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Abstract. The strength of Southern Hemisphere westerlies,
as well as the positions of the subtropical front (STF), Ag-
ulhas Current (AC) and Agulhas Return Current (ARC) con-
trol the hydrography of the southwestern Indian Ocean. Al-
though equatorward migration of the STF and reduction in
Agulhas leakage were reported during the last glacial pe-
riod, the fate of ARC during the last glacial–interglacial cy-
cle is not clear. Therefore, in order to understand changes
in the position and strength of ARC during the last glacial–
interglacial cycle, here we reconstruct hydrographic changes
in the southwestern Indian Ocean from temporal variation in
planktic foraminiferal abundance, stable isotopic ratio (δ18O)
and trace elemental ratio (Mg/Ca) of planktic foraminifera
Globigerina bulloidesin a core collected from the Agul-
has Recirculation Region (ARR) in the southwestern Indian
Ocean. Increased abundance ofG. bulloidessuggests that
the productivity in the southwestern Indian Ocean increased
during the last glacial period which confirms previous re-
ports of high glacial productivity in the Southern Ocean. The
increased productivity was likely driven by the intensified
Southern Hemisphere westerlies supported by an equator-
ward migration of the subtropical front. Increase in relative
abundance ofNeogloboquadrina incomptasuggests season-
ally strong thermocline and enhanced advection of southern
source water in the southwestern Indian Ocean as a result
of strengthened ARC, right through MIS 4 to MIS 2, during
the last glacial period. Therefore, it is inferred that over the
last glacial–interglacial cycle, the hydrography of the south-
western Indian Ocean was driven by strengthened westerlies,
ARC as well as a migrating subtropical front.

1 Introduction

The thermohaline circulation is responsible for distribution
of heat across the world oceans. In the modern ocean, cold
surface-ventilated water sinks to the bottom in the North
Atlantic and around Antarctica, while the aged and gradu-
ally warmed water resurfaces in both the Indian and Pacific
Ocean. The warmer water is transported back to the North
Atlantic (Talley, 2013). The southwestern Indian Ocean is
the conduit for transport of about 70 Sv of warm and salty
water from the Indian Ocean into the Atlantic Ocean, via
the eddy shedding by the Agulhas Current (AC) (Gordon,
1986; Bryden and Beal, 2001; Beal et al., 2011). A part of the
AC retroflects off the southern tip of Africa and returns back
to the Indian Ocean as the Agulhas Return Current (ARC)
(Quartly and Srokosz, 1993; Lutjeharms and Ansorge 2001;
Quartly et al., 2006). The retroflection depends on the in-
ertia of the AC off Africa, wind stress over this region and
the bottom topography (Lutjeharms and Ballegooyen, 1988;
Le Bars et al., 2012). A distinct seasonality in the Agulhas
Retroflection (AR) is also observed with earlier retroflection
during austral summer than in winter (Matano et al., 1998).
A few sporadic, large eastward shifts of the AR, leading to
a disruption of eddy shedding and thus a reduction in the
amount of water being transported from the South Indian to
the South Atlantic Ocean, have also been observed (van Aken
et al., 2013). A significant change in this inter-ocean water
exchange has also been reported over the geologic period
(Rau et al., 2002), especially the glacial terminations (Peeters
et al., 2004; Barker et al., 2009). As the global thermohaline
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circulation responds to the changes in the amount of water
transported from the Indian and Pacific Ocean to the South
Atlantic via the Agulhas Current in the southwestern Indian
Ocean (Knorr and Lohmann, 2003; Beal et al., 2011), it is
possible that the changes in the southwestern Indian Ocean
may be a precursor to climate changes over the North At-
lantic (de Ruijter et al., 2005; Marino et al., 2013). The
strength of the ARC depends on the retroflection as well as
the position of the subtropical front (STF), which marks the
transition between the tropical Indian Ocean and the South-
ern Ocean, and is distinguished as a sharp decrease in sea
surface temperature (Rintoul et al., 2001; Anilkumar et al.,
2006). The latitudinal migration of STF and processes asso-
ciated with it affect transport of water from the southwestern
Indian Ocean to the Atlantic Ocean by the Agulhas Current
(Flores et al., 1999; Simon et al., 2013). As far as the link
between westerlies and Agulhas leakage is concerned, con-
trasting views have been proposed. While paleostudies sug-
gest reduced leakage associated with northward migration of
westerlies and thus STF (Bard and Rickaby, 2009; Caley et
al., 2012; Simon et al., 2013), the modeling studies suggest
otherwise (Durgadoo et al., 2013). Even different paleostud-
ies provide contrasting evidence and there is no consensus
among the modeling studies either (Kohfeld et al., 2013).
Further, the factors used to define the STF are also debated
and it is suggested that bottom topography is also an impor-
tant contributor in Agulhas leakage (De Boer et al., 2013;
Graham and De Boer, 2013), necessitating more and more
data from this region to understand Agulhas leakage dynam-
ics. The response of ARC to the changes in the hydrog-
raphy of the southwestern Indian Ocean over the glacial–
interglacial timescales is not clear yet.

The physico-chemical state of the southwestern Indian
Ocean is also an important component of the monsoon sys-
tem and modulates the intensity and timing of the monsoon
in India (Clemens et al., 1991), as well as in African re-
gions (Bader and Latif, 2003). Any change in global climate
will affect the thermal structure of the southwestern Indian
Ocean, which in turn may act as feedback for further cli-
mate change. Therefore it is necessary to understand hydro-
graphic changes in the southwestern Indian Ocean from the
last glacial–interglacial transition, which will help to con-
strain the past climatic history of both the Indian monsoon
as well the southeastern Atlantic Ocean. Limited informa-
tion is available on past climatic history of the southwest-
ern Indian Ocean. Foraminifera – single-celled, preferen-
tially marine microorganisms with hard exoskeleton (test) –
have∼ 30 extant species, each of which inhabits different
depths of the water column. The foraminiferal tests accumu-
late on the seafloor, thus preserving the record of past water
column structure. Therefore, here we have used changes in
abundance, stable isotopic ratio (δ18O) and trace element ra-
tio (Mg/Ca) of planktic foraminiferGlobigerina bulloides,
along with the relative abundance ofNeogloboquadrina in-
compta(formerlypachydermaDextral) (Darling et al., 2006)

to reconstruct paleoclimatic changes from the southwestern
Indian Ocean, with an aim to understand changes in the
strength of ARC over the last glacial–interglacial cycle.

