially during terminations IV and
V, probably caused a collapse of phytoplankton productivity as indicated by the distinct drop in alkenone
concentrations. Ice sheet disintegration and subsequent surges and outbursts of icebergs and meltwater discharge
may have been triggered by increased insolation in the northern high latitudes.
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1. Introduction and Objectives

[2] Understanding the mechanisms and causes of abrupt
climate change is one of the major challenges in paleoclimate
research today. In marine sediment cores from the
North Atlantic, these climate changes are manifested by
the so-called ‘‘Heinrich events’’ [e.g., Bond et al., 1992,
1999; Broecker et al., 1992; Andrews et al., 1993; Broecker,
1994; Bond and Lotti, 1995; Stoner et al., 1996; Kissel et
al., 1999; Sarnthein et al., 2001] (see Hemming [2004] for
review). Heinrich events are characterized by major input of
ice-rafted debris (IRD) and meltwater pulses, documenting

episodes of sudden instability and collapse of the Laurentide-
Greenland Ice Sheet during the last glacial period.
[3] Heinrich events and Heinrich layers first found by

Heinrich [1988] in sediment cores from the eastern North
Atlantic, occur in a band across the northern North Atlantic
at about 40–65�N, approximately coinciding with the North
Atlantic Current and the IRD belt of Ruddiman [1977]
(Figure 1). The Heinrich layers display an increase in
terrigenous coarse-grained IRD, a low abundance of fora-
minifers, and a prominent presence of detrital limestone and
dolomite [Andrews and Tedesco, 1992; Bond et al., 1992,
1999; Broecker et al., 1992; Andrews et al., 1993, 1994;
Grousset et al., 1993; Bond and Lotti, 1995; Dowdeswell et
al., 1995; van Kreveld et al., 1996; Kirby and Andrews,
1999; Rashid et al., 2003] (see Hemming [2004] for
review). The high concentration of detrital carbonates
indicates that the carbonate-bearing icebergs originated in
the Hudson Strait and adjacent shelf regions. The absence of
the carbonate-rich layers south of the IRD belt [Ruddiman,
1977] suggests that rapid melting of icebergs occurred
before they reached the warmer water south of the glacial
Polar Front [Ruddiman, 1977; Bond et al., 1992]. Within the
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IRD belt of Ruddiman [1977], Heinrich layers are most
clearly identifiable also in anomalously high magnetic
susceptibility values [e.g., Grousset et al., 1993; Robinson
et al., 1995]. Furthermore, the layers were identified by
specific organic carbon compounds such as odd-numbered
long-chain n-alkanes as indicator for higher land plants
[e.g., Madureira et al., 1997; Rosell-Melé et al., 1997;
Villanueva et al., 1997].
[4] The low abundance of planktonic foraminifers found

in Heinrich layers probably resulted from either a distinct
decrease in surface water productivity or dilution due to
significantly increased supply of IRD [Broecker et al., 1992;
van Kreveld et al., 1996; McManus et al., 1998]. Within
these layers, Neogloboquadrina pachyderma sinistral is the
dominant planktonic foraminiferal species [e.g., Heinrich,
1988; Bond et al., 1992; Broecker et al., 1992], indicating
an increase in the penetration of polar (melt) water into the
North Atlantic around 50�N [e.g., Bond et al., 1992; Maslin
et al., 1995]. This may reflect a decrease in both sea surface
temperature and salinity during these intervals [e.g., Bond et
al., 1992; Broecker et al., 1992], as also supported by
alkenone data [e.g., Madureira et al., 1997; Rosell-Melé
et al., 1997, 2002; Bard et al., 2000; Calvo et al., 2001;
Rosell-Melé, 2001] (see sections 5.2 and 5.3).

[5] Whereas most of the high-resolution records dealing
with Heinrich events and climate change are concentrating
on the last glacial/interglacial cycle, here we present new
data from Integrated Ocean Drilling Program (IODP) Site
U1313 representing the time interval of 320–640 ka. Site
U1313, a reoccupation of DSDP Site 607 [e.g., Ruddiman et
al., 1987, 1989; Raymo et al., 1989], is located at the base
of the western flank of the Mid-Atlantic Ridge in a water
depth of 3426 m, �240 miles northwest of the Azores and
within Ruddiman’s IRD belt (Figure 1) [Channell et al.,
2006; Stein et al., 2006]. With these new U1313 records, we
are able to compare IRD deposition and surface water
temperature, salinity, and productivity in the central North
Atlantic within the IRD belt during very different glacial
and interglacial intervals, i.e., on one hand the more severe
glacials marine isotope stage (MIS) 10, MIS 12, and MIS
16, and the weaker MIS 14, and, on the other hand, the
extreme interglacial MIS 11 and the less extreme interglacials
MIS 13 and MIS 15.

