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Sea surface temperatures did not control the first occurrence
of Hudson Strait Heinrich Events during MIS 16
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[1] Hudson Strait (HS) Heinrich Events, ice-rafting events in the North Atlantic
originating from the Laurentide ice sheet (LIS), are among the most dramatic examples
of millennial-scale climate variability and have a large influence on global climate.
However, it is debated as to whether the occurrence of HS Heinrich Events in the
(eastern) North Atlantic in the geological record depends on greater ice discharge, or
simply from the longer survival of icebergs in cold waters. Using sediments from
Integrated Ocean Drilling Program (IODP) Site U1313 in the North Atlantic spanning the
period between 960 and 320 ka, we show that sea surface temperatures (SSTs) did not
control the first occurrence of HS Heinrich(-like) Events in the sedimentary record. Using
mineralogy and organic geochemistry to determine the characteristics of ice-rafting
debris (IRD), we detect the first HS Heinrich(-like) Event in our record around 643 ka
(Marine Isotope Stage (MIS) 16), which is similar as previously reported for Site U1308.

However, the accompanying high-resolution alkenone-based SST record demonstrates
that the first HS Heinrich(-like) Event did not coincide with low SSTs. Thus, the HS
Heinrich(-like) Events do indicate enhanced ice discharge from the LIS at the end of the
Mid-Pleistocene Transition, not simply the survivability of icebergs due to cold

conditions in the North Atlantic.

Citation: Naafs, B. D. A., J. Hefter, P. Ferretti, R. Stein, and G. H. Haug (2011), Sea surface temperatures did not control the
first occurrence of Hudson Strait Heinrich Events during MIS 16, Paleoceanography, 26, PA4201, doi:10.1029/2011PA002135.

1. Introduction

[2] In the 1980s Heinrich discovered that sediments from
the Dreizack Seamounts in the North Atlantic covering the
last glacial cycle contained several layers that were rich in
ice-rafted debris (IRD) [Heinrich, 1988]. These layers that
now bear his name [Broecker et al., 1992] have been found
at many sites between ~40 and 55°N in the North Atlantic
and have received much attention from the paleoclimate
community over the past two decades [e.g., Hemming,
2004]. Besides the high flux of IRD, Heinrich layers have
anomalously high magnetic susceptibility values and low
abundance of foraminifera [e.g., Broecker et al., 1992;
Grousset et al., 1993; McManus et al., 1998]. Although six
layers were originally identified for the last glacial cycle
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(H1-6) [Bond et al., 1992], it is debated whether H3 and 6
are truly ice-rafting events (at least in the eastern North
Atlantic) and are not the result from low accumulation of
foraminifera [Gwiazda et al., 1996; Hemming, 2004]. The
IRD of Heinrich layers 1, 2, 4, and 5 shares a set of char-
acteristics that is consistent with an origin from Paleozoic
carbonates in the Hudson area of Canada [Hemming, 2004].
This subgroup is termed Hudson Strait (HS) Heinrich Events
and is related to instabilities of the Laurentide ice sheet (LIS)
[Hemming, 2004; Hodell et al., 2008]. As the LIS formed the
largest ice sheet in the Northern Hemisphere during glacials
it is reasonable to suggest that the HS Heinrich Events
indicate the most intense periods of ice-rafting in the mid-
latitude North Atlantic. This is also supported by the higher
flux of IRD during these four events in the eastern North
Atlantic [McManus et al., 1998; Hemming, 2004].

[3] The massive input of icebergs from the LIS during (HS)
Heinrich Events led to severe cooling and freshening of
surface waters in one of the most sensitive regions of the
world: the North Atlantic [Bard et al., 2000; Rosell-Melé
et al., 2002]. Based on the most recent glacial cycle, a set of
related hypotheses have arisen for a feedback by which the
HS Heinrich Events in the North Atlantic initiate deglacia-
tions [Marchitto et al., 2007; Sigman et al., 2007; Anderson
et al., 2009]. During and possibly just prior to HS Heinrich
Events, perhaps resulting from insolation-driven melting of
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Figure 1. Study area Map of the North Atlantic showing the location of IODP Site U1308 (re-drill of
DSDP Site 609), IODP Site U1313 (re-drill of DSDP Site 607), and ODP Sites 980 and 984 together with
the IRD accumulation for the last glacial period [Ruddiman, 1977]. The occurrence of Paleozoic car-
bonates around the North Atlantic, the source of dolomite, is highlighted with purple [Bond et al., 1992].

