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A B S T R A C T   

Tests of planktic foraminifera are important tracers for reconstructing past oceanic environments. It is essential 
to have accurate information of the habitat depth of the planktic foraminiferal species whose isotopic and 
elemental signatures are being used to infer past climatic and oceanographic conditions. The planktic forami
nifera species Dentoglobigerina altispira is a very common component of Miocene and Pliocene tropical to warm 
subtropical planktic foraminiferal assemblages but different findings exist about the habitat depth of this species 
from shallow to deep water. For that reason, comparative stable carbon and oxygen isotope analyses of four 
coexisting planktic foraminifera species from National Gas Hydrate Program Expedition Site 01 (Site NGHP-01- 
01A) were performed in order to reconstruct the habitat depth of D. altispira in the eastern Arabian Sea for the 
middle Miocene (~16–12.5 Ma). The D. altispira oxygen isotope values are on average higher than those of the 
shallow water reference species Trilobatus sacculifer and Globigerinoides obliquus, but still significantly lower than 
those for the deeper dwelling species Dentoglobigerina venezuelana. This suggests that D. altispira inhabited a 
deeper habitat depth than the estimated habitat depth for modern T. sacculifer in the eastern Indian Ocean (~50 
m). Paired D. altispira and T. sacculifer Mg/Ca data reveal lower Mg/Ca and thus colder temperatures for 
D. altispira than for T. sacculifer, also suggesting that D. altispira calcified at a greater water depth than 
T. sacculifer. The data of this study suggest that D. altispira inhabited the lower mixed layer and/or upper 
thermocline in the eastern Arabian Sea during the middle Miocene.   

1. Introduction 

The isotopic and trace element composition of planktic foraminifera 
is used extensively to infer palaeoclimatic and palaeoceanographic 
variations. However, it is essential to have precise information on the 
water depth or calcification depth inhabited by species whose charac
teristics are being used to infer past climatic and oceanographic changes. 
Plankton tow/net sampling and the comparison of seawater temperature 
and salinity estimated from the δ18O and Mg/Ca of planktic foraminif
eral species from surface sediments (core tops) or sediment trap samples 
with the independently measured temperature and salinity at different 
water depths revealed that planktic foraminifera are vertically stratified 
within the water column (e.g., Fairbanks et al., 1982). Based on those 
studies, extant planktic foraminifera can be divided into mixed layer 
(surface), thermocline (intermediate), and subthermocline (deep) 

dwelling species (e.g., Fairbanks et al., 1982; Kucera, 2007; Schiebel and 
Hemleben, 2017). The habitat depth or calcification depth of extinct 
species has been traditionally inferred from the comparison with mod
ern morphological counterparts. Globigerina / Globigerinoides-like 
groups are attributed to the shallow-dwelling assemblage, whereas 
large, ornamented, flattened, Globorotalia-like groups are attributed to 
the deep dwelling assemblage (Hart, 1980, 1999; Caron and Homewood, 
1983; Premoli Silva and Sliter, 1999). In addition, analyses of stable 
δ13C and δ18O isotopes in multiple, coexisting planktic foraminifera 
species have been used to reconstruct the relative habitat depths of 
extinct planktic foraminifera (e.g. Pearson and Shackleton, 1995). An 
accurate understanding of the habitat depths of those extinct species is 
crucial for the reconstruction of past climatic and oceanographic 
changes in the geological past beyond the stratigraphic range of modern 
extant planktic foraminiferal species (e.g., Schiebel et al., 2018). In this 
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context, the main focus of foraminiferal isotopic studies has been the 
determination of interspecies δ18O and δ13C differences at a particular 
locality and time interval in order to improve our understanding of 
planktic foraminiferal palaeoecology (e.g., Pearson and Shackleton, 
1995). 

