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ARTICLE INFO ABSTRACT

Article history: The Mid-Pleistocene transition (MPT) was the time when quasi-periodic (~100 kyr), high-amplitude glacial 28
Received 27 July 2009 variability developed in the absence of any significant change in the character of orbital forcing, leading to 29
Received in revised form 5 February 2010 the establishment of the characteristic pattern of late Pleistocene climate variability. It has long been known 30
Accgpted 10 February 2010 that the interval around 900 ka BP stands out as a critical point of the MPT, when major glaciations started 31
Available online xxxx . . 3 . ! . L.
occurring most notably in the northern hemisphere. Here we examine the record of climatic conditions 32
Editor: M.L. Delaney during this significant interval, using high-resolution stable isotope records from benthic and planktonic 33
foraminifera from a sediment core in the North Atlantic (Integrated Ocean Drilling Program Expedition 306, 34
Keywords: Site U1313). We have considered the time interval from late in Marine Isotope Stage (MIS) 23 to MIS 20 (910 35
North Atlantic to 790 ka). Our data indicate that interglacial MIS 21 was a climatically unstable period and was broken into 36
Early Pleistocene four interstadial periods, which have been identified and correlated across the North Atlantic region. These 37
foraminifera extra peaks tend to contradict previous studies that interpreted the MIS 21 variability as consisting 38
St?ble isotopes essentially of a linear response to cyclical changes in orbital parameters. Cooling events in the surface record 39
millennial during MIS 21 were associated with low benthic carbon isotope excursions, suggesting a coupling between 40
insolation . .- . . . . .
JODP surface temperature changes and the strength of the Atlantic meridional overturning circulation. Time series 41
Site U1313 analysis performed on the whole interval indicates that benthic and planktonic oxygen isotopes have 42
significant concentrations of spectral power centered on periods of 10.7 kyr and 6 kyr, which is in agreement 43
with the second and forth harmonic of precession. The excellent correspondence between the foraminifera 44
680 records and-insolation variations at the Equator in March and September suggests that a mechanism fl5
related to low-latitude precession variations, advected to the high latitudes by tropical convective processes, 46
might have generated such a response. This scenario accounts for the presence of oscillations at frequencies 47
equal to precession harmonics at Site U1313, as well as the occurrence of higher amplitude oscillations 48
between the MIS22/21 transition and most of MIS 21, times of enhanced insolation variability. 49
© 2010 Elsevier B.V. All rights reserved. 50
52
1ilntroduction trend towards more glacial conditions over millions of years, produced 65
some of the most extreme glaciations recorded (Shackleton and Opdyke, 66
The Mid-Pleistocene transition (MPT) represents perhaps the most 1976; Pisias and Moore, 1981; Ruddiman et al., 1989; ; Imbrie et al., 67
important climate transition in the Quaternary period, yet it is one of the 1993). 68
most poorly understood. Although the exact timing and mechanism of The intensification and prolongation of the glacial-interglacial cycles 69
the onset of the “100 kyr” regime remain a matter of debate, it is well appear not to have occurred synchronously: a significant increase in 70
established that the overall periodicity of the glacial-interglacial cycles global ice volume was centered at ~920 ka and lasted ~40 kyr, followed 71
changed from a dominant 41 kyr obliquity periodicity prior to ~0.9 Ma by a prolonged “interim” period (~280 kyr) before the abrupt increase 72
to a dominant late Pleistocene 100 kyr variance. This change in the in the amplitude of the 100 kyr cycles at ~642 ka (Mudelsee and Schulz, 73
frequency domain was associated with an increase in the amplitude of 1997). Within this complex interval of climatic evolution, the cold 74
global ice volume variations that, superimposed on a long-term climatic Marine Isotope Stage (MIS) 22 (~870-900 ka) is perhaps the single 75
most profound episode of environmental change. Collective evidence 76
E— from the northern continents indicates that MIS 22 is the first prominent 77
* Corresponding author. GRC Marine Geosciences, Department of Stratigraphy,  cooling event and glacioeustatic lowstand of the Pleistocene. Alpine 78
Palacontology and Marine Geosciences, Faculty of Geology, University of Barcelona, €/ 10y "o1aciers reached their first Pleistocene maximum southward 79
Marti i Franqués, s/n, E-08028 Barcelona, Spain. Tel.: +34 93 4020177; fax: +34 93 € . . X
4021340, expansion during MIS 22 (Muttoni et al., 2003; Muttoni et al,, 2007). A 80
E-mail addresses: pf233@cam.ac.uk, pferretti@ub.edu (P. Ferretti). large increase in North American ice volume occurred between the late 81
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Matuyama and the Brunhes chrons, at around MIS 22 (Barendregt and
Irving, 1998). The glacioeustatic effects of ice-build up during this
glaciation caused a substantial sea-level fall. Shallow marine sediments
off Japan indicate that eustatic sea-level dropped during MIS 22 and was
20-30 m lower than during stage 28 (Kitamura and Kawagoe, 2006).
Thicker and sandier loess deposits in northern Eurasia signal the onset of
severe palaeoclimatic conditions in such a distinct way that the base of
MIS 21 has been identified as a convenient and effective marker for
recognising the Early-Middle Pleistocene boundary in loess-palaeosol
sequences (Heslop et al., 2002; Dodonov, 2005). In the Chinese Loess
Plateau, monsoon wind strength, estimated from the grain size of the
wind-blown lithogenic sediments, increased during MIS 22 (Sun et al.,
2006).