This study uses samples from IODP Site U1313.

and/or internal instabilities in the Northern Hemisphere ice
sheets [Hemming, 2004], North Atlantic overturning termi-
nates [e.g., McManus et al., 2004; Pisias et al., 2010]. It has
been suggested that this termination of North Atlantic
overturning induced increased overturning and warming in
the Southern Ocean [e.g., Sigman et al., 2007; Barker et al.,
2009], yielding the observed abrupt rises in the Antarctic
temperature and most likely atmospheric CO, [Jouzel et al.,
2007; Liithi et al., 2008]. Although the HS Heinrich Events
thus appear to have been important during the last glacial
termination and are the most dramatic examples of millennial-
scale climate variability, little is known about the occurrence
of HS Heinrich(-like) Events in older glacials especially
when boundary conditions were different (e.g., across the
Mid-Pleistocene Transition (MPT)).

[4] One recent study suggested that the occurrence of HS
Heinrich(-like) Events at Integrated Ocean Drilling Program
(IODP) Site U1308, a re-drill of DSDP Site 609 that played
an important role for the discovery of Heinrich Events [e.g.,
Bond et al., 1992; Bond and Lotti, 1995], was restricted to
the “100-ka world” of the Pleistocene with the first HS
Heinrich(-like) Event occurring during MIS 16 [Hodell et al.,
2008], the first prolonged glacial following the MPT [Clark
et al., 2006]. Although HS Heinrich(-like) Events were also
found during MIS 16 at IODP Site U1313, this record
ended at 650 ka [Stein et al., 2009], so whether the onset of
HS Heinrich(-like) Events at U1308 during MIS 16 represents
a basin-wide signal remained unknown. More importantly,
the possibility that the occurrence of HS Heinrich(-like)
Events at U1308 was driven by a long-term decrease in SSTs
in the eastern North Atlantic could not be ruled out [Hodell
et al., 2008]. Here we thus extended both the SST and IRD

record from IODP Site U1313 to 960 ka to investigate the
correlation between the first occurrence of HS Heinrich(-like)
Events and SSTs in the North Atlantic.

2. Study Material

[5] In this study sediment from IODP Site U1313 was
used. Site U1313, a re-drill of Deep Sea Drilling Project
(DSDP) Site 607, is located in the North Atlantic (latitude
41°00'N, longitude 32°57'W) at the southern boundary of the
IRD-belt [Ruddiman, 1977] (Figure 1). At present Site
U1313 is predominantly influenced by the warm and oligo-
trophic surface waters of the North Atlantic Current, leading
to present-day mean annual SSTs of 18.3°C [Locarnini et al.,
2006]. During glacials however the surface water circulation
in the North Atlantic was significantly different and colder
conditions prevailed in the North Atlantic as the Arctic Front
(AF) was located further south [Pflaumann et al., 2003].

[6] During IODP Expedition 306 four holes were drilled at
Site U1313 (3426 m water depth) from which two complete
spliced stratigraphic sections for the Pleistocene were con-
structed [Expedition 306 Scientists, 2006]. Holes U1313B
and U1313C were used for the primary splice, while U1313A
and U1313D formed the secondary splice. The original meter
composite depth (mcd)-scales from U1313A, U1313C, and
U1313D were updated by tying them to the mcd-scale for
Hole U1313B. Hereby an adjusted so-called amcd-scale
was created that improved overall correlation of distinct
features in the lightness, susceptibility, and paleomagnetic
data between the holes (G. Acton, personal communication,
2010). For this study samples from the primary splice were
used to obtain biomarker, XRD, and part of the foraminiferal
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Figure 2. Chronology of Site U1313. Sedimentation rates at U1313 (red), carbonate content of DSDP
Site 607 [Ruddiman et al., 1989] (purple) together with lightness of the primary splice from U1313
(orange), and benthic 8180 of Site U1313 [Stein et al., 2009; Ferretti et al., 2010; Voelker et al., 2010;
this study] together with the global benthic §'%0 stack [Lisiecki and Raymo, 2005]. Arrow with B/M
indicates the position of the Bruhnes/Matuyama boundary.

6'80 data. Samples from the secondary splice were used to
reconstruct the Mg/Ca record and the remainder of the
foraminiferal §'*0 data.

3. Chronology

[7] The chronology of Site U1313 between 14.5 and
46 amcd partly relies on benthic foraminiferal 6'%0 data
(Figure 2). In addition to the benthic foraminiferal §'*0 data
from the secondary splice, which were previously published
[Stein et al., 2009; Ferretti et al., 2010; Voelker et al., 2010],
we measured 6'%0 on the benthic foraminifera Cibicidoides
wuellerstorfi from Holes U1313B and U1313D across ter-
minations IV, V, and X (4 cm sampling resolution) as well as
during MIS 16 (10 cm sampling resolution). In total 123 new
samples were measured.

