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Abstract

At the southern tip of the African shelf, the Agulhas Current reflects back into the In-
dian Ocean causing so called “Agulhas rings” to spin off and release relatively warm
and saline water into the South Atlantic Ocean. Previous reconstructions of the dynam-
ics of the Agulhas current, based on paleo sea surface temperature and sea surface
salinity proxies, inferred that Agulhas leakage from the Indian Ocean to the South At-
lantic is reduced as a consequence of changes in wind fields related to a northwards
migration of ice masses and the subtropical front during glacial stages. Subsequently,
this might have led to a build-up of warm saline water in the southern Indian Ocean.
To investigate this latter hypothesis, we reconstructed sea surface salinity changes us-

ing alkenone 6D, and paleo sea surface temperature using TEXE6 and U§7 from two
sediment cores (MD02-2594, MD96-2080) located in the Agulhas leakage area during

Termination | and Il. Both U§7 and TEXE6 temperature reconstructions infer an abrupt
warming during the glacial terminations, which is different from the gradual warming
trend previously reconstructed based on Mg/Ca ratios of Globigerina bulloides. These
differences in temperature reconstructions might be related to differences in the growth
season or depth habitat between organisms. A shift to more negative 6D, cnone Values
of approximately 14 %. during glacial Termination | and approximately 13 %. during
Termination Il is also observed. Approximately half of these shifts can be attributed to
the change in global ice volume, while the residual isotopic shift is attributed to changes
in salinity, suggesting relatively high salinities at the core sites during glacials, with sub-
sequent freshening during glacial terminations. Approximate estimations suggest that
0D kenone represents a salinity change of ca. 1.7-2 during Termination | and ca. 1.5—
1.7 during Termination Il. These estimations are in good agreement with the proposed
changes in salinity derived from previously reported combined planktonic foraminifera
5'80 values and Mg/Ca-based temperature reconstructions. Our results show that the
6D of alkenones is a potentially suitable tool to reconstruct salinity changes indepen-
dent of planktonic foraminifera 5'%0.
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1 Introduction

Approximately 2—15 Sv of warm and saline Indian Ocean water is annually released
into the South Atlantic Ocean by the Agulhas Current, an ocean current system that is
confined by the Subtropical front and the Southern African Coast (Lutjeharms, 2006).
The Agulhas Current is fed by warm, saline Indian Ocean water from two sources; the
Mozambique Channel, between Madagascar and the East African Coast, and the East
Madagascar Current, which merges with the Mozambique Channel flow at approxi-
mately 28° S (Penven et al., 2006). When this warm, saline water reaches the Agulhas
corridor, the vast majority is transported back into the Indian Ocean via the Agulhas
Return Current (Fig. 1). However, between 5 and 7 rings of warm, saline water are re-
leased into the Atlantic Ocean per year, termed Agulhas Leakage (Lutjeharms, 2006).
These Agulhas rings of Indian Ocean waters have been shown to play an important
role in the heat and salt budget in the Atlantic Ocean, thereby impacting the Atlantic
Meridional Overturning Circulation (AMOC) (Bard and Rickaby, 2009; Haarsma et al.,
2011) and the global Thermohaline Circulation (THC) (Peeters et al., 2004; Biastoch
et al., 2008; van Sebille et al., 2011).

The magnitude of Agulhas Leakage into the Atlantic Ocean depends on the strength
of the Agulhas Current as well as the position of the retroflection (Lutjeharms, 2006).
However, the effect of Agulhas Current strength on the Agulhas leakage efficiency
is still debated. For instance, Rouault et al. (2009) suggested that, based on recent
temperature observations and modeling experiments, increased Agulhas leakage of
warm and saline waters into the South Atlantic Ocean can be associated with in-
creased Agulhas Current transport, while modeling experiments performed by van Se-
bille et al. (2009) suggested increased Agulhas leakage to be associated with a weak-
ened Agulhas Current.

Previous studies have shown that during glacial stages a weakened and more vari-
able Agulhas Current occurs together with reduced Agulhas Leakage (Peeters et al.,
2004; Franzese et al., 2006). Peeters et al. (2004) provide planktonic foraminifera as-
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semblage data from the Cape Basin record specific to Agulhas leakage waters. They
found relatively low contributions of “Agulhas leakage fauna” in the Cape Basin, sug-
gesting a reduced Agulhas Leakage during glacial stages (Rau et al., 2002; Peeters
et al., 2004), coinciding with low sea surface temperatures. This suggests a restric-
tion in the Agulhas leakage during cold periods (Peeters et al., 2004). Furthermore,
stable carbon isotope gradients have been applied in combination with sea surface
temperature reconstructions as indicators for deep-water ventilation efficiency between
Atlantic and Pacific Ocean sites further north of the East African coast (Bard and Rick-
aby, 2009). Results demonstrate a northward migration of the subtropical front during
glacial periods (Bard and Rickaby, 2009).