Globigerina bulloidesis abundant during periods of high
phytoplankton productivity (Schiebel et al., 1997). It has a
wide temperature tolerance limit and has been reported from
almost all possible sea surface temperature ranges in the
world oceans (Bé and Hutson, 1977; Hemleben et al., 1989;
Sautter and Thunell, 1989). A several orders of magnitude
higher abundance ofG. bulloidesis reported in the areas
having a large phytoplankton population, as a result of up-
welling nutrient-rich cold water from deeper depths to the
surface (Peeters et al., 2002). Recently, Žarić et al. (2006)
and Fraile et al. (2008) modeled the global distribution of
planktic foraminiferal species, includingG. bulloides, and
found that this species is strongly correlated with highly pro-
ductive regions. High-productivity regions are generally as-
sociated with upwelling induced by seasonal strong winds
(Wyrtki, 1971; McCreary et al., 1996). Thus the temporal
variation in the relative abundance ofG. bulloidesin the In-
dian Ocean region has been suggested as an efficient tracer
for the past changes in the surface productivity as a result
of wind-driven upwelling associated with summer monsoon
(Prell and Curry, 1981). A surface to near-surface habitat
for G. bulloidesin the southern Ocean was inferred based
on δ18O of the specimens collected in sediment traps (King
and Howard, 2005). In view of reported increased abundance
of G. bulloidesin waters with high surface productivity, it
has been widely used to infer paleo-upwelling and thus pa-
leomonsoon changes in the Indian Ocean region (Gupta et
al., 2003).Neogloboquadrina incomptaprefers subsurface
waters and its abundance is strongly correlated with high
chlorophyll a concentration in pycnocline (Kuroyangi and
Kawahata, 2004; Bergami et al., 2009). Increased relative
abundance ofN. incomptais also reported in upwelling ar-
eas including that around 40◦ S, though the effect of seawa-
ter temperature was also observed (Žarić et al., 2006; Fraile
et al., 2008). Though the coiling direction ratio ofN. pachy-
dermawas proposed (Ericson, 1959) and frequently used as
seawater temperature proxy, lately it was inferred that the
differently coiled variants ofN. pachydermaare in fact al-
together different species, and further, that the right coiling
morphospecies should be named asN. incompta(Darling et
al., 2006).

The temperature-dependent replacement of Ca by Mg in
both inorganically (Chave, 1954; Katz, 1973; Oomori et al.,
1987) and organically precipitated carbonates (Lea et al.,
1999; Rosenthal et al., 2000; Barker et al., 2005) lead to the
application of Mg/Ca ratio of foraminiferal shells as sea-
water temperature proxy. The Mg/Ca ratio ofG. bulloides
is a reliable proxy of seawater temperature and has been
frequently used to infer past hydrographic changes in the
southwestern Indian Ocean (Martínez-Méndez et al., 2010;
Simon et al., 2013). The Mg-Ca content of foraminiferal
tests is, however, altered by post-depositional dissolution
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(Brown and Elderfield, 1996) for which measures have been
suggested for a few species to estimate temperature, after
correcting for dissolution-induced changes (Rosenthal and
Lohmann, 2002).

2 The study area

The study area lies in the southwestern part of the In-
dian Ocean, with the westward-flowing SEC as its northern
boundary. The Madagascar bifurcates the westward-flowing
SEC into the Mozambique Channel and the East Madagascar
Current (EMC). The African subcontinent deflects the SEC,
poleward. The poleward-deflected SEC, the Mozambique
Channel and the East Madagascar Current (EMC) join to-
gether and flow further south as the Agulhas Current (Schott
et al., 2009). The Agulhas Current frequently sheds rings as
a result of retroflection (Schouten et al., 2000). These rings
carry warm and salty Indian Ocean water into the South At-
lantic (de Ruijter et al., 1999). The Agulhas Current trans-
ports∼ 70 Sv of water, with contributions of 18 and 20 Sv
from the Mozambique Channel and the East Madagascar
Current, respectively (Donohue and Toole, 2003). A substan-
tial part of the AC retroflects and flows as ARC, which joins
the eastward-flowing Antarctic Circumpolar Current (ACC)
and then completes the loop by flowing equatorward as the
West Australian Current (Read and Pollard, 1993; de Ruijter
et al, 2005). The core was collected from the ARR and falls
in the path of ARC in the southwestern Indian Ocean which
is characterized by a subtropical anticyclonic gyre (Stramma
and Lutjeharms, 1997). The region around the core is marked
by year-round strong upwelling due to interaction between
EMC, Madagascar Ridge and local winds (Tomczak and
Godfrey, 2003; Quartly et al., 2006; Poulton et al., 2009) as
well as the factors associated with the Antarctic Circumpolar
productivity belt (Ito et al., 2005).