Dentoglobigerina altispira is a very common component of Miocene 
and Pliocene tropical to warm subtropical plankic foraminiferal as
semblages, first appearing in the lower Miocene Subzone N4B (Kennett 
and Srinivasan, 1983) or M1b (~22.44–21.12 Ma as per Lourens et al., 
2004; early Miocene; Wade et al., 2011), respectively. Dentoglobigerina 
altispira became extinct at the end of the Pliocene (PL4; 3.1–2.67 Ma; 
Piacenzian stage) and has no modern representative (Wade et al., 2011; 
Groeneveld et al., 2021). The potential of this species for palaeoceano
graphic studies is that individuals are large and very common in tropical 
and subtropical settings whereas Globigerinoides ruber and Trilobatus 
sacculifer are often rare or absent (Pearson and Shackleton, 1995). Based 
on a few multispecies isotope studies, it has been suggested that 
D. altispira was a shallow dwelling, tropical to subtropical species and 
thus reflects shallow water conditions (e.g., Barrera et al., 1985; Vincent 
et al., 1985; Prentice and Matthews, 1988; Corfield and Cartlidge, 1991; 
Norris et al., 1993; Hodell and Vayavananda, 1994; Sosdian and Lear, 
2020). It appears from a few existing isotopic records from the equato
rial tropical Indian Ocean that D. altispira and T. sacculifer have quite 
similar oxygen and carbon isotopic signatures throughout the middle 
and late Miocene (Vincent et al., 1985), suggesting a similar habitat 
depth of both species. In contrast, multispecies data from the Western 
Pacific ODP Site 871 suggest that D. altispira was a deep dwelling species 
with a strong vital effect in both δ18O and δ13C (Pearson and Shackleton, 
1995). The intention of this study is to reconstruct the habitat depth of 
D. altispira in the eastern Arabian Sea, which presently differs hydro
graphically from the Western Pacific by a much shallower thermocline 
(e.g. Prasad and Bahulayan, 1996) in order to better capture the habitat 
depth of D. altispira in different hydrographic settings. 

We used comparative stable carbon and oxygen isotopes from four 
coexisting planktic foraminifera species (D. altispira, T. sacculifer, Glo
bigerinoides obliquus, Dentoglobigerina venezuelana) to reconstruct the 
habitat depth of D. altispira in the eastern Arabian Sea during the middle 
Miocene (~16–12.5 Ma). Comparative stable carbon and oxygen isotope 
data from coexisting planktic foraminifera species are commonly used 
for inferring the habitat depth of planktic foraminifera species (e.g. 
Pearson et al., 1993; Pearson and Shackleton, 1995). In general, the 
stable oxygen isotope values of shallow dwelling planktic foraminifera 
are lower compared to deep dwelling species because of the warmer 
temperature of the surface waters (e.g. Pearson and Shackleton, 1995). 
Higher δ18O values generally indicate colder and thus deeper habitats. 
The habitat depth of planktic foraminifera species can be also recon
structed from the δ13C of planktic foraminifera calcite. Shallow dwelling 
planktic foraminifera tend to have higher δ13C values with respect to 
δ13C of deep water planktic foraminifera species, because primary pro
ductivity preferentially removes 12C from seawater in the upper photic 
zone, and more 13C is provided for calcification of the test from the 
ambient seawater. Trilobatus. sacculifer, an extant species which is 
known to inhabit a shallow-water environment was chosen to provide 
mixed layer / shallow water reference values (Fairbanks et al., 1980, 
1982; Erez and Honjo, 1981; Hemleben et al., 1989). Plankton net 
sampling reveals that T. sacculifer is inhabiting the upper 40 m in the 
open Arabian Sea where the water column is well stratified (Schiebel 
et al., 2004). Likewise, a combined study of shell stable oxygen isotope 
and Mg/Ca ratios from the eastern Indian Ocean suggests that 
T. sacculifer calcifies within the mixed layer between 20 m and 50 m 
(Mohtadi et al., 2011). We also analysed a few samples for stable iso
topes on G. obliquus. Globigerinoides obliquus is an extinct species which 
most likely also inhabited a shallow water / mixed layer habitat (~25 to 
75 m), as inferred from stable isotope studies (e.g. Chaisson and Ravelo, 
1997; Nikolaev et al., 1998). For this study, D. venezuelana was chosen as 
a deep dwelling planktic foraminifera reference. D. venezuelana is an 

extinct species, which stable carbon and oxygen isotope data suggest a 
deep dwelling habitat (e.g. Gaspari and Kennett, 1993; Pearson and 
Shackleton, 1995; Pearson et al., 1997; Pearson and Wade, 2009; Karas 
et al., 2009). 