2. Methods

[6] X-ray diffraction (XRD), carbonate, organic carbon,
and biomarker analyses were carried out at the Alfred
Wegener Institute (AWI) on the same set of samples taken

Figure 1. Map with locations of IODP Site U1313 [Channell et al., 2006] and further cores discussed in
the text. In addition, Ruddiman’s [1977] IRD belt and postulated location of the Last Glacial Maximum
Polar Front (PFLGM) [Pflaumann et al., 2003].
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from the U1313 primary splice (see supplementary data at
http://dx.doi.org/10.1594/PANGAEA.712917).1

[7] For identifying ice rafting in the northern North
Atlantic, siliciclastic (terrigenous) minerals (i.e., quartz
and feldspars) were determined by XRD [see Moros et
al., 2004]. For XRD measurements of samples from Site
U1313, a split of 1–2 g of ground bulk sediment was
measured continuously using a Phillips PW3020 diffractometer
equipped with cobalt ka radiation, automatic divergence slit,
graphite monochromator, and automatic sample changer.
For the purposes of this study, a spectrum from 20 to 40�
2Theta, which involves the major peaks of quartz (3.34 Å,
4.26 Å), kalifeldspar (3.23 Å), plagioclase (3.19 Å), calcite
(3.04 Å), and dolomite (2.89 Å), was used. Data are
presented as relative intensity values. Because the 3.34 Å
peak may also belong to other minerals (e.g., illite), for
further evaluation the quartz peak at 4.26 Å (generally about
35% of the intensity of the most intense peak at 3.34 Å) was
used. XRD measurements were carried out on 880 samples
of the interval 14–32 m composite depth (mcd), represent-
ing the time interval of about 320–640 ka, which gives a
time resolution of about 360 years.
[8] The determination of total carbon (TC) and total

organic carbon (TOC) as basic parameters were performed
on all samples by LECO technique. The carbonate content
was calculated as

CaCO3 ¼ TC� TOCð Þ * 8:334

assuming that calcite is the predominant carbonate phase.
This assumption is supported by calcite/(calcite + dolomite)
XRD intensity ratios of >0.98; only in a restricted number
of samples with dolomite peaks the ratio may decrease to
values between 0.97 (MIS 12) and 0.85 (MIS 16).
[9] In order to get information about the marine and

terrigenous proportions of the organic carbon fraction inmarine
sediments, (1) the long-chain C27, C29, and C31 n-alkanes as
indicator for land-derived vascular plant material [e.g., Prahl
and Muehlhausen, 1989; Villanueva et al., 1997], and (2) the
alkenonesmainly synthesized bymarine coccolithophorids and
indicative for marine surface water productivity [Volkman et
al., 1980; Marlowe et al., 1984, 1990; Conte et al., 1992;
Müller et al., 1998; Villanueva et al., 2001], were determined
by means of gas chromatography/time-of-flight mass spec-
trometry (GC/TOFMS).
[10] After freeze-drying and homogenization, batches of

24 samples were weighed into stainless steel extraction
cells, using about 3–6 g of sediment per individual sample,
and extracted with dichloromethane by accelerated solvent
extraction (ASE 200, DIONEX, 5 min. at 100�C and
1000 psi) following an approved protocol known to be
suitable to extract the targeted compound classes [Calvo
et al., 2003]. For quantification purposes, 2.1435 mg of
n-hexatriacontane (n-C36 alkane, obtained from Sigma-
Aldrich/Fluka) was added as internal standard to each sample
prior to extraction. Excess solvent was removed by
rotary evaporation, samples were transferred to autosampler

vials and redissolved in 1 mL hexane prior to analyses by fast
GC/TOFMS.
[11] The GC/TOFMS system used consisted of a Leco

Pegasus III (Leco Corp., St. Joseph, MI) interfaced to an
Agilent 6890 GC. The gas chromatograph was equipped
with a 10 m long by 0.18 mm in diameter Rtx-1MS (Restek
Corp.) column (film thickness: 0.10 mm) and a temperature
programmable cooled injection system (CIS4, Gerstel) in
combination with an automated liner exchange facility
(Alex, Gerstel) and a multipurpose autosampler (MPS 2,
Gerstel).
[12] A series of alkenone standards and reference

mixtures of known U37
K 0 values was used to determine linear

response factor equations for quantification of alkenones in
the studied samples and to convert GC/TOFMS specific
U37
K 0 values into appropriate GC/FID equivalents. Full

details on the calibration and conversion routines necessary
for alkenone analysis by GC/TOFMS are given by Hefter
[2008]. Concentrations of n-alkanes were determined
from GC/TOFMS peak areas integrated on mass (m/z) 71,
whereby compound specific response factors have been
obtained from calibration with an external n-alkane standard
(Chiron AS, Norway).
[13] The alkenone-based approach was used to reconstruct

sea surface water temperatures (SST). This method evolved
from the observation that certain microalgae of the class
Prymnesiophyceae, notably the marine coccolithophorids
Emiliania huxleyi and Gephyrocapsa oceanica [e.g.,
Volkman et al., 1980; Marlowe et al., 1984; Conte et al.,
1992], and presumably other living and extinct members of
the family Gephyrocapsae [Marlowe et al., 1990; Müller et
al., 1998], have or have had the capability to synthesize
alkenones whose extent of unsaturation changes with growth
temperature [Marlowe et al., 1984; Brassell et al., 1986;
Prahl and Wakeham, 1987]. On the basis of this correlation,
paleo-SST can be calculated from the so-called ketone
unsaturation index U37

K [e.g., Brassell et al., 1986; Prahl
and Wakeham, 1987; Müller et al., 1998]. Here, we used the
simplified version of the index U37

K 0 [Prahl and Wakeham,
1987; Müller et al., 1998]:

UK
37

0 ¼ C37:2½ �= C37:2 þ C37:3½ � or SST ¼ UK
37

0 � 0:044
� �

=0:033

because of the generally low abundance of C37:4 alkenones
and for consistency to existing records from the North Atlantic
[e.g., Rosell-Melé et al., 1997; Villanueva et al., 1997, 2001;
Bard et al., 2000; Calvo et al., 2001; Rosell-Melé, 2001].
Following these authors, we assume that the alkenone-based
SSTs mainly display in situ SST and a major influence
of reworked alkenones can be neglected. In the few intervals
with increased abundance of C37:4 alkenones reaching about
3–7.5% of total C37 alkenones and coinciding with minimum
SST, SST minima of the U1313 record would become even
lower when using the U37

