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[11 Shell chemistry of planktic foraminifera and the alkenone unsaturation index in
69 surface sediment samples in the tropical eastern Indian Ocean off West and South
Indonesia were studied. Results were compared to modern hydrographic data in order to
assess how modern environmental conditions are preserved in sedimentary record, and

to determine the best possible proxies to reconstruct seasonality, thermal gradient and upper
water column characteristics in this part of the world ocean. Our results imply that
alkenone-derived temperatures record annual mean temperatures in the study area. However,
this finding might be an artifact due to the temperature limitation of this proxy above
28°C. Combined study of shell stable oxygen isotope and Mg/Ca ratio of planktic
foraminifera suggests that Globigerinoides ruber sensu stricto (s.s.), G. ruber sensu lato
(s.1.), and G. sacculifer calcify within the mixed-layer between 20 m and 50 m, whereas
Globigerina bulloides records mixed-layer conditions at ~50 m depth during boreal summer.
Mean calcifications of Pulleniatina obliquiloculata, Neogloboquadrina dutertrei, and
Globorotalia tumida occur at the top of the thermocline during boreal summer, at ~75 m,
75-100 m, and 100 m, respectively. Shell Mg/Ca ratios of all species show a significant
correlation with temperature at their apparent calcification depths and validate the
application of previously published temperature calibrations, except for G. tumida that
requires a regional Mg/Ca-temperature calibration (Mg/Ca = 0.41 exp (0.068*T)). We show
that the difference in Mg/Ca-temperatures of the mixed-layer species and the thermocline
species, particularly between G. ruber s.s. (or s.1.) and P. obliquiloculata, can be applied to

track changes in the upper water column stratification. Our results provide critical tools
for reconstructing past changes in the hydrography of the study area and their relation to
monsoon, El Nifio-Southern Oscillation, and the Indian Ocean Dipole Mode.
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1. Introduction

[2] In the tropical Indo-Pacific, semi- and inter-annual
changes in the wind strength and precipitation mainly caused
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by monsoon, El Nifio-Southern Oscillation (ENSO), and the
Indian Ocean Dipole Mode (IOD), significantly affect the
thickness and evolution of the mixed-layer and the thermo-
cline as well as the intensity and direction of the surface and
subsurface circulation [e.g., Susanto et al., 2001; Rao et al.,
2002; Gordon, 2005; Qu and Meyers, 2005]. Reconstruction
of the upper water column structure in this region therefore
can provide critical information for understanding past
behavior of these climate systems and the mechanisms of
past, and future, regional climate change.

[3] The vertical structure of the water column can be best
reconstructed by using differences in a geochemical proxy
for temperature such as shell stable oxygen isotopes (& %0)
or Mg/Ca ratios of various planktic foraminifera species that
thrive at different water depths due to their preferred range of
temperature, salinity, chlorophyll, light, etc. [e.g., Fairbanks
etal., 1980; 1982; Hemleben et al., 1989; Sautter and Thunell,
1991; Ortiz et al., 1995]. As habitat depths of planktic fora-
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minifera vary in different regions due to different hydro-
graphic characteristics, it is crucial to determine the regional
habitat and calcification depths of various species, their
seasonality and their environmental control [e.g., Elderfield
and Ganssen, 2000; Anand et al., 2003; Mulitza et al.,
2003; McConnell and Thunell, 2005; Farmer et al., 2007,
Cleroux et al., 2008; Mohtadi et al., 2009; Regenberg et al.,
2009; Steph et al., 2009] in order to minimize errors in
paleoceanographic reconstructions based on §'*0 or Mg/Ca.

[4] Here we present paired Mg/Ca and 6'%0 measure-
ments on seven planktic foraminifera species in 69 sediment
surface samples from the eastern equatorial Indian Ocean,
W and S off Indonesia. We use shell §'°0 to infer calcifi-
cation depths for different species, and compare the shell
Mg/Ca ratio with the modern temperature data that corre-
spond to the inferred calcification depths. In addition, we
evaluate published Mg/Ca-temperature calibrations in order
to assess the best possible modern calibration of this tem-
perature proxy for the eastern equatorial Indian Ocean. We
further analyze alkenone-derived sea surface temperatures
(SST) in the same surface samples to compare different SST
proxies and to assess how modern environmental conditions
are preserved in surface sediments. Finally, we introduce
different proxies to reconstruct thermal gradients and upper
water column characteristics that help to assess past
behavior of ENSO, monsoon, and IOD from sedimentary
records in the tropical eastern Indian Ocean.

2. Study Area

[5] The study area is part of the Indo-Pacific Warm Pool
with mean SST generally exceeding 28°C. The seasonal cli-
mate in this region is affected by the Australian-Indonesian
monsoon (AIM) winds [e.g., Tapper, 2002; Qu and Meyers,
2005; Kida and Richards, 2009]. The northern and southern
portions of the study area are characterized by different
seasonality. During the SE monsoon from June—September
(boreal summer), alongshore winds induce Ekman pumping
and coastal upwelling off S and SW Indonesia that decrease
SST by 1-2°C (Figure S1 in the auxiliary material) and
increase chlorophyll @ concentrations south of 4°S (Figure 1a).!
The NW monsoon season from December to March is char-
acterized by the southward progression of the Intertropical
Convergence Zone (ITCZ), increased precipitation, a rather
uniform SST distribution, and low chlorophyll @ concentrations
in the entire tropical eastern Indian Ocean (Figure 1b). In
contrast to off S and SW Indonesia, a relatively thick mixed-
layer of about 70-80 m persists throughout the year off W
and NW Indonesia (Figures 1a, 1b, and S1). Surface salinity
varies between 33.5 and 34.2 psu in the study area (Figure S2).
Seasonal salinity changes are rather small in both regions,
with maximum variability of about 0.6 psu in the upwelling
areas off southern Indonesia (Figure S2).

[6] On inter-annual timescales, ENSO and the IOD
strongly affect the hydrography of the equatorial Indian
Ocean [e.g., Susanto et al., 2001; Qu and Meyers, 2005;
Susanto and Marra, 2005; Zhong et al., 2005; Halkides et al.,
2006; Du et al., 2008; Horii et al., 2008]. Briefly, El Nifio and
positive IOD years are associated with anomalously strong

'Auxiliary materials are available in the HTML. doi:10.1029/
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SE winds that reinforce coastal upwelling and induce up to
5°C decrease in SST and higher primary production off S
and SW Indonesia during boreal summer (Figures 1c—le).
In contrast, La Nifia and negative IOD years amplify the NW
monsoon climatic features, i.e., enhanced westerly winds,
positive precipitation anomalies, and a uniformly high SST
in the study area (Figure 1f).

3. Material and Methods

3.1.

