
Clim. Past, 10, 293–303, 2014
www.clim-past.net/10/293/2014/
doi:10.5194/cp-10-293-2014
© Author(s) 2014. CC Attribution 3.0 License.

Climate 
of the Past

O
pen A

ccess

Deglacial intermediate water reorganization:
new evidence from the Indian Ocean

S. Romahn1, A. Mackensen1, J. Groeneveld2, and J. Pätzold2

1Alfred-Wegener-Institut Helmholtz-Zentrum für Polar- und Meeresforschung, Am Alten Hafen 26,
27568 Bremerhaven, Germany
2MARUM – Center for Marine Environmental Sciences, Bremen University, Leobener Straße, 28359 Bremen, Germany

Correspondence to:S. Romahn (sarah.romahn@awi.de)

Received: 7 June 2013 – Published in Clim. Past Discuss.: 17 July 2013
Revised: 3 January 2014 – Accepted: 7 January 2014 – Published: 10 February 2014

Abstract. The importance of intermediate water masses in
climate change and ocean circulation has been emphasized
recently. In particular, Southern Ocean Intermediate Waters
(SOIW), such as Antarctic Intermediate Water and Sub-
antarctic Mode Water, are thought to have acted as active
interhemispheric transmitter of climate anomalies. Here we
reconstruct changes in SOIW signature and spatial and tem-
poral evolution based on a 40 kyr time series of oxygen and
carbon isotopes as well as planktic Mg/Ca based thermome-
try from Site GeoB12615-4 in the western Indian Ocean. Our
data suggest that SOIW transmitted Antarctic temperature
trends to the equatorial Indian Ocean via the “oceanic tun-
nel” mechanism. Moreover, our results reveal that deglacial
SOIW carried a signature of aged Southern Ocean deep wa-
ter. We find no evidence of increased formation of interme-
diate waters during the deglaciation.

1 Introduction

Despite growing evidence that intermediate water masses
originating from the Southern Hemisphere are an important
component of the global thermohaline circulation, there is
disagreement about the variability of chemical properties and
the spatial dimension of these water masses through time.
Especially the architecture of the Southern Ocean’s interme-
diate level during the last termination is a matter of current
debate. For example, an enhanced formation of Antarctic In-
termediate Water (AAIW) during Heinrich event 1 (H1) and
the Younger Dryas (YD) has been proposed for the Atlantic

(Pahnke et al., 2008), the Pacific (Pahnke and Zahn, 2005)
and for the Indian Ocean (Jung et al., 2009).

AAIW is also thought to transmit climate anomalies from
the Southern Ocean to the tropics, via the so-called “oceanic
tunnel” (Liu and Yang, 2003; Pena et al., 2013). This term
describes the flow of southern-sourced waters via an inter-
mediate water level pathway to the low latitude thermocline,
where entrainment of this extratropical water has a cooling
effect on tropical sea surface temperature (SST). The grow-
ing number of high-resolution SST records from shallow
depths of tropical oceans, showing an Antarctic-type SST
pattern for the last deglaciation (Kiefer et al., 2006; Naidu
and Govil, 2010; Mohtadi et al., 2010; Visser et al., 2003;
Weldeab et al., 2006), supports this idea and indicates that
AAIW is essential for interhemispheric forcing of climate
variability.

In this context, the hypothesis that the deglacial atmo-
spheric CO2 increase and114C decline could be explained
by the release of carbon from an isolated deep water carbon
pool (Broecker, 1982) gained new attention. This idea has
been corroborated recently since anomalous radiocarbon-
depleted waters were identified in the Pacific (Marchitto et
al., 2007; Sikes et al., 2000; Stott et al., 2009), the At-
lantic (Keigwin, 2004; Robinson et al., 2005; Thornalley et
al., 2011) and the Indian Ocean (Bryan et al., 2010). These
old waters were all detected in thermocline to shallow inter-
mediate depths and interpreted as pulses of AAIW thereby
demonstrating the presence of an aged deep water reservoir
in the Southern Ocean. Spero and Lea (2002) presented a
higher level hypothesis that interprets globally distributed
carbon isotope minimum events (CIME, Ziegler et al., 2013)
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at glacial terminations as the result of increased upwelling
of aged deep water in the Southern Ocean, once Antarc-
tica began to warm and sea ice melted back. Accordingly,
supersaturated deep waters emitted CO2, which resulted in
rising CO2 concentrations and decreasingδ13C signature of
the atmosphere, while the lowδ13C of these upwelled waters
propagated northwards in AAIW and Subantarctic Mode Wa-
ter (SAMW). The AAIW/SAMWδ13C minimum, Antarctic
temperature rise and atmospheric CO2 rise coincide because
all these effects arise from the same process (Spero and Lea,
2002; Stephens and Keeling, 2000).

