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[1] We have determined organic carbon concentrations and isotopic compositions and
benthic foraminiferal assemblages in sediments deposited between �500 and 340 ka at
ODP Site 1063 on the northeastern flank of the Bermuda Rise. This time interval includes
Marine Isotope Stage (MIS) 11, a particularly warm and long interglacial that was similar
to today, and MIS 12, one of the most severe glacials of the last 600 kyr. During MIS 11.3,
the peak of interglacial warming, organic carbon accumulation rates are low and benthic
foraminiferal assemblages are dominated by Nuttallides umbonifera, a species indicative of
oligotrophic environments. Higher accumulation rates during MIS 12 and 10 correspond
with elevated sedimentation rates (33–36 cm/kyr). This pattern implies a combination of
enhanced delivery and improved preservation of sediment organic matter during these
glacial times. Organic d13C values are less negative during MIS 12 and MIS 10 than during
MIS 11, which is consistent with greater glacial-stage marine productivity. High relative
abundances of Oridorsalis umbonatus during glacial intervals probably records a low but
sustained flux of highly degraded organic material. Large, recurrent fluctuations in the
abundance of Epistominella exigua at the beginnings of the MIS 12 and MIS 10 glaciations
suggest a marked increase in local phytoplankton blooms at these times and consequent
delivery of phytodetritus to the seafloor. The most likely causes of these variations are
changes in the position and strength of the Gulf Stream and its associated cold-ring eddies,
combined with increased advection of terrigenous sediments from northerly locations
during glacial lowstands.
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1. Introduction

[2] Marine primary productivity is an important com-
ponent of the global carbon cycle, where photosynthesis
removes carbon dioxide from surface waters, and sinking
organic matter transfers carbon to deep waters and marine
sediments in a process known as the “biological pump”
[Broecker, 1982; Shackleton et al., 1983; Mix, 1989]. Pri-
mary productivity at the ocean surface regulates the con-
centration of CO2 in the upper ocean and in the atmosphere
[e.g., Field et al., 1998]; for example, without phytoplankton

atmospheric CO2 concentrations would be close to double
present levels [Sarmiento et al., 1990].
[3] The main factors limiting primary productivity are the

availability of light and nutrients. Consequently the highest
rates of primary productivity are found on continental
shelves, sustained by the inputs of nutrients from continental
runoff, and in upwelling regions, where cold, nutrient-rich
sub-thermocline water is brought to the surface [Antoine
et al., 1996, and references therein]. By contrast, the lowest
rates are recorded in the subtropical gyres, where strong
water column stratification and weak vertical mixing result in
significant nutrient depletion of surface waters. At mid and
high latitudes, primary productivity is seasonal with maxima
in spring and summer, when days are longer, sea ice cover
is reduced, and nutrient levels in surface waters are higher
due to mixing.
[4] A growing concern is that continued global warm-

ing will increase thermal stratification in the open ocean and
thus expand the subtropical gyres [Sarmiento et al., 1998;
McClain et al., 2004; Polovina et al., 2008]. Indeed, a
number of models project a decrease in global mean pri-
mary productivity in the 21st century due to a reduction
in the Atlantic meridional overturning circulation (AMOC),
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enhanced stratification of the water column, and a shallower
mixed-layer [e.g., Schmittner, 2005; Steinacher et al., 2010].
However, other models predict an increase in global primary
productivity [Sarmiento et al., 2004; Schmittner et al., 2008]
driven by warmer temperatures and consequent enhancement
of phytoplankton growth rates.
[5] Investigations of past changes in primary productivity,

especially during intervals of extreme climate conditions,
can provide useful insights on how marine productivity is
affected by changes in climate and ocean circulation. Data
from the midlatitude North Atlantic (north of 45�N) indicate
that during the last glacial maximum (LGM) productivity
was generally lower than today, but punctuated by episodes
of surface phytoplankton blooms [Thomas et al., 1995;
Rasmussen et al., 1996; Nees et al., 1997; Smart, 2008; Radi
and de Vernal, 2008]. These events were likely the result
of changes in the position of the Arctic Front, which during
past ice ages was shifted southward to latitudes between
42�–46�N [Pflaumann et al., 2003]. Less information is
available from lower latitudes or older time intervals. High-
productivity events are recorded in sediments deposited
during glacial Marine Isotope Stages (MIS) 8, 6 and 2 in the
central North Atlantic between 37�–43�N [Villanueva et al.,
2001] and during MIS 16, 12, and 10 at IODP Site U1313
on the Mid-Atlantic Ridge, with the strongest productivity
appearing during MIS 12 [Stein et al., 2009]. In the western
North Atlantic, episodes of surface phytoplankton blooms
are documented during MIS 12 and MIS 10 at Site 1058 on
the Blake Outer Ridge [Poli et al., 2010], and tentatively
linked to variability in the flow of the Gulf Stream and in
particular to its meandering activity.
[6] On shorter timescales, large, rapid variations in pri-

mary productivity are associated with Heinrich (H) events,
when massive discharges of icebergs from the ice sheets
delivered cold, fresh water to the North Atlantic, enhanc-
ing surface water stratification, reducing the AMOC, and
delivering ice rafted debris (IRD) to the ocean floor [e.g.,
Broecker et al., 1992; McManus et al., 2004]. At latitudes
north of 40�N, these events are associated with a drastic
decrease in primary productivity documented by low diatom
abundances [Rasmussen et al., 2002; Nave et al., 2007]. By
contrast, at the Bermuda Rise, at Site 607 on the mid-Atlantic
Ridge, and in the SE Labrador Sea, IRD layers are associated
with high diatom productivity [Sancetta, 1992; Rasmussen
et al., 2003; Gil et al., 2009], probably stimulated by melt-
ing of icebergs and the consequent delivery of nutrients,
especially silica and iron, and concurrent dilution of the
surface ocean to retain more of these nutrients in the photic
zone.
[7] In this paper we present the results of a study on sedi-

ments deposited on the Bermuda Rise (western subtropical
North Atlantic) between �500 kyr and 340 kyr BP, a time
interval extending from MIS 13 to MIS 10. The transition
between MIS 12 and 11, commonly known as Termination V
(�424 ka), was a particularly dramatic glacial-interglacial
change. During MIS 12 global ice volume was�15% greater
than during the most recent glacial maximum (LGM), and
sea level was �140 m lower than at present [Rohling et al.,
1998]. In contrast, MIS 11 was characterized by the warm-
est temperatures and the highest rates of North Atlantic Deep
Water (NADW) production of the last 600,000 years [Raymo
et al., 1990; Howard, 1997]. The duration of the main warm

interval in MIS 11 (MIS 11.3) is estimated to have been
�26–30 kyr, more than twice that of MIS 5e [McManus
et al., 2003; Stein et al., 2009]. Beach deposits and elevated
reef terraces indicate that sea level was as much as 20 m
higher than the present-day during parts of MIS 11 [Burckle,
1997; Hearty, 1998; Hearty et al., 1999; Olson and Hearty,
2009]. Thus, Termination V had a total sea level rise
(�160 m) approximately 30% greater than the sea level rise
during the most recent deglaciation (�120 m).
[8] Despite the extreme nature of theMIS 12–11 transition,