2. Species concept of Dentoglobigerina altispira 

This study follows the species concept of Kennett and Srinivasan 
(1983) and Fox and Wade (2013). Dentoglobigerina. altispira evolved 
from Dentoglobigerina globosa by developing a distinctly large and high 
trochospiral test and laterally compressed and umbilically prolonged 
chambers in the final whorl (Plate I). Dentoglobigerina altispira has four to 
five chambers in the final whorl (Kennett and Srinivasan, 1983). The 
chambers increase moderately in size. The aperture is umbilically 
restricted with an umbilical tooth projecting into the umbilicus (Kennett 
and Srinivasan, 1983). Although many Oligocene and early Miocene 
Dentoglobigerina species are spinose species (Wade et al., 2018), 
D. altispira is most likely a non-spinose planktic foraminifera species 
(Aze et al., 2011). Spine holes were not evident on any D. altispira 
specimens in samples from the Equatorial Pacific Ocean, also suggesting 
that this species is non-spinose (Fox and Wade, 2013). Spines holes were 
also not found on D. altispira specimens in our samples from the eastern 
Arabian Sea. The identification of D. altispira is partly complicated by the 
fact that specimens which resemble D. altispira (altispira) according to 
the species concept of Kennett and Srinivasan (1983), e.g. four chambers 
in the final whorl (Plate I, fig. 9), have tooth-like projections which 
cover the aperture (Plate I, figs. 10–12), but which are a diagnostic 
feature of D. altispira (globosa) as well (Kennett and Srinivasan, 1983). 
Those forms might represent transitional forms between D. globosa and 
D. altispira (Kennett and Srinivasan, 1983). In the northwest Pacific 
gradational forms between D. altispira and D. baroemoenensis were 
identified (Lam and Leckie, 2020), but our specimens do not resemble 
D. baroemoenensis (Kennett and Srinivasan, 1983; Chaisson and Leckie, 
1993; Fox and Wade, 2013; Wade et al., 2018). 

3. Materials and methods 

3.1. Site description and age model 

Site NGHP-01-01A was drilled by the drill ship JOIDES Resolution 
(JR) in the Kerala-Konkan Basin in the eastern Arabian Sea (15◦18.366΄ 
N, 70◦54.192΄ E, 2663 m water depth) and recovered foraminifera- 
bearing nannofossil oozes which continuously accumulated over the 
last 31 Myr (Fig. 1; Collett et al., 2007). The age model for the studied 
interval has been adopted from Yang et al. (2020). Orbital tuning of the 
bulk density measurements acquired via wireline logging was used 
(Collett et al., 2007) for the depth interval 212–172 m below seafloor 
(mbsf). Applying spectral analysis to the density data, a dominant 405- 
kyr eccentricity cycle, which is the dominant cyclicity in middle 
Miocene climate records (e.g. De Vleeschouwer et al., 2017) was iden
tified. The 405-kyr filter was correlated to the orbital solution of ec
centricity (Laskar et al., 2004) to acquire the tie-points for constructing 
the age model for the studied interval. Sedimentation rates (m/Myr) in 
the depth interval 212–172 mbsf (~16–11 Ma) range between 4.6 m/ 
Myr and 11.3 m/Myr (Yang et al., 2020). 

3.2. Analysed samples and sample preparation 

For this study, a total of 73 and 61 samples were analysed for 
D. altispira stable oxygen and carbon isotopes and Mg/Ca between ~185 
and 210 m below seafloor (mbsf) of Site NGHP-01-01A, respectively. In 
addition, 25, 22, and 11 samples were analysed for D. venezuelana, T. 
sacculifer and G. obliquus stable isotope from core 25X6 of Site NGHP-01- 
01A (200.91 to 201.87 mbsf), respectively. Except for samples of core 
25X6, all D. altispira stable isotope and trace elements were measured 
from samples of the same depth intervals as the T. sacculifer stable 
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Plate I. Dentoglobigerina altispira (Cushman and Jarvis, 1936). Representatives of the planktic foraminifera species D. altispira from samples 24X1 (80–82 cm) and 
24X4(36–38 cm) of Site NGHP-01-01A. 1–4, 9: umbilical view; 5: side view; 6,7: spiral view; 8: pores on final chamber; 10: tooth-like projections at the aperture and 
umbilical teeth; 11: tooth-like projections; 12: umbilical teeth. Scale bar: 1–7, 9 = 100 μm, 8, 10–12 = 10 μm. 