The southwestern Indian Ocean receives surface waters
from the subtropical gyre and subtropical current, which
originate from the South Indian Ocean Current that flows
north of the Circumpolar Current (Tomczak and Godfrey,
2003). Tritium data show that the Indonesian Throughflow
contributes to a large part of the Indian Ocean surface wa-
ter north of 40◦ S and down to the thermocline (Fine, 1985).
The subtropical front (STF), located at∼ 40◦ S in the cen-
tral South Indian Ocean, separates the warmer and saltier
water of the subtropics from the cold, fresh, nutrient-rich
subantarctic water (Stramma, 1992). The annual average sea
surface temperature (SST) near the core location is 16.5◦C
while the salinity (SSS) is 35.3. The minimum (14.2◦C) and
maximum (18.9◦C) SST at the core location is reported dur-
ing austral winter and summer seasons, respectively. The
SST during the other two seasons – i.e. spring (17.6◦C) and
fall (16.2◦C) – differs by∼ 1.5◦C (Locarnini et al., 2010).
As compared to SST, small change (0.4 su) is observed in

Fig. 1. The location of core SK 200/17 is marked with a red
square. The surface circulation in this region, which includes the
South Equatorial Current (SEC), Mozambique Channel (MC), East
Madagascar Current (EMC), Agulhas Current (AC) and Agulhas
Retroflection/Return Current (ARC) is marked with black lines. The
position of the subtropical front (STF) is marked with a thick dark
blue line. The other cores discussed in the text are also marked
as 1 (MD962077, Bard and Rickaby, 2009) and 2 (RC11-120,
Mashiotta et al., 1999). The template is the average productivity
in terms of chlorophylla concentration in mg m−3. The chloro-
phyll data was downloaded from the ocean color web page (http:
//oceancolor.gsfc.nasa.gov/cgi/l3).

the surface seawater salinity, with the maximum SSS (35.4)
reported during austral summer (Antonov et al., 2010).

3 Materials and methodology

The top 120 cm section of a gravity core (SK 200/17, here-
after referred to as SWIOC) collected from 39.03◦ S latitude
and 44.97◦ E longitude, at a water depth of 4022 m was sam-
pled every 1 cm (Fig. 1). The SWIOC was collected from
the southwest Indian Ridge near the Indome Fracture Zone,
at the northern boundary of modern high-productivity belt.
The prominent topographic features surrounding this place
include Agulhas Basin to the west, Mozambique Basin to the
north west, Madagascar Basin to the northeast, Crozet Basin
to the east and Crozet Ridge to the south. The core was col-
lected as part of the “Pilot Expedition to the Southern Ocean”
under the initiative of the National Centre for Antarctic and
Ocean Research, Goa.

An appropriate amount (5–10 g) of sample was collected
in pre-weighed and properly labeled petri dishes and oven
dried at 45–60◦C. The dried samples were weighed and
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soaked in water for a minimum of 24 h. The overlying wa-
ter was decanted after 24 h. The procedure was repeated sev-
eral times until the overlying water became clear. The sedi-
ment sample was then washed by using a 63 µm sieve using
a very slow shower so as to prevent foraminiferal test break-
age. The fraction larger than 63 µm was then transferred in
to small beakers for drying, then weighed and stored in plas-
tic vials. The samples were dry-sieved using a 150 µm sieve
and used for picking planktic foraminifera. An appropriate
amount of> 150 µm sand fraction was taken after splitting.
This representative fraction, so obtained, was weighed and
uniformly spread over a gridded picking tray. From the rep-
resentative fraction, all the planktic foraminiferal specimens
were picked. From each sample, a minimum of∼ 300 spec-
imens of planktic foraminifera were picked and mounted
on micropaleontological slides. Out of the picked planktic
foraminifera, all the specimens ofG. bulloideswere sepa-
rated and counted by using “OLYMPUS SZX16” high-end
research stereo microscope.

For stable oxygen isotopic analysis, 15–20 clean spec-
imens of G. bulloides from 250–355 µm size range were
picked. The specimens were gently crushed to break open
all the chambers and washed three times with ultra-pure wa-
ter, followed by methanol in 500 µL centrifuge tubes to re-
move clay and other extraneous material trapped inside the
chambers. The cleaned fragments were transferred to glass
vials for measurement in the mass spectrometer. The sta-
ble isotopic (δ18O) ratio was measured at the National In-
stitute of Oceanography, Goa, India using “Thermo Finni-
gan isotope ratio mass spectrometer” calibrated via NBS 18
to the PDB scale. The values are given inδ-notation ver-
sus VPDB (Vienna Pee Dee Belemnite). The precision of
oxygen isotope measurements, based on repeat analyses of
NBS 18 and a laboratory standard, run over a long pe-
riod was better than 0.1 ‰. For elemental (Mg/Ca) analysis,
∼ 25–30 clean specimens ofG. bulloidesfrom 250–355 µm
size range were picked, weighed, crushed and transferred to
plastic centrifuge tubes. The specimens were cleaned fol-
lowing the UCSB standard foraminifera cleaning procedure
without the DTPA step (Martin and Lea, 2002). Thoroughly
cleaned samples were analyzed by using a Thermo Finni-
gan Element2 sector field ICP-MS following the isotope di-
lution/internal standard method (Martin and Lea, 2002). The
G. bulloidesMg/Ca ratio was converted to SST by using the
calibration equation of Mashiotta et al. (1999).

Mg/Ca = 0.474(exp 0.107Temp)

The error in Mg/Ca seawater temperature is±0.8◦C, based
on the error associated with the calibration equation. The
planktic foraminiferal Mg/Ca ratio indicates the seawater
temperature whileδ18O depends on both the seawater tem-
perature and the oxygen isotopic ratio of the seawater. In or-
der to assess the possible dissolution effect on foraminiferal
Mg/Ca ratio, the shell weight was measured prior to crushing
the tests for trace element analysis. The stable isotopic and

trace element data of SWIOC is compared with other cores
(RC11-120) (Mashiotta et al., 1999), MD96-2077 (Bard and
Rickaby, 2009), MD02-2594 and MD96-2080 (Martínez-
Méndez et al., 2010) collected from the nearby region.

4 Chronology of the core

The δ18O of G. bulloides from this core was compared
with low latitude planktic foraminiferal global isostack
(Bassinot et al., 1994) and cross-checked withδ18O benthic
foraminiferal global isostack of Lisiecki and Raymo (2005)
to determine the tie points to establish the chronology
(Fig. 2). A total of 7 tie points corresponding with Marine
Isotopic Stage (MIS) 3, 4 and 5 and substage 2.2, 5.2, 5.4
and 5.5 were used to establish the chronology. The sedimen-
tation rate varies from a minimum of 0.3 cm kyr−1 between
17–24 and 86–106 kyr to a maximum of 3.6 cm kyr−1 be-
tween∼ 9 and 17 kyr (average 1.1 cm kyr−1). As only a few
intact planktic foraminiferal shells were available in the core
top sample, its age could not be determined. The next sec-
tion with sufficient shells available for dating was 9–10 cm,
which was radiocarbon dated to be 8600± 300 yr old. The
dating was carried out at the Accelerator Mass Spectrometer
facility of the Institute of Physics, Bhubneshwar, India. The
chronology of the top 10 cm section was interpolated based
on the sedimentation rate between 9 and 10 cm section and
the age of MIS 2.2, taken as 17 kyr.

