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[1] Diatom assemblages document surface hydrographic changes over the Bermuda Rise. Between 19.2 and
14.5 ka, subtropical diatom species and Chaetoceros resting spores dominate the flora, as in North Atlantic
productive regions today. From 16.9 to 14.6 ka, brackish and fresh water diatoms are common and their
contribution is generally coupled with total diatom abundance. This same interval also contains rare grains of
ice-rafted debris. Coupling between those proxies suggests that successive discharge of icebergs might have
stimulated productivity during Heinrich event 1 (H1). Iceberg migration to the subtropics likely created an
isolated environment involving turbulent mixing, upwelled water, and nutrient-rich meltwater, supporting
diatom productivity in an otherwise oligotrophic setting. In addition, the occurrence of mode water eddies likely
brought silica-rich waters of Southern Ocean origin to the euphotic zone. The persistence of lower-salinity
surface water beyond the last ice rafting suggests continued injection of fresh water by cold-core rings and
advection around the subtropical gyre. These results indicate that opal productivity may have biased estimates of
meridional overturning based on 231Pa/230Th ratios in Bermuda Rise sediments during H1.
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1. Introduction

[2] Diatoms are common wherever there is water, light
and nutrients. Thus, where they are preserved, diatoms are a
useful proxy to trace past changes of surface waters. Diatom
paleorecords are available from North Atlantic upwelling
regions and oceanic margins, but are sparse from the
intertropical zone [Abrantes, 2000, 2001; Stabell, 1986].
The paleoclimatic signal there is mainly inferred from
Ethmodiscus oozes or fresh water diatoms that blew off
the African continent [Pokras, 1991; Abrantes, 2003].
Recently, a �290 cm thick diatom-rich interval representing
part of the last deglaciation was reported from the Bermuda
Rise [Keigwin and Boyle, 2008] (Figure 1). Here, we
describe its characteristics and the possible relationship
between the diatoms, local surface ocean freshening, ice
rafting and implications for deep-ocean circulation.

2. Oceanographic Setting

[3] The northeast Bermuda Rise is a region of high
sediment accumulation that is linked to the Gulf Stream
system and deep recirculating gyres [Laine and Hollister,
1981]. Due to the low-nutrient content of surface waters, the
primary productivity is low and most opal is remineralized
in the upper water column [Heath, 1974]. Sediment trap
time series near Bermuda show a constant low opal flux,

with 5.5% and 3.1% opal content of biogenic matter at 3964m
depth and at the surface sediment, respectively [Honjo et
al., 1982]. In consequence, few diatoms are found on the
seafloor [Maynard, 1976]. The productivity resulting from
short-time mesoscale events such as eddies accounts for
most of the annual primary productivity in the oligotrophic
Sargasso Sea [Michaels, 2007]. Two mesoscale processes
enhance productivity today and could have been more
important in the past: (1) mode water eddies, known to
provide silica and nutrients to the euphotic zone [Krause et
al., 2009] and to produce unexpected and major diatom
blooms in the Sargasso Sea [McGillicuddy et al., 2007], and
(2) cold-core rings, transporting nutrient rich waters and
biota from the subpolar gyre [The Ring Group, 1981].

3. Material and Methods

[ 4 ] We s tud i ed co re OCE326GGC6 (GGC6)
(33�41.4430N; 57�34.5590W; 4541 m depth) (Figure 1),
which is highly correlated by magnetic susceptibility with
well-dated companion core OCE326GGC5 [McManus et
al., 2004] (GGC5, 33�41.5220N; 57�34.5270W; 4550 m
depth) (Figure 2a). The 14C ages of GGC5 were transferred
to GGC6 by aligning the magnetic susceptibility records
(Figure 2a). In addition to diatom counts at GGC6, we also
report foraminiferal data (from GGC5 and KNR31GPC5
(GPC5), 33�41.20N; 57�36.90W; 4583 m depth) and ice-
rafted debris (IRD) counts (GGC5 and GGC6). Considering
the coordinates of GGC6, GGC5 and GPC5, we assume that
they were collected from the same site.
[5] Core GGC6 is 450 cm long and was sampled for