[s] All benthic foraminiferal 6'%0 data from U1313 for
the interval between 960 and 320 ka were tuned to the LR04
stack [Lisiecki and Raymo, 2005]. At the same time the
lightness of the primary splice (L*) from U1313 was tuned
to the carbonate content of DSDP Site 607 [Ruddiman et al.,
1989], which is part of the LR04 stack. Lightness at Site
U1313 is mainly controlled by variations in terrestrial input
and is highly correlated with carbonate content at Site
U1313 [Stein et al., 2009]. The tuning was done using the
Match 2.0 software [Lisiecki and Lisiecki, 2002]. Using our
age model sedimentation rates vary between 2 and 10 cm/ka
and the Bruhnes/Matuyama magnetic boundary is identified
at 783 ka (Figure 2). The B/M boundary was not used as
age-depth tie-point in order to give the Match 2.0 software
more freedom to find the optimal correlation. Future high-

resolution studies from Site U1313 using a continuous
benthic foraminiferal §'*0 record combined with paleo-
intensities will undoubtedly improve this age model.

4. Methodology

4.1.

[v9] Mean annual SSTs were calculated using the alkenone
unsaturation index (U%7) and the global core top calibration
[Prahl and Wakeham, 1987; Miiller et al., 1998]. The rel-
ative abundance (%) of the C;;.4 alkenone was used to
reconstruct the influence of cold and less saline polar/arctic
waters at Site U1313 [Bendle et al., 2005].

4.2. Ice-Rafted Debris (IRD) Characteristics

[10] IRD was identified using X-Ray Diffraction (XRD) to
distinguish material originating from different source areas.
Quartz was used as a general proxy for continental-derived
material, reflecting input from different circum-Atlantic ice
sheets (e.g., Canadian Shield, Greenland, Scandinavia, Great
Britain) [Grousset et al., 2001; Stein et al., 2009]. Following
previous studies from the North Atlantic [e.g., Andrews and
Tedesco, 1992; Ji et al., 2009, Stein et al., 2009] dolomite
was used as an indicator for ice-rafted debris (IRD) origi-
nating from the Paleozoic carbonates in the Hudson area
[Bond et al., 1992] and thus HS Heinrich Events.

[11] In addition to the detrital component, Heinrich layers
in the North Atlantic are characterized by an increased
abundance of so-called petrogenic organic compounds that
are normally absent in recent sediments. These include
hopanes and steroids and their aromatic counterparts, as well

Sea Surface Temperatures (SSTs)
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as palaerenieratane and isorenieratane and their derivatives,
which indicate the input of ancient and organic rich material
[Rosell-Melé et al., 1997; Rashid and Grosjean, 2006]. Like
the detrital component, the biomarker distribution points to a
Paleozoic bedrock source in the Hudson area as the source for
the organic material during Heinrich events [Rashid and
Grosjean, 2006]. The most abundant petrogenic compound
accumulating at Site U1313 during the four HS Heinrich
events of the last glacial cycle is the C,5(S) C-ring mono-
aromatic steroid. Although the exact mechanism for the for-
mation of C,5(S) C-ring monoaromatic steroids is not clear, it
is an aromatization product of sterols (derived from eukar-
yotes) that forms during diagenesis. It is therefore normally
absent in recent sediments, but common in source rocks and
oils. The abundance of the C,g(S) C-ring monoaromatic
steroid was thus used as a proxy for the input of ancient and
organic rich material and hence IRD.

5. Analytical Techniques

[12] Approximately 1500 sediment samples from the pri-
mary splice of Site U1313 were analyzed for biomarkers at
the AWI-Bremerhaven using a LECO Pegasus III GC/TOF-
MS system. Samples were taken at 2-cm resolution, corre-
sponding to a temporal resolution of on average less then
500 years. Organic compounds were extracted from +6 g of
homogenized and freeze-dried sediment using dichlor-
omethane and Automated Solvent Extraction (ASE 200,
DIONEX, 5 min. at 100°C and 1000 psi). Total extracts were
analyzed using a LECO Pegasus III (LECO Corp., St. Joseph,
MI), interfaced to an Agilent 6890 GC. The gas chromato-
graph (GC) was equipped witha 15m x 0.18mm i.d. Rtx-1MS
(Restek Corp., USA) column (film thickness: 0.10pm) with
an integrated 5 m guard column. The GC oven was initially
held at 60°C for 1 min, then heated at 50°C min” ' to 250°C
and at 30°C min "' to 310°C (held 2.5 min), resulting in an
analysis time of 9.3 min per sample.