K calibration [cf. Bard et al., 2000]. A
C37:4 concentration of 1% and 7.5%, for example, would result
in an additional temperature decrease of 0.4�C and 3.3�C,
respectively.
[14] Salinity perturbations in the northern North Atlantic

as expected for periods of massive ice and iceberg melting,
e.g., during Heinrich-type IRD events, may also be reflected

1Auxiliary materials are available at http://dx.doi.org/10.1594/
PANGAEA.712917.
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in the occurrence and relative abundance of the C37

tetraunsaturated alkenone (C37:4), as shown in studies of
several North Atlantic sediment cores [e.g., Rosell-Melé,
1998; Bard et al., 2000; Rosell-Melé et al., 2002; Sicre et
al., 2002; Martrat et al., 2007]. This approach, i.e., the
relative abundance of C37:4, has been used as first-order
proxy for the identification of meltwater influence in the
U1313 record.
[15] For the high-resolution biomarker study carried out

on 240 samples from the interval of 14–21 mcd (about
320–460 ka) a time resolution of about 580 years was
obtained.
[16] In addition to the analyses done at AWI on primary

splice samples, further data were produced at the laboratory
of the Departamento de Geologia Marinha of LNEG and at
MARUM/Bremen University on a different set of samples
from the secondary splice, representing the time interval of
about 340–640 ka. The >315 mm fraction was used to pick
foraminifers for stable isotope analysis and for counting
lithic fragments. Lithic abundance is presented as ‘‘number
of grains per gram sediment’’ and primarily interpreted as
IRD. Here, we are aware that the >315 mm fraction probably
only picks up the major IRD events whereas the more
commonly used >150mm is more reliable for baseline
changes in IRD [cf. McManus et al., 1999]. Using such a
relative coarse size fraction for IRD in the U1313 sequence,
we are able to detect all the major IRD events as evidenced
from the good correlation between IRD and XRD records.
Benthic d18O values were measured on 2–4 specimens of
Cibicidoides wuellerstorfi or in a few levels Uvigerina sp.
in a Finnigan MAT 252 mass spectrometer at MARUM/
Bremen University; all Cibicidoides values were then
corrected by adding +0.64% [Shackleton, 1974]. In this
paper, we mainly use the benthic d18O record for age model
development. In the major trends, the Site U1313 record
replicates the DSDP Site 607 data (Figure 2), but absolute
values differ (see comment by M. Raymo on http://
www.maureenraymo.com/climate_archives.php for poten-
tial reason). Because of its higher resolution, the Site
U1313 series shows more pronounced substages and
higher-frequency oscillations within MIS 12 and 15. For
further interpretation of the stable isotope data as well as
more details on methods we refer to A. Voelker et al. (High-
frequency changes in surface and deep water hydrography
in the mid-latitude North Atlantic during marine isotope
stages 11–15: New insights from IODP Sites U1313 and
U1308, unpublished manuscript, 2008).

3. Age Model and Accumulation Rates

[17] In this study we use the LR04 time scale based on a
stack of 57 globally distributed benthic oxygen isotope
(d18O) records [Lisiecki and Raymo, 2005] as a stratigraphic
reference. The benthic d18O record of Site 607 that was
originally published by Raymo et al. [1989], Ruddiman et
al. [1989], and Raymo [1992] is part of the LR04 stack.
Thus, a very detailed correlation of physical (e.g., lightness
L*) and chemical (e.g., CaCO3, benthic isotopes) sediment
properties measured at Sites U1313 and 607 enabled us to

develop an age model for the studied time interval from
320 to 640 ka of Site U1313 that is directly comparable to
the LR04 stack (Figure 2). The age model is supported by
the new high-resolution benthic oxygen isotope record
(Figure 2) measured on the secondary splice (Holes A and
D) of Site U1313 and directly tuned to the LR04 stack
(Voelker et al., unpublished manuscript, 2008). For our
study we adopted this isotope stratigraphy by converting
the depth scale of the secondary splice into the depth scale
of the primary splice (Holes B and C) through a correlation
of the L* records of both splices (Figure 2). Potential sources
of error in the Site U1313 agemodel are mismatches resulting
from the tuning process (which we tried to minimize) and
uncertainty in the chronology of the benthic isotope
stack itself which is estimated to be�4 ka in the time interval
1–0 Ma [Lisiecki and Raymo, 2005].
[18] Using linear sedimentation rates (LSR in cm ka�1)

based on this agemodel anddry bulk density (DBD in g cm�3),

Figure 2. Parameters used for constructing the age model
at Site U1313: lightness (L*) from color reflectance
measurements of the first and second splices [Expedition
Scientists, 2005]; CaCO3 determined at Site U1313 in
comparison to the CaCO3 record from Site 607 [Ruddiman
et al., 1989]; high-resolution benthic isotope (d18O) record
from Site U1313 (second splice; details in the work by
Voelker et al. (unpublished manuscript, 2008)) in compar-
ison to the benthic LR04 d18O stack of Lisiecki and Raymo
[2005] and the benthic d18O curve for Site 607 [Raymo et
al., 1989; Ruddiman et al., 1989; Raymo, 1992].
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accumulation rates (AR in g cm�2 ka�1) of total sediment
(TS) were calculated [see van Andel et al., 1975]:

TS AR ¼ LSR * DBD:

DBD was obtained from gamma ray attenuation (GRA)
wet bulk density (WBD) measurements using the equation
DBD = �1.6047 + 1.5805 * WBD. The linear relationship
between wet bulk density and dry bulk density measure-
ments is derived from shipboard moisture and density
measurements performed on discrete samples [Expedition
Scientists, 2005].
[19] Using carbonate (CaCO3 in %) and total organic

carbon (TOC in %) values and assuming that biogenic silica
can be neglected [see Expedition Scientists, 2005], accumu-
lation rates of nonbiogenic (terrigenous) sediment were
calculated as

Terr AR ¼ TS AR * 100� CaCO3 � TOCð Þ=100:

4. Results

4.1. Downcore Variability in IRD Proxies

[20] For MIS 16–9, relative XRD intensities of quartz
(4.26 Å), plagioclase (3.19 Å) and kalifeldspar (3.24 Å) and
dolomite (2.89 Å) were determined to be used as proxy for
detrital input from surrounding continents. In general, all
these detrital minerals show distinct peak values during
glacial stages MIS 16, 12, and 10, whereas minimum values
occur in MIS 13, 11, and 9 (Figure 3). Most of the peak
values (i.e., MIS 16, upper MIS 12, and MIS 10) also
coincide with maximum magnetic susceptibility values
(Figure 3). During MIS 15 and 14, relative intensities of
quartz, plagioclase, and kalifeldspar are higher than those
determined for MIS 13, 11, and 9, but significantly lower
than the peak values of MIS 16, 12, and 10. In contrast to
the other interglacials, MIS 15 is characterized by quite high
feldspar values. Furthermore, within the studied time inter-
val MIS 15 is also unique because of its high abundances of
tephra grains; that is, lithics in this interval consist either
exclusively or to large amounts of fresh volcanic glass
including large pumice pieces (Voelker et al., unpublished
manuscript, 2008). Thus, the XRD signal cannot be inter-
preted as IRD during MIS 15.

4.2. Downcore Variability in Biomarkers: Organic
Carbon Composition and Sea Surface Temperature

[21] For the interpretation of the TOC record in terms of
paleoenvironment, information on the composition of the
organic matter is needed. On the basis of high-resolution
biomarker records available for MIS 12–9, a distinct
variability between input of terrigenous organic matter
(indicated by the long-chain n-alkanes) and marine organic
matter related to phytoplankton productivity (indicated by
the long-chain alkenones), is obvious (Figure 4). Both, input
of terrigenous organic matter as well as phytoplankton
productivity, seem to be increased during the glacials and
decreased during the interglacials. Both records, however,
show differences when looking into details. Whereas the
long-chain n-alkanes show distinct maxima at the MIS 11/12
and 9/10 transitions (i.e., near terminations Vand IV) and the
lower part of the glacials, the maxima in alkenones occur in
the middle part of the glacials MIS 12 and 10, generally
coinciding with TOC maxima (Figure 4).
[22] Alkenone-based sea surface temperatures (SST)

determined for MIS 12–9, show a strong variability
between 8 and 19�C (Figure 4). Maximum SST of 19�C
and 18�C were measured in the peak interglacial sections of
MIS 11 and MIS 9, respectively. Furthermore, significant
cooling events of 3–4�C were found in MIS 11. Minimum
SST values of 8–10�C occur in MIS 12 and 10. Terminations
V and IV are characterized by sharp SST increases from 8 to
18�C and 9 to 18�C, respectively. In general, there is a good
correlation between SST and carbonate content. Carbonate
contents >80% and SSTs > 14�C are dominant during
interglacials MIS 11 and 9, whereas during glacials MIS 12
and 10 carbonate contents are <80% and SSTs < 15�C are
typical.

5. Discussion

5.1. Heinrich-Like Events and Ice Sheet Instability

[23] On the basis of numerous sedimentological and
geochemical studies, amount and composition of detrital
coarse fraction in sediment cores from the North Atlantic
give information about the input of ice-rafted debris (IRD)
[e.g., Bond et al., 1992; Andrews and Tedesco, 1992;
Gwiazda et al., 1996; van Kreveld et al., 1996; Moros et
al., 2002, 2004]. Here, especially the enrichment of
dolomite in sedimentary sections is indicative for IRD input