High-resolution sediment records from the tropical inter-
mediate ocean are still rare, but they are essential to answer
the questions of how the geographical and vertical extent of
AAIW changed since the Last Glacial Maximum (LGM),
and how AAIW influenced the physical properties of the
tropical and subtropical oceans in both hemispheres, and
therefore participated in interhemispheric coupling. Here we
provide a new high-resolution time series of oxygen and car-
bon isotopes as well as planktic Mg/Ca based SST from the
intermediate western Indian Ocean that spans the last 40 kyr
to contribute to the current discussion on the importance of
AAIW/SAMW as part of the global overturning circulation.

2 Oceanographic framework

The study site GeoB12615-4 is located off Tanzania, East
Africa, in the western Indian Ocean (Fig. 1). In general,
the western Indian Ocean is characterized by considerable
monsoon-induced variability of surface ocean circulation.
Seasonal reversing winds cause phases of upwelling and
downwelling, which affect nutrient availability and surface
productivity. Compared to the northern coast of Tanzania,
where seasonal upwelling leads to cooler, nutrient-rich wa-
ters and higher planktic productivity, surface waters south
of 4◦ S (including our study site at 7◦ S) are stratified year-
round. The area is characterized by relatively low surface
productivity, coral reef growth and benthic productivity as-
sociated with low-nutrient warm waters (Birch et al., 2013;
McClanahan, 1988).

The study area receives surface water predominantly from
the westward flowing South Equatorial Current (SEC), to a
large part supplied by the Indonesian throughflow (Schott et
al., 2009). Whereas SAMW from the southeast Indian Ocean
is the source for thermocline waters, there are several sources
that contribute to the intermediate waters of the Indian Ocean
(Fine et al., 2008). High salinity waters formed from Red Sea
outflow (Red Sea Water, RSW) spread southwards along the
East African continental margin (You, 1998), which can be
identified at roughly 600–1400 m water depth at our study
site (Birch et al., 2013, see SOM Fig. S1). As there is evi-
dence that Red Sea outflow was greatly reduced during the
LGM (Rohling and Zachariasse, 1996) due to lower sea-
level, and that RSW settled deeper in the water column dur-
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Fig. 1. Location map of sediment core records from the Indian
Ocean discussed in this paper. Oman cores RC27-14 and RC27-
23 (Bryan et al., 2010), Somalia core NIOP905 (Jung et al., 2009),
Tanzania core GeoB12615-4 (this study) and Madagascar core
WIND28K (Kiefer et al., 2006). Hydrographic fronts and forma-
tion area of intermediate water masses: STF: Subtropical Front;
SAF: Subantarctic Front; PF: Polar Front; SAMW: Subantarc-
tic Mode Water; AAIW: Antarctic Intermediate Water; SEC and
SECC: South Equatorial Current and South Equatorial Countercur-
rent. Redrawn after Pena et al. (2013) and Schott et al. (2002).

ing the late deglaciation and the early Holocene (Jung et al.,
2001), we conclude that RSW did not affect our study site
during the last 40 kyr.

Although You (1998) estimated the water along the west-
ern boundary at 5◦ N to be a mixture of 20 % AAIW, 70 %
Red Sea Water, and 10 % Indonesian throughflow, Fine et
al. (2008) found AAIW, entering the Indian Ocean from the
southwest, to be the most significant ventilation source of the
intermediate Indian Ocean, including the Arabian Sea. Both
AAIW and SAMW are supposed to be upwelled in the open
ocean at 5◦–10◦ S due to Ekman divergence at the northern
edge of the South Equatorial Counter Current (Schott and
McCreary, 2001).