[7] Surface sediment samples were collected during the
RV SONNE cruises 184 (34 samples) [Hebbeln et al., 2005]
and 189 (35 samples) [Wiedicke-Hombach et al., 2007]
from off W and S Indonesia (Figure 2 and Table 1). The top
1 cm of multicore samples were freeze-dried, washed and
sieved for the planktic foraminifera study, and freeze-dried
and ground for alkenone analyses, respectively. In order to
address different environmental conditions in the study area
both on the seasonal and interannual timescales, we grouped
the sample material in seven different basins (Figure 2). The
Simeulue Basin (SB) off NW Sumatra, the Nias Basin (NB)
south of the SB, and the Northern Mentawai Basin (NMB)
off W Sumatra are characterized by oligotrophic to meso-
trophic conditions and insignificant seasonal and interannual
variations in marine productivity, SST, and thermocline
depth. In contrast, the Southern Mentawai Basin (SMB), the
Java Basin (JB), the Lombok Basin (LB), and the Savu Sea
(SS) show a pronounced seasonality of the upper water
column structure, primary productivity, and SST due to the
occurrence of coastal upwelling in boreal summer.

[8] A study by Mohtadi et al. [2007] on the same surface
samples showed that carbonate dissolution can be neglected
in this set of samples, as either the basins lack the aragonite
lysocline (SB, NB, NMB and SMB), or the samples are
retrieved from water depths well above the calcite lysocline
(JB, LB, SS) and do not show any evidence of selective
calcite dissolution.

Sampling

3.2. Radiocarbon Analyses

[v] Radiocarbon dating was performed on 16 selected
surface sediments from all of the different basins in the
study area (Table 2). Samples were measured at the Keck
Carbon Cycle Accelerator Mass Spectrometry Laboratory,
University of California, Irvine (UCI), and at the National
Ocean Sciences Accelerator Mass Spectrometry Facility,
Woods Hole (OS). UCI samples contained mono-species
tests of Globigerinoides sacculifer (without sac-like final
chamber), while OS samples included multispecies tests of
planktic foraminifera. Radiocarbon ages were converted to
calendar ages using Marine 09 calibration [Hughen et al.,
2004] of CALIB 6.0 software assuming no deviation from
the global ocean carbon reservoir.

3.3. Planktic Foraminifera

[10] For all analyses presented in this study, we used
whole tests of Globigerinoides ruber sensu stricto (s.s.), G.
ruber sensu lato (s.l.), and Globigerina bulloides from the
250-355 um size fraction, and of G. sacculifer (without sac-
like final chamber), Neogloboquadrina dutertrei, Pull-
eniatina obliquiloculata, and Globorotalia tumida from the
355-500 pm size fraction, respectively. Determination of

2 of 20



PA3219

MOHTADI ET AL.: THERMAL STRUCTURE OF TROPICAL EAST INDIAN OCEAN

PA3219

1] = oW @
Py =] e o =

Chlorophyll a Concentration (mg/m?®)

Figure 1. Remote sensing images of the mean seasonal chlorophyll a concentration around Indonesia
(http://oceancolor.gsfc.nasa.gov). Mean values between 2002 and 2009 during (a) the SE monsoon
(July—September) and the (b) NW monsoon (December—February) seasons. Here, the effect of mon-
soon-related seasonal upwelling off S and SW Indonesia is apparent. Chlorophyll @ concentrations
(July—September) during (c) a moderate El Nifio year (2003) and (d) a positive IOD year (2008). Chlo-
rophyll a concentrations (July—September) during (¢) a positive IOD/EI Nifio year (2006), and (f) a strong
La Nifia year (1998). Note the enhanced (reduced) chlorophyll @ concentrations off S and SW Indonesia
during the positive IOD/EI Nifo (La Nifia) years indicative of intensified (weakened) upwelling.

G. ruber s.s. and s.1. follows the concept of Wang [2000], in
which G. ruber s.l. corresponds to the more compact and
higher trochospiral forms previously described as G. elon-
gatus [d’Orbigny, 18261, G. pyramidalis [Van den Broeck,
1876], and G. cyclostomus [Galloway and Wissler, 1927].
3.3.1. Oxygen Isotope and Mg/Ca Analyses

[11] A Flnnlgan MAT 251 mass spectrometer was used to
measure the §' O composition of the planktic foraminifera
(Table 1). Approximately 5-20 individual tests were picked
for each measurement. The isotopic composition of the
carbonate sample was measured on the CO, gas evolved by

treatment with phosphoric acid at a constant temperature of
75°C. For all stable isotope measurements a standard gas
(Burgbrohl CO, gas) was used. Samples were calibrated
against PDB by using the NBS 19 and an internal laboratory
standard (Solnhofen Limestone). All isotopic data given
here are relative to the PDB standard. Analytical standard
deviation is about +0.07% (Isotope Laboratory, Faculty of
Geosciences, University of Bremen).

[12] For Mg/Ca analyses planktic forarmmfera tests were
utilized from the same size fraction as for the 6'*0 analyses.
Samples contained about 30—40 intact tests of G. ruber s.s.,
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Figure 2. Schematic map of the study area showing the position of the investigated surface sediments
collected during the SO-184 (dots) and SO-189 (stars) cruises. Rectangles indicate different fore-arc
basins. SB: Simeulue Basin; NB: Nias Basin; NMB: Northern Mentawai Basin; SMB: Southern Menta-
wai Basin; JB: Java Basin; LB: Lombok Basin; SS: Savu Sea. The four southern basins are characterized

by seasonal upwelling during boreal summer.

G. ruber s.l., G. sacculifer, P. obliquiloculata, and N.
dutertrei, about 40-50 tests of G. bulloides, and about 10-15
tests of G. tumida. Samples were cleaned applying a modi-
fied method originally proposed by Barker et al. [2003]
consisting of five water washes and two methanol washes
followed by two oxidation steps with 1% NaOH-buffered
H,0,, and a weak acid leach with 0.001M QD HNOs;.
Samples were then dissolved into 0.075M QD HNOj; and
centrifuged for 10 min. at 6000 rpm, transferred into test
tubes and diluted. Mg/Ca ratios were measured using a
Perkin Elmer Optima 3300 R Inductively Coupled Plasma
Optical Emission Spectrophotometer (ICP-OES) equipped
with an auto sampler and an ultrasonic nebulizer U-5000 AT
(Cetac Technologies Inc.) housed at the Faculty of Geos-
ciences, University of Bremen. The Mg/Ca values are
reported as mmol mol . Instrumental precision was deter-
mined using an external, in-house standard (Mg/Ca =
2.92 mmol mol '), which was run after every fifth sample.
Relative standard deviation was 0.01 mmol mol™" (0.34%)
for the external standard and ~0.48% for the ECRM 752—
1 standard [Greaves et al., 2008]. Replicate measurements
on 36 samples revealed an average standard deviation of
0.11 mmol mol . Fe/Ca, Mn/Ca, and Al/Ca ratios were
determined in conjunction with Mg/Ca as clay contamination
and post-depositional Mn-rich carbonate coatings can exert a
significant control on Mg/Ca ratios [Rosenthal et al., 2000].
We exclude this possibility as these ratios were small in all
samples (<0.1 mmol mol ' for Mn/Ca and Fe/Ca, and not
detectable, 1.e., <0 mmol molfl, for Al/Ca).