Figure 3. Accumulation rates of terrigenous sediment fraction; magnetic susceptibility (determined by GEOTEK
multisensor core logging [Expedition Scientists, 2005]); three-point-moving averages of relative XRD intensities of
dolomite, quartz (4.26 Å), plagioclase, and kalifeldspar; and lithic grains >315 mm (number per gram sediment), determined
in samples from IODP Site U1313 and plotted versus age (320–650 ka). Between 571 and 610 ka, the occurrence of
volcanic glass is indicated (Voelker et al., unpublished manuscript, 2008). In addition, the global benthic isotope stack of
Lisiecki and Raymo [2005] and high-resolution benthic isotope (d18O) record from Site U1313 (second splice; details in the
work by Voelker et al. (unpublished manuscript, 2008)) are shown. Furthermore, at the right-hand side of the plot an IRD
record of ODP Site 980 is shown. The time interval of 320 to about 500 ka is from McManus et al. [1999], and the time
interval of about 513–650 ka is fromWright and Flower [2002]; question marks show data gap between both records. Most
prominent Heinrich-like events in MIS 10, 12, and 16 are marked by large black arrows; two minor (Heinrich-like?) events
at the MIS 15.2/15.1 transition and at Termination VI are marked by small black arrows. Orange rhombs indicate
occurrence of Heinrich-like events at IODP Site U1308 [Hodell et al., 2008]. Marine isotope stages (MIS) 9–16 and
terminations IV, V, VI, and VII are indicated; orange bar highlights peak interglacial MIS 11.3.
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from a quite restricted area around Hudson Strait, whereas
detrital quartz and feldspars are probably more general
proxies for continental-derived material. As outlined by
Moros et al. [2004], for example, ice rafting of quartz
grains has recently been particularly effective in the shelf
areas close to Greenland and Labrador, and more extensive
ice rafting during the last glaciation caused high quartz
abundances to occur in the central areas of the North
Atlantic [Biscaye, 1965; Kolla et al., 1979; Leinen et al.,
1986]. Occurrence and variability of input of these coarse-
grained detrital fractions can be related to instabilities of the
surrounding ice sheets. Most of the studies on Heinrich
events are restricted to the last glacial/interglacial cycle
(MIS 5 to MIS 1), whereas high-resolution studies dealing
with sub-Milankovitch variabilities of IRD input into mid-
latitude North Atlantic and going back in time of several
100,000 years are still more limited [e.g., Oppo et al., 1998;
McManus et al., 1999; Wright and Flower, 2002; Bauch
and Erlenkeuser, 2003; de Abreu et al., 2003].
[24] In a 0.5 million years record from ODP Site 980 (see

Figure 1 for location), McManus et al. [1999] recognized a
relationship between benthic d18O and both the initial and
final IRD pulses for each 100-ka cycle. That means, an IRD
event follows the first increase in benthic d18O after
exceeding a threshold value, and a second prominent IRD
event occurred during rapid deglaciations [Broecker and
van Donk, 1970;McManus et al., 1999]. On the basis of this
obvious close association of the onset and cessation of ice-
rafting events with a particular value in the benthic d18O
proxy for ice volume, McManus et al. [1999] proposed that
this value represents an important threshold in ice sheet
growth. Our new data support this hypothesis. Two distinct
peaks in IRD occurred in all the three major glacials MIS
16, 12 and 10, i.e., near the beginning and end of the
glacials (Figure 3). For these time intervals, pulses of IRD at
Site U1313 seem to be almost contemporaneous to similar
pulses recorded at Site 980 (Figure 3) [McManus et al.,
1999; Wright and Flower, 2002], suggesting widespread
IRD discharge within as well as north of the IRD belt. These
main IRD events with a duration of a few thousand years
are reflected in prominent peaks in dolomite, quartz, and
feldspars, and magnetic susceptibility (Figure 3). During the
most severe glacial MIS 12, even three additional smaller
dolomite peaks were determined. Furthermore, the IRD
peaks in MIS 16, 12, and 10 coincide with increased
accumulation rates of terrigenous matter (Figure 3),
confirming that these peaks are related to enhanced IRD
input [cf. McManus et al., 1998].
[25] On the basis of these characteristics, the most prom-

inent IRD pulses in MIS 16, 12, and 10 are classified as
Heinrich-like events. Major source of the IRD is the Hudson
Strait area as indicated by the dolomite peaks. A Hudson
Strait source is also supported by specific biomarker asso-
ciations found in the Heinrich-like layers at Site U1313
[Hefter et al., 2007; cf. Rashid and Grosjean, 2006].
Reinvestigation of available geologic and organic geochem-
ical data even allowed narrowing down this assumed source
to an Ordovician oil shale close to Hudson Strait, that
indeed bears a striking resemblance in terms of biomarker
distributions when compared to the specific association of

compounds from samples of Heinrich-type events [Hefter et
al., 2007]. Contemporaneously with these events deter-
mined at Site U1313, distinct Ca/Sr maxima were identified
in Site U1308 located in the central part of the IRD belt,
also interpreted as Heinrich-like events [Hodell et al.,
2008]. These events indicate a major instability of the
Laurentide Ice Sheet and discharge of icebergs during the
early and late (to deglacial) phase of major glaciations [cf.
Broecker and van Donk, 1970; McManus et al., 1999].
[26] During the weaker glacial MIS 14 characterized by

smaller ice volume, IRD concentrations were much lower
than during MIS 16 and 12, as indicated by low dolomite
abundances and an almost absence of lithic grains >315 mm
(Figure 3). Thus, the increased accumulation rates of (fine-
grained) terrigenous matter in the upper part of MIS 14
(Figure 3) have to be explained by other processes such as,
for example, increased current-controlled input of fine
fraction rather than IRD input. Further more detailed work
on grain size distribution of the silt fraction as well as on
clay mineralogy, however, are needed to prove this hypoth-
esis. In the area north of the IRD belt, on the other hand,
significant IRD input also continued during MIS 14, as
reflected in the elevated IRD numbers at Site 980, suggest-
ing the close-by British Islands as possible source region
(Figure 3) [McManus et al., 1999; Wright and Flower,
2002].
[27] In general, IRD is diminished during interglacials