Significant changes in the oceanic circulation occurred at the same
time. Sea surface temperature records from the North Atlantic, eastern
tropical Atlantic and eastern equatorial Pacific show that the major cooling
event of the MPT was associated with MIS 24-22 (Ruddiman et al., 1989;
Schefup et al,, 2004; McClymont and Rosell-Mele’, 2005). Deep-water
carbon isotopic signals from the North Atlantic and sub-Antarctic regions
became very depleted in 3C during MIS 22 (Raymo et al., 1990; Hodell et
al,, 2003; Ferretti et al., 2005), reflecting profound changes in deep-water
circulation and probably a more global event connected to a transfer of
carbon from the organic to inorganic pools in the ocean (Clark et al., 2006).
In the deep western North Atlantic, almost pure Antarctic Bottom Water
was detected for the first time within the mid-Pleistocene shift during MIS
24-22, implying pronounced changes in the balance between northern
and southern source waters (Ferretti et al.,, 2005). A similar stagnation of
bottom-water circulation was also detected in the South Atlantic at the
same time (Schmieder et al., 2000).

In this paper, we focus on this initial main event of the mid-
Pleistocene climate shift as defined by Mudelsee and Schulz (1997)-the
build up of the first distinctly larger Northern Hemisphere ice sheets—
and investigate the climatic evolution of a sector of the North Atlantic
Ocean from late MIS 23 to MIS 20. This interval of time has often been
considered to be important in relation to long-term Milankovitch-scale
climate variability. In contrast, here, special emphasis will be placed on
assessing the presence and the characteristics of the suborbital-scale
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variability in North Atlantic sea surface and deep-water hydrography.
Appealing evidence suggests that millennial-scale climate variability is
amplified during times of intense forcing changes (Alley et al., 1999), but
this rapid variability has not been thoroughly explored yet at the time
when the major changes in climate periodicity occurred.

Previous studies of polar ice cores, marine and terrestrial records
have shown that millennial and submillennial climate perturbations
(e.g. Dansgaard-Oeschger Cycles) have punctuated the long-term
climate development on glacial-interglacial time scales during the last
100 kyr and were connected with changes in the operational modes of
the Atlantic meridional overturning circulation (AMOC), a critical
component of the global climate system (e.g. Alley (2007) and
references therein). Here we investigate the behavior of the climate
system in the millennial band under a different climatic framework in
order to explore the processes operating when the climate sensitivity to
orbital forcing was different from that of the late Pleistocene. We will
show that, although the period analysed in this study was a time of
transition and development, some of the features and mechanisms
attributed to millennial-scale variability were already recognisable and
operating at this time. We will also suggest that some of the millennial-
scale variability observed at our North Atlantic site was influenced by the
equatorial and tropical regions, confirming the important role played by
these regions in the response of the climate system to the astronomical
forcing.

2, Regional setting, materials and method

Site ' U1313 was raised from a water depth of 3426 m at 41°00'N
32°58'W, on the upper middle western flank of the Mid-Atlantic Ridge
during Integrated Ocean Drilling Program Expedition (IODP) 306
(Expedition 306 Scientists, 2006) (Fig. 1). Although today this site is
located south of the North Atlantic Current (NAC), recent studies using
surface drifters indicate that the surface waters in this region are derived
from the NAC (Fratantoni, 2001; Reverdin et al., 2003). Moreover, it is in
the path of the deep North Atlantic Deep Water (NADW) western
boundary current as it exits the northernmost Atlantic.

DSDP 609
10DP U1308

Fig. 1. Map showing the locations of the cores investigated and discussed in this study: ODP Site 983 (60°23’N 23°38'W, 1985 m water depth), ODP Site 1063 (33°41'N 57°36'W,
4584 m water depth), IODP Site U1308 (49°53'N 24°14'W, 3872 m water depth) and IODP Site U1313 (41°00'N 32°58'W, 3426 m water depth). Major surface water currents are

from Fratantoni (2001): GS = Gulf Stream; NAC = North Atlantic Current.
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Site U1313 constitutes a reoccupation of Deep Sea Drilling Project
(DSDP) Site 607, which has provided many important advances in
palaeoceanography during the last 20 years (Raymo et al, 1989;
Ruddiman et al,, 1989; Ruddiman et al., 1986; Raymo et al., 2004; ),
including yielding valuable insights into the long-term surface and
deep-water circulation patterns in the mid-latitude North Atlantic. In
order to examine in detail the suborbital variation in the sea surface and
deep hydrography at the same location during a critical interval of
climate evolution, analyses of Site U1313 samples were performed at
higher resolution (1- or 2-cm intervals) than those originally carried out
at Site 607. In addition, modern drilling techniques and multiple coring
applied during IODP Expedition 306 improved the continuity of the
stratigraphic section obtained at Site U1313 in relation to the older DSDP
Site 607, which was recovered before the development of shipboard
composite sections.

The working half was cut into 1-cm slices between 38.40 and
43.32 m composite depth (or 38.41 and 43.44 revised meters composite
depth; correction by Gary Acton, personal communication). Samples
were covered with reverse osmosis water (RO), disaggregated in an
orbital shaker, then washed through a 63 pm sieve using RO water, and
finally the residuals were dried overnight in an oven at 50 °C. The deep-
water record was obtained from Cibicidoides wuellerstorfi, picked from
the fraction >150um, an epifaunal benthic foraminiferal species (from
now onwards simply “benthic”) which has been shown to be the most
reliable indicator of the fEBC of dissolved CO, in the bottom water
(Belanger et al., 1981). At Site U1313, C. wuellerstorfi was continuously
present and well preserved throughout the interval analysed in this
study, and we were able to produce a benthic ﬁBC record at the same
resolution as the planktonic stable isotope signal. About five specimens
were used for each analysis. For the surface water record, we chose to
analyse Globigerina bulloides, because this species has a depth preference
within the upper 100 m (Be’, 1977) and is therefore well qualified to be a
recorder of surface water conditions. In addition, this planktonic
foraminiferal species (from now onwards simply “planktonic”) is
present throughout the record. To minimize the effects of ontogenetic
development on the isotopic composition of the tests, specimens were
selected from a controlled size-range, 300-355 um. Thirty specimens
were used for each analysis in order to constrain the-intraspecific
variability; the use of this relatively large number also reduces analytical
noise.