The formation of both AAIW and SAMW in the mod-
ern ocean is associated with sinking at the Subantarctic
Front (SAF) at 45◦ to 55◦ S (Hartin et al., 2011; McCart-
ney, 1977; Sloyan and Rintoul, 2001). In the past years, it
has become common practice in palaeoceanographic studies
to refer to AAIW/SAMW as a single entity when speaking
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of, in general, a glacial southern component intermediate
water, which originates from circumantarctic surface wa-
ters, subducts and subsequently spreads northwards (Bryan
et al., 2010; Chen et al., 2011; Ninnemann and Charles,
1997; Spero and Lea, 2002). Although this is a simplification,
it seems helpful when hypothesizing (schematically) about
changes in Southern Ocean overturning (Marshall and Speer,
2012; Skinner et al., 2010). For the sake of clarity, we refer to
“Southern Ocean Intermediate Water” (SOIW) (Pena et al.,
2013) subsequently in the text, always keeping in mind that
this term represents southern component intermediate water
as part of the Southern Ocean overturning circulation.

3 Material and methods

3.1 Sampling

The gravity core GeoB12615-4 was recovered during Meteor
cruise M75/2 in February 2008 at 7◦08.30′ S, 39◦50.45′ W
from 446 m water depth and is 644 cm long (Savoye et al.,
2013). For this study we sampled at 4 cm spacing with a
sample width of 1 cm. The sediments were wet sieved over
63 µm, 125 µm and 2 mm and dried at 40◦C.

3.2 Age model

The chronology is based on 16 AMS (accelerator mass
spectrometer) radiocarbon analyses, carried out at the Leib-
niz Laboratory for Radiometric Dating and Isotope Re-
search, Kiel. Equal percentages of mixed-layer-dwelling
planktic foraminifera species (Globigerinoides ruber, Glo-
bigerinoides sacculifer, Globigerinella aequilateralis, Glo-
bigerinoides conglobatus), which live between 50 and 100 m
water depth (Hutson, 1977; Bé and Hutson, 1977; Birch et
al., 2013), were used for each analysis (see SOM Table S1).
Measured radiocarbon ages were converted into calibrated
ages before present (BP) using the Calib 6.0 software (Stu-
iver et al., 2005), based on the Marine09 calibration curve
and a reservoir age correction of1R= 140 yr (Southon et
al., 2002). The sedimentation rate varies strongly between
the Holocene (average of 46 cm kyr−1, highest beween∼ 8.7
and 8.2 kyr with 70 cm kyr−1) and the last glacial period (be-
low 10cmkyr−1, see SOM, Fig. S2). The complete data set
covers the past∼ 40 kyr (Fig. 2).

3.3 Oxygen and carbon isotopes

For isotopic analysis, six to eight individuals ofGlobigeri-
noides ruberwhite s.s., as the shallowest living species at
the study site (Birch et al., 2013; Fallet et al., 2010), were
selected from the 250–300 µm fraction. Duplicate measure-
ments were carried out of the deglacial core section (444–
500 cm, see SOM, Fig. S3). Three to four individuals of ben-
thic foraminifer Planulina ariminensiswere selected from
the total fraction for analysis. Isotope measurements were
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Fig. 2.Age–depth relationship of core GeoB12615-4, including lin-
ear sedimentation rates and calibrated radiocarbon ages with error
bars.

performed using Finnigan MAT 251 and MAT 253 isotope
ratio mass spectrometers coupled to automatic carbonate
preparation devices Kiel II and Kiel IV, respectively. The iso-
tope measurements were calibrated via the NBS 19 interna-
tional standard to the PDB scale. All results are given inδ-
notation versus VPDB. Precision of measurements based on
an internal laboratory standard (Solnhofen limestone) mea-
sured over a one-year period together with samples was
better than±0.08 ‰ and±0.06 ‰ for oxygen and carbon
isotopes, respectively.