5 Results

The analyzed section covers a time span of 150 kyr at an
average sample resolution of∼ 1 kyr. The core top is 7 kyr
old, suggesting a loss of several top centimeters of the sed-
iments during coring. The fraction> 63 µm was relatively
more abundant during the early part of MIS 6 covered by
the studied section and decreased to its lowest reported value
throughout the core towards the MIS 6/5 transition (Fig. 3).
The fraction> 63 µm almost entirely consists of planktic
foraminiferal tests and its fragments. A gradual increase in
planktic foraminiferal abundance,G. bulloidesrelative abun-
dance and fraction> 63 µm is noted during MIS 5. Theδ18O
G. bulloides, however, initially gets depleted from the bot-
tom of the section until MIS 5.5 and subsequently becomes
heavier until the MIS 5/4 transition. TheG. bulloidesrelative
abundance increases abruptly from the early MIS 4 to late
MIS 4. A distinct enrichment ofδ18O G. bulloidesis noticed
during MIS 4. TheN. incomptarelative abundance remains
unchanged throughout the MIS 4 only to increase abruptly
towards MIS 4/3 transition. Decrease in Mg/Ca-based sea-
water temperature is also observed during the late MIS 4
(Fig. 3).

The planktic foraminiferal abundance and frac-
tion> 63 µm increase from∼ 40 kyr onwards until the
MIS 3/2 transition. TheG. bulloides relative abundance
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Fig. 2. The chronology of the core, as established by comparing theδ18O Globigerina bulloidesin the core with low latitude isostack map
of Bassinot et al. (1994). This isostack curve was chosen as it is based on planktic foraminifera. The solid line represents three-point running
average. The tie point isotopic events are marked by dashed and light lines as well as the numbers. The single AMS date at 9–10 cm depth
interval is marked by an arrow. The final chronology of core SK 200/17 is compared with both the low-latitude isostack of Bassinot et
al. (1994), as well as the benthic foraminiferal isostack (LR04) of Lisiecki and Raymo (2005).

decreases throughout the MIS 3 to reach a level towards the
MIS 3/2 transition that is comparable with early MIS 5. The
δ18O G. bulloides, however, gets enriched from 40 kyr to
the Last Glacial Maximum (LGM) corresponding to 17 kyr.
The N. incomptarelative abundance decreases during this
interval, only to increase from∼ 35 kyr BP until the MIS 3/2
transition. The highest planktic foraminiferal abundance
and fraction> 63 µm are noted during MIS 3/2 transition,
whereas theG. bulloidesrelative abundance is at its lowest
during this period.

During MIS 2, both planktic foraminiferal abundance and
fraction> 63 µm decrease abruptly, whereas Mg/Ca seawa-
ter temperature andG. bulloidesrelative abundance increase.
Theδ18O G. bulloidesgets further depleted during the early
part of MIS 2. The highestN. incomptarelative abundance,
however, is noted during late MIS 2. The Mg/Ca seawa-
ter temperature also increases from 20 kyr onwards until the
MIS 2/1 transition. The planktic foraminiferal abundance,
fraction> 63 µm and Mg/Ca seawater temperature increase
during the early Holocene, whereas theG. bulloidesrelative
abundance andN. incomptarelative abundance decrease dur-
ing the early Holocene. Theδ18O G. bulloidesgets further
depleted during the early Holocene. A decrease inG. bul-
loidesshell weight is observed during the MIS 5. The shell
weight increases from late MIS 5 and throughout MIS 4 until

early MIS 3. The shell weight decreases during early MIS 2
followed by an increase until the MIS 2/1 transition. A de-
crease in shell weight is observed during the early Holocene.

The LGM (taken as the average of five most depleted
intervals centered at 17 kyr) early Holocene difference in
δ18O G. bulloidesis ∼ 1.45± 0.6 ‰. The core-top Mg/Ca
SST is 8.8◦C (1.21 mmol mol−1 Mg/Ca), much lower than
the average austral spring SST (∼ 14.5◦C) in the area. The
LGM–Holocene difference in Mg/Ca seawater temperature
is 1.2± 1.2◦C. The lowest Mg/Ca seawater temperature
(6.5◦C at 21.2 kyr BP), however is∼ 3◦C cooler than the av-
erage early Holocene Mg/Ca SST (9.5± 0.8◦C). This lowest
LGM Mg/Ca seawater temperature, however, is∼ 8◦C lower
than the average spring SST near the core site.

6 Discussion

6.1 Reliability of faunal data: comparison with previous
work

Several post-depositional processes like slumping/turbidity
currents, lateral transport, and dissolution affect foraminifera
accumulated in the marine sediments, thus altering the orig-
inal assemblage as well as the composition. Therefore, in
order to assess the reliability of the faunal assemblages,
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Fig. 3. Down-core variation in size fraction> 63 µm, planktic
foraminiferal abundance (TPF/g sediment), averageGlobigerina
bulloides shell weight, relative abundance ofG. bulloides and
Neogloboquadrina incompta, G. bulloidesMg/Ca along with esti-
mated seawater temperature andδ18O. The symbols are the actual
values, while the solid line is the three-point running average.

elemental and stable isotopic ratio in SWIOC, the core top
data are compared with the previous studies, including wa-
ter column, surface sediments as well as core tops from the
nearby regions.