A northward shift of the Subtropical Front and eastward forcing of the retroflection
during glacial periods may have led to an increased back transport of warm, saline
water into the Indian Ocean during glacial periods (Peeters et al., 2004). Martinez-
Mendez et al. (2010) showed increased sea water oxygen isotopes (61BOSW) values,
derived from paired planktonic foraminifera 5'®0 and Mg/Ca analysis of Globigerina
bulloides, in the Agulhas leakage area throughout marine isotope stage 6 (MIS6) and
marine isotope stage 3 (MIS3) and early marine isotope stage 2 (MIS2). These ele-
vated 61SOSW values are likely indicative for increased salinity (Martinez-Mendez et al.,
2010). However, it should be noted that salinity reconstructions, based on planktonic
foraminifera 61SOSW values, carry some uncertainties that are difficult to constrain, e.g.
assumed constancy for the transfer functions of & 18OSW to salinity over space and time
(Rohling and Bigg, 1998; Rohling, 2000).

Martinez-Mendez et al. (2010) further reported that reconstructed SST, derived from
the planktonic foraminifera Mg/Ca of G. bulloides, displayed a gradual warming trend
starting in the early MIS6 and MIS2 (Martinez-Mendez et al., 2010). This is, how-
ever, in contradiction with temperature reconstructions based on U§7 paleothermom-
etry (Peeters et al., 2004; Martinez-Mendez et al., 2010), which showed cooler sea
surface temperatures during glacial periods, followed by a rapid warming at the onset
of the interglacial stages. These differences may be related to uncertainties associ-
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ated with the different temperature proxies, i.e. different source organisms. Planktonic
foraminiferal Mg/Ca ratios have been shown to not only reflect temperature, but also
salinity (Ferguson et al., 2008; Arbuszewski et al., 2010). This has been demonstrated
in high salinity environments such as the Mediterranean Sea (Ferguson et al., 2008),
and in open ocean settings such as the tropical Atlantic ocean (Arbuszewski et al.,

2010). Furthermore, Ug;—SST relationships are derived from organisms with different
growth seasons and (depth) habitats than the planktonic foraminifera G. bulloides, po-
tentially recording different temperature ranges.

In this study, we provide salinity and temperature proxies to investigate salinity
changes in the Agulhas leakage area, as well as discussing the divergent behavior

of the Mg/Ca and U§7 temperature proxies. We used the hydrogen isotope composi-
tion of the combined Cj;.,_5 alkenones (6D enone): Produced by haptophyte algae,
as a proxy for relative changes in sea surface salinity (SSS). Culture experiments for
two common open ocean haptophyte species, Emiliania huxleyi and Gephyrocapsa
oceanic, have shown that the hydrogen isotope composition of alkenones is mainly
dependent on (1) salinity and (2) the hydrogen isotope composition of the growth me-
dia, and to a lesser extent (3) growth rates (Schouten et al., 2006). Application of
the hydrogen isotope composition of alkenones has resulted in reasonable salinity
reconstructions for the eastern Mediterranean and Black Sea (van der Meer et al.,
2007, 2008). Here, we apply the 6D enone t0 €Stimate relative salinities of the Agul-
has system focusing on Termination | and Termination Il using the same cores used
by Martinez-Mendez et al. (2010), situated in the Agulhas Leakage area, off the coast
of South Africa (Fig. 1). In order to assess the effect of growth rates on 6D jcnones We
measure the stable carbon isotope composition of the combined Cj;.,_5 alkenones

(61?’Ca|kenones) on samples from glacials and interglacials (Rau et al., 1996; Bidigare
et al., 1997; Schouten et al., 2006). Furthermore, we reconstruct SST using the TEXS6

proxy (Schouten et al., 2002; Kim et al., 2010) and compare this with the U§7 and
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Mg/Ca record of the planktonic foraminifera G. bulloides for the same sediment cores
(Martinez-Mendez et al., 2010).

2 Material and methods
2.1 Setting

Sediment samples were taken from cores MD96-2080 (36° 19.2' S; 19°28.2' E, 2488 m
water depth) and MD02-2594 (34°,42.6'S; 17°20.3' E, 2440 m water depth) off the
coast of South Africa (Fig. 1). Core MD02-2594 was taken during the RV Marion
Dufresne cruise MD128 “SWAF” (Giraudeau et al., 2003). Core MD96-2080 was ob-
tained during the IMAGES Il Campaign “NAUSICAA” (Bertrand et al., 1997). Age mod-
els and records of Globigerina bulloides 6 80 and Mg/Ca have previously been es-
tablished for both sediment cores (Martinez-Mendez et al., 2008, 2010). The sam-
pled interval of core MD02-2594 covered the period 3 to 42ka (MIS1 to mid MIS3)
and included Termination I. Core MD96-2080 covered the period between 117-182ka
(MIS5e to MIS6) and included Termination Il (Tables 1, 2).