Samples were crushed and cleaned in 3% hydrogen peroxide
solution before the isotopic analyses, which were carried outat the
Godwin Laboratory (University of Cambridge). Measurements of the
isotopic composition of carbon dioxide released from the foraminif-
eral carbonate using a MULTIPREP system were performed on a VG
PRISM (for benthic foraminifera) and a VG SIRA (for planktonic
foraminifera) mass spectrometers. Calibration to the Vienna Peedee
Belemnite standard was through the NBS19 standard (Coplen, 1995),
and the analytical precision was better than 0.08%. for 6'80 and 0.06%.
for EBC. -

The age model for Site U1313 was constructed by correlating the
benthic f 80 to the stacked 6'®0 record of Lisiecki and Raymo (2005).
The age control points used are listed in Table 1. According to our age
model, the record spans the time interval from 788 ka to 912 ka, and the
sample spacing provides a resolution ranging from less than 350 years
during MIS 20 and 22 to about 250 years during MIS 21.

Time series analyses were used to estimate the variance distribution
as a function of frequency, as well as the coherence and phase
relationships between records. Cross-spectral analysis of the proxy
data sets was undertaken using the ARAND software package (Howell et
al,, 2006) and applying Blackman-Tukey methods (Jenkins and Watts,
1968). Confirmatory analyses and bandpass filtering were carried out
using Analyseries (Paillard et al., 1996), and Redfit (Schulz and
Mudelsee, 2002) was used to help examine the statistical significance
of particular peaks. Correlation coefficients for cross-correlations were
calculated using IBM SPSS software.

Table 1
Age control points for correlating IODP Site U1313 to the Lisiecki and Raymo (2005)
stack. Between control points, age is estimated by linear interpolation.

Age Depth
(ka) (rmcd)
788 38.42
810 39.72
832 40.37
852 41.30
866 41.70
912 43.41
3, Results

The oxygen isotope record for G.<bulloides and (. wuellerstorfi,
together with the benthic carbon isotope data, document suborbital-
scale climate variations at different time scales over the interval
between late in MIS 23 and MIS 20 (Fig. 2). The longer periodicity
components of our proxy records have been emphasized in Fig. 2 by a
Gaussian interpolation of the isotope data using a 15 kyr window
width (effectively a 10 kyr threshold low-pass filter), showing that
the higher amplitude oscillations are prevalent during MIS 21. In
detail, the isotope records show that MIS 21 stands out as an
interglacial interrupted by abrupt cool periods. According to the
benthic leo, which provides a standard stratigraphy for the core, and
within the limitations of our age model, at least four events of light
oxygen isotope values and benthic f”C enrichment are documented
in this interval and centred at ca. 860, 848, 838 and 824 ka. We
observe a trough-to-peak range of 0.7-1%. in the planktonic 2180
record during these events. If these suborbital oscillations are entirely
driven by sea surface temperature (SST) changes, they correspond to
oscillations of about 3° to 4 °C (Shackleton, 1974). Although SST
variability is the simplest explanation for the planktonic E‘SO
oscillations, it must be kept in mind that, while the §'°0 of G.
bulloides records the full glacial-interglacial range of SST change in the
North Atlantic, it is also affected by variations in the J<§180 of surface
waters. In addition, shifts in the season of maximum flux during
glacial and interglacial periods might have also played a role in thE
680 variability of G. bulloides.

In order to emphasize the millennial-scale variability in the isotope
signal from Site U1313, we have subtracted the Gaussian interpolation of
the isotope data from the full record; in doing this, we aim to isolate the
higher frequency component of the signal, and to examine whether
changes occurred in the amplitude and duration of suborbital variations
during the time interval analysed. The results are shown in Fig. 3. A
comparison of the shared high-amplitude variance (confirmed by the
spectral analyses, as described below) between residuals from the
benthic and planktonic isotope records suggests a high signal-to-noise
ratio, adding confidence to the interpretation that the residual variability
contains the high-resolution component of the measured records. The
amplitude of the suborbital variations in the planktonic 680 (0.5-0.8%.)
is slightly smaller than the variability identified at the Bermuda Rise
during MIS 3 (Keigwin and Boyle, 1999), and similar to the amplitude of
variations observed during MIS 5 at Site 1059 (Oppo et al., 2001) and
MIS 11 at Site 1056 (Chaisson et al., 2002) in the western subtropical
North Atlantic.

Cross-spectral analyses of the benthic and planktonic 6'%0 residuals
indicate significant concentrations of spectral power arotnd a 10.7 kyr
periodicity (Fig. 4a). Variance is also centred on the 6-kyr period, but with
power far stronger in the benthic 6'%0 than in planktonic §'0, although a
weak peak at this periodicity is identifiable in the planktdﬁic 5180 as well.
The 6-kyr peak in the planktonic record might be considered of marginal
or no significance on its own. However, in the context of a climatological
setting where the exact frequency is reasonably confidently known to
affect the environment, the strong presence of this periodicity in the
benthic 13180 carries more weight on the significance of the planktonic