diatom analysis every 16 cm from 0 to 150 cm and every
4 cm to the bottom (448 cm). The samples were treated
following Abrantes et al. [2005]. Diatom assemblages were
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based on the identification of at least 300 specimens per
sample (Chaetoceros resting spores are counted, but not
included in the total of 300). Considering a counting of
300 specimens, a contribution abundance of 2% of a diatom
species/group to the total assemblage is considered a sig-
nificant contribution, with a confidence level of 95.4%
[Galehouse, 1971]. Considering only the species with a
minimum contribution of 2% is also justified in transfer
function analysis: 300 specimens of planktonic foraminifera
are traditionally counted and species of less than 2%
abundance are considered too rare for the analysis [Imbrie
and Kipp, 1971]. Diatoms were identified only below
168 cm because of low abundances above that level.
[6] Planktonic foraminifera and lithic grains were counted

and identified from samples that were wet and dried
weighed and further wet sieved to keep the >63 mm fraction.
[7] The planktonic foraminifera Globorotalia scitula and

Neogloboquadrina pachyderma sinistral (a polar species)
were counted at core GPC5 from splits of the 150 mm
fraction and presented as percent of the planktonic fauna.
These data are from an unpublished census of splits of the
planktonic fauna by L. D. Keigwin (unpublished data,
1984).
[8] The lithic grains we found are mostly angular quartz

from the >150 mm fraction. Similar grains are found during
Heinrich Events (HE) of isotope stage 3 on the Bermuda
Rise and are interpreted as IRD [Keigwin and Boyle, 1999].
IRD counts on core GGC5 from 16.2 to 17.88 ka, including
detrital carbonate [Benetti, 2006], were extended with
additional counts from GGC6 between 15.2 and 15.5 ka

(200 to 212 cm) and from GGC5 between 14.8 and 15.6 ka
(166 to 188 cm).

4. Results

[9] Diatom groups are based on the temperature and
salinity indications reported for each diatom species in the
literature. The groups are formed in a way to distinguish the
diatoms that only and strictly thrive in a determined
environment (fresh water, brackish, warm and cold water
diatoms groups) from the diatoms species, which have the
ability to adapt to environmental changes: for example,
the ‘‘warm to temperate diatom group’’ does not include
the diatom species that are only found in warm waters.
Chaetoceros (Ehrenberg) is one of the largest genera of
marine planktonic diatoms [Hasle et al., 1996] and
comprises numerous species. Abundance and diatom data
(species and group) will be available in the PANGAEA
database.
[10] Diatoms are common from 19.2 ka (base of the core)

until �14.5 ka, when they reached present-day minimum
values, and they are most abundant between 16.8 and
15.1 ka (Figure 2b). Most species identified were assembled
into groups (see auxiliary material).1 As expected for the
subtropics, warm water diatom species dominate (12%–
32%). At 17.7 ka, the contribution of warm diatoms
increased relative to warm to temperate species
(Figure 3d). Chaetoceros resting spores (CRS) are a major
contributor to the assemblages (8%–27%) (Figure 3c). The
general trend of their contribution is a decrease over the

1Auxiliary materials are available in the HTML. doi:10.1029/
2008PA001729.

Figure 1. Map showing the location of cores GGC6, GGC5, and GPC5. The large black arrow indicates
the pathway of the Gulf Stream, and the other arrows indicate the possible paths for cold-core rings, south
of the Gulf Stream.
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duration of the record, although there are three maxima
�15.7, 16.6 and 18 ka.
[11] Within the CRS group, the contribution of cold water

species gradually increases to 15.7 ka and then decreases
(Figure 3a). From 16.9 to 14.6 ka (except �16 ka) brackish
water diatoms reached significant levels (2.1%–5.1%)
(Figure 3b). Fresh water diatoms (comprising species such
as Nitzschia acicularis (Kützing) Smith and Staurosira
construens (Ehrenberg)) reach significant levels at �15.5,
16.1 and 16.6 ka (�2.4% each time). Benthic and coastal
diatoms reach significant numbers at �18.4 ka (2.7% and
2.3%, respectively) (Figure 3b). Benthic diatoms reach
again a significant level (2.3%) at �17.5 ka (Figure 3b).
[12] Quartz grains interpreted to be IRD are found in