3.4 Mg / Ca ratios

A total of 35 to 45 individuals ofG. ruber white, s.s. (250–
300 µm), were selected for Mg / Ca ratio analysis of every
second sample of the uppermost part of the core, resulting
in a sampling interval of 8 cm. In contrast, in the lowermost
2.50 m of the core each sample was analysed (4 cm sampling
interval). The tests were gently crushed and cleaned accord-
ing to the cleaning protocol of Barker et al. (2003). The
dissolved samples were centrifuged (10 min at 6000 rpm;
revolutions per minute), transferred into autosampler tubes
and diluted for analysis. Mg / Ca ratios were measured us-
ing an Inductively Coupled Plasma Optical Emission Spec-
trophotometer (ICP-OES) (Agilent Technologies, 700 Se-
ries with autosampler (ASX-520 Cetac) and micronebu-
lizer) housed at the MARUM – Center for Marine Envi-
ronmental Sciences, University of Bremen. The Mg / Ca val-
ues are reported as mmol mol−1. Instrumental precision was
determined by analysis of an external, in-house standard
(Mg / Ca= 2.93 mmol mol−1), which was measured after ev-
ery fifth sample. The standard deviation of the external stan-
dard was±0.48 %. Reproducibility of the samples (n = 14)
was±0.09 mmol mol−1. Long-term measurement of an in-
ternational limestone standard (ECRM752-1; Greaves et al.,
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2008) allows for interlaboratory comparison. Mn / Ca, Fe / Ca
and Al / Ca ratios were determined along with Mg / Ca be-
cause clay contamination of the foraminifera tests can affect
the Mg / Ca ratios resulting in overestimated SST (Barker et
al., 2003). Our results indicate no significant Mg contribu-
tions due to manganese oxides, manganese-rich carbonates
or clay contamination because average Mn / Ca, Fe / Ca and
Al / Ca ratios were< 0.1 mmol mol−1. SST (◦C) was calcu-
lated using the species-specific equation given by Anand et
al. (2003):

Mg/Ca(mmol mol−1) = 0.38 exp(0.090T ) (1)

with a standard deviation of±1.1–1.4◦C (Dekens et al.,
2002; Anand et al., 2003).

Although G. ruber calcifies during the warmest month,
recent studies revealedG. ruber reflects mean annual SST
reliably due to natural averaging processes and is therefore
most suitable for SST reconstructions in this region (Birch et
al., 2013; Fallet et al., 2010). The modern average SST close
to our study site is 27.3◦C with an annual range of approx-
imately 4◦C (25◦–29◦C) (Damassa et al., 2006). Derived
temperatures of the uppermost core samples (see SOM, Ta-
ble S2) are at the upper end of the annual range, which sug-
gest our SST might represent a more seasonal signal due to
seasonal variation of shell fluxes (Fallet et al., 2012). Alterna-
tively, the given modern annual SST might be undervalued,
since SSTs closer to the East African coast tend to be up to
∼ 2◦C warmer than offshore (Fallet et al., 2012) and our SST
reconstruction reflects the warmer coastal annual SST.

4 Results

The δ18O record of plankticG. ruber white s.s. (noted as
δ18Op) shifts between−0.25 ‰ during glacial conditions and
−2.2 ‰ during the Holocene (Fig. 3b). The deglacial decline
of δ18Op starts at 18.2 kyr and shows a clear setback to higher
values at 13 kyr, which appears to resemble the Greenland
ice cores and therefore Northern Hemisphere climate vari-
ability. In contrast, the stable isotope records of benthicP.
ariminensis(noted asδ18Ob andδ13Cb) and the SST record
are out of phase with surface oxygen isotopes and resemble
Antarctic climate variability. Theδ18Ob (Fig. 3f) shifts be-
tween 2.5 ‰ in the LGM and∼ 1 ‰ for the Holocene. The
record exhibits a deglacial decline starting at 19.5 kyr, and a
slackening ofδ18Ob decrease during the Antarctic Cold Re-
versal (ACR). The record of surface carbon isotopes (Fig. 3c)
shows quite consistent values of 0.9–1.1 ‰ during the glacial
and an abrupt increase of 0.7 ‰ during the early Holocene
to ∼ 1.4 ‰. Theδ13Cb varies around 1.5 ‰ between 35 and
18.2 kyr (Fig. 3e). Values decrease rapidly at 18.2 kyr (about
0.4 ‰), increase slightly (about 0.1 ‰) during the ACR and
reach a minimum of 0.9 ‰ in the early Holocene. Start-
ing at 10 kyr, δ13Cb gradually increases (about 0.5 ‰) to
Holocene levels of approximately 1.5 ‰. The Mg / Ca based
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Fig. 3. Comparison of ice core records with data of GeoB12615-4
spanning the last 40 kyr.(a) NGRIP stable oxygen isotopic record
(Andersen et al., 2004).(b) δ18Oplanktic record of GeoB12615-4

(‰ VPDB). (c) δ13Cplanktic record of GeoB12615-4 (‰ VPDB).