MIS 11 (424–364 ka) is often considered the closest analog
to the Holocene [Loutre and Berger, 2003; de Abreu et al.,
2005; Ruddiman, 2005]. Like the Holocene, the orbital
parameters that prevailed during the early part of MIS 11
consisted of low eccentricity, high obliquity, and low pre-
cessional amplitude [Berger and Loutre, 1991; Loutre and
Berger, 2003]. The long duration of the MIS 11.3 main
warm interval noted by McManus et al. [2003] and Stein
et al. [2009] is a consequence of the low eccentricity,
which damps the precessional variations that produce cold
stages [Berger and Loutre, 1991; Berger et al., 1996]. Better
understanding of the oceanic impacts of the transitions into
MIS 11 and particularly out of this interglacial interval is
important to improving predictions of future natural and
human-influenced changes in climate.
[9] The objective of our study is to assess evidence

of changes in marine productivity over the Bermuda Rise
between �500 kyr and 340 kyr BP. Modern surface pro-
ductivity in the area is low (�140 g C m�2 y�1) [Helmke
et al., 2010], but episodes of enhanced productivity have
been recorded by Gil et al. [2009] during the last glacial and
the Holocene. We utilize organic carbon mass accumulation
rates and isotopic compositions of sediments deposited on
the Bermuda Rise and their benthic foraminiferal assem-
blages as our paleoproductivity proxies. The combination of
our proxies reveals significant variations in the amount and
quality of organic matter delivered to Site 1063 throughout
the study interval, including events of enhanced local surface
productivity during glacial MIS 12 and the younger part of
interglacial MIS 11, and we consider the paleoceanographic
implications of these variations.

2. Site 1063 Environmental Setting
and Sampling Strategy

2.1. Site 1063 Setting

[10] ODP Site 1063 (33�41′N, 57�37′W) is in 4595 m
water on a sediment drift on the northeastern flank of the
Bermuda Rise (Figure 1). This site lies within the present
mixing zone between Antarctic Bottom Water (AABW) and
the lower limb of North Atlantic Deep Water (LNADW).
Sedimentation rates are high at this location, especially dur-
ing glacial intervals, owing to advection of clay and silt into
the region by deep recirculating gyres [Keigwin and Jones,
1994]. Site 1063 is presently located under the North Atlan-
tic subtropical gyre, which is a pool of warm, low-nutrient
water with low marine productivity. However, occasional
injections of cold-core rings that are formed by Gulf Stream
meanders evidently have created short episodes of higher
productivity during the Holocene [Gil et al., 2009]. Further-
more, southward repositioning of the Gulf Stream (Figure 1)
and iceberg migrations during the most recent glacial and
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deglacial intervals delivered nutrient-rich water that sus-
tained higher productivity over this sector of the Bermuda
Rise [Gil et al., 2009].

2.2. Sampling

[11] Advanced hydraulic piston coring was used during
ODP Leg 172 to recover sediment at Site 1063. The MIS 10–
13 interval in the core was initially identified on the basis of
the shipboard magnetic susceptibility record and the extinc-
tion of the calcareous nannofossil Pseudoemiliania lacunosa,
which occurred within MIS 12 [Thierstein et al., 1977]. The
corresponding 31 m long composite section (approximately
76.9–108.4 mcd) consists of alternating nannofossil-rich
and clay-rich sediments with variable silt contents [Keigwin
et al., 1998]. Samples (50 cm3 in size) were collected at
7 cm intervals throughout this interval of the core.

3. Analytical Procedures

3.1. Age-Scale and d18O Stratigraphy

[12] Benthic foraminifera oxygen and carbon isotope data
are from Poli et al. [2000] and were measured on the benthic
foraminifer Cibicidoides wuellerstorfi. All analyses were
performed on a VG Optima isotope ratio mass spectrometer
equipped with an automated carbonate carousel. Samples
were reacted at 90�C in phosphoric acid, and all isotope data
are reported relative to Pee Dee belemnite (PDB) via the
Carrara marble working standard.
[13] Our age model is based on the benthic foraminifera

d18O stratigraphy (Figure 2). Seven time-control points were
derived from the Lisiecki and Raymo [2005] stacked oxygen
isotope record (Figure 2). Based on our interpretation of the
oxygen isotope data, we conclude that our Site 1063 record
extends from the lower part of MIS 10 (�340 ka) to the upper
part of MIS 13 (�500 ka). Estimated sedimentation rates
based on this chronology are high and extremely variable,

ranging from �7 cm/kyr during MIS 11 and up to 36 cm/kyr
during MIS 10 (Figure 2), resulting in a sample temporal
spacing ranging from 200 to 1,000 years.

3.2. Geochemical Analyses

3.2.1. Carbonate and Organic Carbon Contents
[14] The dried sediment samples were ground to a

homogeneous powder with an agate mortar and pestle.
Concentrations of calcium carbonate were determined using
an automated, acid-digestion system at the University of
South Carolina. Subsamples were treated with excess 3N
HCl in the Marine Geology and Geochemistry Laboratory
at the University of Michigan to remove their calcium car-
bonate contents in preparation for organic carbon analyses.
The carbonate-free residue was recovered by centrifugation,
rinsed to remove chlorides, and dried. The amount of total
organic carbon (TOC) in the carbonate-free residue was
determined with a Carlo Erba 1108 elemental analyzer.
TOC concentrations are expressed on a whole-sediment basis
after adjusting for the carbonate content of each sample.
TOC/TN ratios were calculated on an atomic basis. TOC

Figure 1. Location of ODP Site 1063 and other drilling
sites important to this study. General surface circulation pat-
terns of the modern (dark arrows) and glacial (dashed arrows)
North Atlantic Ocean are shown.