GGC6 at 15.4 ka and in GGC5 at 15 and 15.9 ka
(Figure 3b). The polar planktonic foraminifera
Neogloboquadrina pachyderma (s) in KNR31GPC5
decreased in abundance suddenly �14 ka, but reappeared

in lower abundance during later cold episodes. In contrast,
Globorotalia scitula is rarely present after 14 ka (Figure 2).

5. Discussion

[13] Diatoms are especially abundant from 16.8 to 15.1 ka,
during the ‘‘Mystery Interval’’ [Denton et al., 2006]. This
interval starts with Heinrich Event 1 (H1) (starting �16.8 ka
[Bond et al., 2001]) and ended at the onset of the Bølling/
Allerod. Its name reflects the contemporary occurrence of
features of climate variability that seem incompatible with
one another, such as the retreat of European glaciers at a
time when other records provide evidence for extreme cold
[Denton et al., 2006]. In fact, well-preserved and abundant
diatoms in Sargasso Sea sediment add to the mystery, as it
does not happen nowadays. However, increased diatom
production is also recorded at the same site during Heinrich
events 2 and 3 [Lippold et al., 2009]. The occasional

Figure 2. Diverse paleoproxy data from cores GGC6, GGC5, and GPC5. The gray bar highlights the
study period detailed in Figure 3. (a) Magnetic susceptibility of cores GGC6 (thick line) and GGC5
(thin line) versus age (ka B.P.); (b) diatom accumulation rate (number of valves cm�2 ka�1) in GGC6;
(c) 231Pa/230Th in GGC5 [McManus et al., 2004]; (d) percentage (%) of N. pachyderma (s) in GPC5.
(e) Percentage (%) of G. scitula in GPC5.
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presence of the benthic foraminifera Uvigerina peregrina
(reported also by Boyle and Keigwin [1987] and known
from North Atlantic sites with high Total Organic Carbon
(TOC) [Miller and Lohmann, 1982]) and observed in
>150 mm fraction while searching for IRD) in GGC6 agrees
with a relatively high organic carbon rain known from ODP
Site 1063 [Keigwin et al., 2001]. The high opal content
during H1 corresponds to lower magnetic susceptibility due

to the consequent high porosity and water content of the
sediment, as described previously [Mayer, 1982].

5.1. Diatoms and SST

[14] The most common diatoms found are principally
CRS and subtropical species (such as Alveus marinus
(Grunow) Kaczmarska et Fryxell). At �17.7 ka, the warm
water diatom group overtakes the ‘‘warm to temperate’’

Figure 3. Diatom- and foraminiferal-derived temperature and salinity indicators from GGC6 and
GGC5. (a) Contribution of cold water diatom species (thick line) and contribution of cold water
Chaetoceros resting spores (CRS) only (thin line). (b) Contribution of brackish and fresh water diatoms
all together (thick line) and contribution brackish diatom contribution only (thin line) with the letters F, B,
and C indicating the significant contributions (above 2%) of fresh water, benthic, and costal diatom
species, respectively, in GGC6. The horizontal bold segments indicate IRD intervals in GGC5 [Benetti,
2006], the black stars indicate additional levels of IRD occurring after 16.2 ka B.P. in GGC5, and the
plain circle indicates one IRD level in GGC6. (c) Contribution of Chaetoceros resting spores in GGC6.
(d) Contribution of warm (thick line) and warm to temperate (thin line) diatom species in GGC6.
(e) Calcification temperature (CT) in �C derived from Mg/Ca measured on G. inflata in GGC5 [Carlson
et al., 2008].
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group, which would indicate a relative warming of the
surface water (Figure 3d), but the first appearance of IRD
is also accompanied by an increase in cold water diatoms
(17.7 to 15.5 ka) (Figure 3a), mainly CRS species
(C. furcellatus Bailey and C. debilis Cleve). Considering
that the increase of the cold species is sudden (from 0.2% to
4.6%) and the contribution of warm water diatoms remains
roughly constant, the decrease of the ‘‘warm to temperate’’
group would express two important aspects of the oceano-
graphic situation: (1) an important temperature contrast
between the water masses and (2) a low mixing of the
different water masses.
[15] The diatom record differs from the temperature