The averageG. bulloidesrelative abundance during the
early Holocene, in SWIOC (6± 2 %), is lower than that in
the plankton tow (10.0–19.9 %) and surface sediment sam-
ples (20.0–49.9 %) reported previously from the southwest-
ern Indian Ocean (Bé and Hutson, 1977; Fraile et al., 2009).
The abundance ofG. bulloidesis also lower than that at a
southwesterly site where it comprises 20–30 % of the plank-
tic foraminiferal population in the sediments, whereas in
the sediment traps, it constitutes up to 19–24 % of the to-
tal planktic foraminifera, next only toN. incompta(King
and Howard, 2003). The difference probably reflects the high
spatial variability in the relative abundance ofG. bulloidesin
this region as evident from very closely spacedG. bulloides

abundance contours around the core site (Bé and Hutson,
1977; Fraile et al., 2009). The averageN. incomptarelative
abundance in the Holocene section of our core (15± 3 %),
however, is higher than its relative abundance in the plank-
ton tows (0.1–4.9 %), but lower than that in the surface sed-
iments (20.0–49.9 %) reported previously from this region
(Bé and Hutson, 1977; Fraile et al., 2009). The difference in
N. incomptaabundance in the Holocene section of our core
as compared to its relative abundance in the plankton tows
probably reflects the seasonality associated with the plank-
ton tows. A relatively higher abundance ofN. incomptain a
season other than the time when the plankton tows were col-
lected will result in its higher relative abundance in surface
sediments, as the surface sediments contain the foraminiferal
assemblage accumulated over a long time period as com-
pared to the snapshot seasonal nature of plankton tows.

The dissolution of foraminiferal tests can also cause differ-
ence in species abundance between sediments and plankton
tows/sediment traps. As the susceptibility of foraminiferal
species to dissolution is different, the dissolution is also
likely to produce the difference in preservation between
G. bulloidesandN. incompta. Berger (1975) placedG. bul-
loides amongst one of the most dissolution-susceptible
species, suggesting preferential dissolution ofG. bulloides
as compared toN. incompta. The modern carbonate satura-
tion horizon in all three sectors of the Southern Ocean lies at
∼ 3400 m water depth (Howard and Prell, 1994). Increased
carbonate dissolution during glacial periods is also reported
from the Indian sector of the Southern Ocean. The cores re-
covered from the Cape Basin reveal that the carbonate sat-
uration horizon during MIS 2 and 4 was∼ 600 m shallower
than present (Howard and Prell, 1994). The shallower car-
bonate dissolution horizon during MIS 2 and 4, may cause in-
creased dissolution during these intervals. However, both the
planktic foraminiferal number as well as the fraction> 63 µm
during MIS 4 are higher than that during MIS 5 and same
as that during MIS 3 as well as MIS 1, suggesting other-
wise. An abrupt decrease in both the planktic foraminiferal
number as well as the fraction> 63 µm is obvious during the
MIS 2/1 transition, which clearly suggests poor preservation.
The abrupt drop inG. bulloidesrelative abundance during
early MIS 2 is, however, synchronous with the peak in plank-
tic foraminiferal numbers as well as the fraction> 63 µm.
The subsequent peak inG. bulloides relative abundance
also coincides with poor carbonate preservation as inferred
from decreasing planktic foraminiferal numbers, as well as
the fraction> 63 µm. The anti-correlation betweenG. bul-
loides relative abundance and planktic foraminiferal num-
bers, as well as the fraction> 63 µm, suggests that carbonate
preservation might not have significantly altered the plank-
tic foraminiferal relative abundance at this location. As the
core site already lies below the carbonate saturation horizon,
any subsequent shallowing of the carbonate saturation hori-
zon during a glacial period may not produce a large change
in differential preservation of planktic foraminiferal species.
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The possible differential diagenetic alteration of planktic
foraminiferal assemblages, during glacial–interglacial period
cannot, however be completely ruled out.

The early Holocene averageδ18O G. bulloides in
our core (2.1± 0.4 ‰) is same as that in RC11-120
(2.2± 0.3 ‰) collected from comparable latitudes in the
southeastern Indian Ocean. The average LGMδ18O G. bul-
loides in our core (3.5± 0.5 ‰) also matches with that
in RC11-120 (3.4± 0.1 ‰) (Mashiotta et al., 1999). The
early Holocene average Mg/CaG. bulloides in our core
(1.31± 0.11 mmol mol−1) is lower than that in RC11-120
(1.60± 0.07 mmol mol−1). The LGM average Mg/Ca in
our core (1.16± 0.11 µmol mol−1) is, however, comparable
with that in RC11-120 (1.10± 0.07 ‰). The lower average
Holocene Mg/Ca values in our core as compared to RC11-
120, once again can be attributed to the lack of younger
Holocene section in our core.

Another possible cause for this difference might be dis-
solution, as it affects foraminiferal Mg/Ca ratio (McCorkle
et al., 1995; Brown and Elderfield, 1996; Rosenthal et al.,
2000; Regenberg et al., 2006). It is possible thatG. bul-
loidesMg/Ca at the core site is affected by partial dissolu-
tion as the core site lies below the modern carbonate satura-
tion horizon. However,based on multinet and core-top sam-
ples, Friedrich et al. (2012) concluded that dissolution does
not affect Mg/Ca ofG. bulloides. Mekik et al. (2007) also
suggested thatG. bulloidesMg/Ca is mainly controlled by
calcification temperature and is not susceptible to carbonate
dissolution. Brown and Elderfield (1996) also suggested that
the effect of dissolution on Mg/Ca is species specific, de-
pending on test wall structure and the fact that it may not
always alter the original Mg/Ca ratio. Contrary to these find-
ings, Regenberg et al. (2006) reported a marked decrease
in Mg/Ca ratio below the carbonate saturation horizon in
several planktic foraminifera. A dissolution-related bias in
Mg/Ca G. bulloidescan be assessed by comparing it with
change in shell weight. The weight of individualG. bul-
loidesshells varies from 12 µg during the early part of MIS 5
to 24 µg during MIS 2. The shell weight increases through-
out MIS 4 through MIS 3. This trend inG. bulloidesshell
weight does not correspond with its Mg/Ca, which has no
significant variation during this interval. Even at a later in-
terval (∼ 15 kyr until core top), while the shell weight de-
creases, the Mg/Ca increases. Non-corresponding variation
in G. bulloidesshell weight and its Mg/Ca ratio suggest that
changes in Mg/Ca at our core site are possibly not hugely
affected by dissolution. The non-correspondence between
shell weight and Mg/Ca, however, is not a robust indicator
of a well-preserved Mg/Ca signal. The shell weight may not
well represent dissolution, as the initial shell weight is con-
trolled by various parameters, including optimal growth rate
(de Villiers, 2004), and seawater carbonate ion concentra-
tion (Barker and Elderfield, 2002). A better approach should
be like the one followed by Rosenthal and Lohman (2002),
wherein they assessed the effect of dissolution on Mg/Ca

of Globigerinoides ruberand G. sacculiferby introducing
a correction factor based on the shell weight. The develop-
ment of such a correction factor forG. bulloides, however is
beyond the scope of this work.