2.2 Sample preparation

Sediment samples were freeze dried and homogenized with a mortar and pestle.
The homogenized material was then extracted using the accelerated solvent extrac-
tor method (ASE) with dichloromethane (DCM):methanol 9:1 (v/v) and a pressure
of 1000 psi in 3 extraction cycles. The total lipid extract was separated over an Al,O4
column into a apolar, ketone and polar fraction using hexane : DCM 9 : 1, hexane : DCM
1:1 and DCM:methanol 1: 1, respectively. The ketone fraction was analyzed for U§7
using gas chromatography. Gas chromatography/high-temperature conversion/isotope
ratio mass spectrometry (GC/TC/irMS) was used to measure the combined hydrogen
isotope composition of the di- and tri-unsaturated C5; alkenones. The polar fraction
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was analyzed for TEXE6 using high performance liquid chromatography mass spec-
trometry (HPLC/MS). Stable carbon isotopes of the combined di- and tri-unsaturated
Cs3, alkenones were analyzed using GC/combustion/irMS.
K’ :

23 U, analysis

Ketone fractions were analyzed by gas chromatography (GC) using an Agilent 6890
gas chromatograph with a flame ionization detector and a Agilent CP Sil-5 fused silica
capillary column (50m x 0.32mm, film thickness = 0.12 um) with helium as the carrier
gas. The GC-oven was programmed to subsequently increase the temperature from
70 to 130 °C with 20°Cmin™" steps, and then with 4°C min~" steps to 320 °C, at which

it was held isothermal for 10 min. U§7 values were calculated according to Prahl and
Wakeham (1987). Subsequently, SST was calculated using the core top calibration
established by Muller et al. (1998).

2.4 6D of alkenone analysis

Alkenone hydrogen isotope analyses were carried out on a Thermo-Finnigan
DELTAP"® XL GC/TC/irMS. The temperature conditions of the GC increased from 70
to 145°C with 20°Cmin™" steps, then to 320°C with 4°C min~" steps, at which it was
held isothermal for 13 min using an Agilent CP Sil-5 column (25 m x 0.32 mm) with a film
thickness of 0.4 um and 1 mL min~" helium at constant flow. The thermal conversion
temperature was set to 1425°C. The Hg correction factor was determined daily and
ranged between 10 and 14. Isotopic values for alkenones were standardized against
pulses of H, reference gas, which was injected three times at the beginning and two
times at the end of each run. A set of standard n-alkanes with known isotopic composi-
tion (Mixture B prepared by Arndt Schimmelmann, University of Indiana) was analyzed
daily prior to each sample batch in order to monitor the systems performance. Samples
were only analyzed when the alkanes in Mix B had an average deviation from their off-
line determined value of < 5%.. Squalane was co-injected as an internal standard with
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each sample to monitor the precision of the alkenone isotope values. The squalane
standard yielded an average &D-value of —167 %0+ 4.5, which compared favorably
with its offline determined 6D-value of =170 %.. Alkenone 6D values were measured
as the combined peak of the C5;., and Cs;. 5 alkenones (van der Meer et al., 2013)
and fractions were analyzed in duplicates if a sufficient amount of sample material was
available. Standard deviations of replicate analyses varied from 0.1 %o t0 £5.9 %o.

2.5 0&'3C of alkenone analyses

Combined Cg;.,_5 alkenones were analyzed using a Thermo Delta V isotope ratio
monitoring mass spectrometer coupled to an Agilent 6890 GC. Samples were dis-
solved in hexane and analyzed using a GC temperature program starting at 70°C,
then increasing to 130°C at 20°C min~" steps, and then to 320°C at 4°C min~" steps,
where it was held for 20 min. The stable carbon isotope compositions for 61303|ken0ne
are reported relative to Vienna Pee Dee Belemnite (VDPB). The 6130a|kenone values
are averages of at least two runs. GC-irMS performance was checked daily by ana-
lyzing a standard mixture of n-alkanes and fatty acids, including two fully perdeuter-
ated alkanes with a known isotopic composition. These perdeuterated alkanes were
also co-injected with every sample analysis and yielded an average 6'3C value of
-32.5+0.5%o0 and -27.0 £ 0.5%. for n-C,y and n-C,,, respectively. This compared
favorably with their offline determined 5'3C-values of —32.7 %o and —27.0 %, for n-Cyg
and n-C,,, respectively.

2.6 TEXj, analysis

Analyses for TEXE6 were performed as described by Schouten et al. (2007). In sum-
mary, an Agilent 1100 series HPLC/MS equipped with an auto-injector and Agilent
Chemstation chromatography manager software was used. Separation was achieved
on an Alltech Prevail Cyano column (2.1mm x 150mm, 3 um), maintained at 30 °C.
Glycerol dibiphytanyl glycerol tetraethers (GDGTs) were eluted with 99 % hexane and
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1 % propanol for 5 min, followed by a linear gradient to 1.8 % propanol in 45 min. Flow
rate was 0.2 mLmin™" by back-flushing hexane/propanol (90: 10, v/v) at 0.2 mL min~"
for 10min. Detection was achieved using atmospheric pressure positive ion chemi-
cal ionization mass spectrometry (APCI-MS) of the eluent. Conditions for the Agilent
1100 APCI-MS were as follows: nebulizer pressure of 60 psi, vaporizer temperature of
400°C, drying gas (N,) flow of 6Lmin~' and temperature 200 °C, capillary voltage of
—3kV and a corona of 5 pA (~ 3.2kV). GDGTs were detected by Single lon Monitoring
(SIM) of their [M + H]" ions (dwell time = 234 ms) (Schouten et al., 2007a) and quan-
tified by integration of the peak areas. The TEXE6 values were calculated according
to Kim et al. (2010). The TEX?G—SST calibration model by Kim et al. (2010) was used
to transfer TEXQG-vaIues to absolute SST. This calibration model is recommended for
temperature reconstruction above 15°C (Kim et al., 2010) and therefore appears to be
the most suitable model for reconstructing subtropical temperatures, as found in the
Agulhas leakage area.