[13] The occurrence and distribution of alkenones was
monitored using the diagnostic m/z 94, 81, 79, 67, and 58
ionization fragments [Hefter, 2008]. A validated procedure
was used to convert GC/TOF-MS Cs;; alkenone ratios to
calibrated GC/FID values [ Hefter, 2008]. The input of ancient
and organic rich material was monitored using the diagnostic
m/z 253 ionization fragment for C-ring monoaromatic ster-
oids. Down core variations of the C,gS-triaromatic steroid are
expressed semiquantitatively by normalizing the respective
peak areas to the maximum area per gram sediment detected.

[14] XRD measurements were carried out at the AWI-
Bremerhaven following the methods described by Stein et al.
[2009], although here relative intensities of dolomite and
quartz abundance were normalized to calcite. Between 660
and 320 ka, samples were measured for XRD at 2-cm
(~500 years) resolution. For the remainder of the record,
samples were measured for XRD at 10-cm (~2.5 ka) reso-
lution, although during terminations a 2-cm (500 years)
resolution was used to fully capture the IRD events.

[15] To obtain benthic foraminiferal 6'%0 values, on aver-
age 5 specimens of C. wuellerstorfi were handpicked from the
fraction larger than 250 pm and measured for 6'%0 at the
AWI-Bremerhaven, primarily using a Kiel carbonate device
interfaced with a ThermoFinnigan MAT251 mass spec-
trometer. Some samples that contained only a few specimens
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of C. wuellerstorfi were measured using a ThermoFinnigan
MAT253 mass spectrometer, which needs less material.
Analytical precision was 0.09 and 0.07% for §'%0 using the
MAT251 and MAT253 mass spectrometer, respectively.
680 values were calibrated to the NBS-19 (National Bureau
of Standards) and reported relative to the Vienna Pee Dee
Belemnite (VPDB) standard. C. wuellerstorfi 6'*0 was
adjusted to equilibrium by adding 0.64%o.

[16] Paired measurements of Mg/Ca and §'0 in planktonic
foraminifera were predominantly performed in samples from
the secondary splice of Site U1313. G. ruber was selected
from the larger than 250 pum coarse fraction of sediment
samples. Around 20 G. ruber specimens per sample were
measured for §'%0 at the AWI-Bremerhaven. G. bulloides
was selected from the 315-355 pm coarse fraction of sedi-
ment samples, and on average 80 specimens were picked for
isotope and minor element analyses in order to reduce sta-
tistical variability. All §'®0 and minor element analyses on
G. bulloides were carried out at the Analytical Service Unit
of the University of Barcelona using a ThermoFinnigan
MAT 252 mass spectrometer linked online to a single acid
bath CarboKiel-II carbonate preparation device and a Perkin
Elmer Elan 6000 quadrupole ICP-MS respectively. The Mg/
Ca cleaning process is after Pena et al. [2005] and involved
the following steps. 1) Clay removal: crushed samples were
rinsed and briefly ultrasonicated in ultrahigh quality water
(UHQ H,O) five times, in methanol (Aristar grade) twice,
and then in UHQ H,O again to remove clays and fine-
grained carbonates. 2) Reductive cleaning: to remove a
variety of contaminants phases, such as Mn-Fe oxides, a
reductive reagent composed by a mixture of hydrazine
hydroxide, citric acid and ammonia hydroxide was used in a
hot (c. 100°C) ultrasonic bath for fifteen minutes with brief
intervals of ultrasonication, followed by rinsing. 3) Oxyda-
tive cleaning: to remove organic matter, samples were then
reacted with an oxidizing reagent (alkali buffered (NaOH)
hydrogen peroxide (H,O,) 1% solution) in a boiling water
bath for ten minutes with brief intervals of ultrasonication,
followed by rinsing. 4) Samples were then checked under the
microscope for coarse grained-silicates and any particles that
were not apparently carbonate were removed using a fine
brush. 5) Weak acid leach: to remove any remaining con-
taminant phase or particle that could be still attached to the
foraminifera walls, samples were reacted with a weak acid
(0.001 M HNOs5) and were rinsed in UHQ H,O. 6) Finally,
cleaned samples were dissolved the day of analysis in ultra-
pure HNO3 (1%), ultrasonicated to promote dissolution,
centrifuged in order to settle out any of the less soluble
impurities, and then transferred to clean vials to prevent
possible leaching from residual particles. Mg/Ca ratios were
converted to temperatures using the calibration from
Elderfield and Ganssen [2000].