6.2 Productivity changes: Southern Ocean as
atmospheric CO2 regulator

As compared to the early Holocene, the relative abundance
of G. bulloidesis high throughout the last glacial period,
especially during MIS 4 and 2. A synchronous increase in
fraction> 63 µm is also noted during the MIS 4 as well as
the early part of MIS 2. A minor northward shift in hydro-
graphic regime in this region will affect faunal abundance,
as G. bulloidescomprise the major component of subpo-
lar assemblage, which dominates between 40 and 53◦ S lat-
itudes (Howard and Prell, 1984). Further, theG. bulloides
abundance increases during austral spring season, suggest-
ing factors such as shallow mixed layer depth and nutrient
availability, other than temperature as controls on its distri-
bution (Fairbanks et al., 1982; Thunell and Reynolds, 1984;
Reynolds and Thunell, 1985; Sautter and Thunell, 1989,
1991; Ortiz et al., 1995; Mortyn and Charles, 2003; King and
Howard, 2003, 2005). The increase inG. bulloidesrelative
abundance and fraction> 63 µm suggests high productivity
in the southwestern Indian Ocean during cold periods. The
high productivity during cold periods as inferred fromG. bul-
loides relative abundance is further supported by increased
abundance ofN. incompta. The lag betweenN. incomptaand
G. bulloidespeak in abundance during both MIS 4 and MIS 2
is, however, noted and is attributed to the difference in tim-
ing of advection of southern source water, turbulent mixing
in the ARR and productivity, and is discussed in the next sec-
tion. Several studies have suggested increased productivity in
the region north of subantarctic zone of the Southern Ocean
during the glacial period (Sigman and Boyle, 2000; Jaccard
et al., 2013). The high productivity in this region is likely
related to the enhanced availability of nutrients as a result
of strengthening and equatorward shift of westerlies, as sug-
gested by Toggweiler et al. (2006), based on modeling stud-
ies. The strengthening of Southern Hemisphere westerlies
between 36 and 43◦ S during the glacial period, as compared
to interglacial, was also inferred by Shulmeister et al. (2004)
based on a synthesis of a large number of paleodata. The ex-
act nature of Southern Hemisphere westerlies during glacial
periods, however, is debated (Chavaillaz et al., 2013; Sime et
al., 2013).

6.3 Difference inG. bulloidesand N. incompta
abundance: water column structure, strengthened
westerlies, southern source water and migrating
STF

The unique feature of our record is an abrupt increase in
G. bulloidesrelative abundance during MIS 4 and the later
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part of MIS 2, with a synchronous increase in planktic
foraminiferal number and fraction> 63 µm during MIS 4,
suggesting high-productivity events. A change inG. bul-
loidesand planktic foraminiferal abundance, along with vari-
ation in coarse fraction percentage in SWIOC, can be inter-
preted as migration of a high-productivity belt centered at
the southern boundary of the STF and the northern bound-
ary of the SAF. We therefore suggest that increased interac-
tion of warm and salty ARC water with the cold SAF wa-
ters over the core site (due to northward migration of the
STF) might have led to increased productivity observed as
increased abundance ofG. bulloides. Increased abundance of
G. bulloideshas been suggested as an indicator of more aus-
tral spring season-like conditions (King and Howard, 2003).
It would lead to more intense ARC, as model simulations
suggest that the circulation in the Agulhas Recirculation Re-
gion strengthens during austral spring through summer in re-
sponse to intense winds (Matano et al., 1999). Previously,
increased productivity and low seawater temperatures during
each glacial period were interpreted as northward migration
of the subtropical front, further closing the Agulhas Current
(Bard and Rickaby, 2009).

The later part of both of these highG. bulloidesrelative
abundance events, however, also coincides with an increase
in abundance ofN. incompta. The peak abundance ofN. in-
comptais strongly associated with both the pycnocline depth
in the Southern Ocean, which is most likely controlled by
the thermocline, as well as productivity (Mortyn and Charles,
2003). TheN. incomptapeak flux in this region is observed
during austral summer (King and Howard, 2005). TheN. in-
comptaabundance is comparatively high in the region off
the southern tip of Africa as well as the southeastern Atlantic
Ocean, as compared with the ARR (Žarić et al., 2006). The
variations in abundance ofN. incomptacan thus be linked ei-
ther to an overall strengthening of ARC, as it can bring more
southern-sourced water to the ARR or increased seasonality.
Thus the peakN. incomptaabundance suggests that a part
of the high-productivity events in the southwestern Indian
Ocean during cold periods is associated with strong season-
ality and warming. The beginning of significant increase in
the abundance ofG. bulloidesprior toN. incomptathus sug-
gests that the northward migration of the STF preceded and
probably forced strengthening of the ARC. The increased
abundance ofN. incomptaonly in the later part of MIS 4
and 2 suggests that a critical point was reached during this
time, when either the strengthened westerlies or equatorward
shift in the STF forced strong seasonality and advection of
southern-sourced water into the ARR, resulting in increased
abundance of bothG. bulloidesandN. incompta(Simon et
al., 2013). The average position of the Subantarctic Front at
the LGM (LGM–SAF) was at 43◦ S (Brathauer and Abel-
mann, 1999; Gersonde et al., 2003, 2005). This work further
suggests that during the LGM the position of STF was more
northerly than that off the southern tip of Africa, where it
was same as that at present (Gersonde et al., 2003). Earlier,

Bé and Duplessy (1976) suggested that the northern limit of
STF in the southwestern Indian Ocean during the glacial pe-
riod was up to 31◦ S. These findings were further confirmed
by Bard and Rickaby (2009), who reported the migration of
the STF to as far north as∼ 33◦ S in this region based on fau-
nal and sediment characteristics in core MD962077, which
was collected from the southwestern Indian Ocean.