MIS 13, MIS 11, and MIS 9.3. In interglacial MIS 15, on
the other hand, some intervals with increased feldspar and
magnetic susceptibility values are obvious, related to the
presence of coarse-grained volcanic glass particles
(Figure 3). AccordingtoVoelkeretal.(unpublishedmanuscript,
2008), the tephra grains look fresh throughout the whole
interval and seem to be from an aerial eruption, suggesting
the Azores island volcanoes as possible source area rather
than ice-rafted tephra from Iceland. Increased input of
volcanic glass may also explain the elevated accumulation
rates of terrigenous matter at that time (Figure 3). A small
IRD peak (i.e., maxima in dolomite, quartz, and feldspars)
occurred at the MIS 15.2/15.1 transition, coinciding with an
IRD peak at ODP Site 980 (Figure 3), which may reflect a
(minor) Heinrich-like event at that time.
[28] MIS 11.3 is the most extreme interglacial with no

coarse-grained IRD > 315 mm, no dolomite, insignificant
amount of quartz, minimum magnetic susceptibility values,
and minimum accumulation rates of terrigenous matter
(Figure 3). The absence of major continental ice at the
coastal North Atlantic as well as too warm sea surface
temperatures preventing IRD transport toward the site
location (see section 5.2 for further discussion), may explain
the lack of IRD at Site U1313. Long-lasting, ice-free
conditions in the North Atlantic during interglacial MIS
11.3 were also described in other North Atlantic sediment
cores further to the north such as, for example, ODP Site
980 and Core PS1243 [McManus et al., 1999; Bauch and
Erlenkeuser, 2003] (see Figure 1 for core location). This
may support that the absence of major amounts of IRD is
most likely related to the simple requirement of sufficient
continental ice near the North Atlantic prior to catastrophic
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discharge, a prerequisite not fulfilled during peak intergla-
cials [McManus et al., 1999].
[29] Additional to the most prominent IRD (Heinrich-like)

events indicated by the dolomite peaks, further detrital peaks
are visible in the quartz and feldspar records (Figure 3).
There seem to be millennial-scale oscillations in relative
abundances of these minerals during the most prominent
glacials MIS 12 and 10, but even during MIS 15 and 14. This
millennial-scale variability is most obvious in the plagioclase
and kalifeldspar records. The different mineralogical signa-
ture may point to a different source of the detrital fraction
such as Greenland, Labrador or Scandinavia. At IODP Site
U1308, millennial-scale peaks in the Si/Sr record interpreted
as proxy for input of detrital silicate minerals, also occur
much more frequently than Heinrich-like events and may
represent a different source [Hodell et al., 2008]. Future Pb
isotopes to be measured in single feldspar grains from these
IODP cores [e.g., Gwiazda et al., 1996] as well as K-Ar and
87Sr/86Sr isotope studies [Huon and Ruch, 1992] may help to
identify source areas more precisely.

5.2. Variability of Sea Surface Temperature
in the Midlatitude North Atlantic

[30] Before discussing and interpreting the new SST data
from Site U1313, let us start with a short discussion of SST
characteristics in the midlatitude North Atlantic during the
younger glacial/interglacial cycles, especially during MIS 6
and MIS 2. On the basis of planktonic foraminifer assemb-
lages and modern analog technique, reconstruction of the
Last Glacial Maximum (LGM) summer and winter SST in
the North Atlantic indicates that the Polar Front was situated
at about 42–46�N during that time, extending in an east–
west direction and resulting in a steep south–north SST
gradient (Figure 1) [Pflaumann et al., 2003; Sarnthein et al.,
2003]. Across the LGM Polar Front, alkenone SST esti-
mates were determined in two sediment cores from areas
south of (MD952037) and within (SU90-08) the Polar Front
[Calvo et al., 2001]. In both cores, SST variations show a
clear glacial/interglacial evolution and provide evidence for
changes in paleoceanographic conditions during the last
about 300 ka. However, both records also display very
different values for specific glacials, indicating varying
climatic conditions (e.g., the location of the Polar Front)
in these glacial periods [Calvo et al., 2001; de Abreu et al.,
2003]. Whereas the southern Core MD952037 recorded
similar SST values during the MIS 2 and MIS 6 glacial
periods (ca. 14–15�C), the northern Core SU90/08 dis-
played colder conditions during MIS 2/LGM (8–10�C) than
in MIS 6 (13–15�C) (Table 1). According to Calvo et al.
[2001], these results indicate the existence of a well-
developed steep north–south gradient of about 6�C between
37 and 43�N during the LGM but not during MIS 6, which
suggests a southern expansion of the polar waters during the
LGM. Alkenone-based SST values determined in samples
from Site U1313 across Termination I (MIS2/1) and
Termination II (MIS 6/5) fit very well in between the two
SST records from the cores south (MD952037) and north
(SU90-08) of Site U1313 (Table 1), supporting the differ-
ences in SST gradients during MIS 6 and MIS 2, proposed
by Calvo et al. [2001].

[31] Our new high-resolution SST record of the time
interval 460–320 ka at IODP Site U1313 indicate a distinct
glacial/interglacial as well as sub-Milankovitch variability.
Maximum SST values of 19�C were reached during
MIS 11.3, values which are similar to those of MIS 5.5
and about 1–2�C warmer than those of today and MIS 9.3
(Figure 4). During IRD events of glacial stages MIS 12 and
10, minimum SST values of about 8�C were determined at
Site U1313. This variability in SST correlates well with the
variability in SST based on planktonic foraminifers from
Site 607 [Ruddiman et al., 1989].
[32] Looking at the SST record of Site U1313 in more