S. Zou et al.                                                                                                                                                                                                                                      



MarineMicropaleontology170(2022)102075

4

Fig. 1. Map showing the position of marine sediment core NGHP-01-01A (2006 Indian National Gas Hydrate Program Expedition-01) off the west coast of India. (A and B) Maps of sea surface temperatures (SST) over 
the northern Indian Ocean for the (A) summer SW monsoon and the (B) winter NE monsoon season and schematic representation of dominant wind directions in the Arabian Sea during the summer SW monsoon (red 
arrows) and winter SE monsoon (blue arrows; as inferred from Schott and McCreary, 2001). The SST data is from NASA's (National Aeronautics and Space Administration) Moderate-resolution Imaging Spectror
adiometer (MODIS) Aqua. (C and D) Maps of chlorophyll concentrations over the northern Indian Ocean during the (C) summer SW monsoon and the (D) winter NE monsoon season from NASA's Sea-viewing Wide Field- 
of-view Sensor (SeaWiFS: NASA Goddard Space Flight Center, 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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oxygen isotope and Mg/Ca data of Site NGHP-01-01A previously pub
lished in Yang et al. (2020), in order to allow comparison within the 
same sample. The T. sacculifer δ13C values of the samples from Site 
NGHP-01-01A (Yang et al., 2020) have not been published previously. 
Prior to isotopic and trace element analyses, samples were freeze dried, 
wet-sieved over 63 μm and 150 μm sieves and oven-dried at 55 ◦C. 

3.3. Planktic foraminiferal stable isotope analyses 

Stable isotope ratios were determined on samples of 5 to 15 speci
mens of D. altispira, T. sacculifer, G. obliquus and D. venezuelana of the 
250–355 μm size fraction. Only T. sacculifer specimens without sac-like 
final chambers have been used for stable isotope analyses. Except for 
samples of core 25X6, the isotopic composition of D. altispira and 
T. sacculifer (see also Yang et al., 2020) was measured at the MARUM 
(Center for Marine Environmental Sciences), University of Bremen, 
Germany, on a Finnigan MAT 251 gas isotope ratio mass spectrometer 
connected to an automatic line for carbonate preparation (type “Kiel 
III”). Data are reported in the usual delta-notation versus V-PDB. The 
instrument was calibrated against the house standard (ground Solnhofen 
limestone), which in turn was calibrated against the NBS 19 calcite. The 
average standard deviations of the in-house standard were ± 0.03‰ for 
δ13C and ± 0.05‰ for δ18O. Samples of core 25X6 were analysed on the 
Brown University MAT252 IRMS coupled to a Kiel III carbonate device 
(Earth, Environmental, and Planetary Sciences, Brown University, 
Providence RI, USA). The average standard deviations of an in-house 
standard were ± 0.03‰ for δ13C and ± 0.05‰ for δ18O. 

3.4. Calculation of relative calcification depths 

In order to reconstruct the species-specific calcification depths, shell 
δ18O of T. sacculifer, D. altispira, G. obliquus and D. venezuelana were 
compared with each other to determine relative calcification depths and 
compared to expected depth profiles of δ18Ocalcite, assuming that all 
species calcified in isotopic equilibrium with seawater. We do realize, 
however, that these profiles are based on modern day conditions and 
may not necessarily reflect Miocene conditions. The water depth where 
the shell δ18O matches the expected δ18Ocalcite reflects the calcification 
depth of the different species at Site NGHP-01-01A. The depth profiles of 
the expected δ18Ocalcite were calculated from the World Ocean Atlas 
2009 (WOA09; Antonov et al., 2010; Locarnini et al., 2010) salinity and 
temperature profiles at Site NGHP-01-01A. The δ18Osw was calculated 
from salinity using the salinity-δ18Osw relationship for the Arabian Sea 
from Delaygue et al. (2001). Results were converted from VSMOW to the 
VPDB scale by subtracting 0.27‰ (Hut, 1987). The δ18O-temperature 
equation for T. sacculifer of Farmer et al. (2007) was used to predict 
equilibrium δ18Ocalcite using the World Ocean Atlas 2009 (WOA09; 
Locarnini et al., 2010) temperature and the previously calculated 
δ18Osw. Finally, the shell δ18O were tentatively matched to the forami
niferal δ18Ocalcite profiles. 