3.3.2. Calcification Depths

[13] To estimate the calcification depths for all species, the
measured 6'°0 values of planktic foraminifera were com-
pared to the expected equilibrium §'0 of calcite at different
water depths. Seawater §'%0 (6'®0sw) was calculated for six
different water depths at 0 m, 20 m, 50 m, 75 m, 100 m, and
150 m from the WOA 05 salinity data [4ntonov et al., 2006]
using the salinity- 6'*Ogy relationship of Morimoto et al.
[2002] for the Western Pacific Warm Pool:

§"80sw (SMOW) = —14.3 + 0.42 salinity (1)

[14] The Standard Mean Ocean Water (SMOW) values
were converted to the PDB scale by subtracting 0.27%o. In a
next step, species-specific 6'*O-temperature equations were
used to calculate the equilibrium 6'°0 of calcite (Table 3).
Bemis et al. [1998] demonstrated that linear and quadratic
equations provide equally good fits at warm ocean tem-
peratures. Therefore, we only used §'*O-temperature equa-
tions with a linear relationship (Table 3). The water depth in
which the expected equilibrium 6'*0 of calcite matches the
measured 'O values of planktic foraminifera is assumed to
approximate the mean calcification depth of each species.

[15] Several studies have shown that physiological (vital)
effects influence the shell isotopic composition of planktic
foraminifera and result in shell §'%0 disequilibrium with the
ambient water, ranging between —1%o and 0.5%o [see e.g.,
Niebler et al., 1999, and references therein]. Correcting the
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Table 2. Radiocarbon Dating on Selected Surface Sediments From the Eastern Tropical Indian Ocean®

1Sigma (68%)
Cal. Age + Error

1C Age +Error [years BP, BP = 1950 AD]
Surface Sample [0-1 cm] Lab-ID Species [years] [years] CALIB 6.0 (Marine09)
SO189-11MC (SMB) UCI-78814 G. sacculifer 1280 15 828 + 40
SO189-60MC (NB) UCI-78815 G. sacculifer 625 15 273 £ 15
SO189-64MC (NB) UCI-78816 G. sacculifer 1185 15 715 £ 25
SO189-87MC (SB) UCI-78817 G. sacculifer 435 15 >1950 AD
SO189-97MC (SB) UCI-78818 G. sacculifer =55 15 >1950 AD
GeoB 100084 (NMB) UCI-78819 G. sacculifer 215 15 >1950 AD
GeoB 10010-1 (NMB) UCI-78820 G. sacculifer -295 50 >1950 AD
GeoB 10016-2 (NB) UCI-78821 G. sacculifer 640 20 281 + 20
GeoB 10022—-6 (NMB) UCI-78822 G. sacculifer —-335 15 >1950 AD
GeoB 100262 (NMB) UCI-78823 G. sacculifer —180 15 >1950 AD
GeoB 10041-3 (JB) UCI-78824 G. sacculifer -325 15 >1950 AD
GeoB 10049-5 (JB) UCI-78825 G. sacculifer -230 15 >1950 AD
GeoB 10058-1 (JB) UCI-78826 G. sacculifer —295 15 >1950 AD
GeoB 10063-5 (LB) UCI-78827 G. sacculifer -350 15 >1950 AD
GeoB 10065-9 (LB) 0S-65991 mixed planktonic >modern >1950 AD
GeoB 100694 (SS) 0S-65992 mixed planktonic >modern >1950 AD

“Radiocarbon ages are converted to calendar ages using Marine 09 calibration [Hughen et al., 2004] of CALIB 6.0 software. Samples were measured at
the Keck Carbon Cycle Accelerator Mass Spectrometry Laboratory, University of California, Irvine (UCI), and at the National Ocean Sciences Accelerator
Mass Spectrometry Facility, Woods Hole (OS), respectively. SB: Simeulue Basin; NB: Nias Basin; NMB: Northern Mentawai Basin; SMB: Southern
Mentawai Basin; JB: Java Basin; LB: Lombok Basin; SS: Savu Sea. Note that radiocarbon ages are converted to calendar ages assuming no deviation from

the global ocean carbon reservoir of 400 years.

880 values for the species-specific disequilibrium effects
would accordingly result in shallower or deeper apparent
calcification depths of each species. However, most of the
existing 8'80-temperature equations have not considered
the shell §'%0 disequilibrium. Moreover, results from field
and culture studies on the vital effect of planktic forami-
nifera differ significantly, or even contradict in terms of the
sign (positive or negative disequilibrium) of the vital effect
[see Niebler et al., 1999, and references therein]. For
instance, the proposed §'*0 disequilibrium for G. bulloides
ranges between —0.5%o [Spero and Lea, 1996] and +0.5%o
[Ganssen, 1983]. Since no data on seawater §'°O exist from
the study area, we use in the following the measured shell
8"80 of planktic foraminifera for calculating their apparent
calcification depth, and later discuss possible vital effects on
the inferred habitat depths.

3.4. Alkenone Analyses

[16] For alkenone analysis, samples were extracted with a
Dionex Accelerated Solvent Extractor 200 in three cycles
using dichloromethane as eluent. Extracts were dried under
a stream of nitrogen, saponified with 0.5 ml 1-propanolic
KOH (5%) for 24h at 20°C followed by a solid phase clean-
up using silica gel columns to remove the KOH. These
purified extracts were analyzed by gas chromatography with
a HP-6890 instrument equipped with a HP PTV Inlet on a
DB-1 capillary column (30 m*0.25 mm i.d.; film thickness
0.25 pm) coupled to a flame ionization detector. Samples
were injected splitless in dichloromethane using a cool
injection program with solvent venting. Hydrogen was the
carrier gas at a flow rate of 0.9 ml min . A temperature
program of 2 min. isothermal at 56°C, 56—150°C at 24°C
min !, 150-320°C at 4.7°C min ! and 10 min isothermal
was used, giving a good separation of all major compounds.
Alkenones were identified by retention times. Quantification
was performed relative to external calibration with n-Csg
alkane. The reproducibility of SST was better than 0.006

U units or 0.2°C. The ketone unsaturation index U%; was
converted to temperature according to Conte et al. [2006]:

T(°C) = —0.957 + 543 (U ) — 52.9(U§7’>2+28.3 (U‘§7')3 2)

3.5. Auxiliary Data

[17] The 1° by 1° grid data of the World Ocean Atlas 2005
(WOA 05, http://www.nodc.noaa.gov) were used to estimate
annual mean and boreal summer temperatures [Locarnini
et al, 2006] and salinity [Antonov et al., 2006], and to
calculate seawater §'%0 at the studied sites (section 3.3.2).
Annual mean and boreal summer vertical distributions of
nitrate [Garcia et al., 2006] have been used as indicators for

Table 3. Comparison of Commonly Used Species-Specific
Foraminiferal Temperature: The §'30 Relationship Using a Linear
Approximation