A part of the increase inN. incomptawas also accom-
panied by a corresponding increase inG. bulloidesMg/Ca,
suggesting the warming of the entire water column. The con-
current increase in relative abundance of bothG. bulloides
andN. incompta, further suggests strong thermocline. It im-
plies that the upwelling-induced the supply of nutrients to
support the high-productivity events (as inferred fromG. bul-
loides relative abundance) was seasonal in nature, as the
year-long upwelling would have dissipated the thermocline,
which should result in decreasedN. incomptarelative abun-
dance. Thus we infer that seasonal high productivity and
strong thermocline prevailed during glacial period. The in-
creased abundance of bothG. bulloidesand N. incompta
was most likely driven by the strong Southern Hemisphere
westerlies, as the strong winds during the glacial period will
result in a deeper mixed layer and increased nutrient avail-
ability, which is reflected in highN. incomptarelative abun-
dance. This evidence that warming was more pronounced in
and most likely confined to the subsurface waters, confirms
the model studies which find that the non-breaking surface
wave–induced mixing in the Southern Ocean can reduce sea
surface temperature and increase subsurface temperature of
the upper ocean (Huang et al., 2012).

A peculiar feature of our record is MIS 3 for which the
abundance ofN. incompta, planktic foraminifera and frac-
tion> 63 µm is consistently high, whereas the abundance of
G. bulloidesdecreases along with a concurrent decrease in
Mg/Ca temperature. The consistently highN. incomptaabun-
dance during MIS 3 is attributed to enhanced cross-frontal
mixing of southern-sourced waters into the ARR due to in-
creased transport in the Agulhas Return Current as a result of
increase in turbulence associated with strengthened Southern
Hemisphere westerlies (Simon et al., 2013). The strength-
ened Southern Hemisphere westerlies increased cross-frontal
mixing by weakening the thermal gradients associated with
the STF. The cross-frontal mixing leads not only to in-
creased export of Indian Ocean waters to the south, leading
to decreasedG. bulloidesabundance, but also entrainment
of Southern Ocean-derived water masses into the Agulhas
Return Current, resulting in increased abundance ofN. in-
compta(Simon et al., 2013). Recently, Sime et al. (2013)
suggested that a few degrees’ equatorward shift of the South-
ern Hemisphere westerlies during the LGM was likely based
on their atmospheric modeling study.

It should, however, be kept in mind that the changes in Ag-
ulhas leakage, which in turn affect ARC, are controlled not
only by the position of STF but also by the wind strength,
position and inertia (Beal et al., 2011). The Agulhas leakage
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will increase due to reduced inertia if the wind strength
decreases without an accompanying latitudinal shift, and
vice-versa. The combined effect of equatorward or poleward
shift of wind regime, accompanied by a change in wind
strength is thus not clear.

6.4 Subtle temperature salinity change: role of Agulhas
retroflection current

The LGM–early Holocene Mg/Ca temperature difference
in the southwestern Indian Ocean is only 1.2± 1.2◦C,
which is lower than that in the southeastern Indian Ocean
(3.5± 0.4◦C) (Mashiotta et al., 1999) (Fig. 4). The error
here is calculated from the standard deviation of the av-
erage Mg/Ca temperature during the Holocene and LGM.
This LGM–early Holocene SST difference is also lower than
radiolarian-based estimates, which suggest that LGM sum-
mer sea surface temperature around the core site was∼ 4–
5◦C cooler as compared to modern SST (Gersonde et al.,
2005). This difference between seawater temperature based
on radiolarian transfer function and foraminiferal Mg/Ca
may, however, be due to distinct seasonality in abundance
of radiolarian and foraminifera. It should be further noted
here that this small difference in temperature may partly
reflect lack of a complete Holocene section in SWIOC.
The difference in LGM–early Holoceneδ18O G. bulloides
(1.45± 0.6 ‰) in the southwestern Indian Ocean is, how-
ever larger than that in the southeastern Indian Ocean
(1.23± 0.4 ‰). Considering average ice-volume contribu-
tion of 1.0± 0.1 % over the glacial–interglacial transition
(Schrag et al., 2002) leaves 0.45± 0.6 ‰ δ18O, which in-
cludes both temperature and salinity components.

Removing the temperature component (0.2 ‰ change per
1◦C change in temperature) results in 0.2 ‰δ18O, which
can be attributed to local salinity changes (Duplessy et al.,
1991). We suggest that comparatively less cooling in the
southwestern Indian Ocean during the last glacial period is
due to the enhanced influence of the ARC. Increased trans-
port of subtropical warm water by the ARC will warm the
Agulhas Recirculation Region. Previous studies have also
suggested that the transport of warm and salty water from
the Indian to South Atlantic Ocean continued throughout the
LGM, but with reduced intensity (Gersonde et al., 2003). The
reduced Agulhas leakage was probably driven by increased
wind stress in this region. Large wind stress amplitude can
trigger turbulent regime, which decreases the availability of
Indian Ocean water for the Agulhas leakage (Matano, 1996;
Matano et al., 1999; Le Bars et al., 2012; Simon et al., 2013).
Recently it was reported that high wind stress in the south-
western Indian Ocean decreases the rate or cessation of eddy
shedding by the AC, leading to increased retroflection and
delayed transport of previously shed eddy further westward
into the Atlantic Ocean and thus increases seawater temper-
ature off the southern tip of Africa (van Aken et al., 2013).
Increased influence of ARC (relatively warm and stratified

Fig. 4. A comparison ofGlobigerina bulloidesMg/Ca in core
SK 200 GC17 with that in RC11-120 which was collected from
southeastern Indian Ocean (Mashiotta et al., 1999) and MD02-2594
and MD96-2080 (Martínez-Méndez et al., 2010). The Mg/Ca scale
(y axis) is the same for SK 200 GC17 and RC11-120.

surface waters) off the southern tip of Africa, a region which
lies in the path of Agulhas Current and eddy shedding, dur-
ing MIS 1 and 5 and decreased influence during MIS 2 and 4,
was also inferred from changes in coccolithophores (Flores
et al., 1999). Peeters et al. (2004) also inferred enhanced
Indian–Atlantic water exchange during the present and last
interglacial, with reduced exchange during the glacial peri-
ods. The region west of the southern tip of Africa will show
signatures of AC, while the region east of it is influenced by
the ARC, thus recording opposite signals.