3 Results

3.1 Sea surface temperature proxies

The U§7 record of MD96-2080 indicated constant temperatures of approximately 20.7 +
0.5°C throughout MIS6 (138—182ka) (Table 1, Fig. 2). With the onset of Termination
Il at approximately 138 ka, temperatures began to increase to a maximum of ~25°C
during early MIS5e (~ 125ka), followed by a slight decrease in temperature towards ~

23°C at about 120 ka. The U§7 SST record for MD02-2594 indicated relatively constant
temperatures of 20 + 0.5°C throughout MIS3 and early MIS2 (Table 2, Fig. 3). With
the onset of Termination | during mid-MIS2 (~ 18ka), temperatures showed a slight
warming towards ~ 22°C at the beginning of MIS1. Throughout MIS1, temperatures
slightly decreased to approximately 21 °C.
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The overall pattern in the TEXQ6 records for the two cores indicated that absolute

temperatures were cooler by up to 5°C compared to U§7 temperatures during glacial
and interglacial stages MIS5e and MIS6, as well as MIS3/MIS2 and MIS1. During MIS6,
TEXQ6 temperatures were relatively stable at 17 +1°C, although less stable than U§7
SST (Table 1, Fig. 2). At the initial termination of the glacial MIS6 (ca. 135-138 ka),
reconstructed TEXE'6 temperatures increased rapidly to about 22 °C, which is similar in

absolute terms compared to U§7 SST (Fig. 2). Subsequently, TEXE6 SST decreased
rapidly to ~ 20 °C and remained constant during MIS5e. During MIS3 and early MIS2,
TEXQ6 SST showed a trend towards cooler temperatures from approximately 17 °C at
~ 38ka to 14°C at the start of Termination | (18 ka) (Table 2, Fig. 3). At the onset
of Termination |, TEX?6 SSTs abruptly increased. Temperatures reached a maximum
of 19°C at the beginning of MIS1 (11ka) and decreased again to relatively constant

temperatures of ca. 18 °C throughout MIS1. This trend is comparable to the U§7 SST
record, albeit with a negative offset of approximately 4 °C throughout MIS3/MIS2 and
MIS1, and approximately 2 °C during the glacial termination phase (11-18ka) (Fig. 3).

3.2 Stable hydrogen and carbon isotope composition of C37.2_3 alkenones

The 6Dgkenone Values in core MD96-2080 ranged between —177 to —198 %. (Table 1).
During early MIS6 (169 to 181 ka), 6D jenone Values were approximately —189 + 2 %o
and shifted to more positive values of ca. =177 %. at 158 ka. In the time interval be-
tween 142 to 162 ka (MIS6), 6D 4yenone decreased to —180 + 3 %.. During glacial Ter-
mination Il (130 to 138ka) the 6D enone Values decreased abruptly to approximately
—194 £ 3%, for MIS5e (118-130ka) (Fig. 2). The 6D enone Values in core MD02-2594
ranged between —166 to —192 %. (Table 2). In the time interval from 12 to 41 ka (MIS3
and MIS2), values for 6D,enone Were relatively constant at approximately —175 + 4 %o
(Fig. 3). At ca. 11 ka (onset of MIS1), 6D,kenone Values shifted to more negative values
with an average of —188 + 5 %, for the time period of 3 to 9ka (MIS1) (Fig. 3).
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The stable carbon isotope composition of the alkenones (61SCa|kenone) was analyzed
from selected sediment samples before, within and after each glacial termination stage
(Tables 1 and 2). In the time period before the termination phase of glacial MIS6 (141—
152 ka) the alkenones had an average 5'3C value of —24.9 + 0.3 %.. Within the termi-
nation phase (133—-138 ka), 61SCalkenone values are were slightly more enriched in °C,
i.e. —24.2+0.3%.. During MIS5e, 6 '°C 0none Values became more negative and were
on average —25.3+0.4 %o (Table 1). For core MD02-2594, the 6130a|kenone values were
fairly constant between —23.6 to —24.1 %. (Table 2).

4 Discussion

4.1 Development of sea surface temperatures during Terminations | and Il

Application of the U§7 proxy resulted in the highest reconstructed temperatures com-
pared to the TEX:6 and Mg/Ca SST reconstructions. The U§7 proxy was approximately
3-4°C warmer throughout the glacials MIS3 and MIS6 as well as the interglacials MIS1
and MIS5e. However, the TEXS6 and planktonic Mg/Ca derived temperatures were
only 2°C less than U§7 SST during the actual glacial terminations (Figs. 2 and 3). The

U§7 SST record from this study is in agreement with the U§7 temperature records from
the southern Cape Basin (Peeters et al., 2004) and upstream northeast in the Agulhas
Current (Bard and Rickaby, 2009) in terms of timing and range of temperature values.
This indicates a consistent regional pattern for U§7 temperature records across the
wider Agulhas region (Fig. 4).