Figure 2. Age model for Site 1063 and resulting changes in
linear sedimentation rates. The benthic foraminiferal oxygen
isotope record was correlated to the Lisiecki and Raymo
[2005] stacked oxygen isotope record. Dashed lines indicate
tie points and numbers denote oxygen isotopic stages and
substages labeled according to Bassinot et al. [1994].
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mass accumulation rates (MARs) were calculated from the
product of linear sedimentation rates (cm/kyr), the shipboard
GRAPE bulk density (g/cm3) and the TOC concentrations.
3.2.2. Organic Carbon Isotopes
[15] Portions of the carbonate-free residue were analyzed

for their organic matter isotopic compositions in the Labo-
ratory of Isotope Geochemistry at the University of Arizona
using a Costech elemental analyzer interfaced directly with
a Finnigan Delta Plus XL mass spectrometer. The d13Corg

is given relative to the Vienna PeeDee Belemnite (VPDB)
standard. Precision is better than �0.06‰.
3.2.3. Benthic Foraminiferal Analysis
[16] Approximately 45 cm3 of each sample was dried in

an oven at 40�C for 48 h, weighed, soaked in distilled water
for 2 h, and then washed through a 63 mm sieve; the coarse
fraction was dried and weighed. Assemblage analyses were
carried out on the dry-sieved >125 mm fraction; samples were
analyzed in their entirety, with the exception of nine samples
from the MIS 11 interval and three samples from the MIS 13
interval, where the large number of individuals required the
use of splits of approximately 300 specimens. Although the
study of the >125 mm size fraction potentially underestimates
the abundance of smaller but ecologically important species
(e.g., Epistominella exigua), it has the advantage of allowing
faster analysis of large sample sets while still showing major
faunal patterns. A total of 42 benthic foraminiferal species
were identified and counted. Benthic foraminiferal relative
abundances were calculated for each species as percentage
of the total assemblage. Species were identified by compar-
ison with published illustrations and descriptions of modern
foraminifera from the Atlantic Ocean (Table 1). We also
calculated the absolute abundances of benthic foraminifera as
number of specimens per gram of dry bulk sample, and the
benthic foraminifera accumulation rates (BFAR) as number
of individuals per gram of dry bulk sediment � linear sedi-
mentation rates (cm/kyr) � GRAPE bulk density (gr/cm3).
For samples with more than 50 specimens, we determined the
Shannon Information Index H(S) and the Species Equitabil-
ity Index E, two indexes commonly used in studies of benthic
foraminiferal assemblages and discussed in detail by Gibson
and Buzas [1973]. In brief, H(S) is a measure of species
number and evenness, and E is a measure of the relative
abundance of each species. Equitability values range from 0,
indicating high single-species dominance to 1, indicating
equal abundance of all species. Paleoenvironmental inter-
pretations of the foraminiferal assemblages are based on
published ecological data for living foraminifera mainly from
the North Atlantic, which are summarized in Table 1.

4. Results

4.1. TOC MARs and d13Corg Values

[17] TOC concentrations of the Site 1063 sediment
sequence range from 0.2% to 0.7%, with all of the low values
falling in the MIS 11 and 13 interglacials (Figure 3). Com-
bined with the relatively high sedimentation rates in this
sediment drift setting, these concentrations represent TOC
MARs that vary between 0 and 2 g m�2 yr�1 in MIS 11 and
13 to 3.7 g m�2 yr�1 in MIS 12 (Figure 3). Highest
concentrations and MARs appear in glacial substage 12.2.
Nearly all of the atomic TOC/TN ratios fall between 6.5 and
10 (Figure 3). The higher values in this range are somewhat

larger than in fresh algal organic matter (6–8) [Jasper and
Gagosian, 1990; Meyers, 1994; Geider and La Roche,
2002], but they are similar to those found in some modern
sediments where selective remineralization of nitrogenous
components has elevated the initial TOC/TN ratios of marine
organic matter [e.g., Verardo and McIntyre, 1994]. More-
over, none of the TOC/TN values approach those typical of
land-plant organic matter (>20) [Jasper and Gagosian, 1990;
Meyers, 1994]. Consequently, marine material appears to
dominate the organic matter contents of the entire sediment
sequence. Organic carbon d13C values fall in a relatively
narrow range between ��25‰ and �22.5‰. The higher
values appear in the sediments at the boundaries between
interglacial stages 11 and 13 and the following glacial stages
(Figure 3).

4.2. Benthic Foraminiferal Assemblages

[18] Benthic foraminiferal assemblages were analyzed in
225 samples. The total number of benthic foraminifera per
sample varies between 1 and 1232, with 80 samples con-
taining less than 50 individuals. These foram-poor sam-
ples are mainly from the intervals between 469 and 455 ka
(MIS 12, 8 samples out of 18), 446.5–428 ka (MIS 12,
44 samples out of 50) and 366.5–356.5 ka (MIS 10, 11 sam-
ples out of 22) (diagonally stripped boxes in Figure 4). In these
intervals, benthic foraminiferal test preservation is mediocre
to good, and planktonic foraminiferal fragments are abundant
to rare. Benthic foraminiferal preservation in all other sam-
ples is good to very good. Diatoms are common to abundant
in the fraction >125 mm between 440 and 430 ka and 365–
358 ka (green boxes with a capital D in Figure 4), in corre-
spondence with layers of IRD (Figure 4) [Poli et al., 2000]
and samples with less than 50 benthic foraminiferal speci-
mens. Radiolaria are present throughout MIS 12 and 10, with
higher abundances during MIS 10. Silicoflagellates appear
in only 6 samples, which are clustered between 450 and
440 ka, and they are rare. Pyritized burrows were found in
61 samples, and are particularly abundant during MIS 12.2
and MIS 10.4.
[19] Benthic foraminifera absolute abundances (BFAA)

fluctuate between 0.02–27.8 tests per gram (Figure 4).
Higher abundances (>10 tests/g) are recorded in late MIS 13,
during most of MIS 11.3, and during late MIS 11 between ca.
385–374 ka, and in two samples at 352 ka. The lowest BFAA
(<2 tests/g) are found during glacial MIS 12 between 446.5
and 428 ka and during glacial MIS 10.4 between 361 and
356 ka, in correspondence with diatom-rich intervals.
Benthic foraminifera accumulation rates (BFAR), which are
considered good proxies for past organic carbon fluxes to the
ocean floor [e.g., Herguera and Berger, 1991; Schmiedl and
Mackensen, 1997], vary between 1 and 552 tests cm�2 yr�1

and closely match the BFAA fluctuations (Figure 4). A sig-
nificant positive correlation exists between BFAA and the
concentration of CaCO3 (r = 0.799, p < 0.001), and a positive
correlation also exists between BFAR and %CaCO3 (r =
0.414, p < 0.001). In the 120 samples where organic carbon
data are available, a negative correlation is found between
Corg MAR and BFAA (r = �0.645, p < 0.001) and no sig-
nificant correlation exists between Corg MAR and BFAR
(r = �0.124, p = 0.178) (Figure 5).
[20] The Shannon Information Index H(S) varies between

1.4 and 2.6. It shows significant, recurrent fluctuations between
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Table 1. Species of Benthic Foraminifera Discussed in This Paper, With References to Figures and Ecological Preferences in the
Literature

Species Ecological Preferences

Alabaminella weddellensis (Earland),
1936 [Gooday, 1988, Figures 1d and 1e]

In association with Epistominella exigua, it is the most abundant species inhabiting
phytodetritus. The phytodetritus assemblage appears to have low diversity and to
be dominated by species that are uncommon in the underlying sediment [Gooday,
1988; Smart and Gooday, 1997].

This species has relatively high abundances in subpolar latitudes of the North Atlantic
Ocean (approximately N of 35�N) in correspondence with seasonally eutrophic
waters, and in association with Epistominella exigua [Sun et al., 2006].