Please cite this article as: Ferretti, P., et al., North Atlantic millennial-scale climate variability 910 to 790 ka and the role of the equatorial
insolation forcing, Earth Planet. Sci. Lett. (2010), doi:10.1016/j.epsl.2010.02.016
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Fig. 2. Stable isotope records from IODP Site U1313. (a) Globigerina bulloides '0; (b) Cibicidoides wuellerstorfi 56'0; (c) C. wuellerstorfi 6'>C (thin lines with data point markers). The
6'80 values of C. wuellerstorfi were adjusted by -+ 0.64%. to bring them into presumed oxygen isotopic equilibrium with ambient sea water (Shackleton and Opdyke, 1973). Also
shown is the Gaussian interpolation of the three isotopic records using a 15 kyr Gaussian window (thick line without marker). A revised definition of MIS 21 substages is reported.

peak. Benthic and planktonic 6'®0 residuals are coherent above the 95%
confidence level at both per1561c1tles The phase relationship at 10.7 kyr
suggests a phase offset between the two parameters of about 38.8°, which
at this periodicity is equivalent to ca. 1.1 kyr, with benthic leading
planktonic 6180 residuals. Although the 6 kyr periodicity should be
mterpreted cautiously, the estimated phase offset is 23.5°, which would
correspond to a ca. 400 year lead of benthic §'0 to planktonic & 5%0.

Fig. 4a indicates that some variance in the 680 was also present at
higher frequencies, but was dwarfed by the 107 and 6 kyr periodicities.
The benthlc 5180 residual record displays peaks centered at 3.8, 2.9, 2.4,
and 2 kyr, whereas the planktonic 6180 variance is concentrated at
around 4, 3 and 2 kyr. Although there appears to be spectral power in
both parameters at periodicities of ~4, ~3 and 2 kyr, coherency is not
high at these frequency bands and the phase estimate would therefore
be unreliable. This higher frequency component of climatic variability
identified at Site U1313, falling within the 2-4 kyr range, encompasses
periodicities that have also been reported in North Atlantic records
from the late Pleistocene (Chapman and Shackleton, 1998, 1999; Oppo
et al.,, 1998).

Cross-spectral analysis of the benthic LS”C and planktonic 6'%0
residuals confirms significant variance of around 10.7 kyr periodicity
in the planktonic ElSO and 11.5 kyr in the benthic iS”C, which, given
the bandwidth, are likely to represent the same cyclicity (Fig. 4b).
Substantial variance is also present at the 3.7 and 1.9 kyr periods in
the benthic 6'3C residuals. At the 10.7-11.5 kyr periodicity the
coherence is ﬁ]st below the 80% confidence criterion, indicating that
the phase estimate is statistically unreliable due to a lack of coherence
between the parameters. Given the poor coherence and the difference
in the absolute spectral peaks, these data are not sufficient to establish
a phase relationship between these variables at this periodicity in the
interval analysed.

4. Discussion
4
4.£Climate instability during MIS 21

At the relatively longer suborbital periodicities, rapid increases in the
oxygen isotope records at Site U1313 break the interglacial MIS 21 into
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Fig. 3. The residual obtained by subtracting the Gaussian interpolation from the measured records of (a) Globigerina bulloides §'%0, (b) Cibicidoides wuellerstorfi 60, (c) C.
wuellerstorfi 5'>C (thin lines with data point markers). The wide-Gaussian window (low periodicity) filtered data were linearly interpolated onto the age values of the original data in
order to conserve the original variance of the data, and the difference obtained. Also shown are the three measured records (gray line without marker) for stratigraphic reference.

four isotopic interstadial periods (21.1, 21.3, 21.5 and 21.7 in Fig. 2),
revealing an interval of unstable climate. A partitioning of MIS 21 has
already been documented by other deep-sea records, but this stage has
been controversial and has proved difficult to astronomically tune in
earlier work. Ruddiman et al. (1986) compressed this stage into a single
obliquity cycle in DSDP Site 607, whereas Hilgen (1991) interpreted it as
containing two tilt cycles; on the other hand Bassinot et al. (1994)
identified three peaks in core MD900963 from the tropical Indian Ocean,

and interpreted them as related to precession cycles. Thus, from
previous work, it seems that the length and number of the cycles over
oxygen stage 21 may depend on the resolution of the record, the region
and the climate proxy studied. The recognition of an apparent “extra”
major climate cycle in the stable isotope records from Site U1313 raises
questions about whether this feature has basin-wide chronostrati-
graphic implications or is driven by local processes. In order to test these
hypotheses, we have compared the benthic stable isotope records from
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estimates. Brown University ARAND software was used for these analyses.

Site U1313 with other detailed records from high-latitude and
subtropical North Atlantic sites (Fig. 1).

Ocean Drilling Program (ODP) Site 983 is located on the Gardar drift,
on the eastern flank of the Reykjanes ridge, at 1985 m water depth; during
the last glacial maximum, this site was on the interface between Glacial
North Atlantic Intermediate Water (GNAIW) and Southern Ocean Deep
Waters in the North Atlantic (Oppo et al., 1997). Integrated Ocean Drilling
Program Site U1308 is the reoccupation of Deep Sea Drilling Project Site
609. Located on the eastern side of the Mid-Atlantic Ridge at 3872 m water
depth, this site is within the lower North Atlantic Deep Water (NADW)
(Hodell et al., 2008); during the last glaciation, the site was more
influenced by Lower Deep Water of Southern Ocean origin (Curry and
Oppo, 2005). ODP Site 1063 is positioned on the sediment drift that
constitutes the NE Bermuda Rise, in the northern Sargasso Sea; this site
lies at 4584 m water depth, within the present mixing zone between the
lower limb of NADW and Antarctic Bottom Water (AABW) (Keigwin et al.,
1994). Together with Site U1313, these sites form a depth transect
spanning the interval between ca. 2000 and 4500 m water depth in the
North Atlantic, increasing the spatial data coverage within the North
AtlanticThis transect encompasses the whole depth range of NADW
masses during interglacial periods, including the shifts of GNAIW, NADW
and AABW boundaries during glacial and unstable periods.