TCC)=a+b
(81%0c — 6" Osw)

Reference Source a b
Shackleton [1974] Uvigerina sp. 16.9 —4.0
Bouvier-Soumagnac and N. dutertrei 10.5 —6.58

Duplessy [1985]

Bemis et al. [1998] G. bulloides 12.6 =5.07
O. universa 14.9 —4.80
Peeters [2000] G. bulloides 14.2 —4.81
Mulitza et al. [2003] G. ruber 14.2 —4.44
G. sacculifer 14.91 —4.35
G. bulloides 14.62 —4.70
Spero et al. [2003] G. sacculifer 12.0 —5.67
Farmer et al. [2007] G. ruber 15.4 —4.78
G. sacculifer 16.2 —4.94
N. dutertrei 14.6 =5.09
P. obliquiloculata 16.8 -5.22
G. tumida 13.1 —4.95
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nutrient availability. However, most of the 1° by 1° grids of
the WOA 05 were from the open ocean further offshore and
thus, did not capture the nearshore upper water column
dynamics at the sampling sites. Another limitation of using
WOA 05 data is that several surface sample sites, particularly
samples from the SB, NB, and NMB, are situated within only
one WOA 05 grid box. These restrictions hamper a detailed,
site-specific study, especially in the case of seawater §'%0
calculation and the habitat depth estimation of planktic
foraminifera. On the other hand, local effects such as bio-
turbation and different ages of the surface samples might bias
the geochemical proxies and their relation to the modern
hydrographic data. We therefore calculated also mean values
for each basin in order to reduce local effects and deviation of
the geochemical proxies from the WOA 05 data. In sum-
mary, the insufficient coverage of the study area by the WOA
05 data sets remains the main limitation for a precise cali-
bration of the surface data to the modern hydrographic data.

4. Results

4.1.

[18] Assuming that surface samples with an intact fluffy
layer represent modern conditions, only multicore top sam-
ples without a surface fluffy layer were selected for radio-
carbon measurements on G. sacculifer in order to estimate
the oldest possible ages of the surface samples in the study
area. Nonetheless, the results reveal modern ages for the
selected surface samples (Table 2). Notable are the three
surface samples from the Nias Basin (NB) that show older
ages than in the other basins. We attribute this to lower
sedimentation rates on the outer slope (GeoB 10016-2),
stronger bioturbation on the shelf (SO189-64MC, 69 m
water depth), and possibly a combination of both processes
(SO189-60MC). Therefore, we infer that other surface
samples from the NB still represent present-day conditions.
Low sedimentation rates and stronger bioturbation might
also be responsible for the oldest measured age of ~800 years
reported from the southern Mentawai Basin (SO189-11MC).

4.2. Shell §'®0-Derived Calcification Depths

4.2.1. G. ruber Sensu Stricto and Sensu Lato

[19] Average shell §'%0 values of G. ruber s.s. are
indistinguishable in the SB, NB, and the NMB (around
—3.15%o), and in the JB, LB, and the SS (around —2.9%o,
Table 1), respectively. Average value in the SMB (~-3.0%o)
lies between those for the other basins. Average shell §'%0
values of G. ruber s.1. are very similar to those of G. ruber s.
s. in the SB, NB, NMB, and the SMB, but on average
0.14%o lighter in the JB, LB, and the SS (Table 1).

Radiocarbon Ages
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[20] Calcification depths inferred from G. ruber s.s. and
G. ruber s.1. shell 60 suggest comparable habitat depths
for both species regardless of the equation used (Figure 3).
Average calcification depths of G. ruber s.s. are slightly
deeper in the SB and NB, where a thick mixed-layer exists
throughout the year, and slightly shallower in the upwelling
areas of JB, LB and SS (Figures 3a-3d). In contrast, average
calcification depth of G. ruber s.l. does not change in dif-
ferent basins (Figures 3e-3h). However, the range of the
estimated calcification depths from the individual measure-
ments is larger than that of G. ruber s.s., with three samples
appearing as outliers, showing values above —2.4%o (GeoB
10050-1) and below —3.7%o (SO189-89MC and 97MC).
4.2.2. G. sacculifer and G. bulloides

[21] Average shell 60 values of G. sacculifer are similar
in the SB, NB, NMB, and the SMB (around —2.75%o), and
between —2.5%o0 and —2.6%o0 in the JB, LB, and the SS
(Table 1). Average §'%0 values of G. bulloides are lighter in
the non-upwelling environments of the SB, NB, and the
NMB (between —3.05%0 and —3.09%o), and heavier in the
upwelling areas of the SMB, JB, LB, and the SS (between
—2.5%0 and —2.8%o, Table 1). Shell §'*0O-derived average
calcification depth of G. sacculifer varies between 20 m
and 75 m, depending on the §'*O:temperature equation
applied (Figures 4a—4d). Shallowest calcification depths
between 20 m and 50 m are obtained when using the Farmer
et al. [2007] equation (Figure 4b), while the Mulitza et al.
[2003] equation suggests deepest calcification depths of
about 75 m for G. sacculifer (Figure 4c). The species-specific
equation proposed by Spero et al. [2003] suggests calcifica-
tion depths between 50 m and 75 m (Figure 4a), while the
equation proposed by Shackleton [1974] implies slightly
shallower calcification depths closer to the 50 m isoline
(Figure 4d). In general, calcification depths of G. sacculifer
do not change significantly in different basins, except for
Farmer et al. [2007] and Shackleton [1974] equations that
suggest a slightly deeper calcification depth in the Simeulue
and Nias Basins, similar to the inferred calcification depths
for G. ruber s.s. (Figures 3a-3d).

[22] For G. bulloides, estimation of the expected equilib-
rium 6'®0 of calcite is based on boreal summer temperature
and salinity data of WOA 05 (solid lines in Figure 4e—4h).
This inference is based on the analyses of a sediment trap
time series beneath the upwelling area off S Java by Mohtadi
et al. [2009] showing that ~90% of the total flux of G. bul-
loides larger than 250 pum occurs during the boreal summer
season. Hence, the strong seasonality of G. bulloides needs
to be considered when estimating its calcification depth in
the upwelling arecas of SMB, JB, LB, and the SS. In the
other basins, characterized by non-upwelling environments

Figure 3. Shell §'%0-based calcification temperatures and habitat depth estimates for (a—d) G. ruber s.s. and (e-h) G. ruber
s.1. in the tropical eastern Indian Ocean. Solid lines indicate the expected upper water column §'®0 of calcite in the study area,
averaged for different depths (0—75 m) using the WOA 05 annual mean temperature [Locarnini et al., 2006] and salinity
[Antonov et al., 2006] data, salinity: §'®*Ogy relationship of Morimoto et al. [2002], and species-specific §'*O:temperature
equations for each panel. Gray dots are measured shell §'%0 values of the entire surface samples, black dots are average
values for each basin. Average values represent the following basins from left to right: Simeulue Basin, Nias Basin, Northern
Mentawai Basin, Southern Mentawai Basin, Java Basin, Lombok Basin, and the Savu Sea. Shaded envelopes indicate the
error range calculated from the combined analytical error of the measured and the expected §'%0 of calcite, and the standard

deviation of their difference.
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Figure 4. Shell §'30-based calcification temperatures and habitat depth estimates for (a—d) G. sacculifer
and (e-h) G. bulloides in the tropical eastern Indian Ocean. Shaded envelops, solid lines and dots are as in
Figure 3, except the solid lines in G. bulloides panels (Figures 4e—4h) representing boreal summer values.
Note the different scales for each panel.
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(SB, NB, NMB), annual mean and summer temperatures
and salinities do not differ significantly (Figures S1 and S2),
enabling us to apply summer values for G. bulloides in the
entire study area.