The relative abundances of A. weddellensis and Epistominella exigua, both of which
have been described as species exploiting phytodetritus, are not always positively
correlated. This indicates that they may have different ecological preferences,
possibly utilizing different types of phytodetrital material [Ohkushi et al., 1999;
Diz et al., 2007; Smart, 2008; Smart et al., 2010].

Cibicidoides wuellerstorfi (Schwager),
1866 [Jones, 1994, Plate 93, Figures 8 and 9]

Epifaunal species that occupies elevated habitats and feeds on small organisms and
detritus suspended in the water column [Rasmussen et al., 2002].

In the modern Atlantic Ocean, it is more common in carbonate-rich sediments in areas
where the organic carbon flux to the seafloor is scarce, often coinciding with the
presence of well-ventilated NADW [Schnitker, 1980; Altenbach and Sarnthein,
1989; Mackensen et al., 1995].

In the North Atlantic, relative abundances greater than 20% are found only where
organic carbon fluxes are between 1 and 3 g m�2 yr�1 [Altenbach et al., 1999].

In the Equatorial tropical Atlantic off NW Africa it has been reported with abundances
greater than 5% in areas where organic carbon fluxes are between 3 and 5 g m�2

yr�1 and bottom water oxygen concentration is greater than 3.0 ml/l [Lutze and
Coulbourn, 1984; Morigi et al., 2001].

Globocassidulina subglobosa (Bradyi),
1881 [Jones, 1994, Plate 54, Figure 17]

Higher abundances in areas characterized by relatively strong bottom currents
[Mackensen et al., 1995; Schmiedl and Mackensen, 1997; Rasmussen et al., 2002].

In the NE Atlantic and Antarctica, this species is associated with phytodetritus [Smart,
2008, and references therein]

Epistominella exigua (Brady),
1884 [Gooday, 1988, Figure 1f]

Very common in modern Northeast Atlantic deep waters; in the North Atlantic, below
3,000 m and south of 45�N, exceeds 10% of the total fauna [Gooday, 1993, and
references therein].

In association with Alabaminella weddellensis, this species has relatively high
abundances in subpolar latitudes of the North Atlantic ocean (approximately N of
35�N) in correspondence with seasonally eutrophic waters [Sun et al., 2006].

Opportunistic species that colonizes and feeds on aggregates of phytodetritus produced
by seasonal blooms of phytoplankton. This taxon quickly responds to the arrival of
fresh food by rapidly reproducing, thus building up large populations [Gooday,
1988, 1993; Smart et al., 1994; Smart and Gooday, 1997; Thomas et al., 1995;
Fariduddin and Loubere, 1997; Fontanier et al., 2003].

Melonis barleeanum (Williamson),
1858 [Katz and Miller, 1987, Plate 4, Figure 6]

Common in upwelling areas where organic matter flux rates exhibit values between
3 and 6 g Corg m�2 yr�1 and bottom water oxygen concentration is greater than
4.0 ml/l [Schmiedl and Mackensen, 1997; Morigi et al., 2001].

More abundant in the lower part of the sediment oxic zone where nitrate reduction
occurs, and during times of high surface productivity. May prefer abundant but
refractory organic matter, feeding either directly on the anaerobic bacteria that
degrade the organic matter, or on the products of organic matter breakdown
[Licari et al., 2003; Fontanier et al., 2003, and references therein].

In laboratory experiments, the halt in supply of fresh organic material promoted an
increase of the relative abundances of this species from rare (<0.5%) to common
(2–9%), thus indicating that it is not dependent on regular supply of fresh organic
material but utilizes refractory organic material and degradation products [Alve,
2010].

Melonis pompilioides (Fichtel and Moll),
1798 [Jones, 1994, Plate 109, Figures 10 and 11]

Infaunal taxon more abundant in areas with high surface productivity [Mackensen
et al., 1993; Fariduddin and Loubere, 1997].

Nuttallides umbonifera (Cushman),
1933 [Carman and Keigwin, 2004,
Plate 1, Figures 1 and 2]

Abyssal epifaunal species adapted to environments characterized by scarce food supply
and low bottom water temperature and salinity [Gooday, 1993; Mackensen et al.,
1995; Loubere, 1991].

More common in areas bathed by bottom water masses very undersaturated with
respect to carbonate; may be associated with AABW [Bremer and Lohmann, 1982;
Corliss et al., 1986; Mackensen et al., 1995].

In the NE Atlantic, dominates characterized by an oligotrophic food input regime that
does not involve substantial pulses of phytodetritus [Smart and Gooday, 1997].

Abundant in Holocene sediments of the Laurentian Fan (western North Atlantic) at
depths of about 4,000 m, but absent from this area during the last glacial
maximum when NADW was replaced by AABW; factors other than bottom water
chemistry may affect the distribution of N. umbonifer [Carman and Keigwin, 2004].
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490 and 460 ka and then consistently low values (below 1.8)
in two intervals between approximately 430–445 ka and
360–375 ka. The equitability index E varies between 0.55
and 0.9, and shows a pattern similar to H(S).
[21] Benthic foraminiferal relative abundances were cal-

culated in the 145 samples that had more than 50 individuals.
Paleoenvironmental investigations should ideally be based
on a minimum of 200–250 specimens. However, smaller
numbers have been successfully used in studies on cores
collected below 4,500m water depth, where the amount of
benthic foraminifera is often small (e.g., 75 specimens [Smart,
2008]; 50 specimens [Ishman, 1996]).
[22] The three most common species are Oridorsalis

umbonatus (>20% in 85 samples, mean 23.3%), Nuttallides
umbonifera (>20% in 33 samples, mean 12.1%) and
Epistominella exigua (>20% in 27 samples, mean 9.6%)
(Figure 6). Relative abundances of these three species show
significant variability throughout the investigated interval; to
ensure that these are not the consequence of the “fixed
sum” problem, we also calculated their absolute abun-
dances (Figure 6). The results show a close match with rel-
ative abundance patterns, although BFAA changes are more
subtle during the glacial intervals owing to the lower num-
ber of specimens in the samples. Two notable exceptions
are evident between approximately 450–427 ka, where
the percentage of O. umbonatus increases while its abso-
lute abundance decreases, and between 370 and 355 ka,
where O. umbonatus absolute abundance decreases while its

relative abundance remains high. Both intervals correspond
with the highest recorded sedimentation rates (Figure 2),
when all taxa undergo a decrease in absolute abundances.
These discrepancies are probably the results of dilution of
the benthic foraminiferal assemblage from enhanced fluxes
of clastic sediment.
[23] Large changes in the relative abundances of