3.5. Mg/Ca analysis 

Mg/Ca analyses on D. altispira were performed on approximately 30 
specimens of the 250–350 μm size fraction. The foraminiferal tests were 
cleaned following the cleaning protocol developed by Barker et al. 
(2003). After cleaning, the dissolved samples were centrifuged (10 min. 
at 6000 rpm), transferred into test tubes and diluted and analysed with 
an Inductively Coupled Plasma Optical Emission Spectrophotometer 
(ICP-OES; Agilent 5110 VDV, manual injection mode) at the Center of 
Major Equipment and Technology (COMET) of the State Key Laboratory 
of Marine Environmental Science (MEL), Xiamen University, China. 
After every fifth sample, an in-house standard (Mg/Ca = 4.12 mmol/ 
mol) was run to monitor the instrumental precision. The relative stan
dard deviation of the in-house standard was 0.02 mmol/mol. Replicate 
measurements of re-picked samples (n = 4 samples) revealed an average 

standard deviation for Mg/Ca of 0.08 mmol/mol. Al/Ca, Mn/Ca and Fe/ 
Ca were determined along with Mg/Ca to assess the effectiveness of the 
cleaning procedure i.e. the removal of clays, and the occurrence of syn- 
sedimentary and post-depositionally precipitated Fe-Mn-oxyhydroxides 
and –Fe-Mn carbonate coatings, respectively. 

4. Results 

4.1. Planktic foraminiferal stable isotopes 

The D. altispira δ18O values vary between − 2.52‰ and − 0.92‰ with 
an average value of − 1.74‰ between ~16 Ma and ~ 12.5 Ma (Fig. 2a, 
3a and 4a). The D. altispira δ18O values are generally heavier than the 
T. sacculifer δ18O values, which range between − 2.78‰ to − 1.28‰ with 
an average value of − 1.97‰ (Fig. 2a and 3a). The average difference 
between T. sacculifer and D. altispira is − 0.23 ± 0.30‰ for δ18O (Fig. 3b). 
D. altispira shows δ13C values between 3.32‰ and 0.60‰ during the 
time period ~16 Ma and ~ 12.5 Ma with an average value of 2.25‰ 
(Fig. 2b and 3d). The T. sacculifer δ13C values of the sample vary between 
2.77‰ and 1.01‰ with an average value of 1.92‰ (Fig. 2b). The 
average difference between the δ13C values of T. sacculifer and 
D. altispira is − 0.34 ± 0.64‰ (Fig. 3e). Overall, both species show a very 
similar trend in δ18O and δ13C between ~16 Ma and ~ 12.5 Ma (Figs. 2, 
3). The δ18O and δ13C values of G. obliquus vary between − 1.77‰ and −
2.59‰ (average value of − 2.12‰) and 2.39‰ and 1.75‰ (average 
value of 2.08‰), respectively, and are similar to those of T. sacculifer 
(Fig. 2a, b). The average difference between G. obliquus and D. altispira is 
− 0.21 ± 0.20‰ for δ18O and − 0.70‰ ± 0.34 for δ13C. Different to the 
T. sacculifer, D. altispira and G. obliquus δ18O values, the D. venezuelana 
δ18O data are significantly heavier, varying between − 0.31‰ and 
0.50‰ (average value of 0.09‰; Fig. 2a). The D. venezuelana δ13C values 
vary between 1.64‰ and 0.75‰ (average value of 1.17‰) and are 
significantly lower than the T. sacculifer, D. altispira and G. obliquus δ13C 
values (Fig. 2b). Student's t-tests comparing D. altispira with the other 
three species reveal that all calculated t-values exceed the critical t- 
values suggesting that the means in δ13C and δ18O between D. altispira 
and the other species show a statistically significant difference (Tables 1, 
2). 