detail, it is obvious that peak warmth of about 19�C was
reached during MIS 11.3 (397–418 ka), interrupted by a
short cooling event of 1–2�C around 413 ka (Figure 4).
Maximum SST already occurred prior to the global benthic
isotope (d18O) minimum (sea level highstand) and thus prior
to peak interglacial conditions (see also benthic d18O record
of Site U1313 (Figure 4)). In the upper half of MIS 11, SSTs
continuously decreased (contemporaneously with increasing
d18Ob values), with two cooling events around 390 and
372 ka (MIS 11.24 and 11.22), for which glacial (MIS 6 and
MIS 10.2) temperatures of 13–14�C were determined (see
Table 1). While MIS 11.3 SSTs are similar to those recorded
off southwestern Portugal [Martrat et al., 2007], Site U1313
experienced less temperature oscillations during the glacial
inception, probably because of a fairly persistent influence
of the Gulf Stream/North Atlantic Drift which inhibited
subpolar waters to be advected to Site U1313.
[33] During glacials MIS 12 and 10, SSTs show a high-

amplitude variability of about 4–7�C which is significantly
higher than those of interglacials. Interestingly to note,
absolute minimum SSTs did not occur during peak glacials.
During MIS 10.2, SST reached 13–15�C, i.e., values
similar to those of MIS 6. During MIS 12.2, the most
severe glaciation of the last 0.5 Ma [Shackleton, 1987],
SSTs of about 11–12�C were determined, i.e., values
similar to those of MIS 2. The absolute SST minima, on
the other hand, occurred directly before the glacial
maximum as well as at the end, i.e., during the termination
(Figure 4). This is most distinctly obvious for MIS 10.2.
These SST minima are correlated to Heinrich-like events
and related meltwater pulses, most prominent during termi-
nations V and IV. Across terminations V and IV, i.e., around
427 ka and 365 ka, SST increase was very abrupt and
prominent reaching about 10�C and 9�C, respectively
(Table 1).
[34] In terms of variability as well as absolute values, the

SST record of Site U1313 within MIS 11 to MIS 9 is quite
similar to the alkenone-based SST record of Core
MD012443 taken from the Iberian continental margin at a
similar latitude as Site U1313 (37�52.850N, 10�10.570W; see
Figure 1 for location). At that Site, SST reached maximum
values of about 19�C during MIS 11, followed by a SST
decrease with single minima as low as about 8�C during
MIS 10 and a rapid warming of about 11�C during the MIS
10/9 transition (Termination IV) [Martrat et al., 2007]. This
suggest that prominent cold water pulses may have reached
the Iberian margin during MIS 10, pulses which may be
explained by meltwater events similar to those observed
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during Heinrich events 1–3 [Bard et al., 2000] (see
section 5.3 for more details).

5.3. Heinrich-Like Events and Surface Water
Characteristics

[35] In several studies of sediment cores from the North
Atlantic representing (part of) the last climatic cycle,
biomarker proxies were used to get information
about surface water characteristics, ice sheet instability,
and related Heinrich events [e.g., Rosell-Melé et al., 1997,
2002; Villanueva et al., 1997; Rosell-Melé, 1998, 2001;
Bard et al., 2000; Calvo et al., 2001]. On the basis of these
studies, for example, changes in alkenone-derived SST
show that the ocean surface water underwent significant
cooling during periods of Heinrich events, probably as a
result of incoming meltwater. Increased meltwater influx is
reflected in elevated abundance of the C37:4 alkenone
concentration linked to a reduction of surface water salinity.
With the new data on amount and composition of IRD and
alkenone data from IODP Site U1313 we were able to
extent this type of climate record further back in time.
[36] As obvious from the records in Figure 4, there seems

to be a general relationship between IRD (dolomite) peaks,
SST, and amount and composition of the organic carbon
fraction, manifested in the record as Heinrich-like events
similar to those described for the last climate cycle. The
coincidence of dolomite maxima, absolute SST minima and
peaks in C37:4 alkenones indicate that a sudden instability of
the Laurentide Ice Sheet causing huge input of IRD and
pulses of cold, low-saline meltwater, have controlled the
surface water characteristics in the midlatitude central North
Atlantic. Within the cold meltwater, icebergs could survive
the long-distance transport into the central Atlantic. The ice-
rafted material was also enriched in terrigenous organic
carbon, as indicated by maxima in long-chain n-alkane
abundance (Figure 4). At the most prominent meltwater

event during Termination V, it is interesting to note that SST
minimumandC37:4maximum, indicating the presence of cold,
low-saline water, are preceding the main IRD (dolomite) peak.
Thatmeans, an already existingmeltwater lidmay have helped
IRD to reach the study site at that time.
[37] On the basis of our age model, SST minima correlate

with insolation maxima, and the same correlation to inso-
lation maxima is obvious for the major Heinrich-like events
during MIS 12 and 10 (Figure 4). This may indicate that the
ice sheet instability/melting and subsequent discharge of
icebergs and meltwater was triggered by increased insola-
tion in the high latitudes. During glacial maxima MIS 10.2
and 12.2 coinciding with insolation minima, on the other
hand, the huge ice sheets were more stable, preventing IRD
input into the North Atlantic. Even during the cold phase
MIS 11.24 when SSTs decreased to values similar to MIS 6
(Figure 4), inflow of polar waters probably occurred. The
input of detrital matter, however, was of secondary signif-
icance, although minor maxima in magnetic susceptibility,
quartz, feldspars, and accumulation rates of terrigenous
matter (Figure 3) as well as minor maxima in terrigenous
organic matter and C37:4 alkenones are obvious (Figure 4).
[38] TOC values display distinct maxima during glacials