O. umbonatus and N. umbonifera recur during early MIS 12
(approximately 490–455 ka), MIS 11.2 4–11.2 2 (�397–
380 ka) and late MIS 10. Oridorsalis umbonatus dominates
the assemblage during late MIS 12 (455–424 ka) and MIS
11.1–10.3 (380–350 ka), whereas N. umbonifera is the most
abundant taxon during MIS 11.3. Large, rapid fluctuations
in E. exigua percentages characterize early MIS 12 and the
final part of MIS 11, between 382 and 362 ka. During
MIS 11.3, this species is present in all samples with relative
abundances <20%.
[24] Three additional species are present in most samples

but at lower relative abundances than the species discussed
above: Globocassidulina subglobosa (>20% in 16 samples,
mean 9.6%), Pullenia bulloides (>20% in 8 samples, mean
6.6%), and Cibicidoides wuellerstorfi (>20% in 5 samples,
mean 7.1%) (Figure 6). The percentages of all three taxa
vary throughout the MIS 13–10 interval but lack a clear
correlation with either glacial-interglacial climatic changes or
organic carbon mass accumulation rates. Only P. bulloides
shows slightly higher percentages between 426 and 397 ka

Table 1. (continued)

Species Ecological Preferences

Oridorsalis umbonatus (Reuss),
1851 [Jones, 1994, Plate 95, Figure 11,
and Plate 105, Figure 2]

Cosmopolitan, epifaunal to shallow infaunal species more common in areas
characterized by cold, well oxygenated bottom water where organic matter fluxes
are generally low [Mackensen et al., 1985; Murgese and De Deckker, 2005; De
and Gupta, 2010].

In the Indian Ocean, thrives in well oxygenated, oligotrophic environments
characterized by variable food supply [De and Gupta, 2010], or where the delivery
of organic matter to the ocean floor is limited to specific periods [Murgese and
De Deckker, 2005].

In the modern North Atlantic, this species is more common in sub-polar regions
under seasonally eutrophic waters, in association with Epistominella exigua and
Alabaminella weddellensis [Sun et al., 2006].

In the eastern equatorial Pacific, it is one of the dominant species in areas of higher
productivity [Loubere, 1991].

In the South Atlantic, Mackensen et al. [1995] report higher abundances of this taxon
below zones of seasonally high surface production in water deeper than 2 km, and
speculate a preference for low but sustained fluxes of highly degraded organic
material.

Dominates the assemblage in the Norwegian-Greenland Sea, where carbonate content
is low [Mackensen et al., 1985]; in the Sulu Sea, it is more common where bottom
water carbonate saturation levels are high [Miao and Thunell, 1993].

Can tolerate low-oxygen conditions [Rathburn and Corliss, 1994; Kaiho, 1999].
Pullenia bulloides (d’Orbigny),
1826 [Jones, 1994, Plate 83, Figures 12 and 13]

Infaunal, found at depths between 1 and 4 cm below the seafloor, prefers intermediate
to high organic carbon fluxes and low-oxygen conditions [Gooday, 1994; Gupta and
Thomas, 1999; Rathburn and Corliss, 1994].

In the southern Atlantic Ocean, is associated with higher surface ocean productivity
[Mackensen et al., 1993].

In the South Atlantic, this species is indicative of high but seasonally varying surface
productivity south of the Polar Front [Mackensen et al., 1995].

In the equatorial Atlantic Ocean, it is associated with Intermediate flux of organic
matter in areas bathed by NADW [Fariduddin and Loubere, 1997].

In the Pacific Ocean, is associated with areas of low productivity in the surface water
and therefore low flux of organic matter to the seafloor [Burke et al., 1993].

In the Indian Ocean, this species is indicative of low temperature, high oxygen and low
food supply [De and Gupta, 2010].
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(mean 13%; the mean is 9% between 490 and 426 ka and 3%
between 397 and 352 ka).
[25] Melonis pompilioides, a species with generally

low (<5%) relative abundances, shows higher percentages
(5–20%) between 455 and 425 ka and 360–350 ka, in cor-
respondence with higher organic carbon accumulation rates
and a decline in the percentages of E. exigua. Alabaminella
weddellensis reaches values >10% between 440 and 426 ka,
an interval characterized by the presence of layers of diatoms

and IRD. Visual inspection of the 63–125 mm size fraction
in these samples shows that A. weddellensis is abundant
to very abundant, and hence our quantitative data likely
underestimate the variability of this small species.

5. Interpretive Basis for Benthic Foraminifera
at Site 1063

[26] Deep-sea benthic foraminiferal abundances and dis-
tribution patterns are significantly affected by the supply of
organic matter. Indeed, a number of studies have successfully
used BFAR as a proxy for past organic carbon fluxes to the
seafloor [e.g., Berger and Herguera, 1992; Herguera, 2000;
Sun et al., 2006]. In our samples, a close correlation exists
between BFAA, BFAR and %CaCO3 (Figure 4). According
to Keigwin and Jones [1994], late Quaternary calcite fluc-
tuations on the Bermuda Rise are mainly driven by terrige-
nous dilution, rather than by changes in carbonate production
or dissolution. Hence changes in the total number of benthic
foraminifera per sample at Site 1063 are related to changes
in terrigenous input rather than to variations in the amount
of organic carbon delivered to the seafloor. The negative
correlation between BFAA and Corg MAR (Figure 5) and the
low number of benthic foraminiferal tests in several samples
from the intervals containing IRD and diatoms (Figure 4)
indicate that dilution of the carbonate component is not
driven solely by high terrigenous fluxes. Additionally, during
the MIS 12 and 10 intervals in the Site 1063 sequence
the presence of samples with few (<50) poorly preserved
benthic foraminiferal tests, and common to abundant plank-
tonic foraminiferal test fragments suggests that the carbo-
nate assemblage has experienced significant dissolution. This
process may originate at least partly from organic matter
mineralization, but it could also be a consequence of enhanced
influence of corrosive bottom water of southern origin [Poli
et al., 2000]. For these reasons, BFAA or BFAR at Site
1063 cannot be used to estimate past changes in export
productivity of organic carbon. Therefore, our interpretation
of the benthic foraminifera will be based on the ecological
preferences of the most common species (summarized in
Table 1) in the foraminiferal assemblages of the 145 samples
where tests are well preserved.
[27] The three most abundant species, N. umbonifera,

O. umbonatus and E. exigua (Figure 6) are commonly found
in the modern North Atlantic Ocean at lower bathyal and
abyssal depths [e.g., Schnitker, 1974, 1979, 1980; Sun et al.,
2006]. In our samples, no clear correlation exists between
variations in the relative abundances of these taxa and
benthic foraminiferal d13C changes (Figure 3). Hence faunal
fluctuations cannot be attributed to preservation/dissolution
cycles driven by changes in the corrosiveness of bottom
water, but rather to changes in the amount and quality of
organic matter reaching the seafloor.
[28] Epistominella exigua is a common epifaunal species

in oligotrophic regions of the modern North Atlantic (see
references in Table 1). Several studies on modern benthic
assemblages show that this taxon colonizes and feeds on
aggregates of phytodetritus, rapidly becoming the most
abundant species of the benthic assemblage (Table 1).
Phytodetritus consists of aggregates of phytoplankton and
zooplankton remains bounded in a gelatinous matrix that
is produced in the euphotic zone by spring phytoplankton