4.2. Relative calcification depth 

Fig. 4 gives the δ18O-derived depths for all species as estimated by 
applying the δ18O-temperature equation for T. sacculifer of Farmer et al. 
(2007). In general, shell δ18O increases with increasing calcification 
depth of the species. Trilobatus sacculifer and G. obliquus record the 
lowest δ18O values, and D. venezuelana records the highest δ18O values 
(see above, Fig. 2). The D. altispira δ18O partly overlap with those of 
T. sacculifer but the D. altispira oxygen isotopic values are on average 
statistically significantly higher than the T. sacculifer and G. obliquus 
δ18O values (Figs. 2a, 3a; Table 1). This distinction between the different 
species assumes that they are calcifying in equilibrium with sea water. 

4.3. Dentoglobigerina altispira Mg/Ca 

Mg/Ca of D. altispira vary between 2.93 mmol/mol and 4.96 mmol/ 
mol between ~16 Ma and ~ 12.5 Ma (Fig. 5 a, b). Mn/Ca and Fe/Ca of 
the analysed samples vary between 0.85 and 2.60 mmol/mol and 0.04 
and 0.77 mmol/mol, respectively (Fig. 6). Most of these values are 
distinctly higher than the 0.1 mmol/mol Mn/Ca and Fe/Ca ratios given 
by Barker et al. (2003) for clean, uncontaminated foraminiferal tests. 
Although high Fe/Ca (up to 0.77 mmol/mol) were detected, it is 
assumed that the Mg/Ca analyses were unaffected by contaminant clay 
particles because Al was found to be under the detection limit of the ICP- 
OES technique. Instead, high Fe/Ca and Mn/Ca might be the result of Fe- 
Mn-oxyhydroxides and/or Fe-Mn‑carbonates present on the planktic 
foraminiferal tests (e.g., Boyle and Keigwin, 1985). These in turn, might 
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exert a significant control on the Mg/Ca ratios, resulting in elevated Mg/ 
Ca. Although the Mn/Ca ratios and Fe/Ca are higher than the 0.1 mmol 
/mol for uncontaminated samples, there is no relationship (r2 = 0.05) 
between Mg/Ca and Fe/Ca and only a weak negative correlation be
tween Mg/Ca and Mn/Ca (r2 = 0.28; Fig. 6). These higher values are also 
commonly occurring in Pliocene-Miocene samples (e.g. Groeneveld 
et al., 2006; Steinke et al., 2010a; Yang et al., 2020). Therefore, we 

suggest that the Mg/Ca ratios are not affected by the occurrence of syn- 
sedimentary and post-depositionally precipitated Fe-Mn-oxyhydroxides 
and/or Fe-Mn-rich carbonate coatings, containing excess Mg. The 
D. altispira Mg/Ca values are similar to and within the range of those 
previously reported from the western Pacific ODP Site 806, which vary 
between 3.25 and 3.88 mmol/mol (Fig. 5b; Sosdian and Lear, 2020). 
Sample pairs of T. sacculifer (Yang et al., 2020) and D. altispira (this 

Fig. 2. Comparison of the stable isotopic composition of Dentoglobigerina altispira with Trilobatus sacculifer (black; this study and Yang et al., 2020), Globigerinoides 
obliquus (blue), Dentoglobigerina venezuelana (red). (A) oxygen isotopes; (B) carbon isotopes. The 1:1 correlation line is added for reference. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. The δ18O and δ13C records of D. altispira and T. sacculifer during the middle Miocene; (A) δ18O records D. altispira (blue) and T. sacculifer (black; this study and 
Yang et al., 2020); (B) The δ18O difference between D. altispira and T. sacculifer (δ18O); (C) δ18O records of D. altispira (blue), T. sacculifer (black), G. obliquus (orange) 
and D. venezuelana (red) between ~15.02 Ma and ~14.92 Ma; (D) δ13C records of D. altispira (blue) and T. sacculifer (black); (E) The δ13C difference between 
D. altispira and T. sacculifer (δ13C); (F) δ13C records of D. altispira (blue), T. sacculifer (black), G. obliquus (orange) and D. venezuelana (red) between ~15.02 Ma and 
~14.92 Ma; (G) δ13C records of D. altispira (blue) and T. sacculifer (black), normalized to the δ13CDIC; (H) The δ13C difference between D. altispira and T. sacculifer of 
the normalized values; (I) the δ13C records of D. altispira (blue; normalized), T. sacculifer (black; normalized), G. obliquus (orange) and D. venezuelana (red) between 
~15.02 Ma and ~14.92 Ma. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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study) from Site NGHP-01-01A reveal that the Mg/Ca of T. sacculifer are 
on average 0.65 ± 0.33 mmol/mol higher than those of D. altispira 
(Fig. 5 a). A Student's t-tests comparing the D. altispira and T. sacculifer 
Mg/Ca values reveals that the calculated t-value exceeds the critical t- 
values suggesting that the means in Mg/Ca between D. altispira and 
T. sacculifer are statistically significantly different (Table 3). 

