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Studies of natural climate variability are essential for evaluating
its future evolution. Greenland ice cores suggest that the modern
warm period (the Holocene) has been relatively stable for the past
9,000 years™. Much less is known about other warm interglacial
periods, which comprise less than 10% of the climate record
during the past 2.5 million years®”. Here we present high-resolu-
tion ocean sediment records of surface and deep-water variables
from the Bermuda Rise spanning the last interglacial period,
about 118,000—127,000 years ago. In general, deep-water chemical
changes are coincident with transitions in surface climate at this
site. The records do not show any substantial fluctuations relative
to the much higher variability observed during the preceding and
subsequent cool climates. The relatively stable interglacial period
begins and ends with abrupt changes in deep-water flow. We
estimate, using 2*Th measurements to constrain the chronology,
that transitions occur in less than 400 years.

Early results from the GRIP ice core project suggested large
climatic changes during the last interglacial*®, taken here as roughly
equivalent to marine oxygen isotopic stage 5e and the Eemian
interglacial on land’. Because of structural studies of the ice sheet’s
bedding'®, comparison with the GISP2 record' and studies of the
380 of atmospheric oxygen', the largest of these apparent climatic
instabilities now appear to be artefacts of ice disturbance near
the bottom of the core. Nevertheless, the Greenland ice sheet
data highlighted how little is known of the climate stability of
warm climate periods such as stage 5e, inspiring detailed climate
studies on land®” and in marine records’™'>". As part of the
IMAGES coring program, we raised a 52.7-m-long core (MD95-
2036, 33°41.444'N, 57°34.548'W, 4,462 m water depth) from the
Bermuda Rise, a North Atlantic sediment drift deposit. This core
has a continuous record of sedimentation from the Last Glacial
Maximum back through the penultimate glaciation (Fig. 1). Visible
light reflectance data from the core (a proxy for %CaCOj3) show that
we have collected a record that includes all of the major interstadials
from 5 to 21 that have been previously identified in Greenland ice
cores. Extremely high deposition rates (10-200cmkyr™) and
penetration through the marine isotope stage 6 provide a unique
archive of the ocean’s behaviour. As has been previously reported™,
this site is a sensitive indicator of basin scale deep-water chemical
variability. Here we present results on the foraminiferal chemistry
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and **Th-based clay and carbonate accumulation rates in this core
from the depth interval from 42 to 44 m, including marine stages 5e
and 5d. To achieve the highest possible temporal resolution, the core
was sampled at 1-cm intervals, taking care to avoid extraneous
material from burrow structures. Although this sample spacing may
seem very fine, it is important to note that bulk density data show that
an original depth interval of ~2.4 cm has been compacted to 1 cm.

Several geochemical tracers are used here (Fig. 2). 8'*0 measure-
ments of the planktonic foraminiferan Globigerinoides ruber reflect a
mixture of the global ice volume signature and local surface
temperature and salinity conditions. Similarly, benthic 3'*0 data
reflect deep-water temperatures and the 5'°0 value of deep water at
this site (determined by global ice volume and deep water hydro-
graphy). For the global deep ocean, the 80 variation between
glacial and interglacial extrema is usually considered to be about
two-thirds ice volume and about one-third temperature'” (although
one study argues for a larger role for temperature in the South
Atlantic'®). Cd/Ca ratios were obtained from the benthic foramini-
feran Nutallides umbonifera. These data reflect the relative mixture
of nutrient-depleted source waters of a northern origin (low Cd/Ca)
with nutrient-enriched source waters of a southern origin (high Cd/
Ca)'*'”'®%, The foraminiferal dissolution index responds to the
corrosiveness of bottom waters to CaCOs. Because Cibicidoides
wuellerstorfi abundance is extremely low in several zones, the
benthic 8"C record is incomplete. These 3'°C data are given in
the Supplementary Information, but for deep-water chemical
variability we depend instead on the more complete Cd/Ca data".
Spectrophotometric reflectance data from the raw sediment were
obtained immediately on core splitting®; these data are summarized
with CIE (Commission Internationale de I’Eclairage) ‘L’ (lightness)
and ‘@’ (red-to-yellow colour balance) indices. Lightness reflects the
relative abundance of white CaCO; and (typically) darker non-
carbonate aluminosilicate material, and the red-to-yellow colour
balance reflects the abundance of haematite-rich sediment from the
Maritime Provinces of Canada®"**. Finally, clay and carbonate fluxes
were calculated from %CaCO; measurements and from excess
*9Th® (where ° stands for decay-corrected) determined, on every
other sample, by inductively coupled plasma mass spectrometry
(ICP-MS). This calculation is based on the precisely known pro-
duction rate of *’Th in the water column by dissolved uranium (in
flux units of d.p.m.cm*kyr"') and the efficient removal of
this 2°Th to the underlying sediment. On a basin-wide scale, the
concentration of *°Th in surface sediments (in units of d.p.m. g ")
is inversely proportional to the total sediment input to the basin (in
flux units of gcm > kyr™"). After accounting for decay since deposi-
tion at the surface, down-core accumulation rates of individual
sediment components can then be calculated by dividing the ***Th°
expected by the concentration measured and multiplying by the
component concentration” .