reconstruction based on Mg/Ca in the planktonic foraminifera
Globorotalia inflata from GGC5 [Carlson et al., 2008]
(Figure 3e). Despite the lower resolution of the temperature
record based on Mg/Ca, it is possible to observed important
misfits in comparison with the diatom assemblage records.
From the base of the record to 17.5 ka, the reconstructed
temperature values register a large variability, while the
records of the warm and cold water diatoms do not.
Between �17.5 ka and �16.5 ka, when the Mg/Ca SSTs
are lower, the contribution of the warm water diatoms tends
to increase. Regarding the cold water diatoms, their contri-
bution is negligible (only relatively higher at the beginning
and at end of this period) when compared to the contribu-
tion of warm water diatoms. Finally, from �16.5 to 15 ka,
the Mg/Ca SSTs are relatively higher, when precisely the
contribution of the warm water diatoms decreases and the
one of the cold water diatoms increases. The misfits
between the foraminifera and diatom records are likely
explained by the difference in water depth of their respec-
tive habitat. Globorotalia inflata is a species known to live
between 100 and 400 m depth in the Sargasso Sea during
late winter [Anand et al., 2003], whereas diatoms thrive in
the euphotic zone (upper �50 m depth). This means
that diatoms reflect the surface ocean (including the
environment near icebergs), while the geochemical data
likely reflect general conditions in the deeper ice-free
Sargasso Sea below where diatoms live. Thus, we would
not expect both records to agree.

5.2. Diatoms, Ice, and SSS

[16] Beginning �16.9 ka, the brackish and fresh water
diatoms became significantly represented in Bermuda Rise
sediments and IRD mark the first significant discharge of
icebergs characterizing H1 in GGC5 [Benetti, 2006]
(Figure 3b). HE added an exceptional amount of fresh water
into the North Atlantic, but this is thought to have affected
principally the subpolar gyre. In fact, IRD in Bermuda Rise
sediments during the HE of isotope stage 3 are known to be
similarly abundant (�1g�1) [Keigwin and Boyle, 1999] as
in core GGC5 [Benetti, 2006]. The evidence for lower
salinity and IRD points to successive discharges of icebergs
that reached the subtropics and significantly changed the
surface salinities. Interestingly, a linear regression between
total diatom abundance and fresh and brackish diatom
species all together present a positive correlation, with r =
0.66 (significance level of p < 0.0001). This indicates that
these species are an important part of the flora. Their

importance lies not in their low abundance, but in the
observation that they are present at all. Although occasional
benthic diatoms must have been transported by ice to the
Sargasso Sea (benthic diatoms are observed on mineral
particles of drifting icebergs in the Southern Ocean (SO)
[Smith et al., 2007]), the significance of fresh and brackish
water diatoms is less certain. Fossil tests could have been
transported, but cold-core rings bearing melting icebergs
might have had a sufficiently fresh surface layer to support
living populations of these exotic species. Indeed, local
positive impacts of melting drifting icebergs on the nutrient
budget and on the productivity of the surface water have
been observed in the SO [Schwarz and Schodlok, 2009;
Smith et al., 2007]. There are no studies dealing with diatom
productivity and drifting icebergs from the North Atlantic
nowadays, but the SO offers several studies corroborating
our scenario. Considering the location in the Sargasso Sea,
there is no other way to get substantial and local fresh water
input.