Reconstructed temperatures based on U§7 yield a core top calibration uncertainty of
+1.5°C (Mdiller et al., 1998). For TEX§'6, the uncertainty is £2.5°C (Kim et al., 2008)
and for the culture calibration of SST to Mg/Ca ratios of G. bulloides, the uncertainty is
+1.1°C (Mashiotta et al., 1999). Therefore, absolute temperature differences between
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proxies of > 3.0 °C are significantly different; i.e. U§7 SST values are significantly higher

than TEX';6 and Mg/Ca SST for most parts of the records, while the latter two proxies
give similar absolute temperature estimates. The difference in absolute temperatures
may be explained by a variety of reasons such as growth seasons and/or depth habi-
tats between the alkenone producers, the Thaumarchaeota (Glycerol dialkyl glycerol
tetraether (GDGT) producers) and the planktonic foraminifera (Bard, 2001; Lee et al.,
2008; Saher et al., 2009; dos Santos et al., 2010; Huguet et al., 2011).

Modern seasonal sea surface temperature variability (< 30m water depth) varies
by up to 5°C between austral summer (January—March) and austral winter (July—
September) in the Agulhas System (Weeks et al., 1998; Locarnini, 2010; Fallet et al.,

2011). This temperature difference may explain the offset between U§7 and the other
two SST proxies, i.e alkenones produced in the warm season compared to thaumar-
chaeotal GDGTs and G. bulloides carbonate shells in the cool season. Alternatively,
the colder temperatures of TEXQ6 and Mg/Ca may be due to a deeper depth habi-
tat of Thaumarchaeota and G. bulloides. Temperatures decrease by 4°C within the
first 100 m in the Agulhas System (Locarnini, 2010; Fallet et al., 2011) and thus Thau-
marchaeota and G. bulloides could be recording subsurface temperatures. Indeed, it
has been shown that Thaumarchaeota inhabit a large depth range in the water col-
umn (Karner et al., 2001; Herndl et al., 2005) and that TEXgg can reflect subsurface
temperatures (Wuchter et al., 2006; Lee et al., 2008; dos Santos et al., 2010). Further-
more, it has been reported that G. bulloides has a calcifying depth typically between
50-100 m (Niebler et al., 1999), meaning that reconstructed temperatures based on
Mg/Ca may reflect subsurface temperatures rather than actual sea surface tempera-
tures. Conversely, the photosynthesizing alkenone producers are bound to the photic
zone and are therefore more likely to reflect ocean surface temperatures (Mdller et al.,
1998; Fallet et al., 2011).

The timing of the warming trend reflected in the foraminifera Mg/Ca record is differ-

ent from the U§7 and TEX?6 records, as well as other U§7 records in the region (Peeters
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et al., 2004). The Mg/Ca SST record identifies a warming trend starting in the early
glacial periods and gradually extending over the glacial termination phases (Martinez-

Mendez et al., 2010). However, the U§7 and TEX?6 records show a more abrupt warm-
ing at the onset of the glacial terminations (Fig. 4). It has been reported that changes
in salinity can affect the Mg/Ca ratios in foraminifera shells, specifically during glacial
periods when salinity was likely elevated (Ferguson et al., 2008; Arbuszewski et al.,
2010). Thus, the observed trend in Mg/Ca from G. bulloides may result from a com-
bined salinity and temperature signal.

Regardless of the cause of the temperature offsets, the overall patterns in U§7 and

TEXG, SST suggest cooler conditions throughout stages MIS6 and MIS3/2. This is
then followed by an abrupt warming during succeeding glacial terminations, leading
to warmer conditions in the interglacial stages MIS5e and MIS1. This pattern fits well

with U§7 derived temperature reconstructions from other sediment cores in the area of
this study site (Schneider et al., 1995; Peeters et al., 2004; Bard and Rickaby, 2009).
The temperature reconstructions based on Mg/Ca and TEX?6 show maximum tem-

peratures occurred at the onset of the interglacial MIS5e. However, U§7 temperature
reconstructions identified that SST maxima occurred 5 ka later and was only observed
in Termination Il and not for Termination I. This potentially points towards an increased
influence of warm Indian Ocean waters, and hence increased Agulhas Leakage. This
in turn is likely related to a southward shift of the sub-tropical front due to shifting wind
fields and a southward migration of the land ice shields (Peeters et al., 2004). Never-
theless, these observations do not necessarily imply a buildup of warm Indian Ocean
waters prior to glacial terminations at the core site.