An age model for the interval studied was developed from §'*0
stratigraphy and ***Th-constrained flux variations. Two time
control points are taken from the Martinson et al®® orbitally
tuned benthic isotope stack: the beginning of the 5/6 transition
(4,380cm = 131kyr Bp) and the 5d/5e transition (4,280 cm =
114 kyr Bp). Previous work at this site established that the sediment
composition is a balance between biogenic carbonate (and a small
amount of atmospheric dust) falling out of the ocean surface and
aluminosilicates from the continental margin transported into the
interior of the basin by deep-sea currents”. The sedimentation rate
at this site is enhanced by lateral sediment focusing, where freshly
deposited material is removed from some areas of the seafloor by
deep-sea currents and then transported to this site. Low-resolution
data from the Holocene” and our unpublished studies based on
detailed "*C dates at this site for the past 3,000 yr indicate that the
basin-wide clay flux and the local focusing factor are correlated,
probably linked by seafloor circulation characteristics that control
both margin erosion and lateral transport. The ***Th focusing factor
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(F) is the ratio of total excess *°Th° found at a site divided by the
amount expected from production in the overlying water column.
Normally F is calculated by integrated excess °Th° measured
between two well-dated sediment horizons and dividing by the
amount produced during that time interval. Here, instead, we use
%CaCOj as a proxy for variations in F and use the excess **°Th°
measurements to calculate ages in 2-cm intervals. This process
allows us to adjust our age model for the changes in accumulation
rate between stable-isotope age control points.

We assume that there is a linear relation between F and %CaCO;
during stage 5e (as seen in the Holocene and deglaciation data) and
that the slope is as close to the Holocene value as it can be subject
to the constraints below. The slope (m = —6.7) and intercept
(b = 56%) of this relation are chosen so that

131 kyr
J F(£)dt = Fyyee (131 kyr — 114 kyr)
t=114kyr

In practice, we evaluate the integral at our sampling resolution of
2 cm and use our proxy generated F values to calculate the ages (At)
between these depths. In this way, the age model is improved from
an assumption of constant sedimentation between benthic isotope
control points:

B0The oAz

—— o«""" _F T = 9 A
ﬁ(water depth) average Z(m /OCaCO3 + b) t

ZAt:T
F=1

Here the summation is done over the depth range for which there
are 2°Th°,, measurements. T is the time interval, from benthic
isotope control points, of this depth range; (8 is the water-depth-
dependent *°Th production rate constant; and p is the dry bulk
density. The slope and intercept of the first equation are chosen as
described above and such that F is always greater than one. This
constraint of no winnowing (consistent with all measured F from
this site) coupled with different Holocene and stage 5e %CaCO;
maxima causes the F—-%CaCOj relationship to be different for the
two time periods (Holocene values: b = 35%, m = — 0.5). These
differences are inconsequential in relation to the conclusions dis-
cussed below. If we assumed the extreme case of constant F between
our two stable isotope age control points, the age of the terminal
stage 5e event would increase by 2 kyr and the duration of this event
would increase from 410 to 830 yr. Above the zone with **°Th data, a
constant accumulation rate of 11 cmkyr ™' is assumed, to be con-
sistent with sedimentation rates immediately below and inferred
ages of isotopic stages 5a and 5c¢ (as determined from the optical
reflectance stratigraphy).

At the site of MD95-2036, Cd data from the four oldest samples
indicate that a significant component of low-nutrient North Atlantic
Deep Water (NADW) was present at this site during early termina-
tion II (Fig. 2), although Cd is somewhat higher (lower %NADW)
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than seen during stage 5e or the Holocene. The largest signal in the
benthic Cd data show that stage 5e is preceded by an abrupt
cessation of NADW supply to this site lasting about 1,500y,
coeval with the Glacial to Interglacial transition (Fig. 2). This may
be the same event observed by Oppo et al.”” in a core shallower and
farther to the north. A similar event has also been reported at this
site for early deglaciation near the end of isotope stage 2 (refs 14,
19). All of these events may be coeval with ‘Heinrich’ ice rafting
events. At the end of the termination II event, Cd values are low and
similar to Holocene values," and benthic 8'*0O attains values
characteristic of full interglacial conditions. The bottom-water
saturation state, as indicated by the fragmentation index, closely
follows the Cd/Ca record, possibly with a slight time lag. This
fragmentation record supports Cd/Ca evidence for NADW
variability at this site. The clay flux peaks early on termination II,
just preceding NADW disappearance from this site. This peak clay
flux probably reflects higher sediment influx from Canada during
glacial disintegration. The fine-grained aluminosilicates from this
eroded material are first deposited on the Laurentian Fan,” scoured
by the western boundary current, and then laterally transported on
to the Bermuda Rise.” The coincident enhanced reddish colour of
the sediment—signifying hematite from the Canadian Maritimes—
supports this interpretation. The data from the 5/6 transition show
that the steepest change in 8'®0 and the NADW retreat from this site
are synchronous, but also show that clay flux precedes this transition
and the deep-water change.