(d) Shell Mg / Ca ratio of planktic foraminifera (mmol mol−1) and
reconstructed SST record of GeoB12615-4 (◦C). (e) δ13Cbenthic
record of GeoB12615-4 (‰ VPDB).(f) δ18Obenthic record of
GeoB12615-4 (‰ VPDB).(g) EPICA Dome C ice core tempera-
ture estimates (Jouzel et al., 2007).

SST record (Fig. 3d) exhibits a deglacial variability similar
to δ13Cb. The record shows a sudden temperature increase
from ∼ 25◦ to 27◦C at 18.2 kyr, an ACR-like temperature
drop starting at 15 kyr, and a final increase to Holocene tem-
peratures (28◦–29◦C) at around 13 kyr. To summarize, the
δ18Op surface signal can be linked to Northern Hemisphere
(NH) climate variability, whereas both Mg / Ca based SST
and benthicδ18Ob, as well as the timing ofδ13Cb variability
can be linked to Antarctic climate records.
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5 Discussion

5.1 Oceanic tunnel transmitting Antarctic temperature

It is a widespread feature of the Indian Ocean to show
an Antarctic-style deglacial warming in surface temperature
records (Govil and Naidu, 2010; Huguet et al., 2006; Levi
et al., 2007; Mohtadi et al., 2010), while surfaceδ18O varies
independently of SST reconstructions and likely reflects the
influence of the monsoon (Anand et al., 2008; Huguet et
al., 2006; Levi et al., 2007). On the contrary, benthicδ18O
records of intermediate depth carry a typical Antarctic sig-
nature (Anand et al., 2008; Jung et al., 2009; Lueckge et al.,
2012). The idea that SST variability in the equatorial west-
ern Indian Ocean is controlled by Antarctic temperature via
SAMW has been proposed by Kiefer et al. (2006) and was
corroborated by Naidu and Govil (2010). The authors sug-
gest the “oceanic tunnel” mechanism (Liu and Yang, 2003),
in form of SAMW that originates from subantarctic surface
waters. After subducting and spreading northwards, SAMW
returns to the surface in regions of equatorial upwelling and
thus conveys surface water anomalies from the Subantarc-
tic Zone to the tropical Indian Ocean. Here we confirm this
interpretation by presenting a SST record from a location
of modern SOIW influence that clearly shows simultaneous
warming of the tropical western Indian Ocean and Antarctica
(Fig. 3). We find that our data necessarily call for an oceanic
mechanism that modulated SST variability, for two reasons.

First, we can exclude that atmospheric processes con-
trolled SST variability, becauseδ18Op of GeoB12615-
4 with its distinct NH pattern differs so clearly from the
SST data. This indicates two independent factors af-
fect the surface water properties at our study site. Sim-
ilarly, the Arabian Sea record from NIOP905 (Huguet
et al., 2006) exhibits an Antarctic-style SST pattern as
well, evident in two independent surface temperature
proxy reconstructions (TEX86 and alkenones), while
the correspondingδ15N record and plankticδ18O fol-
lows NH climate variability. Theδ15N, a proxy for pro-
ductivity changes, as well as plankticδ18O likely re-
flect the strength of the Arabian Sea summer monsoon
(Ivanochko et al., 2005). If we conclude that ourδ18Op
reflects monsoon strength as well and hence is con-
trolled by an atmospheric process following NH cli-
mate, then SST variability following Antarctic climate
must be modulated differently. If atmospheric control
can be ruled out, only oceanic control remains as a
mechanism influencing SST.