The benthic isotope records from Sites 983 (Kleiven et al., 2003),
U1308 (Hodell et al., 2008), U1313 (this study) and 1063 (Ferretti et al.,
2005) are plotted versus age in Fig. 5. A noticeable feature of this
comparison is that each of the four peaks recorded at Site U1313 within
MIS 21 has an equivalent at Sites 983, U1308 and 1063, confirming that
these events were recorded at various depths and latitudes in the North
Atlantic. This observation increases confidence in the interpretation of the

benthic isotope variations as reflecting regional deep ocean circulation
rather than being driven by local processes.

Within MIS 21, higher amplitude suborbital oscillations are
observed in the oxygen isotope record at Site 983, resulting from a
combination of llghter 5'80 values during warm episodes together
with the persistence of nearly identical 6180 values at the four sites
during cold episodes. This different amphtude of the 6180 signal
indicates different temperature and local 6180 51gnatures of deep-
water bathing each site. Located in the shallower position in the depth
transect, the f‘so record at Site 983 reflects warmer intermediate
source water, whereas Sites U1308/U1313 and 1063, respectively in
the core of NADW and at the interface between NADW and AABW, are
bathed by deeper water masses. However, considering that interme-
diate source waters bathing Site 983 are relatively cold today
(Yashayaev et al., 2007), it is likely that temperature alone does not
account for all of the benthic 6180 offset observed (0.5%.) between the
mterglaaal 5180 values at Site 983 and the deeper sites, and salinity
changes may have also played a role. In addition, the influence of
isotopically light water from small melting episodes cannot be
completely ruled out at the shallowest Site 983 (Dokken and Jansen,
1999; Kleiven et al., 2003). On the other hand, many of the
foraminiferal 8180 values at the Site 1063 are 0.2-0.3%. lighter than
those at the Shallower Sites U1313 and U1308, possibly reflecting
higher relative proportlons of colder, low-5" OdeepwmEl AABW versus
warmer, high- 6! Odeepwater NADW at thlsﬁeeper site.

The recognfﬁon of four mayor climatic cycles within MIS 21 has
important implications not only in terms of oxygen isotope stratigraphy
but also for the hydrographic and climatic interpretation of the benthic
isotope signal, which provides evidence from the lower limb of the
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Fig. 5. Oxygen (a) and carbon (b) isotope records for benthic foraminifera Cibicidoides wuellerstorfi from ODP Site 983 (Kleiven et al., 2003). Oxygen (c) and carbon (d) isotope
records for benthic foraminifera C. wuellerstorfi from I0DP Site U1313 (this study). Oxygen (e) and carbon (f) isotope records for benthic foraminifera C. wuellerstorfi and C.
kullenbergi from IODP Site U1308 (Hodell et al., 2008). Oxygen (g) and carbon (h) isotope records for benthic foraminifera from ODP Site 1063 (Ferretti et al., 2005). When necessary,
isotope correction factors were used to adjust values for the various species analysed towards isotopic equilibrium values (for '®0) and towards an estimated '>C content of dissolved
CO, (for 3C). All records are shown on their published age models,a part from those of ODP Site 983, which have been revised. Isotopic substages, as defined in this work, are also

reported.

Atlantic Meridional Overturning Circulation (AMOC): It is significant
that these ﬁl 80 oscillations can be traced throughout the NADW depth
range, implying that the different NADW source water masses and their
relevant convection areas are similarly. affected. Four peaks are also
recorded in the benthic 5‘3C records at the three deeper sites, where
much of the benthlc 513CV variability can be ascribed primarily to changes
in the relative strength of NADW versus AABW. At Site U1313, each low
benthic 6'3C event occurs during an interval of high planktonic 630
(Fig. 2),fmplying that the ventilation of the North Atlantic was reduced
during surface cold events and suggesting a coupling between surface
temperature changes and the strength of the AMOC. Although
speculative, these observations would be consistent with a southward
extension of the subpolar gyre and thus a southward displacement and
lower transport of the North Atlantic Drift. This would imply a reduction
of the northward heat flux carried by the North Atlantic surface ocean
into the deep-water convection areas. It is noteworthy that inputs of ice-
rafted material, inferred from episodes of high content of magnetic
particles, occurred in the Nordic Seas during MIS 21 (Helmke et al.,
2005). Taken together, the evidence from the Nordic Seas and Site
U1313 may support a link between iceberg discharge, increased
freshening of the surface waters and reduced convection during MIS 21.

At Site U1313, episodes of weak NADW (inferred from low benthic

813C values), associated with planktonic 6'0 evidence for surfacé

cooling mirror a pattern frequently described in late Pleistocene climate

records; thus it seems that the glacial and orbital boundary conditions
can vary considerably, while this coupling regularly persists.

4.2iHarmonics of precession imprints in the North Atlantic

In order to explore the nature of the suborbital variability more
closely, we have examined whether the climate variations observed
during MIS 21 had a counterpart during glacial periods and extended our
study to the whole interval, MIS 23-20. Suborbital variability is indeed
recorded throughout the isotope records at Site U1313 and spectral
analysis indicates significant variability is centred on periods of 10.7-
and 6-kyr (Fig. 4). This timing is particularly interesting because it is
close to peaks expected from the second and the fourth-harmonics of
the precessional component of the insolation forcing.