6. Results

[17] Based on the increased abundance of dolomite and
C,5(S) C-ring monoaromatic steroids during the last glacial
cycle, HS Heinrich Events 1, 2, 4, and 5 can easily be
identified at Site U1313 (Figure 3). Heinrich Events 3 and 6
are absent in the dolomite/calcite record, suggesting that no
IRD from the LIS reached the study location in the eastern
North Atlantic during these events.
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Figure 3. Dolomite and C,g(S) abundance during the most
recent glacial cycle. Dolomite/calcite (purple), relative abun-
dance of the monoaromatic steroid C,g(S) (green), and mag-
netic susceptibility (blue) at Site U1313 for the upper 5
amcd. Dolomite/calcite and C,g(S) abundance are high dur-
ing Heinrich layers 1, 2, 4, and 5; the four HS Heinrich
events [Hemming, 2004].

[18] For the period between 960 and 320 ka, periods of
increased quartz deposition characterize glacials, especially
glacial terminations (Figure 4h). These events are associated
with severe cooling of surface waters and expansion of
arctic/polar waters into the midlatitude North Atlantic
(Figures 4d and 4e). During glacial terminations (TX, TVIII,
and TIV), minima in SSTs occasionally lag benthic fora-
miniferal §'%0 by several ka (Figure 5). Dolomite/calcite
is below or just above detection limits prior to MIS 16. At
643 ka (MIS 16) dolomite becomes abundant for the first
time in the sediment, followed by high abundance during
termination VII. After MIS 16, dolomite became abundant
in the sediment during the later stages of MIS 12 and 10, but
remained low during MIS 14 [Stein et al., 2009]. The
abundance of the C,g(S) C-ring monoaromatic steroid is
highly correlated with the occurrence of dolomite, not only
during the last glacial cycle (Figure 3), but also throughout
the period between 960 and 320 ka (Figures 4f and 4g). The
C,5(S) C-ring monoaromatic steroid was thus absent before
MIS 16 and abundant during the later stages of MIS 16, 12,
and 10.

[19] The high-resolution (0.4 ka resolution) alkenone-
based SST record shows that for most of our record, SSTs
follow the typical glacial/interglacial pattern with SSTs of
around 19°C during interglacials and as low as 8°C during
IRD-events. Lowest SSTs are found during MIS 12 and 10.
However, MIS 16 stands out as a glacial with SSTs steadily
increasing to values as high as 16°C, opposite to the
increasing trend in ice volume (Figures 4c and 4d). Only
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during TVII did SSTs drop again to lower values. High-
latitude waters were also absent at Site U1313 during MIS
16 as almost no Cs7.4 alkenones were found in the sediment
during this glacial (Figure 4e).

7. Discussion

7.1. Occurrence of HS Heinrich(-like) Events

[20] The lack of dolomite prior to MIS 16 indicates that no
IRD from the Hudson area was deposited at Site U1313 and
hence suggests the absence of HS Heinrich(-like) Events
prior to MIS 16. At 643 ka (MIS 16) the increased abun-
dance of dolomite indicates the first HS Heinrich(-like)
Events at Site U1313. The first HS Heinrich(-like) Event in
the sedimentary record was shortly followed by a second HS
Heinrich(-like) Event that coincides with termination VII.
Following MIS 16, HS Heinrich(-like) Events occurred
during the later stages of MIS 12 and 10 [Stein et al., 2009].
All these HS Heinrich Events were also characterized by the
input of ancient and organic rich material, possibly origi-
nating from the Hudson area, as indicated by the increased
abundance of the C,g(S) C-ring monoaromatic steroid. In
addition, despite the uncertainties in age models all these HS
Heinrich(-like) Events coincide with periods of rising CO,
(Figure 4), suggesting that the feedback mechanisms in the
Southern Hemisphere associated with the HS Heinrich
Events of the last glacial cycle [e.g., Sigman et al., 2007]
were also present during older glacials.

[21] The timing of the HS Heinrich(-like) Events at
Ul1313 agrees with results from Site U1308 where HS
Heinrich(-like) Events were also detected during MIS 16,
12, and 10, but were absent in older glacials [Hodell et al.,
2008]. The synchrony between these two sites across the
IRD-belt indicates that the onset of HS Heinrich(-like)
Events was simultaneous within the (eastern) North Atlan-
tic. More over the synchrony suggests that these events can
be traced throughout the (eastern) North Atlantic and we
therefore propose to uniformly name the HS Heinrich(-like)
Events according to the glacial and order they occur. In this
way the HS Heinrich(-like) Events that occurred during the
glacial terminations, also referred to as terminal ice rafting
events [Venz et al., 1999], are labeled HS Heinrich(-like)
Event 16.1, 12.1, and 10.1 (Figure 4).