[23] Shell 6'®0-derived average calcification depths of
G. bulloides range around the 50 m isoline and tend to
decrease in the JB, LB and the SS, regardless of the equation
used (Figures 4e—4h). Calcification depths are slightly dee-
per when applying the Bemis et al. [1998] equation (Figure
4e), and shallower when using the Shackleton [1974] equa-
tion (Figure 4h). The two equations proposed by Mulitza et
al. [2003] and Peeters [2000] are almost identical and
therefore, the resulting calcification depths for G. bulloides
are similar for different basins (Figures 4f and 4g).

4.2.3. N. dutertrei, P. obliquiloculata, and G. tumida

[24] Average shell §'®0 values of N. dutertrei range
between about —2.0%o0 and —2.1%o in the SB, NB, NMB, and
the SMB, and between —1.6%o and —1.8%o in the JB, LB, and
the SS, respectively (Table 1). Average shell §'°0 values of
P. obliquiloculata range between —2.3%o and —2.4%o in the
SB, NB, and the NMB, and between about —1.4%0 and
—1.7%o in the JB, LB, and the SS, respectively (Table 1).
Average value for the SMB lies in between, at about —1.9%e.
Average shell §'%0 values of G. tumida differ significantly
for different basins, ranging between about —0.4%0 and
0.5%0, which might be due to the small amount of data on
this species, or different amounts of secondary calcite. G.
tumida is absent in the surface samples from the SB, and only
present in one (two) surface sample(s) from the NB (NMB)
suggesting the preference of this species for the nutrient-rich
subsurface waters beneath the upwelling areas in the south-
ern part of the study area (Table 1).

[25] Estimation of the expected equilibrium §'*0 of cal-
cite for P. obliquiloculata, N. dutertrei, and G. tumida is
based on boreal summer temperature and salinity data of
WOA 05, due to their preferred seasonality similar to G.
bulloides [Mohtadi et al., 2009]. Shell §'*0-derived average
calcification depths of N. dutertrei show insignificant
changes by applying different equations and vary between
75 m and 100 m in the study area (Figures 5a—5c). Calcifi-
cation depths are slightly shallower in the SMB (~75 m) and
somewhat deeper in the SB. Estimated average calcification
depths for P. obliquiloculata are similar to those of N.
dutertrei in the SB, NB, NMB, and the SMB, and slightly
deeper in the JB, LB, and the SS when applying the
Shackleton [1974] and Bouvier-Soumagnac and Duplessy
[1985] equations (Figures 5d and 5f). In general, the
Farmer et al. [2007] equation implies shallower average
calcification depths between 50 m and 75 m in the SB, NB,
NMB, and the SMB, and deeper calcification depths below
75 m in the JB, LB, and the SS (Figure 5¢). Shell §'*0-
derived average calcification depths of G. tumida lie between
100 m and 150 m when applying the §'®0:temperature
equation of Shackleton [1974], and at ~150 m when using the
species-specific equation of Farmer et al. [2007] (Figures 5g
and 5h).

4.3. Shell Mg/Ca Values and Alkenone-Derived SST

[26] Of all the planktic foraminifera measurements, shell
Mg/Ca values were unrealistically high in one sample from
the SB (SO189-112MC), and two samples from the NB
(SO189-64MC and SO189-65MC, see Table 1). These
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samples were retrieved from shallow waters at or shallower
than 80 m close to the shore, offshore two (small) river
mouths. Since there are no anomalous values in the §'%0,
Fe/Ca or Al/Ca of these samples, the high Mg/Ca values
cannot easily be explained by increased freshwater input,
inorganic calcite precipitation, dissolution or insufficient
cleaning of the samples. Likewise, examination of the
planktic foraminiferal tests does not show any significant
diagenetic overprint. To this end, we do not have any sound
explanation of these anomalous values and exclude these
samples from calculation of average Mg/Ca in these basins.

[27] Average shell Mg/Ca of G. ruber s.s. and G. ruber s.1.
shows higher values in the SB, NB, NMB, and the SMB, and
decreases significantly in the JB, LB, and the SS (Table 1).
Highest average Mg/Ca value occurs in the NB (~6 mmol
mol ). Average Mg/Ca values of G. ruber s.s. and G. ruber
s.l. are similar in different basins, except for the LB, where
G. ruber s.1. value is on average 0.45 mmol mol ' lower than
the G. ruber s.s. value.

[28] Likewise, average shell Mg/Ca of G. sacculifer shows
higher values in the SB, NB, NMB, and the SMB, and
decreases significantly in the JB, LB, and the SS (Table 1).
Highest average Mg/Ca value occurs in the NB (~4.7 mmol
mol"). Average shell Mg/Ca of G. bulloides is high in the
SB, NB, and the NMB (>7.6 mmol mol ') and decreases
considerably to values < 6.4 mmol mol ™' in the upwelling
areas of the SMB, JB, and the LB (Table 1). The SS is
represented by only one sample with a relatively high Mg/Ca
value of ~7 mmol mol .

[20] Shell Mg/Ca values of P. obliquiloculata and N.
dutertrei show a decrease from higher values in the non-
upwelling areas of the SB, NB, and the NMB (> 3 mmol
mol ") to lower values in the upwelling areas of the SMB,
JB, LB, and the SS (<2.75 mmol mol ', Table 1). This
pattern can also be observed for G. fumida, although only
three samples exist from the non-upwelling basins.

[30] Average alkenone-based SST estimates for different
basins do not vary considerably (28°C £ 0.4°C, Table 1), with
lowest (highest) average SST of ~27.8°C (28.4°C) recorded
in the JB (NB). Moreover, SST estimates are remarkably
similar within the different basins and do not deviate by more
than 0.5°C from the observed average SST for each basin,
except for one sample (SO189-31MC) recording the lowest
SST (27°C) in the study area.