In recent years, several studies have invoked or observed this type of
response in nonlinear models of climate, in insolation records and in
high-resolution records of climate variations. In modelling studies, two
mechanisms are usually thought responsible for oscillations equal to the
half-precessional signal. The first is that, in equatorial regions, the
combination of the overhead passage of the Sun at either Equinox,
together with perihelion, produces maximal temperatures; this phe-
nomenon takes place twice during each precession cycle, and
consequently generates a signal at near half the precession period (10
to 12 kyr) (Short et al., 1991). In this model, precession harmonics are
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primarily restricted to the equatorial regions, but it is feasible that this
temperature response is exported into higher latitudes by tropical
convective processes, either atmospheric or oceanic. Another way to
produce semiprecession cycles is related to the alignment of each
solstice with perihelion. Perihelion coincides only once with the
Northern Hemisphere summer solstice during one precessional cycle.
However, a Southern Hemisphere precession signal can be exported to
the Northern Hemisphere and, because the two hemispheres are 180°
out of phase in relation to precession, this would generate a
semiprecession cycle in the Northern Hemisphere (Rutherford and
D'Hondt, 2000).

Insolation records have predicted not only the existence of half-
precession periods, but also the occurrence of the fourth-harmonics of

precession cycles (11 kyr and 5.5 kyr respectively). These cycles have
been identified in a calculation of the amplitude of the seasonal cycle of the
energy that the equatorial (and to a lesser extent the intertropical) regions
received from the Sun over the last 1 Ma (Berger et al,, 2006). In line with
the model proposed by Short et al. (1991), these cycles are clearly
identified at the Equator; they are still present in the intertropical belt, but
their amplitude decreases rapidly moving away from the Equator.

Other studies have specifically targeted past millennial-scale climate
variability and identified 11 kyr cycles (Hagelberg et al., 1994; McIntyre
and Molfino, 1996; Wara et al., 2000; Chaisson et al., 2002; Niemitz and
Billups, 2005), and 5 kyr cycles in proxy records (Weirauch et al., 2008),
so that there is now evidence for a climate system response to the
harmonics of the precession band in geologic records from both low-
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Fig. 6. Comparison of planktonic and benthic foraminiferal 6'0 residual from Site U1313 to different insolation records (Laskar et al., 2004): (a) the insolation at the Equator in
Spring (solid line) and Autumn (dashed line); (b) the residual obtained by subtracting the Gaussian interpolation from the measured records of Globigerina bulloides 6'%0; (c) the
residual obtained by subtracting the Gaussian interpolation from the measured records of Cibicidoides wuellerstorfi 5'%0; (d) Northern Hemisphere summer insolation (65°N, June-
July) (solid line) and Southern Hemisphere summer insolation (65°S, December-January) (dashed line).
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Fig. 7. Comparison of foraminiferal 620 residual from Site U1313 to different forcing models. Solid lines represent: (a) the “Equinox added” solution; (b) the “Equinox maxima”
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frequency, 0.02 width) of the benthic foraminiferal 6'®0 residual; (e) the “Solstice added” solution; (f) the “Solstice maxima” solution. See text for an explanation about how the
different orbital forcing models were obtained. Thick dashed lines represent the upper amplitude envelope of the variables.

and high-latitude locations. In most of these studies, the mechanism Alternatively, a different scenario has been proposed to explain
most frequently proposed to explain the half-precession signal involves oscillations at frequencies equal to half-precession harmonics in the
the generation of half-precessional climate variability in the tropics, North Atlantic Ocean, which involves a regional response to high
which is then advected to the high latitudes with relatively little lag. latitude orbital forcing (Wara et al., 2000).
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In order to resolve the driving mechanism of records observed at Site
U1313 in the context of a low- or high-latitude climate forcing, we have
compared them to different insolation records (Laskar et al., 2004): a)
the insolation at the Equator in March and September (Fig. 6a), in order
to test the hypothesis by Short et al. (1991) and b) the insolation at both
65°N in June-July and 65°S in December-January (Fig. 6d) to test the
hypothesis by Rutherford and D'Hondt (2000).

There is substantial agreement between the benthic and planktonic
680 residual records and insolation at the Equator during the Equinoxes
(Fig. 6a). The two oxygen isotope records not only follow the pattern but
also mimic the amplitude of insolation. From ~880 to ~830 ka, G. bulloides
and C. wuellerstorfi $'®0 values parallel the multiple, relatively high-
amplitude insolation variations. The comparatively small insolation
variations during the preceding and subsequent intervals are also
apparent in the f 80 records of G. bulloides and C. wuellerstorfi. The
phase offset between the timing of changes in the insolation and the proxy
records possibly reflects a delay in the response of the climate system to
the astronomical forcing or could also be an artefact of the orbitally tuned
age model. In contrast, the insolation at 65°N-S shows a very different
evolution, both in terms of timing and amplitude variations, which does
not correlate as closely to the climate signal at Site U1313 (Fig. 6d); these
observations make control from those regions appear unlikely.

4.2.1, Cross-correlation coefficients between the forcing and the climatic
response

To evaluate the strength of the relationship between the amplitude
modulation of the possible forcing and the proxy response, we have
compared the amplitude envelopes of the 10 kyr-filtered foraminiferal
6'30 residuals with the two candidates for orbital forcing — Equinoxes at
the Equator and Solstices at both 65°N and 65°S. To combine the elements
of the forcing to a single line, we used two models: a) adding the total
insolation curves (solutions called “Equinox added” and “Solstice added”),
or b) combining them by using the maxima from either curve, (switching
from one curve to another whenever the insolation in one curve exceeded
that in the other), on the assumption that warming responses would be
driven by the higher insolation (solutions called “Equinox maxima” and
“Solstice maxima”) (Fig. 7). This second procedure generated forcing
models with little amplitude variation on the lower part of the curve
(minimum values). Cross-correlation coefficients were therefore exam-
ined on the upper amplitude envelopes of the variables only (Fig. 7). To
make a comparison that was not biased by the absolute position of the
cycles relative to the orbital forcing, the cross-correlation was lagged or
led the response to the forcing by the equivalent of a precession cycle (i.e.
21-kyr steps) in case the assumptions about the phase relationship to
precession had “misplaced” the subMilankovitch components in relation
to the forcing. A good correlation at an extreme lead or lag in relation to
the existing age model would be suspect on chronostratigraphic grounds.