Figure 5. Crossplots of TOC MARs with benthic forami-
niferal absolute abundances (BFAA) and benthic foraminif-
eral accumulation rates (BFAR), showing little correlation
between the number of benthic fauna and organic matter
accumulation, and indicating that the nature of the organic
matter was not uniform over time.
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blooms, and it settles to the ocean floor at a rate of 100–
150 m per day. The deposition of phytodetritus on the ocean
floor delivers largely undegraded, labile organic carbon in
areas that are otherwise characterized by low organic carbon
fluxes [Gooday, 1993, and references therein]. This material
is rapidly utilized by bacteria and foraminifera, and thus does
not necessarily result in high sediment organic carbon accu-
mulation rates [Thomas et al., 1995; Thomas and Gooday,
1996; Ohkushi et al., 1999]. Indeed, in our samples peak
abundances of E. exigua (40–50%) are not always correlated
with high TOC fluxes. We interpret the high abundances
of this taxon during early MIS 12 (�490–450 ka) and late
MIS 11 (�380–362 ka) as evidence of phytoplankton blooms
at the surface and the consequent delivery of phytodetritus
to the seafloor.
[29] Nuttallides umbonifera is an epifaunal species adapted

to well oxygenated pore and bottom waters and extreme
oligotrophic environments without significant delivery of
phytodetritus (Table 1). O. umbonatus is a cosmopolitan
shallow infaunal to epifaunal taxon that has been linked to
several environmental factors, including different degrees of
bottom water oxygenation and calcium carbonate saturation.
In the modern oceans it is distributed in oligotrophic to
moderately eutrophic areas, and in the North Atlantic it is
associated with E. exigua and A. weddellensis, thus sug-
gesting a preference for environments characterized by sea-
sonally high surface productivity (Table 1). In the South
Atlantic and the Weddell Sea, the distribution of this species
overlaps with taxa indicative of high productivity and strong
bottom currents, leadingMackensen et al. [1995] to speculate
a preference for low but sustained fluxes of highly degraded
organic matter. This hypothesis is supported by the frequent
association of O. umbonatus with Melonis barleeanum and
M. pompilioides [e.g., Loubere, 1991;Mackensen et al., 1993;
Loubere, 1996, Gupta, 1997; Smart, 2008], two closely
related infaunal taxa that are more abundant under areas with
high surface productivity, and that probably utilize refractory
organic matter or the bacteria that degrade it (Table 1).
If this interpretation is correct, high relative abundances
of O. umbonatus in our samples document the delivery of
refractory organic matter to Site 1063. Therefore, fluc-
tuations in the relative abundance of O. umbonatus and
N. umbonifera during early MIS 12 (before 455 kyr),
MIS 11.2 4–11.2 2 (�397–380 ka) and late MIS 10 are likely
the result of episodic delivery of refractory organic matter
in an environment that is otherwise characterized by mostly
oligotrophic conditions.
[30] Persistently high abundances of O. umbonatus, low

N. umbonifera percentages and the concurrent presence of
M. pompilioides (3–10%) during late glacial MIS 12 (455–
424 ka) and MIS 11.1–10.3 (377–350 ka) document
enhanced delivery of degraded organic matter, in agreement
with the organic carbon record showing significantly higher
MARs in these intervals (>2 g C m�2 yr�1) (Figure 6). By
contrast, high abundances of N. umbonifera during the
warmest part of MIS 11 (�424–397 ka), with smaller
amounts of O. umbonatus and E. exigua (both <20%)
(Figure 6) document oligotrophic conditions similar to those
found today under subtropical gyres, surface episodes of
phytoplankton blooms, and the arrival of small amounts of
degraded organic matter. Assuming that E. exigua percentages
in the >125 mm fraction are a good proxy for seasonality of

primary productivity, our data indicate that seasonality was
lower during MIS 11.3 than during early MIS 12 and late
MIS 11.
[31] The Site 1063 benthic assemblage changes briefly

between 437–431 ka, in correspondence with diatom-
rich samples and an IRD layer and higher percentages of
A. weddellensis (up to 20%, Figure 6), a small species that
exploits phytodetritus and that is often found in association
with E. exigua (Table 1). Studies of modern and fossil
assemblages show that this taxon is better correlated with
species indicative of high productivity than E. exigua, prob-
ably because the two taxa prefer different types of phytode-
trital material (Table 1). Moreover, A. weddellensis is more
common than E. exigua in Neogene diatom-rich sediments
of the Pacific Ocean [King et al., 1998]. Our data support a
link between surface diatom blooms, higher organic carbon
fluxes, and increased abundances of A. weddellensis.
[32] A second layer of diatoms and IRD is found at the

transition from MIS 11 to MIS 10 (Figure 6). However, we
do not find a concurrent increase in A. weddellensis abun-
dances, and this taxon is also absent from the fine fraction
(<125 mm) of our samples, thus indicating that the amounts
and types of organic matter delivered to the benthic fauna
differed during the two episodes of high productivity.
[33] Globocassidulina subglobosa, P. bulloides and

C. wuellerstorfi are present throughout the study interval
with relative abundances up to 30–40% (Figure 6). In the
modern oceans, these species are more common in regions
with well oxygenated bottom water, strong bottom currents
and low surface productivity (Table 1). In the NE Atlantic
and Antarctica, G. subglobosa is associated with phytode-
tritus. These taxa are present throughout the investigated
interval, and they do not respond to the surface–ocean
paleoclimatic changes recorded by other proxies. They are
probably indicative of a well-ventilated deep water mass.

6. Bermuda Rise Paleoceanography During
MIS 13–10

[34] Variations in organic carbon concentrations/
accumulations and benthic foraminiferal assemblages indi-
cate important glacial-interglacial changes in the amount
and quality of organic matter delivered to the seafloor at
Site 1063. Glacial periodsMIS 10 and 12 are marked by TOC
concentrations that are two to four times higher than those
during interglacial periods (Figure 3). The low MIS 11 and
MIS 13 TOC concentrations are similar to the average of
0.2% for modern pelagic sediments [Degens and Mopper,
1976], most of which are deposited under oligotrophic con-
ditions. Because glacial and interglacial sedimentation rates
at Site 1063 can differ by as much as an order of magnitude
owing to their differences in advection of terrigenous sedi-
ment [Keigwin and Jones, 1994], we will henceforth employ
MARs to discuss the differences in delivery of organic matter
implied by the TOC concentrations.