5. Discussion

5.1. Mg/Ca Versus 6'°0O-Derived Calcification
Depths/Temperatures

[31] In the following, calcification depths are considered
to be between 20 m and 50 m for G. ruber s.s., at 50 m for
G. ruber s.l., G. sacculifer, and G. bulloides, at 75 m for
N. dutertrei and P. obliquiloculata, and at 100 m for G.
tumida. The deeper habitat inferred for various species by
applying the plankton tow and culture based equations of
Mulitza et al. [2003, Figures 3c, 3g, and 4¢] and Spero et al.
[2003, Figure 4a] might be a result of generally higher 6'%0
values recorded by surface samples. Our results agree with
previous studies suggesting habitat depths of G. ruber s.s.,
G. ruber s.l., G. sacculifer and G. bulloides within the
mixed-layer, and of N. dutertrei, P. obliquiloculata, and
G. tumida within the thermocline [e.g., Fairbanks and

11 of 20



PA3219 MOHTADI ET AL.: THERMAL STRUCTURE OF TROPICAL EAST INDIAN OCEAN PA3219

N. dutertrei A P. obliquiloculata D

" B.-S. & Duplessy [1985] 0 4 B-S & Duplessy [1985]
YTyl I crrrrr-i LN QL L ML G T

4 2 0 2 -4 6 8 -0 4 2 0 -2 4 6 8 -10

Farmer et al. [2007] Farmer et al. [2007]
o1 T T T T T O t—rT1T 111777171
2 0 -2 -4 6 -8 -0 4 2 0 2 -4 € 8 -0

%0 calcite (%, PDB)
FS

_| Shackleton [1974] _| Shackieton [1974)

0 0
4 2 0 -2 -4 6 -8 -10 4 2 0 -2 -4 € 3 -0
G. tumida
.4_
—\—’_\_\:
_2-
- L]
L]
°
0 - - 1
150m s <
9 L ]
Shackleton [1974] Farmer et al. [2007]
2 T 'l L] 'l Ll 'I L 'l L] 'I' L] 'l I'I 2 T 'l Ll l T 'l T ‘ T 'I' T 'l I'l
4 2 0 -2 -4 -6 -8 -0 4 2 0 -2 -4 6 8 -0
Latitude (°N)
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respectively.

Wiebe, 1980; Fairbanks et al., 1982; Peeters, 2000; Field,
2004; Kuroyanagi and Kawahata, 2004; Farmer et al.,
2007].

[32] Shell Mg/Ca ratios of all species show a significant,
linear relationship to temperatures from the WOA 05 data at
depths that correspond to the estimated calcification depth
of each species (Figure 6). Since salinities in the upper water
column of the study area are lower than 35 psu (Figure S2),
a positive salinity effect on shell Mg/Ca ratios [Arbuszewski
et al., 2010] can be neglected. The large scatter in the data
(gray dots in Figure 6) might be due to the (a) relatively
narrow temperature range for each species, (b) different
amount of encrustation [e.g., Schmidt and Mulitza, 2002],
(c) different genetic types [e.g., Darling et al., 2003], (d)
different ages of the surface samples, (e) a limited coverage
of'local hydrography by the WOA 05 data, both spatially and

vertically, and (f) interannual variability in local hydrogra-
phy caused by ENSO or IOD that cannot be resolved in our
core top study. Therefore, it is not surprising that average
values for each basin (black dots in Figure 6) show improved
correlation coefficients (R?) at or greater than 0.7 for all
species by reducing the above mentioned uncertainties,
although a larger R” is also a result of fewer data points.
It should be noted that for G. ruber s.s., G. bulloides, and
G. tumida, correlation coefficients between Mg/Ca and
WOA 05 temperatures are also significant at adjacent depths
due to the fact that calcification of planktic foraminifera and
hence, incorporation of Mg in their calcite shell, occur within
a depth range, rather than at a fixed depth (see Figure S3 and
discussion below).

[33] In face of a small temperature range for each species
in the study area, Mg/Ca-temperature relationship could be
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expressed as a linear function (Figure 6). However, previous
studies showed that shell Mg/Ca in planktic foraminifera
increases exponentially with temperature [e.g., Elderfield
and Ganssen, 2000; Dekens et al., 2002; Anand et al.,
2003; McConnell and Thunell, 2005; Cléroux et al., 2008;
Regenberg et al., 2009]. The species-specific Mg/Ca-tem-
perature exponential relationships from this study (Figure 7,
black dots and lines) fit within the range of previously pub-
lished equations, although they occur at the warm end of the
existing calibrations (Figure 7, gray lines). The only excep-
tion is the Mg/Ca-temperature relationship of G. tumida that
shows a comparable slope with the Rickaby and Halloran
[2005] equation, but a different intercept (Figure 7g), which
might be due to the much shallower inferred habitat of this
species in the study area, or to the different size-fractions used
in the other studies (300-355um [Rickaby and Halloran,
2005] and 355-400um [Regenberg et al., 2009]). We there-
fore calculated a regional Mg/Ca-temperature calibration for
G. tumida:

Meg/Ca = 041 exp(0.068T) (3)

[34] For all the other species, the existing Mg/Ca-
temperature calibrations can be used for the eastern equato-
rial Indian Ocean. For G. ruber s.s., G. ruber s.l., and G.
sacculifer the regional calibrations fit best to the equations
proposed by Anand et al. [2003] for the same size-fractions
used in this study (Mg/Ca =0.34 exp (0.102*T) and Mg/Ca=
0.38 exp (0.09*T) for G. ruber, Figures 7a and 7b, Mg/Ca =
0.347 exp (0.09*T) for G. sacculifer without sac, Figure 7c).
Regional Mg/Ca-temperature relationship of G. bulloides is
best explained by the equation of Elderfield and Ganssen
[2000] (Mg/Ca = 0.81 exp (0.081*T)). For N. dutertrei, the
regional calibration fits best to the equation proposed by
Regenberg et al. [2009] (Mg/Ca = 0.65 exp (0.065*T),
Figure 7¢). Finally, regional Mg/Ca-temperature relationship
of P. obliquiloculata matches best to the equation for deep-
dwelling foraminifera proposed by Cléroux et al. [2008]
(Mg/Ca = 0.78 exp (0.052*T), Figure 71).

[35] As mentioned above, §'*0-disequilibrium effect on
the calculation of apparent calcification depths of planktic
foraminifera might also impact their Mg/Ca—temperature
relationships. Correcting the measured §'°O values for a
range of disequilibrium values suggested for G. sacculifer,
N. dutertrei, and P. obliquiloculata [see Niebler et al., 1999;
Regenberg et al., 2009, and references therein] would
increase their calcification depths, but decrease significantly
(0.1-0.3) the correlation coefficient of their Mg/Ca-temper-
ature calibration. This finding, in accordance with results of
Regenberg et al. [2009], justifies the application of the dis-
equilibrium-uncorrected calibration for these species. There
is no disequilibrium effect reported for G. ruber s.l. and
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G. tumida. Correcting the measured 6'*0 values for a
range of disequilibrium values suggested for G. ruber s.s.
(G. bulloides) would increase (increase or decrease) its cal-
cification depth, while the correlation coefficient of the
Mg/Ca-temperature calibration remains high (Figure S3).
This might be a result of a bimodal vertical distribution of
these species in the water column [e.g., Peeters et al., 2002;
Kuroyanagi and Kawahata, 2004] due to different hydro-
logic conditions in the study area (upwelling and non-
upwelling areas), or different genotypes of these species in
sediment samples [e.g., Darling et al., 2003]. In spite of
these possible effects, the water depths with a significant
Mg/Ca-temperature correlation coefficient for these species
match the range of their §'%0-derived calcification depths
(20-50 m for G. ruber and 20-75 m for G. bulloides,
Figures 3a—3d and 4e—4h), justifying the application of the
disequilibrium-uncorrected calibration for these species.
Nonetheless, future field studies on both planktic forami-
nifera and local hydrography are imperative in order to assess
the §'80-disequilibrium effect of planktic foraminifera, and
to better calculate their apparent calcification depth.