Cross-correlation shows consistently better correlation coefficients for
Equinox-based solutions rather than Solstice forcing models (Fig. 8). The
mean of the planktonic and benthic correlation coefficients at each of the
offsets to the forcing shows. that the highest value obtained for the
Equinox models is 0.79 at 7 kyr lag with respect to the orbital forcing
models (for the Equinox maxima solution), and for the Solstice models is
0.69 at zero lag (for the Solstice maxima solution). The better predictions
based on equinoctial forcingare due to the presence of a greater influence
of orbital obliquity on the Solstice curves; in contrast, the effect of the
obliquity component of the high-latitude forcing is virtually absent in the
low-latitude forcing (Fig. 9). These results indicate that the equinoctial
forcing is a better fit to the proxy data. They do not preclude the possibility
that high-latitude forcing is responsible for the observed response, but
they do suggest that low-latitude forcing provides a more complete and
effective explanation for it.

4.2.2. Transport of the equatorial signal to the higher latitudes
The very good match between the proxy records and the insolation
at the Equator supports the hypothesis that forcing from low latitudes

might be implicated in the origin of the harmonics of precession cycles
observed at Site U1313. This is in agreement with recent insolation
records showing that maximum and minimum equatorial insolation
have pronounced precession harmonics, mainly 11 kyr (Berger et al.,
2006; Ashkenazy and Gildor, 2008) and 5 kyr (Berger et al., 2006). In
addition, a driving mechanism based on low-latitude insolation would
be consistent with the observation that the higher amplitude variations
at Site U1313 are mainly concentrated between ~880 and ~830 ka, an
interval which includes the MIS 22-21 transition and most of MIS 21.
Such a mechanism would be working continuously throughout glacial-
interglacial cycles, explaining why no obvious ice volume threshold
seems important for setting the stage for high-amplitude variability at
our site.

In order to influence climate variability at Site U1313, energy would
have to be transported into high latitudes away from equatorial regions.
Modelling studies suggest that atmospheric and oceanic circulation
could reasonably be invoked to transmit the equatorial response to the
high latitudes (Short et al,, 1991). At DSDP Site 607 from the same
location (Site U1313 was a reoccupation of Site 607), the relative
abundance of the coccolithophorid Florisphaera profunda presents high-
amplitude, short-term shifts from MIS 23 to the MIS 22/21 transition,
when a rapid decrease starts to be recorded (Marino et al., 2008). This
species is restricted to the lower part of the euphotic zone (Okada and
Honjo, 1973) and has been used as an indicator of the depth of the
nutricline (Molfinoand McIntyre, 1990a,b; McIntyre and Molfino,
1996). The relative abundance of F. profunda increases when the upper
photic zone is impoverished in nutrients and the nutricline deepens; in
contrast, its abundance decreases when wind stress generates a rise of
the nutricline and an increase of primary production in the upper photic
zone. Present-day satellite observations indicate that in the North
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were obtained by taking the mean of the two planktonic and benthic correlation
coefficients versus the orbital forcing models at each of the offsets to the forcing.
Negative values on the X axis correspond to a lag of the climatic response with respect
to the orbital forcing. The cross-correlations suggest a lag of mean climatic response to
the orbital forcing “Equinox maxima” solution of about 7 kyr relative to the timescale
presented here. No optimal lag is attained for the “Solstice max” solution.
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Fig. 9. Comparison of foraminiferal 6'®0 residual from Site U1313 and forcing models to the Earth's orbital parameters (Laskar et al., 2004). (a) the “Equinox maxima” solution (solid
line) together with orbital eccentricity (dashed line) and precession (dashed line with cycles); (b) the 10-kyr Gaussian band filter of the planktonic foraminiferal 5'%0 residual (solid
line), orbital eccentricity (dashed line) and precession (dashed line with cycles); (c) the 10-kyr Gaussian band filter of the benthic foraminiferal 6'20 residual (solid line), orbital
eccentricity (dashed line) and precession (dashed line with cycles); (d) the “Solstice maxima” solution (solid line) together with obliquity (dashed line).

Atlantic high winds occur mainly over the open ocean where the
northward flowing Gulf Stream leaves the Grand Banks and retroflects
into the broad eastward North Atlantic Current (Sampe and Xie, 2007),
very close to the location of Site U1313. If the abundance fluctuations of
F. profunda at Site 607 prove to reflect changes in the nutricline position
related to a strengthening of atmospheric surface winds, then it appears
that very dynamic oceanic/atmospheric conditions characterized this
area during the time interval considered in this study. Stronger
atmospheric winds were hypothesized by Weirauch et al. (2008) after
MIS 22, when an increase in ice volume induced stronger pole-to-
equator temperature gradients.

Increased poleward flow of surface westerlies directly affects the
displacement of warm tropical waters towards the high latitudes in the

North Atlantic by the Gulf Stream and North Atlantic Drift, and it is
conceivable that this process could have contributed to export the
equatorial temperature response to the higher latitudes.