6.1. Glacial-Interglacial Changes in the Amount
and Quality of Organic Matter

[35] TOC MARs during glacial MIS 12 and MIS 11.1–
10 are notably larger than those in the interglacial sections,
ranging between 0.7 to 3.7 g m�2 yr�1. These values are
similar to those presently found in sediments beneath the
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California Current upwelling zone (2.2 g C m�2 yr�1) [Suess
and Müller, 1980]. The dominance of O. umbonatus in cor-
respondence with TOCMARS >0.2 g m�2 yr�1 indicates the
delivery of low quality organic matter at these times, and
hence the elevated TOCMARs are likely related to enhanced
delivery of terrigenous sediment during these intervals, as
documented by the high sedimentation rates (>30 cm/kyr,
Figure 3). The higher sedimentation rates would cause faster
burial and associated greater preservation of organic matter,
which is expressed in the elevated TOC MARs.
[36] Site 1063 is presently under the North Atlantic sub-

tropical gyre, which is an area of low surface productivity
(�140 g C m�2 y�1) [Helmke et al., 2010] because of weak
vertical mixing resulting from strong water column stratifi-
cation. Regions of high productivity are found north of the
site, in association with the Arctic Front. Here, recurrent eddy
formation along the northern edge of the Gulf Stream induces
upwelling that fuels episodes of high primary production
[Yoder et al., 1981, 1994; Lee et al., 1991; Gil et al., 2009].
During the Last Glacial Maximum, the Arctic Front - Gulf
Stream boundary shifted southward to about 40�N [Pflaumann
et al., 2003] and closer to Site 1063 (Figure 1). At the
same time, lower sea level resulted in greater supply of sed-
iment to the Bermuda Rise, mostly originating from off
Nova Scotia [e.g., Keigwin and Jones, 1989]. This process
increased sedimentation rates and delivered fine grained
carbonate (<63 mm), alkenones and organic carbon up to
7,000 years older than coexisting planktonic foraminifera
(>150 mm), which are autochthonous [Ohkouchi et al., 2002].
Indeed, Schnitker [1979] documented higher abundances of
M. pompiliodes in core GPC-5 (Bermuda Rise) at this time, a
taxon associated with high fluxes of refractory organic matter
(Table 1). Primary productivity off Nova Scotia during the
LGM has been estimated between 250 and 350 g Cm�2 yr�1,
which is higher than at most northern latitudes at that time,
although slightly lower than today [Radi and de Vernal,
2008]. Therefore, higher abundances of M. pompilioides
during the LGM at core GPC-5 probably reflect enhanced
erosion of shallow water sediments at higher latitudes, rather
than enhanced primary productivity in the North Atlantic.
[37] We hypothesize that southward displacement of the

Arctic Front – Gulf Stream during MIS 12 and enhanced
lateral advection of fine-grained material from higher lati-
tudes, similar to the last glacial interval, are the most proba-
ble causes of the observed changes in glacial-stage organic
carbon accumulation and benthic foraminiferal assemblages
at Site 1063. According to our data, organic matter produced
along the Arctic Front was occasionally entrained in the flow
of deep sea currents during early MIS 12 and eventually
delivered to the Bermuda Rise, resulting in significant fluc-
tuations in the abundances of O. umbonatus. In the upper
part of MIS 12 (�455–437 ka) and MIS 11.1–10, con-
sistently high abundances of O. umbonatus and higher %
M. pompilioides are likely the result of a higher and sustained
flux of refractory organic matter, probably related to the
southward shift of the Arctic Front and enhanced delivery of
fine material to Site 1063. In fact, episodes of enhanced
surface productivity in the North Atlantic at this time are
documented by an increase in alkenone concentrations at
Site U1313 (41�N, 32.57�W, Figure 1 and Figure 7) [Stein
et al., 2009], and by high relative abundances of Turborotalita
quinqueloba (>50%) at Site U1314 (56�21.8′N, 27�53.3′W)

[Alonso-Garcia et al., 2011]. Both are attributed to a more
southern position of the Arctic Front.
[38] TOC MARs in the first part of MIS 11 (420–372 ka)

and the small portion of middle MIS 13 (484–480 ka) that our
sampling captured are between 0.2 and 0.5 g C m�2 yr�1

(Figure 3). Although these values are two orders of magni-
tude higher than under present-day open-ocean gyres (3 mg
C m�2 yr�1) [Suess and Müller, 1980], we interpret them
to reflect the high sedimentation rates (�7 cm/kyr) that
persisted at Site 1063 even during interglacial periods and
increased delivery of advected organic matter produced at
more northerly locations, rather than evidence of high
surface productivity.
[39] The Site 1063 MIS 11.3 benthic fauna assemblage,

which is dominated by N. umbonifera, documents the
establishment of oligotrophic conditions similar to those
found during the Holocene part of core GPC 5 [Schnitker,
1979]. However, during MIS 11.3 O. umbonatus percen-
tages vary between 5 and 20%, while this taxon is not present
with significant abundances during the Holocene [Schnitker,
1979]. This contrast indicates that the delivery of degraded
organic matter from higher latitudes was higher during MIS
11.3 than during the last 10 kyr. This difference may be the
result of warmer temperatures and reduced sea ice cover
during MIS 11.3, which would have enhanced primary pro-
ductivity at high latitudes by increasing light availability,
a scenario projected by climate models under conditions of
continued global warming [e.g., Steinacher et al., 2010].

6.2. Episodes of Surface Phytoplankton Blooms

[40] Recurrent episodes of surface phytoplankton blooms
are documented by high relative abundances of E. exigua
during early MIS 12 and late MIS 11 and by two diatom
layers, the oldest of which is associated with higher percen-
tages of A. weddellensis (Figure 5). As previously discussed,
both E. exigua and A. weddellensis are taxa that exploit
phytodetritus, and high abundances of either or both these
species in fossil assemblages have been interpreted as evi-
dence of seasonal events of primary productivity (Table 1).
However, Sun et al. [2006] found that in the North Atlantic
the sum of the relative abundance of the two species (the
“Phytodetrital Group”) correlates with seasonality of pro-
ductivity, while percentages of either species alone does not.
At Site 1063, percentages of the “Phyodetrital Group” vary
between 0 and 53%, and the estimated seasonality index
varies between 0–0.45 (Figure 8), with higher values (>0.3)
and hence likely stronger seasonality, between 490 and
460 ka, and 380–360 ka. These intervals are characterized by
lower diversity H(S) and equitability E (Figure 4), which also
point to higher seasonality [Corliss et al., 2009]. A compar-
ison with the seasonality index map of the North Atlantic
developed by Sun et al. [2006] shows that modern values in
the Bermuda Rise area (�0.3) are close to our highest values,
while the MIS 11.3 index is significantly lower than today’s.
This difference is most probably the result of the different
size fractions investigated (>125 mm in this paper, and
>63mm in Sun et al. [2006]), and hence the Site 1063 data
should be considered minimum values.
[41] Events of significant phytoplankton bloom at the