Planktonic and benthic 80 are well correlated throughout
stages 5e and 5d; both attain full interglacial values at ~129 kyr sp
and remain relatively constant for the next 8,000 years. Fine-scale
structure in the planktonic record shows three zones of 3'°0
variability: (1) values of about — 0.79 % 0.16%o, with a slight
decreasing trend during stage 5e; (2) more scattered values of
~0.25 * 21%o0 during stage 5d; and (3) generally increasing
values on the 5e to 5d transition. The climatic record at this site
does not show a switch towards glacial conditions until there is a
chemical change in the deep waters. Late within isotope stage 5e
(~118kyr Bp), there is a rapid shift in oceanic conditions in the
western North Atlantic that has not been previously documented.
Within a 2-cm interval, %CaCOj; drops abruptly, and clay flux, Cd/
Ca, percentage fragmentation and red/yellow colour balance all rise
equally abruptly. These data indicate a coincident increase both in
the proportion of southern source waters and the recirculation-
derived clay supply. Immediately afterwards, benthic 8'*0 begins a
steady increase into marine isotope stage 5d. The rise in Cd/Ca,
carbonate flux and red-to-yellow colour balance are short-lived,
occurring over <8 cm (~400yr), whereas the clay flux decreases
more gradually. Surface tracers (G. ruber 3'%0 and CaCO; flux) are
coincident with deep tracers (Cd/Ca and clay flux) but with a
smaller amplitude. The rapid deep and surface hydrographic
changes found in this core mark the end of the peak interglacial
and the beginning of climate deterioration towards the semi-glacial

Greenland (GRIP) on GISP2 Bender etal. timescale

L (lightness)

Figure 1 Bermuda Rise sediment grey scale com-
pared with GRIP ice core 8'®0. Lightness data were
collected for MD95-2036 as described in the text. Ice
core 8'®0 data are from the GRIP ice core project.?
The age model is obtained by correlating the GISP Il
3'®0-age record with the GRIP 8'®0-depth record.
Numbered intervals correspond to interstadial
events identified in the ice core record. All events
from 5 to 21 are identifiable in the marine cores,
indicating a continuous record of climate up to the
penultimate glaciation. SMOW, standard mean
ocean water.
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stage 5d. Before and immediately after this event, signalling the
impending end of stage 5e, deep-water chemistry is similar to
modern NADW. As climate deteriorates into stage 5d, the deep
circulation becomes more variable (Cd/Ca;; = 0.099 £ 0.021 and
Cd/Ca,, = 0.071 = 0.010).

Data from the Bermuda Rise reveal several important features of
the climate stability during stage 5e and the penultimate glacial
transition. By augmenting the 3'®O stratigraphy with high-resolu-
tion *°Th profiling, we can place our records on a more refined
absolute age scale. During stage 5e, we find climate stability lasting
~8,000yr in both surface and deep waters at the Bermuda Rise.
Although there are significant events during this warm period, the
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Figure 2 Plots of MD95-2036 data against age and depth. All isotopic data are
relative to Pee Dee belemnite (PDB). T2 refers to the position of termination I, the
penultimate deglaciation. The symbols in the planktonic stable isotope plot are
VG 8'80 from G. ruber (circles) and Finnigan 8'®0 from G. ruber (triangles). A three-
point running average is drawn through the data. Benthic 80 data are from four
sources: VG Cibicidoides (upside-down triangles), Finigan Cibicidoides (plus
signs), Melonis (squares) and Oridorsalis (circles). The Melonis and Oridorsalis
data were adjusted by -0.35%. and -0.3%. respectively to be equivalent to the
Cibicidoides data. These adjustments are consistent with offsets at depths where
the species coexist with Cibicidoides and with previous core top studies.?®®
A Cibicidoides equivalent line is drawn through the data as a three-point running
average. Cd/Ca ratios are from . umbonifera and are plotted along with the
foraminiferal fragmentation index. Carbonate and non-carbonate fluxes from
excess *°Th° measurements are plotted with the reflectance red/yellow balance.
The age model was calculated from benthic 3'80 and *°Th°,, as described in the
text. Note that although foraminiferal MnCOg levels in this deep section of the core
are higher than normally considered acceptable (~200 pmol kg™), the similarity of
low-Mn Holocene and stage-5e Cd values suggests that these numbers are not
negatively affected at this site.
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variance of our climate tracers during stage 5e is smaller than in the
following cold stage and the preceding glacial transition. This
stability is punctuated, at the end of the last interglacial plateau,
by an abrupt event that begins the transition to a harsher climate.
Over ~400 yr, Cd/Ca ratios, clay flux, percentage fragmentation and
the red/yellow colour balance all show a synchronous switch to
bottom waters that have a higher proportion of southern source
component. It is this deep-water event that marks the descent into
isotopic stage 5d. Our data indicate that climatic shifts are strongly
related to deep-water reorganizations'>"” and that these changes can
occur in a time of the order of a few hundred years or less. O
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Supplementary information is available on Nature’s World-Wide Web site (http://www.nature.com) or
as paper copy from Mary Sheehan at the London editorial offices of Nature.
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