4.2 Salinity changes during termination

The Cj7.,_3 alkenone hydrogen isotope records consistently show a substantial de-

crease toward more deuterium depleted values during the glacial terminations and the

interglacial stages MIS5e and MIS1 (Figs. 2 and 3). We quantified changes from glacial
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to interglacial stages by averaging time intervals from before and after each termina-
tion. We observed average shifts in 6D enone Of approximately 14 %o and 13 %. from
before to after Termination | and Il, respectively (Table 3). These shifts in the 6D, enone
values can be caused by a number of factors such as: (1) decreasing 6D of sea water
(6Dg,) as an effect of decreasing global ice volume during the terminations (Rohling,
2000), (2) ocean salinity, (3) algal growth rate, and (4) haptophyte species composi-
tion (Schouten et al., 2006). We estimate the effect of changes in global ice volume
on the 6D,yenone PY UsiNg the global mean ocean 61BOSW record based on benthic
foraminifera (Waelbroeck et al., 2002) and calculated a 6D, equivalent by applying
a local Indian Ocean meteoric waterline (Srivastava et al., 2010). Changes in 6D,
due to the ice volume effect for the selected average intervals before and after the
Terminations are estimated to be approximately —6 %o during Termination | and Il (Ta-
ble 3). This shift is smaller than that observed in 6D enone, SUJGESting an increase in
hydrogen isotopic fractionation during the two Terminations. Based on the culture re-
sults of Schouten et al. (2006), this increased fractionation can reflect either changes
in growth rate, species composition or salinity.

In order to assess changes in growth rate for the haptophytes, we measured the
stable carbon isotope composition of the combined Cj;.,_5 alkenones (6130a|kenone)
(Tables 1 and 2). Our results show relatively small differences in 613Ca|kenone values
between glacial and interglacial periods. The fractionation of stable carbon isotopes
is mainly controlled by physiological factors like growth rate, cell size and geometry,
as well as by the supply of dissolved CO, (Rau et al., 1996; Bidigare et al., 1997).
The more depleted alkenone 6'3C values during interglacials suggest either slightly
higher dissolved CO, concentrations or lower growth rates. We suggest that higher
dissolved CO, concentrations likely explains the more depleted alkenone & 13C values
as CO, concentrations were higher during interglacials compared to glacials (Curry
and Crowley, 1987). Depleted alkenone 5'3C values may also suggest growth rates
were either similar or smaller during interglacials compared to glacials. However, since
reduced growth rates would result in decreasing hydrogen isotopic fractionation, our
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observed increase in hydrogen isotopic fractionation during interglacials compared to
glacials cannot be explained by growth rate changes (Schouten et al., 2006).

Assemblage studies in the Agulhas Leakage have shown an increasing abundance
of the predominant haptophyte E. huxleyi at the beginning of MIS7 towards MIS1, with
a maximum relative abundance observed at the onset of MIS1 (Flores et al., 1999). G.
oceanica, however, reaches maximum relative abundances during Termination Il (Flo-
res et al., 1999). Therefore, the effect of changes in the coccolithophore assemblage,
toward a dominance of G. oceanica, could have a potential bias towards more negative
6D ,ikenone Values (Schouten et al., 2006). However, the abundance of G. oceanica did
not exceed the relative abundance of E. huxleyi and therefore unlikely had an impact on
6D, ikenone Values during Termination Il (Flores et al., 1999). In the case of Termination
I, the haptophyte E. huxleyi reached its maximum relative abundances compared to
G. oceanica, which showed only minor increases in relative abundance (Flores et al.,
1999). This would infer a possible bias towards more positive 6D enone Values rather
than the observed trend toward more depleted values (Schouten et al., 2006). The ob-
served trends towards more depleted values in the 6D4enone during the glacial termi-
nations are therefore not affected to a large extend by changes in the coccolithophore
species composition.

Since the residual 6D,cnone Shift, after ice volume correction, of approximately —8
and -7 %o for Termination | and Il, respectively, cannot be explained by growth rate or
species composition changes, we suggest that this residual 6D none reflects changes
in sea surface salinity. We find decreased fractionation during the glacials MIS6 and
MIS2/3 subsequently leading to increased fractionation during MIS5e and MIS1, point-
ing towards a decrease in salinity compared to glacials (Figs. 2 and 3). Indeed, re-
constructed 61803W from the planktonic foraminifera G. bulloides also indicates higher
salinity throughout the glacials MIS6 and MIS3/MIS2 (Figs. 2 and 3) (Martinez-Mendez
et al., 2010). However, alkenone 6D values begin to shift toward more depleted val-
ues shortly before the start of Termination Il, at approximately 135ka, whereas the
initial freshening recorded in the 61803\,\, begins at about 133 ka (Fig. 2). Consistently
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more negative values are reached in both reconstructed 61803W and 6D enone during
early MIS5e at about 128ka. Higher salinity conditions are also observed through-
out MIS3/MIS2 in reconstructed 6 'Oy, and 8D 4enone (Fig. 3) followed by comparable
freshening trends starting at the onset of Termination | (~ 18ka). The offset in the timing
of the freshening trends between the different proxies is similar to that observed in the

Mg/Ca and U§7 SST records. This might be explained by differences in depth habitat

and/or salinity effects on Mg/Ca and consequently the reconstructed & 18OSW record.
Despite the discrepancy in the timing of the freshening events, an overall increase in
salinity is recorded in both 618OSW and 6Dy enone Values for glacial stages MIS6 and
MIS3/5. This is followed by a rapid decrease in salinity throughout the terminations.
These fresher conditions prevail during the subsequent interglacial stages.

