


Figure 27; Multi-proxy records of IODP Site U1313 between 960 and 320 ka

a) Atmospheric CO,-levels, reconstructed from Antarctic ice cores [Liithi ef al., 2008], b) Antarctic air
temperature anomaly [Jouzel ef al., 2007], ¢) Modelled size of the North American ice sheets, based on
benthic foraminiferal '*0 [Bintanja and van de Wal, 2008], d) High-resolution alkenone-based SST
(black) and 10-ka moving average (thick red line), ) Abundance of C;7.4 alkenones, indicative of high-
latitude waters, f) Relative abundance of the C,5(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 ef al., 2008]. The occurrence of the Mid-Brunhes Event (MBE) is indicated by

black arrows in a and b.
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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 (Fig. 27c-d). Only
during TVII did SSTs drop again to lower values. High-latitude waters were also absent at
Site U1313 during MIS 16 as almost no Cj74 alkenones were found in the sediment during

this glacial (Fig. 27¢).

7.7 Discussion

7.7.1 Occurrence HS Heinrich(-like) Events

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 abundance 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 ef al., 2009]. All these HS Heinrich Events were also
characterized by the input of ancient and organic rich material, possibly originating from the
Hudson area, as indicated by the increased abundance of the C,5(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, (Fig. 27), 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.

The timing of the HS Heinrich(-like) Events at U1313 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 Atlantic. 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 (Fig 4).
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7.7.2 Sea surface temperatures

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 (Fig. 29a). The small temporal offset between
the SST records from Site U1313 and Site 607 is probably related to the difference in

resolution and age models.
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Figure 28; Termination IV

Benthic foraminiferal 'O (blue) and alkenone-based SSTs (pink) from samples 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 8'*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).

The occasional lag between minima in SSTs and maxima in benthic foraminiferal
8'*0 during glacial terminations demonstrates the impact of ice-rafting events on surface

water characteristics in the North Atlantic during the Pleistocene as the melt water pulse for a
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short period suppressed the warming of surface waters to interglacial values. This is
especially evident during termination IV (Fig. 28). 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
8'%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 mid-latitude North Atlantic and

Iberian Margin urges for care in correlating IRD-events across the North Atlantic.

7.7.3 Stratification water column

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 meters 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 meters of the
water column [Miiller et al., 1998].

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 foraminifera
based SSTs (Fig 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 8'°0
between G. bulloides and the surface-dwelling planktonic foraminifera Globigerinoides ruber
that doubled during MIS 16 (Fig. 29¢-d).

The possibility that the difference between alkenone- and planktonic foraminiferal
8'*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;
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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 towards 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 29; Age (ka) MIS 16
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 annual mean SSTs from U1313 (black) together with shallow subsurface
temperature estimates at U1313, based on Mg/Ca from the mixed-layer-dwelling planktonic
foraminifera G. bulloides (purple), ¢) Planktonic foraminiferal 8'*0 of the surface-dwelling G. ruber
(orange) and mixed-layer-dwelling G. bulloides (blue), d) Difference in 8'*0 between G. bulloides and
G. ruber. Dashed line indicates the present-day offset [Ganssen and Kroon, 2000]. Color bars are like

in Figure 27.

- Page 85 of 117 -



7.7.4 Cause for warm SSTs during MIS 16

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 is 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
characterized by a steep SST gradient and forms the boundary between warm Atlantic waters
and cold arctic waters [Swift, 1986]. During the last glacial maximum the southern location of
the AF between 45 and 37 °N led to a strong SST gradient in the mid-latitude 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 mid-latitude North Atlantic [Calvo et al., 2001]. A more northerly
position of the AF during MIS 16 compared to other glacials could thus explain the higher
SSTs at Site U1313.

Today, North Atlantic deep water formation establishes 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 different 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, compared 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 characterized 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.

7.7.5 Implications

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 ef 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
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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].

In addition, in the context of the feedback mechanisms 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 stronger 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 (Fig. 27a-b), but
can also be found in other climate records from around the world as a shift towards 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.

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 (Fig. 27a-b). This
suggests an additional requirement for the dramatic deglaciations that characterize the latest
Pleistocene. Our alkenone temperature reconstructions may provide an additional insight into
this. Despite the intensity of the MIS 16, 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.

7.8 Conclusion

Our high-resolution records depict the detailed relation between surface water characteristics
and IRD-events in the mid-latitude North Atlantic for the period between 960 and 320 ka. The
IRD-characteristics demonstrate that although regular IRD-events occurred throughout this
interval, predominantly 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
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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.

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 interglacial conditions that characterize the last 450 ka.