4.3iPhase relationship between surface and deep-water records

At Site U1313, we observe a phase difference between the oxygen
isotope records of C. wuellerstorfi and G. bulloides, with the benthic 6'%0
leading the planktonic 6'80 by 1100 years in the 10.7 kyr band anid by
400 years in the 61wﬁbar1d (Fig. 4a). At DSDP Site 607, sea surface
temperature lags 3000 years behind the benthic 6'%0 in the 23 Kyr band,
confirming a phase lead of the deep-water signa]Lover the surface record
even at orbital timescales (Ruddiman et al., 1989). Asynchrony between
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benthic and planktonic foraminiferal §'®0 records has already been
observed in sediment cores from the Northern (Shackleton et al., 2000)
and Southern Hemispheres (Charles et al., 1996). Although the phase
relationship between proxies from a single core is relatively incontro-
vertible, a straightforward interpretation of this phase offset is not yet
available.

Some of the features in the oxygen records at Site U1313 partly
resemble the pattern described for the Northeast Atlantic, where the
benthic f 80 was originally interpreted as providing evidence of changes
in continental ice volume (Shackleton et al., 2000). For example, at around
848 ka, the benthic $'®0 enrichment began when the planktonic §'®0
values were still close to their lightest value (Fig. 2). Warm sea surface
temperatures, as inferred from the planktonic Q‘SO. create optimal
conditions for rapid continental ice growth by providing moisture, due
to the large temperature gradients between the atmosphere and the
ocean. On orbital timescales, Ruddiman and McIntyre (1979, 1981)
depicted a similar scenario using sea surface temperature (SST) data from
the northwestern subtropical gyre and the subpolar ocean, which
maintained relatively warm SSTs during the rapid ice growth phases of
the last 250,000 years and acted primarily as a moisture amplifier of
continental ice-sheet growth and decay at the 23 kyr period. At around
852 ka, the benthic ﬁlSO depletion starts before the planktonic oxygen
isotope signal reaches its heaviest values; when the surface of the North
Atlantic was cold, local moisture supply and possibly influx of low-latitude
moisture were suppressed, inducing ice decay. It is interesting to note that
in the process of picking foraminifera for geochemical analyses, at ca.
852 ka we found traces of mineral grains (>150 microns, mostly quartz),
which were probably recording the episodic input of ice-rafted detritus to
Site U1313.

However, this interpretation is not entirely free of complications
because the North Atlantic is sensitive to rapid exchanges between
different deep-water masses with contrasting flso and temperature
signatures (Skinner et al., 2003). For this reason, variations in the
benthic $'°0 at Site U1313 may reflect not only fluctuations in ice
volume during millennial events but also local changes in deep-water
hydrography associated with AMOC perturbations. Benthic $'*C at
this site is a good indicator of AMOC changes (Raymo et al., 1990,
2004), and the observation that this signal lags the benthic $'°0'in the
above mentioned interval (852-848 ka) provides support to the
hypothesis that some of the major transitions in the benthic flso
record appear to be controlled generally, though not exclusively, by
ice volume changes. It is not very straightforward to extend this line of
reasoning to the whole interval of time analysed in this study, because
the phasing of some of the climate variables remain to be determined
precisely and does not provide information about the causal relation-
ships. In particular, the absolute spectral peaks in the benthic is”c
residual do not occur at the same periods as the benthic and
planktonic 6'80 residuals (Fig. 4); moreover, the lack of significant
coherency between the benthic QBC and planktonic Elso residuals
(Fig. 4b) preclude a meaningful evaluation of the phase evolution in
the interval analysed. On this basis, these observations would be more
consistent with previous findings suggesting that both mechanisms-
ice volume changes in the Northern Hemisphere ice sheets and
hydrographic changes in deep water-could act together to cause the
variability observed in the benthic oxygen isotope record at Site
U1313.

We are aware that the ultimate mechanism behind this pattern
remains equivocal in the absence of additional constraints on the
significance of the benthic 6'®0 record. In a more conservative way, we
suggest that our results suﬁport an asynchronous relationship between
surface and deep-water hydrography in the mid-latitude North Atlantic
during MIS 23-20. The persistence of this pattern of response during
different glacial and orbital boundary conditions in the Pleistocene
indicates that this is a robust feature of the climate system and an
important consideration of any theory of orbital and millennial-scale
climate change.

5, Conclusions

Stable isotope records from IODP Site U1313, in the mid-latitude
North Atlantic, document a detailed history of surface conditions and
their relationship to regional and deep-water changes over the interval
910-790 ka (from late in MIS 23 to MIS 20).

During interglacial MIS 21, four major climate cycles have been
identified and correlated across the North Atlantic Ocean. These
events occurred more frequently than can be explained by a linear
response to cyclical changes in orbital geometry, as suggested in
previous work. Surface cold events co-existed with relatively poorly
ventilated deep waters, implying that changes in the Atlantic
meridional overturning circulation were implicated in these events.

Time series analyses indicate that the benthic and planktonic oxygen
isotope records contain significant millennial-scale variability at periods
of 10.7 and 6 kyr, which correspond to harmonics of the precession
cycles, and these cycles can be observed. throughout this interval. A
match with Spring and Autumn orbital forcing at low latitudes suggests
that the source of this part of the climate signal at our Site is low-latitude
insolation, with the equatorial response being advected to the high
latitudes through oceanic and atmospheric circulation, after being
possibly amplified by moisture feedback. Our results appear to support
an asynchronous relationship between surface and deep-water records,
in analogy with late Pleistocene climate records and confirming a
pattern already identified at the same site on orbital timescales. While
the regional extent of these events needs to be verified by future work,
we suggest that the 10.7- and 6-kyr cycles recorded at Site U1313
provide support for a linked atmosphere-ocean-cryosphere system
controlled by low latitude insolation forcing at these periodicities.
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