5.2. Use of Temperature Proxies for Reconstructing
Upper Water Column Hydrology

[36] Conversion of the Mg/Ca values to temperatures
using the species-specific calibrations that match the
apparent calcification depths of planktic foraminifera reveals
a relatively consistent picture in the study area (Figure 8). In
the non-upwelling basins of SB, NB, and the NMB, Mg/Ca
temperatures of the surface-dwelling species G. ruber s.s.,
G. ruber s.1., G. sacculifer, and G. bulloides reflect mixed-
layer temperatures between 0 m and 50 m at or above 28°C,
whereby the succession of these species reflects decreasing
(increasing) temperatures (habitat depths). Alkenone-based
temperatures appear to match Mg/Ca temperatures of G.
sacculifer, also reflecting mixed-layer temperatures in these
basins. Since there are no significant seasonal changes in the
mixed-layer conditions of these basins, our sediment surface
data suggest that these proxies can be used to reconstruct
past mixed-layer conditions of the eastern equatorial Indian
Ocean, from ~4° N to ~4° S. Mg/Ca temperatures of P.
obliquiloculata and N. dutertrei reflect upper thermocline
temperatures at ~70 m (26°C-28°C) and ~100 m (23°C—
25°C), respectively. Despite the sparse data of G. tumida
from these basins, it appears that this species records nearly
the same temperatures as N. dutertrei, at ~100 m water depth
(23°C-24°C). Accordingly, these three species can be used
to reconstruct the upper thermocline conditions in the eastern
Indian Ocean, from ~4° N to ~4° S.

[37] In the southern basins of SMB, JB, LB, and the SS,
calibrated temperatures based on shell Mg/Ca- and calcifi-
cation depth of planktic foraminifera suggest that G. ruber
s.s., G. ruber s.l., and G. sacculifer reflect annual mean
mixed-layer temperatures of 27°-28°C between 0 m and

Figure 7. (a—g) Shell Mg/Ca ratio to 6'*O-derived calcification temperature of various planktic foraminiferal species from
this study (black dots and lines) compared to other species-specific temperature calibrations (gray lines). Note that the expo-
nential fits in Figures 7a—7d (Figures 7e—7g) are extrapolated to lower (higher) temperatures than in the original publica-
tions, and that all Mg/Ca values from this study are at the warm end of the published calibrations. la: calibration with
calculated exponential value; 1b: calibration with assumed exponential value; 8a: species-specific calibration; 8b: deep-

dwelling (multispecies) calibration.
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Figure 8. Temperature profiles and nitrate concentration of the upper 200 m in the different basins of the
study area (WOA 05, [Garcia et al., 2006; Locarnini et al., 2006]). Solid black lines: annual mean
temperatures; dashed red lines: summer temperatures; dashed blue lines: winter temperatures; solid green
lines: annual mean nitrate concentrations in micromole per liter (uM L"); dashed green lines: boreal
summer nitrate concentrations; mbs: meter below surface. Color dots indicate average temperatures,
calculated from shell Mg/Ca ratio of planktic foraminiferal species, and alkenone unsaturation index.
Alkenone temperatures are calculated after Conte et al. [2006]. Mg/Ca-temperatures are calculated using
species-specific equations of Anand et al. [2003] for G. ruber s.s., G. ruber s.l., and G. sacculifer,
Cléroux et al. [2008] for P. obliquiloculata, Regenberg et al. [2009] for N. dutertrei, Elderfield and
Ganssen [2000] for G. bulloides, and own equation for G. tumida. Color lines denote the range of the
calculated temperatures in different samples; values in brackets refer to the number of the observed
surface sediment samples. The bottom (top) three panels refer to basins that are (not) affected by seasonal

upwelling.

50 m (Figure 8). Alkenone-based temperatures remain at
~28°C, suggesting that this proxy can only be used to
reconstruct annual mean SST south of 4°S. It should be noted
that alkenone temperatures in the study are at the upper limit
of this proxy [e.g., Conte et al., 1998] and might underesti-
mate the growth temperature of the alkenone-producing
coccolithophores, particularly during boreal winter when
SST is highest. Downcore studies from the study area show a
strong seasonal signal in the alkenone-based SST estimates
during glacial periods when SSTs lie within the temperature
response of alkenone unsaturation [Liickge et al., 2009;
Mohtadi et al., 2010]. Hence, it is well possible that alke-

nones in surface sediments simply record the limit of their
temperature response, which corresponds to modern annual
mean SST in the study area but masks their seasonality.

[38] Shell Mg/Ca of G. bulloides seems to record summer
temperatures ranging between 20 m and 75 m, with average
values reflecting temperatures of 24°-26°C at the base of the
mixed-layer during boreal summer, at ~50 m. Mg/Ca tem-
peratures of P. obliquiloculata and N. dutertrei reflect upper
thermocline temperatures at ~60 m (21-24°C) and ~80 m
(20-22°C) during boreal summer, respectively, thus record-
ing a slightly shallower depth than in the non-upwelling
basins. G. tumida appears to record temperatures between
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Figure 9. Alkenones- and Shell Mg/Ca-derived tempera-
tures averaged for each basin. Calibrations are as in
Figure 8. Solid lines (dashed lines) indicate annual mean
(summer) upper water column temperatures in the different
basins at 0 m and 50 m (0—100 m); averaged for each depth at
each basin using the WOA 05 database [Locarnini et al.,
2006]. SB: Simeulue Basin; NB: Nias Basin; NMB: North-
ern Mentawai Basin; SMB: Southern Mentawai Basin; JB:
Java Basin; LB: Lombok Basin; SS: Savu Sea. The latter four
basins are characterized by monsoon-induced seasonal
upwelling.

19°C and 20°C at ~100 m depth during boreal summer, at a
similar depth as in the northern, non-upwelling basins. In
general, these results are in good agreement with the inferred
habitat depths from a sediment trap time series in the
upwelling area off southern Java [Mohtadi et al., 2009]
suggesting habitat depths of 0-30 m for G. ruber, 60—80 m
for P. obliquiloculata, and 60-90 m for N. dutertrei.