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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8 Conclusions and future perspectives

In this thesis a combination of different organic geochemical and mineralogical proxies were
used to reconstruct climate in the mid-latitude North Atlantic over the past 4 million years.
This includes, among others, a reconstruction of sea surface temperatures, surface water
productivity, aeolian input, and ice-rafting events and characteristics. The main aim was to
reconstruct the long-term evolution of (millennial-scale) climate variability in the North
Atlantic in order to gain more understanding in the mechanisms that drove Quaternary climate
change. This chapter gives a chronological summary of the main results of this thesis and

provides some remaining open questions and future research perspectives.

The records of alkenone-based surface water temperatures and productivity from Site U1313
show that the intensification of the Northern Hemisphere glaciation (NHG) in the late
Pliocene was characterized by a drastic change in surface water characteristics (Chapter 5).
Before 3.1 Ma the surface water characteristics indicate an intense North Atlantic current
(NAC) that transported warm, nutrient-poor surface waters northwards. Starting at 3.1 Ma
during glacials SSTs decreased and surface water productivity increased at Site U1313,
indicating a shift in the position of the NAC that ceased to reach into the higher latitudes. The
diminished northward heat transport associated with the change in position of the NAC would
have caused a cooling of the higher latitudes, which may have encouraged the growth of large
continental ice sheets in the Northern Hemisphere. This is supported by recent modeling
results [e.g., Hill ef al., 2010]. These results provide additional constrains for the mechanisms
behind the intensification of the NHG as they argue against an increase in northward heat
transport in the North Atlantic during the intensification of the NHG, as previously proposed
[Bartoli et al., 2005]. In the future it would be interesting to produce similar biomarker
records at more northern sites in order to more accurately determine the variations in ocean
circulation in the northern North Atlantic during the intensification of the NHG. As the NAC
is mainly a wind-driven current, the observed changes in the NAC could indicate an important
role of atmospheric circulation on Quaternary climate change. Future work should therefore
focus on reconstructing palaeorecords of variations in wind strength from the mid-latitude
North Atlantic, e.g. grain sizes of detrital sediments. In addition, it still remains unknown
when the overall cooling trend in the North Atlantic that cumulated in the intensification of
the NHG began. Results from the tropical Pacific indicate that SSTs were highest during the
early Pliocene [Lawrence ef al., 2006]. Continuous orbitally-resolved SSTs records from the
North Atlantic extending back to the early Pliocene are needed to address this question, which

might shed more light onto the ultimate cause of the intensification of the NHG.
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At the same time as the change in ocean circulation, the reconstruction of aeolian input at Site
U1313 demonstrates a drastic increase (Chapter 6). This record is based on the accumulation
of lipids derived from terrestrial higher plant material (long-chain n-alkanes and n-alkan-1-
ols). These lipids are a major component of dust as can easily be removed from the leaf
surface by wind or rain, especially by sandblasting during dust storms, or entrained as part of
soil and transported over large distances. The different organic characteristics of the terrestrial
higher plant material (e.g., carbon preference index and compound specific 5"°C) verify that
they have an aeolian origin and indicate that they are derived from the North American
continent. As the increase in aeolian input coincides with the appearance of continental ice
sheets, the results are interpret to reflect the development of glacial outwash plains in North
America. This is in line with results of spectral analysis between benthic foraminiferal 8'*0
and n-alkane records from Site U1313, which indicate that variations in aeolian input are in
phase or slightly lag changes in ice volume at the obliquity band. Glacial outwash plains are
effective dust sources and the ones in Patagonia are shown to be the main source of the dust
accumulating in Antarctica [Sugden et al., 2009]. The onset of increased aeolian input from
the North American continent coincides with a global increase in aeolian input as climate
changed during the intensification of the NHG [e.g., Dersch and Stein, 1991; Dersch and
Stein, 1994; Yang and Ding, 2010]. Together with the close correspondence between aeolian
input to the North Atlantic and dust fluxes in Antarctica over the last 800 thousand years (ka)
[Lambert et al., 2008] this indicates a globally uniform response of dust sources to
Quaternary climate variability.

Since the record of aeolian input at Site U1313 is predominantly related to the dust
production at active terrestrial glacial margins in North America, it provides a unique record
to test the pacing of the advance and retreat of the North American ice-sheet through the Plio-
Pleistocene. Evolutional spectral analysis of the n-alkane records demonstrates that
throughout the early Pleistocene, variance in the obliquity period (41-ka) dominates aeolian
input and hence North American ice sheet dynamics. This argues against suggestions of
precession-related variations in Northern Hemisphere ice volume during the early Pleistocene
and urges for other mechanisms to explain the dominance of the 41-ka period during the early
Pleistocene. So far the role of dust on long-term climate change has been largely neglected.
Our results show that the increased dustiness that characterized the most recent glacial cycles
has been a persistent feature of Quaternary climate. The close correspondence between
aeolian input to the North Atlantic and other dust records indicates a globally uniform
response of dust sources to Quaternary climate variability. As we propose the increased

aeolian input to the North Atlantic could have had a significant effect on global climate,
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future work should focus on more precisely determine the role of dust and associated
feedback mechanisms in the development of Quaternary climate.