Absolute salinity estimates are difficult to obtain from the 6D,enone due to the un-
certainties in both the slope and intercept of the culture calibrations and other variables
(Rohling, 2007). However, by estimating relative salinity changes only using the slope
of the 6D,enone—Salinity relationship we avoid uncertainties related to the intercept.
This provides an added advantage that the slopes for E. huxleyi or G. oceanica are
nearly identical, i.e. 4.8 and 4.2 %o 6D,enone PEr salinity unit, respectively (Schouten
et al., 2006). Estimations for relative salinity changes from 6D ganone result in a fresh-
ening trend of approximately 1.7-2 salinity units during the course of Termination |, and
about 1.5-1.7 during Termination Il. These results are in fairly good agreement with the
estimated salinity shift of 1.2—1.5 based on combined Mg/Ca SST estimates and 5'%0
of planktonic foraminifera for these time periods (Martinez-Mendez et al., 2010). We
therefore strongly support the use of 6D enone @S @ salinity proxy.

Our results show more saline and cooler conditions throughout glacials MIS6 and
MIS2/3, subsequently followed by an abrupt late glacial warming and freshening trend
during glacial Termination | and Il (Figs. 2 and 3). These findings support previous con-
cepts of reduced Agulhas Leakage during glacials followed by late glacial resumption
of Indian—Atlantic transport caused by changes in the wind fields and northward migra-
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tion of sea ice cover and the subtropical fronts (de Ruijter et al., 1999; Kunz-Pirrung
et al., 2002; Peeters et al., 2004).

5 Conclusions

In this study, we analyzed two sediment cores from the Agulhas leakage area covering

Termination | and Il. We combined TEXE'6 and U§7 SST reconstructions with a previ-
ously reported SST record based on Mg/Ca of the planktonic foraminifera G. bulloides
(Martinez-Mendez et al., 2010). Comparison of the three independent proxies showed
differences in absolute temperature estimates, as well as differences in the magnitude
and timing of warming from glacial to interglacial periods. Sea surface temperatures re-
constructed from three different proxies indicated relatively low temperature conditions
throughout the late glacials MIS6 and MIS2/3 in the Agulhas Leakage area. Further, at
the onset of the de-glaciation (Termination | and Il) temperatures increase significantly.

The difference in absolute temperatures and temperature trends between TEXE’G, U§7
and Mg/Ca based SST reconstructions could be a result of differences in depth habi-
tats as well as a possible salinity effect on Mg/Ca. In order to further assess the paleo-
dynamics of the Agulhas Current we coupled the reconstructed SST data with recon-
structed relative salinity changes using the 6D jenone- Th€ 6D4kenone Showed a shift
from more positive values to more negative values during Termination | and Termina-
tion Il suggesting elevated salinities during glacial periods, with subsequent freshening
during glacial terminations. Similar trends were also observed based on planktonic
foraminifera 61803W reconstructions. Estimated salinity changes, based on 6D enone;
range from 1.7 to 2 salinity units for Termination | and from 1.5 to 1.7 salinity units for
Termination Il. This is in fairly good agreement with salinity shifts based on the paired
Mg/Ca and 5'®0 approach of planktonic foraminifera. Our results therefore identify
a more efficient Agulhas leakage and thus increased release of Indian Ocean water to
the South Atlantic Ocean during the terminations.
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Table 1. Results for combined C,,.,_5 alkenone stable hydrogen isotope (6D yenones Ze0), Sta- CPD
ble carbon isotope (6130a,kenone), TEXQ6 values (Kim et al., 2010) and U§7 values (Prahl and

Wakeham, 1987) for core MD96-2080. 9, 3209-3238, 2013
Age (ka) U§7 TEX?G 6Dalkenone* (%°) 6130alkenone* (%°) Sa“nity Changes in
117.7 0.819 -0.276 -197+2 the Agulhas leakage
119.9 0.819 -0.272 -196+2 area
123.1 0.856 -0.277 -180
125.4 0.864 -0.278 -193+4 —24.7+0.5 S. Kasper et al
126.5 0.833 -0.273 -194 £ 1 -254+0.2 ' ’
127.0 0.829 -0.274 -198+0
127.9 0.845 -0.275 -188+1 -251+0.8
128.7 0.851 -0.266 -194+4 —25.6+0.4 Title Page
129.8 0.828 -0.248 -194 %0
131.3  0.821 -0.253 19243
132.8 0.798 -0.250 -189+2 —24.2+0.4
1336  0.819 -0.238 -19040 -23.940.1
135.1 0.776 -0.235 -182+2
1373 0750 -0.251 18244 —245+0.1
137.7 0.749 -0.256 183+ 1 —24.1+0.4
141.2 0.709 -0.321 -179 1
1422 0710 _0820 1773 R N
145.0 0.717 -0.325 180+ 1 —24.9+0.1
1475 0726 0309 <« -
151.5 0.707 -0.314 184 %2 —-24.8+0.6
152.0 0.734 -0.314 -182+0
154.7 0.724 -0.330 -186+ 1 —24.6+0.2
1580 0738 _0290 17740
162.3 0.745 -0.332 -179+3
168.8 0.745 -0.314 1912 Printer-friendly Version
177.9 0.714 -0.292 -190+3
182.7 0.707 -0.303 -187+3

* The error is defined as the range of duplicated measurements.