7.2. Sea Surface Temperatures

[22] The alkenone-based SST record shows that SSTs did
not cause the first occurrence of HS Heinrich(-like) Events.
Alkenone-based SSTs at Site U1313 were higher during the
onset of HS Heinrich(-like) Events (MIS 16) than during
other glacials. This is surprising as during all other glacials,
a part from the weak glacial of MIS 14, SSTs at Site U1313
indicate significant cooling of surface waters, especially
during ice-rafting events as melting icebergs filled the North
Atlantic. Although during the HS Heinrich(-like) Event of
termination VII (16.1) SSTs at Site U1313 also depict the
influence of the melting of icebergs, SSTs remain higher than
during other glacials. A lower resolution record of summer
and winter SSTs based on census counts of planktonic
foraminifera from Site 607 [Ruddiman et al., 1989], of which
U1313 is a re-drill, shows the same warming trend during
MIS 16. These SSTs thus confirm the higher resolution
alkenone-based SSTs during MIS 16 (Figure 6a). The small
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Figure 4. Multiproxy records of IODP Site U1313 between 960 and 320 ka. (a) Atmospheric CO,-levels,
reconstructed from Antarctic ice cores [Liithi et al., 2008]. (b) Antarctic air temperature anomaly [Jouzel
et al., 2007]. (c) Modeled size of the North Amerlcan ice sheets, based on benthic foraminiferal §'%0
[Bmtan]a and van de Wal, 2008]. (d) High-resolution alkenone-based SST (black) and 10-ka moving
average (thick red line). (e) Abundance of C;7.4 alkenones, indicative of high-latitude waters. (f) Relative
abundance of the C,g(S) c-ring monoaromatic steroid, indicative for the input of ancient and organic
rich material. (g) Abundance of dolomite, indicative for the input of IRD from the Hudson Bay area.
(h) Abundance of quartz, indicative for the input of IRD from circum-Atlantic ice sheets. Light blue bars
indicate the occurrence of HS Heinrich(-like) Events at Site U1313. Grey bars highlight glacials. Orange
cubes indicate the timing of HS Heinrich(-like) Events at IODP Site U1308 [Hodell et al., 2008]. The
occurrence of the Mid-Brunhes Event (MBE) is indicated by black arrows in Figures 4a and 4b.
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Figure 5. Termination IV Benthic foraminiferal §'%0 (blue) and alkenone-based SSTs (pink) from sam-
ples from Hole U1313D together with alkenone-based SSTs from the primary splice (black), formed from
Holes U1313B and U1313C, versus depth. Minima in SSTs lag maxima in benthic foraminiferal §'*0 by
12 cm, which corresponds to ~3 ka using our age model. Dolomite/calcite (purple) is shown to indicate
the occurrence of HS Heinrich(-like) Event 10.1 (blue bar).

temporal offset between the SST records from Site U1313
and Site 607 is probably related to the difference in resolu-
tion and age models.

[23] The occasional lag between minima in SSTs and
maxima in benthic foraminiferal §'*0 during glacial termi-
nations demonstrates the impact of ice-rafting events on
surface water characteristics in the North Atlantic during the
Pleistocene as the meltwater pulse for a short period sup-
pressed the warming of surface waters to interglacial values.
This is especially evident during termination IV (Figure 5).
It is important to note that the timing of these ice-rafting
events and associated cooling of surface waters at Site
U1313 is different compared to those at the Iberian Margin
were maximum IRD input preceded minima in SSTs
[Rodrigues et al., 2011] and minima in SSTs coincide with
maxima in benthic foraminiferal §'*0 during termination IV
[Martrat et al., 2007; Rodrigues et al., 2011]. As IRD at the
Iberian Margin is thought to have various sources, including
the European ice sheets [de Abreu et al., 2003; Bigg et al.,
2010], the difference between Site U1313 and Iberian
Margin could indicate an offset in the timing of the collapse
of the European and Laurentide ice sheets. In addition, this
apparent difference between the midlatitude North Atlantic
and Iberian Margin urges for care in correlating IRD-events
across the North Atlantic.

7.3. Stratification of the Water Column

[24] To investigate whether the warming of surface waters
during MIS 16 was restricted to the upper part of the water
column, Mg/Ca in the planktonic foraminifera Globigerina
bulloides was measured. G. bulloides is a mixed-layer-
dwelling planktonic foraminifera, which in the North
Atlantic can be found throughout the upper 60 m of the water
column [Schiebel et al., 1997]. The Mg/Ca record thus
represents a shallow subsurface temperature signal, while

alkenone-based SSTs are thought to represent temperatures
of the upper 10 m of the water column [Miiller et al., 1998].