Bermuda Rise are also documented during the last 23 kyr
[Schnitker, 1979]. During the Last Glacial Maximum,
E. exigua abundances fluctuate between 30 and 76%, which
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is within the range recorded at Site 1063. During the
Holocene, E. exigua percentages reach values close to 40%
in two samples, thus suggesting that during the last 10 kyr
seasonality was at times higher than during MIS 11.3. This
difference may be the result of warmer temperatures and
stronger thermal stratification during MIS 11.3, which is
also an expected consequence of future global warming [e.g.,
Polovina et al., 2008].
[42] During the MIS 10–13 time interval, episodes of

enhanced surface productivity are inferred from high
E. exigua abundances at the Blake Outer Ridge (ODP
Site 1058, Figure 1 and Figure 7) and are ascribed to mean-
ders of the Gulf Stream [Poli et al., 2010]. Fluctuations in the
relative abundances of this taxon at Site 1058 are not as large
as at the Bermuda Rise, documenting weaker phytoplankton
blooms along the continental margin. These events appear to
be synchronous at the two sites duringMIS 12, but not during
MIS 11.2 4–10.2, when episodes of phytoplankton blooms
begin earlier at Site 1058 (shortly after the termination of
MIS 11.3) than at Site 1063. Alkenone concentration records

from Site U1313 on the Mid-Atlantic Ridge document
significant changes in nannoplankton productivity during
MIS 12.2 and MIS 10.2, and hence later than at Site 1063
and 1058 (although the MIS 12 record of Site U1313 starts
at 460 ka).
[43] The different timing of these productivity events is not

an artifact of the age models used in the three investigations;
Site 1063 and Site U1313 age models are based on the oxy-
gen isotope stack of Lisiecki and Raymo [2005], which dur-
ing MIS 11 and 10 is similar to the low latitude oxygen
isotope stack of Bassinot et al. [1994] used for Site 1058.
Assuming that the position of the Arctic Front during MIS
11.3 was similar to today, we speculate that the three sites
trace the progressive southward displacement of the Arctic
Front and related shift of the path of the Gulf Stream during
the global cooling that followed the termination of MIS 11.3.
Site 1058, being closer to the northern boundary of the
Gulf Stream, was affected first, while Site U1313 was
affected last.

Figure 7. Comparison of primary productivity proxies at Site 1058, 1063 and U1313.
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[44] Two diatom rich layers centered around 435 ka and
355 ka document important events of primary productivity at
the Bermuda Rise. In the modern ocean, diatom blooms are
usually associated with upwelling zones. However, in our
samples the increase in diatom production is associated with
the presence of IRD, thus suggesting a correlation with the
arrival of icebergs. The concurrent presence of diatom-rich
intervals and IRD at the Bermuda Rise has recently been
documented in correspondence with Heinrich (H) event 1, 2
and 3 [Gil et al., 2009; Lippold et al., 2009]. According toGil
et al. [2009] higher diatom productivity during H1 results
from the combined presence of cold-core rings shed by the
Gulf Stream, eddies of southern origin and nutrient-rich

iceberg meltwater, which potentially contributes iron to the
phytoplankton [Smith et al., 2007; Schwarz and Schodlok,
2009]. In our samples diatoms are found toward the end of
high productivity intervals documented by TOC MARs and
benthic assemblages (Figure 6), thus showing that ice melt-
ing enhanced a process that had been underway for several
thousand years.
[45] Higher abundances of A. weddellensis are asso-

ciated with the older diatom layer, but not with the younger
one. This difference is consistent with geochemical evidence
that both the amounts and types of organic matter that were
delivered to the benthic fauna differed during the two epi-
sodes of high productivity. TOC MARs associated with the
MIS 12 diatom layer are the highest in the whole sequence
(3.7 g Cm�2 yr�1), whereas they are 2.9 g Cm�2 yr�1 during
the MIS 10 diatom bloom. Similarly, the C/N values found
in the MIS 12 diatom layer are as high as 11.5, but those in
the MIS 10 layer are �9 (Figure 3), which indicate greater
degradation of the organic matter [Prahl et al., 1997] and
hence diminished nutritional value to the benthic fauna.

7. Summary and Conclusions

[46] We have studied geochemical and microfossil evi-
dence for changes in marine productivity in sediments
deposited between 500 and 340 ka at ODP Site 1063 on
the Bermuda Rise. This period of time includes the end of
interglacial MIS 13, glacial MIS 12, Termination V, inter-
glacial MIS 11, and the start of glacial MIS 10. Organic
carbon mass accumulation rates and isotopic compositions
and the benthic foraminiferal assemblages of a suite of
high-resolution sediment samples are our paleoproductivity
proxies. We summarize here the results of our study of this
western subtropical North Atlantic site.
[47] 1. DuringMIS 11.3 benthic foraminiferal assemblages

document the presence of oligotrophic conditions at the
Bermuda Rise and the delivery of small amounts of refrac-
tory organic matter, probably of northern origin. The amount
of organic matter reaching this region was higher than during
the Holocene, probably reflecting enhanced productivity at
higher latitudes due to reduced ice cover during this partic-
ularly warm interglacial. Our data also document lower rel-
ative abundances of E. exigua at this time than during the
Holocene, thus suggesting stronger stratification of the upper
water column and reduced episodes of phytoplankton blooms
during MIS 11.3.
[48] 2. Glacial MIS 12 and the MIS 11.2 4–10 intervals are

characterized by higher fluxes of degraded organic matter
which are initially intermittent and then become steadier.
This material was likely produced in proximity of the Arctic
Front, which during these cold intervals was displaced south
of its modern position and closer to Site 1063, in a manner
similar to that described during the Last Glacial Maximum.
[49] 3. The early part of MIS 12 and the MIS 11.2–10

intervals are marked by frequent, intermittently high episodes
of phytoplankton blooms at the surface, documenting the
southward migration of the Gulf Stream and related eddy
activity. Similar events are recorded at other sites in the North
Atlantic, although they appear to occur earlier at lower lati-
tudes in the western North Atlantic, and several thousand
years later at higher latitudes in the central North Atlantic.

Figure 8. Percentages of “Phytodetritus Species.” The sea-
sonality index was estimated following Sun et al. [2006,
Figure 9b]. Benthic foraminiferal oxygen isotopes (thick
gray line) are plotted as a reference.
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These time-transgressive events likely document a complex
movement of the Arctic Front – Gulf Stream system in dif-
ferent regions of the North Atlantic.
[50] 4. Diatom remains found in correspondence with two

IRD layers near the terminations of MIS 12 and MIS 10
document episodes of enhanced diatom productivity related
to iceberg melting.
[51] The results of our study substantiate previous studies

that have described profound paleoceanographic changes
in the North Atlantic Ocean over glacial-interglacial cycles
and that have found evidence of the southward migration of
the Gulf Stream during glacial intervals. They also confirm
findings that these changes were magnified between MIS 12
and 11 because of the strong paleoclimatic contrast between
these two stages. The present interglacial stage has been
predicted to be very similar to the extended MIS 11.3 warm
interval (27 kyr), during which we found a strong shift to
oligotrophic conditions at Site 1063. The additional climate
warming anticipated in the future because of anthropogenic
pCO2 increases is likely to cause even greater oceanographic
changes than we found during the natural transition from
MIS 12 to MIS 11.
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