Second, the benthic record of GeoB12615-4 does not
only exhibit a δ18Ob signal that is in phase with
Antarctic temperature variability, but also shows a dis-
tinct carbon isotope minimum event (CIME) during
the deglaciation (Ninnemann and Charles, 1997; Spero
and Lea, 2002). This minimum is a common feature of
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both southern high latitude plankticδ13C profiles (Bo-
stock et al., 2004; Lopes dos Santos et al., 2012; Nin-
nemann and Charles, 1997; Pahnke and Zahn, 2005)
and of tropicalδ13C records of subthermocline and in-
termediate depth (Curry and Oppo, 2005; Oppo and
Fairbanks, 1989; Stott et al., 2009; Zahn and Stüber,
2002). Oppo and Fairbanks (1989) suggested CIMEs
to be linked to SOIW, and Lynch-Stieglitz et al. (1994)
and Ninnemann and Charles (1997) assumed that
CIMEs at sites ventilated by SOIW reflect a preformed
signal from subantarctic surface waters. The combina-
tion of Antarctic-style benthicδ18O and benthicδ13C
from site GeoB12615-4, showing a distinct deglacial
minimum, confirms that the “oceanic tunnel” in form
of SOIW is the most likely mechanism controlling past
SST in the western Indian Ocean.

5.2 SOIW formation during the deglaciation

If SST variability is controlled by SOIW, transmitting
Antarctic temperature to the tropics, what in turn does the
benthic δ13C record tell us about SOIW variability since
glacial times? We first evaluate how the observed pattern in
our benthic signal can be best explained by current concepts
of deglacialδ13CDIC setting in the Southern Ocean.

We then discuss how the spatial extent of SOIW may have
varied since the last glacial by combining our findings in
the western Indian Ocean with recent data that also focus on
SOIW variability.

5.2.1 Preformedδ13C of deglacial SOIW?

As described above, the globally distributed deglacialδ13C
minima (CIME) are consistently interpreted as reflecting
deep upwelling in the Southern Ocean and intermediate dis-
tribution of old,δ13C depleted water (Spero and Lea, 2002).
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Moreover, findings of radiocarbon depleted intermediate wa-
ters during the deglacial have been reported from all oceans
so far (Bryan et al., 2010; Mangini et al., 2010; Marchitto
et al., 2007; Stott et al., 2009; Thornalley et al., 2011), but
there are just as many results where no old water could be
found at intermediate water depths (Cléroux et al., 2011; De
Pol-Holz et al., 2010, 2012; Rose et al., 2010; Sortor and
Lund, 2011). If the strong depletion in radiocarbon was the
result of increased upwelling of a long-isolated carbon reser-
voir, it should exactly coincide with aδ13C minimum of the
same water mass, just as described by Spero and Lea (2002).
This is the case for sites with pronounced radiocarbon de-
pletions, such as off Baja California (Marchitto et al., 2007)
and south of Iceland (Thornalley et al., 2010). This hypoth-
esis also holds for the Indian Ocean, if we combine the re-
sults of Geob12615-4 and recently published ventilation age
reconstructions in the Arabian Sea: we compareδ13Cb of
GeoB12615-4 to intermediate water ventilation (114C (‰)),
reconstructed from sediment cores RC27-14 and RC27-23
(Bryan et al., 2010), and see a remarkable similarity between
the minima in our benthic carbon and highest values of inter-
mediate water114C, especially when comparing to RC27-
14 (596 m water depth) (Fig. 4). Whereas other14C anoma-
lies that are likely transmitted by SOIW, indicate pulses of
aged intermediate water during H1 and the Younger Dryas
(Marchitto et al., 2007), the Arabian Sea records do not show
high ventilation ages during YD. Instead, we see very large
benthos-plankton age differences and therefore the highest
ventilation ages during the early Holocene in the Arabian
Sea. This is exactly the same time interval as when the lowest
δ13Cb values are found in GeoB12615-4. Additionally, the
signals of core RC27-14 (596 m) and GeoB12615-4 (446 m),
both monitoring a similar water depth, correlate more explic-
itly, which argues for a large-scale connection and a water
mass such as SOIW to be the transmitter of both anomalies
in the Indian Ocean. Therefore, we conclude that the bottom
water signal of GeoB12615-4 reflects the deglacial evolution
of the Southern Ocean and provides evidence of upwelled,
aged deep waters (Broecker, 1982) at high southern latitudes,
which then flowed northwards into all the ocean basins as
SOIW.