3232


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/3209/2013/cpd-9-3209-2013-print.pdf
http://www.clim-past-discuss.net/9/3209/2013/cpd-9-3209-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 2. Results for combined C,.,_5 alkenone stable hydrogen isotope (6D 4yenones e0), Sta-

ble carbon isotope (5'*Coyenone): TEXH, values (Kim et al., 2010) and U, values (Prahl and
Wakeham, 1987) for core MD02-2594.

Age (ka) U§7 TEXEG 6Dalkenone* (Y%eo) 6130alkenone* (Yeo)
3.5 0.724 -0.305 -192+2 -24.1+0.1
5.6 0.723 -0.307 -184+2

6.3 0.746 -0.309 -189+4

6.9 0.736 -0.311 -182 +1

8.6 0.7563 -0.308 -191+3

12.0 0.762 -0.282 -178+2 -24.1+£0.8
18.0 0.685 -0.308 =179 +1

18.5 0.677 -0.366 -171+2

21.1 0.672 -0.336 -173+3 -242+1.1
22.3 0.686 -0.352 -178£2

26.7 0.686 -0.328 -166£2

28.4 0.682 -0.333 -173£0

29.5 0.686 -0.339 =172 +1

30.8 0.715 -0.313 -179+2

31.5 0.692 -0.332 -173+£2 -23.6+0.1
32.0 0.696 -0.315 =177 +£1

37.4 0.728 -0.312 -171+3

421 0.676 -0.343 -180+2

* The error is defined as the range of duplicated measurements.

3233

CPD
9, 3209-3238, 2013

Salinity changes in
the Agulhas leakage
area

S. Kasper et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Il


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/3209/2013/cpd-9-3209-2013-print.pdf
http://www.clim-past-discuss.net/9/3209/2013/cpd-9-3209-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 3. Average values for the hydrogen isotope composition of the Cs;.,_5 alkenones, the
global 6180ice vo. (Waelbroeck et al., 2002), 6D, ., (Srivastava et al., 2010) and the local
6D, derived from 5'®0 of G. bulloides (Martinez-Mendez et al., 2011) for the intervals of

before and after Termination | and II.

CPD
9, 3209-3238, 2013

Salinity changes in
the Agulhas leakage
area

S. Kasper et al.

Time interval 8D,ienone (%0)  8'°Oige vol, (%) 6Djge vol, (%) 6Dy, (%o)
I 3.5-8.6ka (n=5) -188 0.06 0.72 -0.41
18-37.4ka (n=11) -174 0.83 6.34 6.53
T 117.7-129.8ka (n = 9) -194 0.00 0.30 -0.51
141.2-162.3ka (n = 8) -180 0.88 6.71 9.63
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Fig. 1. Location of the cores MD02-2594 and MD96-2080 (black dots) and reference sites Cape
Basin record (CBR, red dot) (Peeters et al., 2004), MD96-2077 (green dot) (Bard and Rickaby
2009) and oceanographic setting on (a) a map of modern sea surface temperatures and (b)
a map of modern sea surface salinity. Agulhas Current (AC), Agulhas Return Current (ARC),
Agulhas rings (AR), Subtropical Front (STF) and Sub Antarctic Front (SAF). The underlying
maps of modern sea surface temperatures and salinity were compiled with high resolution
CTD data from http://www.nodc.noaa.gov and the Ocean Data View software version 4.3.7 by
Schlitzer, R., Ocean Data View (http://odv.awi.de), 2010.
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Fig. 2. Reconstructed SST of U§7 (dashed line, open circles), TEX?6 (dashed line, closed cir-
cles), Mg/Ca of G. bulloides (dotted line, closed circles, Martinez-Mendez et al., 2010), re-
constructed 61803W from G. bulloides (solid line, diamonds, Martinez-Mendez et al., 2010) and
hydrogen isotope composition of C5;.,_5 alkenones (solid line, closed circles) for core MD96-
2080.
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Fig. 3. Reconstructed SST of U§7 (dashed line, open circles), TEXE'6 (dashed line, closed cir-
cles), Mg/Ca of G. bulloides (dotted line, closed circles, Martinez-Mendez et al., 2010), re-
constructed 61SOSW from G. bulloides (solid line, diamonds, Martinez-Mendez et al., 2010) and
hydrogen isotope composition of Cg,.,_5 alkenones (solid line, closed circles) for core MDO2-
2594,
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Fig. 4. Comparison of Uy, SST, TEX, SST and G. bulloides Mg/Ca SST (Martinez-Mendez
et al., 2010) of (a) core MD02-2594 and (b) core MD96-2080 (see Fig. 1 for core location) with
U, SST of MD96-2077 in the Agulhas Current, Indian Ocean (Bard and Rickaby 2009) and =
U§7 SST of CBR in the Agulhas Corridor, South Atlantic (Peeters et al., 2004). g
@, Printer-friendly Version ‘
A ——
7
©
@
.

3238


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/3209/2013/cpd-9-3209-2013-print.pdf
http://www.clim-past-discuss.net/9/3209/2013/cpd-9-3209-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