The Mg/Ca SST during the last glacial period prior to
the LGM was comparable with the early Holocene SST.
Though the sample resolution is coarse, a progressive in-
crease in sea surface temperature during the glacial period
is also noticed, as previously reported from the southwest-
ern Indian Ocean (Martínez-Méndez et al., 2010) (Fig. 4).
The beginning of glacial warming during the MIS 2 coin-
cides with the warming reported from the region further west
of SWIOC (Martínez-Méndez et al., 2010). We are, however,
unable to comment on the extant of this warming relative to
the late Holocene, as the later section is missing in SWIOC.
Theδ18O G. bulloideswas depleted in the southwestern In-
dian Ocean as compared with the southeastern Indian Ocean
throughout the last glacial period (Fig. 5). The difference
was more pronounced during MIS 3. During the last glacial
period, the difference in seawater temperature as estimated
from G. bulloidesMg/Ca, however, was smaller than that at
present (6.5◦C). Additionally during MIS 2, the temperature
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Fig. 5. A comparison ofGlobigerina bulloidesδ18O in core
SK 200 GC17 with that in RC11-120, which was collected from
southeastern Indian Ocean (43◦31′ S, 79◦52′ E; 3135 m water
depth; Mashiotta et al., 1999) and MD02-2594 and MD96-2080
(MD02-2594: 33◦18′ S, 17◦18′ E; 2440 m water depth; MD96-
2080: 36◦16′ S, 19◦28′ E; 2488 m water depth; Martínez-Méndez et
al., 2010). The actualG. bulloidesδ18O values of core SK 200/17
are plotted, without taking the running average. Theδ18O scale
(y axis) is the same for SK 200 GC17 and RC11-120.

of both of these regions was the same. It further supports
our hypothesis of strengthening of the Agulhas Return Cur-
rent, resulting in a supply of warm water to the Indian sector
of the Southern Ocean. The strengthened ARC warmed the
entire Indian sector of the Southern Ocean, thus resulting in
decreased longitudinal seawater temperature gradient. There-
fore, we attribute the unique nature of our record to changes
in the strength and position of the ARC, which drives the
hydrology around the core site.

6.5 Changes during termination I

An interesting feature of this record is a drastic decline
in G. bulloides abundance just prior to the last glacial
maximum. The Mg/Ca temperature is also the lowest at
this time, while δ18O G. bulloides is yet to reach its
most enriched LGM level. The recovery phase ofG.
bulloides relative abundance during early MIS 2 coin-
cides with an increase in Mg/Ca temperature. The peak
G. bulloidesrelative abundance coincides with a peak in
N. incomptarelative abundance. The planktic foraminiferal
abundance and fraction> 63 µm, however, is at its low-
est during this time. Both planktic foraminiferal abun-
dance and fraction> 63 µm indicate either low produc-
tivity or a poor preservation of foraminiferal tests. The

mid-transition-increasedG. bulloidesabundance indicates
increased surface productivity, probably in response to the
Antarctic Cold reversal. The decreasedG. bulloidesabun-
dance during late deglaciation indicates decreased sur-
face productivity probably due to meltwater-lid-induced in-
creased stratification (Francois et al., 1993). As highG. bul-
loides relative abundance indicates increased productivity
as discussed before, we suggest that the drop in planktic
foraminiferal abundance and fraction> 63 µm during Termi-
nation I is the result of poor preservation. The variation in
planktic foraminiferal abundance is similar to the change
in carbonate percentage (higher during glacial period than
during interglacial) observed in cores collected from the
southeastern Atlantic off the southwestern coast of Africa
(Hodell et al., 2001). A sharp decrease in both the planktic
foraminiferal abundance as well as fraction> 63 µm during
termination, indicates sharp decline in carbonate percentage
during termination, which is a characteristic of cores col-
lected from this region.

7 Conclusions

Based on the faunal, stable isotopic and trace element anal-
ysis of planktic foraminifera in a core collected from the
southwestern Indian Ocean in the path of Agulhas Retroflec-
tion Current, we infer that over the last glacial–interglacial
cycle, the hydrography of this region was driven by change
in the strength of westerlies, as well as migrating subtropi-
cal front. The productivity in the southwestern Indian Ocean
increased during cold periods, which confirms previous re-
ports. The increased productivity during the glacial period
suggests northward migration of the subtropical front. The
increased relative abundance ofN. incomptais inferred as
a result of strong thermocline and advection of southern-
sourced water into the ARC. The findings confirm previous
reports of the Southern Ocean as the storehouse of atmo-
spheric carbon during the glacial period.

Supplementary material related to this article is
available online athttp://www.clim-past.net/10/745/2014/
cp-10-745-2014-supplement.zip.
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Žarić, S., Schulz, M., and Mulitza, S.: Global prediction of plank-
tic foraminiferal fluxes from hydrographic and productivity data,
Biogeosciences, 3, 187–207, doi:10.5194/bg-3-187-2006, 2006.

Clim. Past, 10, 745–758, 2014 www.clim-past.net/10/745/2014/

http://dx.doi.org/10.5670/oceanog.2013.07
http://dx.doi.org/10.1029/2005PA001154
http://dx.doi.org/10.5194/bg-3-187-2006