MIS 12 and MIS 10 whereas during interglacial MIS 11
TOC values are <0.1%. The TOC maxima coincide with
maxima in absolute abundance of alkenones (indicative for
coccolithophorides), whereas alkenones are almost absent
during MIS 11 (Figure 4). Thus, it seems to be that during
glacial maxima (excluding periods of Heinrich-like events),
surface water productivity in the central midlatitude North
Atlantic was generally increased, probably because of a
more southern position of the Polar Front [Villanueva et al.,
2001]. Together with the Polar Front nutrient-enriched
subpolar central water could advance southward, which
would allow nutrients to be replenished during deep winter
mixing. In addition, increased dust (and nutrient) supply
from the Sahara as recorded for the LGM interval [e.g.,
Sarnthein et al., 1981], may have triggered increased
surface water productivity during MIS 12 and 10. Higher
glacial nutrient levels in surface waters are also indicated by
the planktonic d13C values (Voelker et al., unpublished
manuscript, 2008).
[39] The increase in phytoplankton productivity started

after the initial Heinrich-like event, and productivity
decreased with the onset of the final Heinrich-like event
during the termination (Figure 4). During Heinrich-like
events, the strongly increased discharge of meltwater and
release of suspended matter from melting icebergs during
terminations V and IV have probably resulted in unfavor-
able conditions for phytoplankton productivity [cf. van
Kreveld et al., 1996; Nave et al., 2007], i.e., in a more or
less complete collapse of phytoplankton productivity, as
indicated by the abrupt drop in alkenone abundance to
almost zero.
[40] Within the interval of generally enhanced phyto-

plankton productivity during MIS 12, millennial-scale
oscillation in productivity is obvious. Between about 452
and 435 ka, at least four minima in absolute alkenone
abundance, i.e., episodes of reduced productivity, occurred,

Table 1. Mean Alkenone-Based Surface Water Temperatures for

Specific Glacial and Interglacial Intervals and Heinrich-Like

Events and SST Changes Across Terminations I, II, IV, and Va

Core

MD952037 U1313 SU90-08

Latitude 37�N 40�N 43�N
MIS 1 19 18 17
MIS 2 15 12 9
Termination I 4 6 8
MIS 5 21 19 19
MIS 6 14 14 14
Termination II 7 5 5
MIS 9 N.D. 18 N.D.
MIS 10 (final HE) N.D. 9 N.D.
MIS 10.2 N.D. 13 N.D.
Termination IV N.D. 9 N.D.
MIS 11 N.D. 18 N.D.
MIS 12 (final HE) N.D. 8 N.D.
MIS 12.2 N.D. 12 N.D.
Termination V N.D. 10 N.D.

aTemperatures are in �C. Data from cores MD952037 and SU90-08 are
from Calvo et al. [2001]; data from Site U1313 are our own data. N.D., no
data. Across terminations IV and V, the extreme increase in SST is caused
by meltwater pulses related to Heinrich-like events (HE) at the end of
MIS 12.2 and MIS 10.2.
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coinciding with C37:4 peaks indicative for meltwater
discharge (Figure 4).

6. Conclusions

[41] Records of quartz, feldspars, dolomite, carbonate,
magnetic susceptibility, amount and composition of organic
carbon, alkenone-based sea surface temperature (SST), and
accumulation rates of terrigenous matter determined at
IODP Site U1313 for Marine Isotope Stage (MIS) 9–16
allow the following main conclusions.
[42] 1. Most prominent IRD events characterized by peaks

in dolomite, quartz, feldspars, and magnetic susceptibility
as well as increased accumulation rates of terrigenous
matter, are interpreted as Heinrich-like events, documenting
episodes of enhanced iceberg delivery into the central
midlatitude North Atlantic due to sudden instability of the
Laurentide Ice Sheet. These major events occurred during
the early and late (deglacial) phases of glacials MIS 16, 12,
and 10.
[43] 2. During the time interval MIS 12–9, alkenone-

based SST shows a strong variability between 8 and 19�C.
Maximum SST of about 19�C was reached during MIS 11.3
(397–418 ka). In the upper half of MIS 11, two cooling
events occurred around 390 (MIS 11.24) and 372 ka
(MIS 11.22), for which almost glacial (MIS 6 and
MIS 10.2) temperatures of 13–14�C were determined.
Absolute SST minima of 8–10�C are correlated to meltwater
pulses and related Heinrich-like events, most prominent near
the onset and the late (termination) phase of glacials MIS 12
and 10. Across terminations V (�427 ka) and IV (�365 ka)
SST increase was very abrupt and distinct reaching 9–10�C.

During Termination V, the very strong meltwater signal
seems to precede the IRD signal.
[44] 3. On the basis of our age model, SST minima and

major Heinrich-like events during MIS 12 and 10 correlate
with insolation maxima. This may indicate that the ice sheet
instability/melting and subsequent discharge of icebergs and
meltwater was triggered by increased insolation in the high
northern latitudes. During glacial maxima MIS 12.2 and
10.2 coinciding with insolation minima, on the other hand,
the huge ice sheets were more stable, preventing IRD input
into the North Atlantic.
[45] 4. TOC maxima coinciding with maxima in absolute

abundance of alkenones, occurred during MIS 12 and 10
and are interpreted as periods of increased surface water
productivity in the central midlatitude North Atlantic during
glacial maxima (excluding periods of Heinrich-like events)
due to a closer position of the Polar Front to the coring site.
During Heinrich-like events, huge input of meltwater and
release of suspended matter from melting icebergs during
terminations IV and V have probably caused a more or less
complete collapse of phytoplankton productivity, as indi-
cated by the abrupt drop in alkenone abundance to almost
zero.
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