In addition, preliminary results show that periods of increased accumulation of
terrestrial higher plant material coincide with periods of higher accumulation of branched
glycerol dialkyl glycerol tetraether lipids (GDGTs) at Site U1313 (see Fig. 30). These lipids
are produced by Anaerobic bacteria living in soils [Weijers et al., 2006]. Lately, several
indices based on the distribution of these lipids have been used to calculate mean annual air
temperature (MAT) in the source area [Weijers et al., 2007]. The presence of these lipids at
Site U1313 thus provides future possibilities to determine the MAT in the North American

continent over the last 3.5 Ma.
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Figure 30; Marine Isotope stage 16

Concentration of the long-chain odd n-alkanes (orange) together with the abundance of GDGTs

o
(purple) at Site U1313. Also shown are the SST estimates based on two organic proxies Us; (black)

and TEXgs (red). GDGT-data from A. Martinez-Garcia.

The early Pleistocene is characterized by regular 41-paced glacial/interglacial variability in
the North Atlantic with increased aeolian input and decreased SSTs during glacials.
Interglacial SSTs reach present-day levels around 1 Ma, but glacial SSTs continue to decrease
during the entire early Pleistocene with minimum values during MIS 12 and 10 (see Fig. 31).
This difference in cooling between glacial and interglacials over the last 1.5 Ma is similar as
observed in benthic foraminiferal 0 and SSTs in the tropical oceans [Herbert et al., 2010]
and points to an increased sensitivity of global climate to glacial forcing. At Site U1313 the

lowest SSTs of the middle and late Pleistocene are associated with melt water pulses from the
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continental ice sheets circum the North Atlantic (Chapter 7). In this context, the continuous
decrease of glacial SSTs starting around 1.5 Ma and abrupt shift in glacial SSTs during MIS
40 (~ 1.3 Ma) could indicate an increased influence of melt waters reaching Site U1313.
Future work should focus on determining the presence of ice-rafting events at Site U1313

before 1 Ma.
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Figure 31; Difference between glacial and interglacial climate
The evolution of glacial and interglacial SSTs at Site U1313 and benthic foraminiferal 3'°0. Both
proxies demonstrate a similar trend towards more intense glacial conditions, especially during the last

1.5 Ma, while interglacial conditions remained relatively constant.

The combined high-resolution measurements of organic geochemistry and mineralogy for the
period between 960 and 320 ka provides new insights in the mechanisms behind millennial-
scale climate variability (Chapter 7). In general the period between 960 and 320 is
characterized by a shift towards more intense glacial conditions during the end of the middle
Pleistocene transition. Using newly developed indicators of organic matter originating from
the Hudson area, we show that at the same time (643 ka) Hudson Strait (HS) Heinrich(-like)
Events, massive ice-rafting events in the North Atlantic originating from the Laurentide ice
sheet (LIS), appear in the sedimentary record at Site U1313. The timing is similar as observed
at the more northern located IODP Site U1308 [Hodell et al., 2008]. As SSTs where higher
during MIS 16 compared to previous glacials the occurrence of HS Heinrich(-like) Events is
related to enhanced ice discharge at this time and not simply related to the survivability of
icebergs due to cold conditions in the North Atlantic. This has large implications for the role
of HS Heinrich(-like) Events within the broader climate system.

Future work should extend these high-resolution records to include the upper 320 ka in

order to create a unique record of the last 1 Ma that will serve as a reference site for long-term
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millennial-scale climate variability in the North Atlantic. This record will provide valuable
insights into the occurrence of millennial-scale climate variability during periods with
different boundary conditions and the origin and mechanisms of millennial-scale climate
variability in the North Atlantic. Especially the investigation on the timing and phasing of
IRD-events relative to orbital parameters over the last 1 Ma will be interesting to gain more

knowledge about the mechanisms driving abrupt climate change.
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9 Data Handling

All data presented in this thesis will be publicly available online in the Pangaea database
(https://www.pangaea.de).

Data from the first manuscript: http://doi.pangaea.de/10.1594/PANGAEA.744483

Data from the second manuscript: http://doi.pangaea.de/10.1594/PANGAEA.757951

Data from the third manuscript: http://doi.pangaea.de/10.1594/PANGAEA.758056
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