[25] The results show that Mg/Ca based temperatures
were decreasing during MIS 16, opposite to the trends in the
alkenone-based and census counts of planktonic foraminif-
era based SSTs (Figure 6b). The difference between the
alkenone- and Mg/Ca-based SSTs reaches up to 6°C during
MIS 16, while the two temperature records show similar
values during the interglacials MIS 17 and 15. This indicates
a large temperature gradient between the upper-part of the
water column (alkenone-based SSTs) and underlying waters
(Mg/Ca-based SSTs) during MIS 16. We interpret this
increased temperature gradient to reflect a strong stratification
of the water column. This is also supported by the increased
offset in §'%0 between G. bulloides and the surface-dwelling
planktonic foraminifera Globigerinoides ruber that doubled
during MIS 16 (Figures 6¢ and 6d).

[26] The possibility that the difference between alkenone-
and planktonic foraminiferal §'®0-based SSTs reflects
amplification of seasonal differences as was proposed for
the North Pacific [Haug et al., 2005] is unlikely to play a
major role at our study site. In the North Atlantic G. ruber,
G. bulloides and coccolithophores, of which a small group
produces alkenones, all bloom in (late) spring [Weeks et al.,
1993; Elderfield and Ganssen, 2000; Ganssen and Kroon,
2000; Chapman, 2010]. In addition, alkenone-based SSTs
during MIS 16 remain between the seasonal extremes as
determined by summer and winter SSTs based on census
counts of foraminifera from Site 607 [Ruddiman et al.,
1989] and thus do not indicate a shift toward summer
temperatures. At the same time, Mg/Ca-based temperatures
during MIS 16 are lower than the reconstructed winter
SSTs, again suggesting that the Mg/Ca record represents
shallow subsurface temperatures.
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Figure 6. MIS 16. (a) Alkenone-based annual mean SSTs
from U1313 (black) and foraminiferal assemblage-based
summer (red) and winter (dark blue) SST from DSDP Site
607 [Ruddiman et al., 1989], of which U1313 is a re-drill.
(b) Alkenone-based SSTs from U1313 (black) together with
shallow subsurface temperature estimates at U1313, based
on Mg/Ca from the mixed-layer-dwelling planktonic fora-
minifera G. bulloides (purple). (c¢) Planktonic foraminiferal
8"80 of the surface-dwelling G. ruber (orange) and mixed-
layer-dwelling G. bulloides (blue). (d) Difference in §"%0
between G. bulloides and G. ruber. Dashed line indicates
the present-day offset [Ganssen and Kroon, 2000]. Color
bars are like in Figure 4.

7.4. Cause for Warm SSTs During MIS 16

[27] We interpret the warm and stratified surface waters at
Site U1313 to reflect a more northern position of the Arctic
Front (AF) during MIS 16, more comparable to interglacial
than to glacial conditions. A more northern position of the
AF 1is also supported by foraminiferal data from Ocean
Drilling Project (ODP) Sites 984 and 980 that indicate a
northward movement of the AF during MIS 16 [Wright and
Flower, 2002]. Within the North Atlantic, the AF is char-
acterized by a steep SST gradient and forms the boundary
between warm Atlantic waters and cold arctic waters [Swif?,
1986]. During the last glacial maximum the southern loca-
tion of the AF between 45 and 37°N led to a strong SST
gradient in the midlatitude North Atlantic with warm surface
waters accumulating directly south of the AF [Pflaumann
et al., 2003]. Previous results suggested that a slightly
more northern position of the AF during MIS 6 led to higher
SSTs in the midlatitude North Atlantic [Calvo et al., 2001].
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A more northerly position of the AF during MIS 16 com-
pared to other glacials could thus explain the higher SSTs at
Site U1313.

[28] Today, North Atlantic deep water formation estab-
lishes the upper ocean and atmospheric circulation that
ameliorates the climate of the eastern circum-North Atlantic
[Rahmstorf, 2002]. The moderate North Atlantic SSTs of
MIS 16 due to a more northerly position of the AF thus
suggest greater North Atlantic overturning at that time as
compared to other glacials. The ultimate cause for this dif-
ferent ocean circulation in the North Atlantic remains
unknown. Possibly the increased input of warm and salty
waters by means of Agulhas Leakage during MIS 16, com-
pared to MIS 12 and 10, promoted the greater overturning in
the North Atlantic [Bard and Rickaby, 2009]. However, this
does not explain why glacials prior to MIS 16 were charac-
terized by low SSTs in the North Atlantic as the Agulhas
Leakage during these glacials was comparable to MIS 16
[Bard and Rickaby, 2009]. Future research should therefore
focus on the ultimate mechanisms behind the different ocean
circulation in the North Atlantic during MIS 16.

7.5.