5.3. Surface Ocean Scenarios

[17] Cold-core rings in the North Atlantic constitute
nowadays a contrasting environment in the Sargasso Sea.
They spread south of the Gulf Stream and result from the
pinch off of its meanders [The Ring Group, 1981]. Sea
surface temperatures (SST) are from 10�C to 16�C at the
cold-core ring center whereas these temperatures are usually
found as much as 600 m deeper in the Sargasso Sea [The
Ring Group, 1981]. Sea Surface Salinity (SSS) of cold-core
rings is about 1 per mil lower than the ambient surface water
[The Ring Group, 1981].
[18] Cold-core rings present a local productivity increase

of 50% (the rings covering 10%–15% of the Sargasso Sea)
[The Ring Group, 1981]. Furthermore, diatom patches are
found in upwelled cold core of the Gulf Stream [Yoder et
al., 1981] and diatoms prevail at the ring margins [Lochte
and Pfannkuche, 1987]. Cold-core rings may also carry a
characteristic foraminiferal assemblage, including G. scitula
[Beckmann et al., 1987], which is nowadays absent in
plankton tows [Bé, 1960], sediment traps [Anand et al.,
2003] and surface sediment [Ruddiman, 1969] from this
part of the North Atlantic. The last significant occurrence of
this species and N. pachyderma (s) on the Bermuda Rise
(Figure 2) coincides with the onset of Bølling warming at
�14 ka. Whether fresh water diatoms grew in situ or were
transported by icebergs, they must be linked to cold-core
rings and to iceberg melting. The variety in diatom species
might reflect the structure of the cold-core rings [The Ring
Group, 1981]: cold water surrounded by Gulf Stream waters
in the Sargasso Sea. These strong SST and SSS contrasts
enable a subpolar microcosm to survive transport across the
subtropics [The Ring Group, 1981]. The oceanographic
processes involved during the ‘‘Mystery Interval’’ were
likely amplified by the presence of icebergs, which also
causes turbulent mixing [Schwarz and Schodlok, 2009] and
likely added an important amount of fresh water. Sancetta
[1992] already hypothesized increased diatom productivity
during HE as a result of input of dissolved silica and
nutrients, but diatom productivity is low within the area
of maximum iceberg melting (except above 50�N) during
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H1 [Nave et al., 2007]. Our present results are not contra-
dictory as the Bermuda Rise is outside this zone.
[19] The abundant diatom record preserved in the sedi-

ment and the enhanced diatom productivity may also be
amplified by silica leakage from the SO during deglaciation
[Bradtmiller et al., 2007]. Antarctic Intermediate Water
(AAIW) could have been brought to the euphotic through
mode water eddies. They are associated with a cold surface
anomaly and are constituted by a thick lens of subtropical
mode water (STMW) (the so-called 18�C water) and lie
between a doming seasonal thermocline and a depressed
main thermocline [Richardson, 1993; McGillicuddy et al.,
1999]. They are suspected to form precisely near the
STMW and most of them can even affect water depth as
great as 700 m [Richardson, 1993]. The STMW results from
the winter cooling of the northern Sargasso Sea surface
water and its mean flow is nowadays at 300 m [Worthington,
1959], but descends much deeper when the seasonal
stratification sets [Krause et al., 2009].
[20] Assuming the cooling over the North Atlantic and the

stratification over the Bermuda Rise during H1 are due to
the presence and melting of the icebergs, the STMW was
likely flowing deeper. In consequence, mode water eddies
affected a deeper part of the water column and likely even
interacted with the AAIW, which might have had a
shallower mean depth flow by this time. Indeed, the silica
rich AAIW likely flooded the deep North Atlantic [Rickaby
and Elderfield, 2005; Pahnke et al., 2008] thanks to a
sluggish thermohaline circulation [Gherardi et al., 2009]
and an increase in production of AAIW [Pahnke et al.,
2008; Anderson et al., 2009]. Considering also that winter
deep convective mixing (promoting STMW formation)
may also reduce the primary production by diminishing
the delivery of nutrients to the subsurface [Palter et al.,
2005], it appears that a possible explanation for the
extraordinary diatom production over the Bermuda Rise
during H1 relies also on the possible alternation of periods
of storminess (producing an homogeneous STMW) and
periods of abrupt cooling leading to strong stratification.
[21] One more very distinguishing feature of deglacial