5.2.2 CIME caused by temperature-dependent
fractionation?

The carbon isotopic fractionation between atmosphere and
ocean increases with decreasing temperature, with lower
temperatures resulting in more enrichedδ13C values of dis-
solved inorganic carbon (δ13CDIC) in seawater (Broecker and
Maier-Reimer, 1992; Mackensen, 2008). Though there is no
region where surface ocean carbon is in complete isotopic
equilibrium with the atmosphere, the effects related to air–
sea gas exchange play an important role in defining the sur-
face δ13CDIC, working in the opposite direction to the ef-
fect of biological cycling (Broecker and Maier-Reimer, 1992;
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Holocene, Younger Dryas, Antarctic Cold Reversal and Heinrich
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Lynch-Stieglitz et al., 1995; Mackensen, 2012). Today, we
find the highestδ13CDIC values of surface waters along the
SAF, between 45◦ and 55◦ S, because of low circumantarctic
temperatures and enhanced air–sea gas exchange (Broecker
and Maier-Reimer, 1992).

As the SST record andδ13Cb (reflecting SOIW) of
GeoB12615-4 match so well during the deglaciation (Fig. 5),
one could suggest thatδ13Cb and thereforeδ13CDIC of SOIW
was simply the expression of temperature change at high
southern latitudes, or, in other words, the formation area of
SOIW: during the LGM,δ13CDIC of sea-ice-free surface sea-
water along the SAF was high due to low temperatures and
high wind speed. A deglacial temperature rise may have de-
creased the thermodynamic fractionation and therefore led to
lower values of surfaceδ13CDIC, always tracing centennial-
scale Antarctic temperature variability. This signal was trans-
ferred to low latitudes as SOIW almost simultaneously. In
fact, if we assume 0.1 ‰ depletion ofδ13CDIC per degree
centigrade of cooling (Mook et al., 1974; Zhang et al., 1995),
we would expect aδ13C decrease of 0.35 ‰ for the deglacia-
tion until the early Holocene, and this comes close to the ob-
served∼ 0.5 ‰ shift in deglacialδ13Cb. Additionally, a dis-
placement of the westerly wind belt (Lamy et al., 2004; Wyr-
woll et al., 2000) may have reduced air–sea gas exchange
of Southern Ocean surface waters, as proposed by Ninne-
mann and Charles (1997). According to this interpretation,
deglacialδ13Cb of GeoB12615-4 as well as the global occur-
rence of CIME at shallow depths can be entirely explained
by Southern Ocean surface water temperature variability and
accordingly altered thermodynamic fractionation during air–
sea CO2 exchange at high latitudes, as originally proposed
by Ninnemann and Charles (1997). Indeed, based on our data
alone we could reason that the deglacial CIME in our record
is a purely temperature-dependent signal.
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However, the corresponding radiocarbon depletions off
Oman (Bryan et al., 2010) call for a mechanism that best
explains the occurrence of both signals, i.e. CIME and radio-
carbon depletions, detected in the same water mass; namely
the mechanism proposed by Spero and Lea (2002). Neverthe-
less, since we cannot determine important prerequisites, such
as the degree of equilibration between the surface ocean car-
bon and atmosphere, we cannot completely exclude a role
for temperature-dependent fractionation during air–sea gas
exchange in production of the deglacial CIME in SOIW.

5.2.3 An additional atmospheric pathway for
transmission of CIME?

The carbon isotope ratio of atmospheric CO2 (δ13Catm) ex-
perienced pronounced depletion during the deglaciation as
well. New findings ofδ13Catm (Schmitt et al., 2012) are like-
wise explained by the release of old carbon from the deep
ocean, and are in line with the concept of deep-water out-
gassing proposed by Spero and Lea (2002). The atmospheric
record showsδ13C minima during H1 and YD, which is in
line with the timing of CIME synchronous with early H1 in
many marine records, and also correlates with our benthic
carbon isotope record (Fig. 6). Since a pronounced CIME
without associated radiocarbon depletion has been identified
in intermediate waters off equatorial Africa (Cléroux et al.,
2011), one has to consider that both signals need not nec-
essarily be coupled, even though they may arise from the
same process. In the Philippine Sea, western Pacific, the
carbon isotope minimum is recorded in both surface and
subsurface water, but with differing amplitude and timing.
The independent signals are thought to be formed by at-
mospheric CO2 imprint on the surface water in case of the
surface signal, and by AAIW via the “oceanic tunnel” in
case of that in the subsurface (Chen et al., 2011). So, the
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atmosphere can probably work as an additional pathway
transmitting the deglacial CIME to tropical oceans, which
should be considered when interpreting deglacialδ13C pro-
files. Comparing our data (Fig. 6) to theδ13Catm record of
Schmitt et al. (2012), the initial drop in bothδ13Catm and
δ13C of SOIW occurs synchronously, and is of the same
magnitude (approximately 0.3 ‰). However, since 12.3 kyr
BP both records vary independently. This mismatch, along
with the synchronous peaks of old carbon off Oman (Bryan
et al., 2010), confirms that the “oceanic tunnel” (Liu and
Yang, 2003) mechanism is configuring the intermediate wa-
ter history at our site.