[20] The results presented here confirm the previous
suggestion that MIS 16 marks a change in LIS dynamics,
possibly due to an increases in LIS ice volume (thickness),
as HS Heinrich Events appeared in the sedimentary record
of the eastern North Atlantic [Hodell et al., 2008]. This
agrees with recent results of ice sheet modeling [Bintanja
and van de Wal, 2008] and dating of glacial stratigraphic
sections in North America [Roy et al., 2004; Balco and
Rovey, 2010] which suggested that the size and volume of
the North American ice sheets increased at the end of the
early Pleistocene and highlighted the role of ice sheets, in
particular the North American ice sheets, in the MPT
[Bintanja and van de Wal, 2008].

[30] In addition, in the context of the feedback mechan-
isms associated with HS Heinrich Events by which the
North Atlantic initiates dramatic deglaciations [Marchitto
et al., 2007; Sigman et al., 2007; Anderson et al., 2009],
our results add to the data suggesting a correlation between
the occurrence of HS Heinrich(-like) Events and the stron-
ger interglacials that characterize the Pleistocene after the
Mid-Brunhes Event (MBE) at ~450 ka. The MBE is the
most obvious in the Antarctic ice core records of CO, and
temperature (Figures 4a and 4b), but can also be found in
other climate records from around the world as a shift
toward more intense interglacial conditions [Lang and
Wolff, 2010]. Specifically the first strong interglacial
defining the MBE is preceded by the HS Heinrich(-like)
Events of MIS 12 while, with the exception of MIS 15, the
earlier “luke-warm” interglacials (MIS 19-13) with weaker
deglacial increases in Antarctic temperature [Jouzel et al.,
2007] and CO,-levels [Liithi et al., 2008], did not have
preceding HS Heinrich(-like) Events.

[31] The major exception to the rule is thus MIS 16, which
did have HS Heinrich(-like) Events but even so was followed
by the luke-warm interglacial MIS 15 (Figures 4a and 4b).
This suggests an additional requirement for the dramatic
deglaciations that characterize the latest Pleistocene. Our
alkenone temperature reconstructions may provide an addi-
tional insight into this. Despite the intensity of the MIS 16,

Implications
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unusually moderate North Atlantic SSTs characterized this
period possible due to substantial North Atlantic overturning.
The hypothesized North-to-South trigger for deglaciations
revolves around the shutdown of North Atlantic overturning
[Sigman et al., 2007; Anderson et al., 2009]. In a glacial with
strong North Atlantic overturning (e.g., MIS 16), even a HS
Heinrich(-like) Event may not have been adequate to cause
this shut-down. That is, the data from stage 16 may be
indicating that the HS Heinrich Event trigger can only work
in glacial states with already weak and/or shallow North
Atlantic overturning.

8. Conclusion

[32] Our high-resolution records depict the detailed rela-
tion between surface water characteristics and IRD-events in
the midlatitude North Atlantic for the period between 960 and
320 ka. The IRD-characteristics demonstrate that although
regular IRD-events occurred throughout this interval, pre-
dominantly during glacial terminations, IRD originating
from the Laurentide Ice sheet and thus HS Heinrich(-like)
Events was absent prior to MIS 16. During IRD-events SSTs
indicate severe cooling of surface waters and increased
influence of high-latitude waters. At 643 ka, dolomite for the
first time became abundant and indicates the first occurrence
of HS Heinrich(-like) Events. Following MIS 16, HS
Heinrich(-like) Events occurred during MIS 12 and 10. All
these events are characterized by the input of ancient and
organic rich material. The timing of these events is similar as
at Site U1308, located further to the North, and indicates a
simultaneous onset within the (eastern) North Atlantic.

[33] The alkenone-based SST record shows the first
occurrence was not simply related to increased survivability,
as SSTs were significantly higher during MIS 16 than
during other glacials, probably due to a more northern
location of the AF. Lower subsurface temperature estimates
based on Mg/Ca from mixed-layer dwelling planktonic
foraminifera suggest that the warming was restricted to the
upper part of the water column. These results indicate that
MIS 16 marks a change in LIS dynamics, in-line with
previous studies. This has large implications for the role of
HS Heinrich(-like) Events within the broader climate system
as the results of HS Heinrich(-like) Events occurring prior to
the MBE suggest that the occurrence of HS Heinrich events
alone is not enough to initiate dramatic deglaciations, and
other mechanisms might be needed to reach the full inter-
glacial conditions that characterize the last 450 ka.

[34] The next step will now be to determine the onset of
HS Heinrich(-like) Events in the sedimentary record close to
the source area (e,g, Labrador Sea), where even small ice-
rafting events can be detected that would not influence the
eastern North Atlantic.
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