changes over the Bermuda Rise is that the maximum
contribution of brackish and fresh water diatoms occurred
�15.5 ka, after the most continuous and abundant inputs in
IRD (indicated by the black bars in Figure 3b). The low-
salinity anomaly revealed by the diatom record and the
reduction in IRD abundance (at 15.4 ka in GGC6 and at
15 and 15.9 ka in GGC5) suggests therefore that low
salinity lingered over the Bermuda Rise and/or that the
icebergs reaching the Sargasso Sea already released and/or
contained less IRD. Our results are supported by modeling
experiments that show low-salinity anomalies that lingered
by hundreds of years in the subtropical North Atlantic
following HE [Levine and Bigg, 2008]. Little is known
about the fate of the fresh water resulting from the iceberg
melting. The gyre circulation itself or the reduced Atlantic
Meridional Overturning Circulation (AMOC) might have
prevented an efficient recirculation and incorporation of this
water into the deep sea [Lehman et al., 1993]. The sudden
decrease in low-salinity water indicators and total diatom

abundance at �14.5 ka likely marks the establishment of the
modern oceanographic conditions that no longer support
high diatom productivity.

5.4. Diatoms and AMOC Changes

[22] Finally, our data bear on the extent of AMOC
suppression during and after H1. As discussed elsewhere
[Keigwin and Boyle, 2008], the presence of biogenic silica

on the Bermuda Rise may account for elevated 231Pa/230Th

[McManus et al., 2004], as the period of high 231Pa/230Th in
core GGC5 is nearly identical to the interval of high diatom
content (Figure 2b). Because the effect of opal scavenging
would drive 231Pa/230Th toward the production ratio [Chase
et al., 2002], high 231Pa/230Th during and after H1 should
not be interpreted as a total shutdown of the AMOC.
Evidently, there was shallow overturning in the North
Atlantic during H1 [Gherardi et al., 2009]. However, in
his review of this paper, Dr. R. F. Anderson pointed out that
the implications of high 231Pa/230Th caused by scavenging
of 231Pa by opal production over Bermuda Rise can be
reconciled with sedimentary evidence of reduced flow of
dense northern source water [e.g., Stanford et al., 2006]. If
reduced AMOC enhanced the import of Si rich SO waters
which reached the euphotic zone in the North Atlantic by
mechanisms described above, then high 231Pa/230Th would
still be a consequence of reduced AMOC, but its response
would have been less direct than reported by McManus et
al. [2004].

6. Conclusion

[23] Subtropical gyres are typically oligotrophic environ-
ments, and although diatoms are present in surface waters,
they are much less abundant than in upwelling regions and
they are rarely preserved on the seafloor. The co-occurrence
of increased diatom productivity, IRD, and a mixture of
diatom species illustrate the anomalous surface ocean
conditions over the Bermuda Rise early in the last
deglaciation. The increased diatom production during H1
(from 16.8 to 15.1 ka) over the Bermuda Rise must be due
to processes similar to modern cold-core rings (amplified by
the presence of melting icebergs) and to mode water eddies
interacting with SO source waters. Both would be a great
source of nutrients to the Sargasso Sea. In fact, melting
icebergs generate diatom productivity in the SO nowadays
[Smith et al., 2007] and as in the SO, Bermuda Rise samples
contain fresh water and brackish diatoms.
[24] Finally, the covariance between the diatom

abundance and the maximum in 231Pa/230Th [McManus et
al., 2004] during and immediately after H1 suggests that the
role of biogenic opal on the scavenging of 231Pa has been
underestimated. Whereas there is good independent
evidence for reduced AMOC during H1, there is no strong
evidence for a total shutdown of North Atlantic ventilation.
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