[39] Comparison of the Mg/Ca data with the nitrate con-
centrations in the upper water column further supports
previous findings that G. bulloides and the thermocline-
dwelling species are also bound to the nutricline (Figure 8)
[e.g., Fairbanks and Wiebe, 1980]. In particular, N. dutertrei
and G. tumida are apparently independent of the thermo-
cline temperature, but dwell at depths characterized by a
nitrate concentration of 10~15 M L. In general, it appears
that temperature changes at the upper thermocline in dif-
ferent basins do not significantly affect the water depth that
defines the shell Mg/Ca ratio. Rather, the thermocline spe-
cies appear to track the top of the nutricline that mostly
corresponds to the same water depths (70-100 m), regard-
less of the absolute temperature values at these depths
(Figure 9). For instance, Mg/Ca-derived temperatures of
P. obliquiloculata track the summer 75 m isotherm that
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represents the upper thermocline (nutricline), although tem-
peratures at this depth vary between ~22°C and ~28°C in the
study area (Figure 9). To this end, our data do not allow a
conclusion on whether temperature or nutrient is decisive for
the planktic foraminiferal calcification depths. This enter-
prise requires extensive regional field studies in the future.

[40] In search of a robust proxy for reconstructing past
changes in the thermocline depth and/or changes in the
upper water column stratification/mixing, our data show that
both the pattern and the magnitude of the temperature dif-
ference between G. ruber s.s. (or G. ruber s.l.) and P.
obliquiloculata in surface sediments of the study area track
the difference between temperatures at 20 m and at 75 m
from the WOA 05 data (Figure 10a). Likewise, temperature
difference between G. ruber s.s. and N. dutertrei effectively
follows the difference between 20 m and 100 m, suggesting
that these differences can be used to track past changes in
the water column structure in the eastern equatorial Indian
Ocean (Figure 10a). Temperature difference between G.
bulloides and P. obliquiloculata (N. dutertrei) shows the
same pattern as observed for the difference between summer
temperatures at 50 m and at 75 m (100 m, Figure 10b).
However, the calculated difference between G. bulloides
and N. dutertrei temperatures lies between the WOA 05
difference of 50—75 m and 50-100 m, which might be due to
the Mg/Ca temperatures of N. dutertrei that reflect tem-
peratures between 75 m and 100 m water depth (Figure 9).

[41] Temperature difference between G. sacculifer and
thermocline-dwelling species follows the same pattern as
observed between G. bulloides (G. ruber s.s.) and thermo-
cline species in the study area (Figure 10c). However, the
temperature difference slightly overshoots the expected dif-
ference in the JB, and is less than expected in the NB. Finally,
the difference between alkenone and G. bulloides tempera-
tures appears to be an appropriate measure of the seasonality
ofthe mixed-layer, as it depicts the difference between annual
mean SST and summer temperatures at 50 m (Figure 10c).
However, our results do not resolve the applicability of this
proxy for reconstructing seasonality in geological past (see
discussion above).

[42] Our study cannot resolve the interannual effect of
ENSO and IOD on different proxies at different sites. Since
interpretation of past changes in the thermal structure of the
water column or seasonality might vary at different sites, a
careful understanding of various processes contributing to
variance in these proxies is essential. For this purpose, long-
duration field studies (sediment trap and plankton tow) are
required that record the gradient and the entire range of
climate variability, and their effect on the here introduced
proxies.

6. Conclusions

[43] Evaluation of geochemical proxies in modern surface
sediments from the eastern equatorial Indian Ocean allows
the following conclusions:

[44] Shell 6'%0 and Mg/Ca ratio of planktic foraminifera
reveal that G. ruber s.s. (~20 m), G. ruber s.l. (20-50 m),
and G. sacculifer (~50 m) reflect annual mean conditions
within the mixed-layer. Calcification depths of these species
vary slightly in the different basins of the study area that
differ with regard to seasonal changes in temperature and
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productivity, yet still remain within the mixed-layer. G.
bulloides (~50 m), P. obliquiloculata (~75 m), N. dutertrei
(75-100 m), and G. tumida (~100 m) record boreal summer
conditions in nutrient-rich environments at the base of the
mixed-layer, and at the upper thermocline, respectively. Our
findings from the coastal tropical eastern Indian Ocean are
in good agreement with core top results from open ocean
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environments [e.g., Elderfield and Ganssen, 2000; Cléroux
et al., 2008; Regenberg et al., 2009] and sediment-trap data
[e.g., Anand et al., 2003; Mohtadi et al., 2009]. Alkenone-
based temperatures record annual mean SST, possibly due
to the temperature limitation of this proxy at ~28°C that
corresponds to annual mean SST in the study area.

[45] Shell Mg/Ca ratios of planktic foraminifera signifi-
cantly correlate to the temperature at their §'%0-derived
calcification depths. Mg/Ca-temperatures occur at the warm
end of the existing species-specific calibrations for planktic
foraminifera, except G. fumida that apparently inhabits
warmer waters in the study area and therefore, requires a
regional Mg/Ca-temperature calibration (Mg/Ca = 0.41 exp
(0.068*T)). Conversion of shell Mg/Ca to temperature can
be best assessed by applying the equations proposed by
Anand et al. [2003] for G. ruber s.s., G. ruber s.1., and G.
sacculifer, by Elderfield and Ganssen [2000] for G. bul-
loides, by Cléroux et al. [2008] for P. obliquiloculata, and
by Regenberg et al. [2009] for N. dutertrei.

[46] Temperature difference between the mixed-layer
species (G. ruber s.s., G. ruber s.l., and G. bulloides) and
the thermocline-species (P. obliquiloculata, N. dutertrei) in
the study area depicts the temperature difference between
the mixed-layer (20-50 m) and the upper thermocline (75—
100 m) during summer, and can be used to reconstruct past
changes in the stratification of the upper water column.
Temperature difference between alkenones and G. bulloides
tracks the present-day difference between annual mean and
boreal summer temperatures of the mixed-layer.
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Figure 10. (a) Mg/Ca-based average temperature differ-
ence (AT) between G. ruber s.s. and P. obliquiloculata
(black dots), G. ruber s.1. and P. obliquiloculata (gray dots),
and between G. ruber s.s. and N. dutertrei (black circles) in
different basins. Dashed lines represent temperature differ-
ence between 20 m and 75 m (black), and 20 m and 100
m (gray) from the WOA 05 database for boreal summer.
(b) Mg/Ca-based average temperature difference (AT)
between G. bulloides and P. obliquiloculata (black dots),
and between G. bulloides and N. dutertrei (gray dots) in dif-
ferent basins. Dashed lines represent temperature difference
between 50 m and 75 m (black), and 50 m and 100 m (gray)
from the WOA 05 database for boreal summer. (c¢) Differ-
ence between average alkenone and G. bulloides tempera-
tures (black dots), and between G. sacculifer and P.
obliquiloculata (gray dots) temperatures in different basins.
Dashed lines represent temperature difference between
annual mean SST (0 m) and summer temperatures at 50 m
(black), and between 20 m and 75 m during boreal summer
(gray) from the WOA 05 database. Abbreviations for the
different basins are as in Figure 9.
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