5.2.4 Enhanced glacial SOIW formation?

A current hypothesis proposes an enhanced northward ex-
tension of AAIW during H1 and YD to the Arabian Sea
(Jung et al., 2009). The benthicδ13C record of sediment
core NIOP905 (1580 m) from the continental slope off So-
malia (Fig. 7, see Fig. 1 for core location) shows higherδ13C
values during H1 and YD, which is suggested to reflect in-
tensified AAIW formation and inflow to the Indian Ocean
(Jung et al., 2009). Although NIOP905 is located close to
our study site, we cannot confirm this suggestion, since our
record does not show higher deglacialδ13C, compared to
Holocene or glacial values. Instead, theδ13C data sets of
NIOP905 and GeoB12615-4 are anticorrelated during the
specific time interval of H1 and YD (Fig. 7). This means that
when both hypotheses on deglacial SOIW variability in the
western Indian Ocean are based onδ13C alone, they conflict
with each other. Providing that deglacial SOIW formed as
proposed by Spero and Lea (2002), carrying a pronounced
δ13C minimum as a large-scale water mass signal, we sug-
gest NIOP905 might not record SOIW at any time. Instead,
it seems to record a water mass that is unaffected by the spe-
cific upwelling processes in the deglacial Southern Ocean,

www.clim-past.net/10/293/2014/ Clim. Past, 10, 293–303, 2014



300 S. Romahn et al.: Deglacial intermediate water reorganization

that led to both CIME and strong radiocarbon depletions in
SOIW. It rather resembles theδ13Cb pattern observed in the
mid-depth South Atlantic (Ziegler et al., 2013), represent-
ing one part of the “mid-depth overturning circuit” in the
Southern Ocean. Particularly higherδ13C values of deglacial
Circumpolar Deep Water (CDW) might result from changing
endmember compositions in the deep Southern Ocean (Curry
and Oppo, 2005). Hence, we suggest that the benthic record
of NIOP905 predominantly represents a deglacial analogue
of modern CDW, as part of the Southern Ocean overturning
(Skinner et al., 2010; Ziegler et al., 2013). However, unless
both interpretations in the western Indian Ocean are solely
based onδ13C and not supported or challenged by additional
proxy data sets, our consideration is preliminary. Clearly,
more data from intermediate depths are needed to constrain
hypotheses on SOIW variability in the past.

6 Conclusions

In this study we present evidence that deglacial SST vari-
ability in the western Indian Ocean is primarily controlled
by Antarctic air temperature, which was transmitted to the
equatorial Indian Ocean on a subsurface pathway by SOIW.
We discuss current concepts of what determines the deglacial
SOIW δ13C signature, and we support the hypothesis (Spero
and Lea, 2002) that deglacial upwelling of aged deep water
in the Southern Ocean caused a drop in atmospheric, surface
and subsurface ocean carbon isotopy (CIME) and thereby de-
termines the SOIW signature recorded at our study site.

Moreover, we discuss how our findings fit into the con-
cept of enhanced SOIW inflow during the deglacial, and
we cannot confirm increased extension of deglacial SOIW
to the western Indian Ocean. We point out that hypothe-
ses on SOIW variability in the past need to be constrained
and, probably, expanded by additional data. Finally, it is not
clear why regional (Marchitto et al., 2007) and globalδ13C
records (Schmitt et al., 2012) consistently show a CIME dur-
ing YD, while Indian Ocean SOIW exhibit a pronounced
CIME and corresponding high ventilation ages (Bryan et al.,
2010) during the early Holocene.

Supplementary material related to this article is
available online athttp://www.clim-past.net/10/293/2014/
cp-10-293-2014-supplement.pdf.
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