5. Discussion 

5.1. Species-specific differences in stable isotopes and Mg/Ca: Habitat 
depth and/or seasonality 

The differences in the species-specific stable isotope and Mg/Ca data 
presented above can be explained by either a different habitat depth 
and/or different seasonal preferences of the individual planktic fora
miniferal species. Assuming that the differences in stable isotopes are 
solely attributed to a different habitat depth, the significantly lighter 
stable oxygen and heavier carbon isotope values of D. altispira compared 

Fig. 4. (A) Salinity and temperature profiles at Site NGHP-01-01A for annual (black line), November–February (NE monsoon season; blue line) and June to 
September (red line) and (B) shell δ18O-derived calcification depth estimates for D. altispira (blue), T. sacculifer (black), G. obliquus (orange), and D. venezuelana (red). 
The average calcification depth at each core site is determined by matching shell δ18O to the δ18Ocalcite profiles for annual (black line), November–February (NE 
monsoon season; blue line) and June to September (red line). Orange, blue, black and red dots indicate the species-specific average shell δ18O values. Horizontal bars 
indicate the standard deviations for the shell average δ18O values. Salinity and temperature profiles are from the World Ocean Atlas 2009 (WOA09; Antonov et al., 
2010; Locarnini et al., 2010). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Student's t-tests* for equal means of D. altispira and T. sacculifer, G. obliquus, D. venezuelana δ18O values.  

δ18O T. sacculifer & D. altispira G. obliquus & D. altispira D. venezuelana & D. altispira 

N: 73 73 11 11 25 25 
Mean: − 1.97 − 1.74 − 2.12 − 1.91 0.094 − 1.74 
95% conf.: (− 2.05–1.88) (− 1.82–1.66) (− 2.27–1.97) (− 2.04–1.78) (− 0.005 0.19) (− 1.87–1.61) 
Difference between means: 0.23 0.21 1.83 
t: 3.98 2.28 23.39 
Critical t value (p = 0.05): 1.98 2.09 2.01 
p (same mean): 0.0001096 0.033475 6.8116E-28  

* Student's tests were performed with Past4.04 (Hammer et al., 2001). 

Table 2 
Student's t-tests* for equal means of D. altispira and T. sacculifer, G. obliquus, D. 
venezuelana δ13C values.  

δ13C T. sacculifer & 
D. altispira 

G. obliquus & 
D. altispira 

D. venezuelana & 
D. altispira 

N: 73 73 11 11 25 25 
Mean: 1.92 2.25 2.08 2.79 1.13 2.82 

95% conf.: (1.84 
1.99) 

(2.11 
2.40) 

(1.95 
2.22) 

(2.64 
2.94) 

(0.99 
1.26) 

(2.69 
2.95) 

Difference 
between 
means: 

0.34 0.70 1.69 

t: 3.99 7.91 18.81 
Critical t value 

(p = 0.05): 
1.98 2.09 2.01 

p (same mean): 0.00010105 1.3801E-07 8.6998E-24  

* Student's tests were performed with Past4.04 (Hammer et al., 2001). 
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to the deep water reference species G. venezuelana indicate that 
D. altispira lived at a shallower water depth than D. venezuelana (Fig. 2a). 
In general, the isotopic values of D. altispira are closer to the mixed layer 
/ shallow water reference species T. sacculifer and G. obliquus suggesting 
that D. altispira inhabited a shallow water environment (Figs. 2a, 3a). 
This finding is in good agreement with previous studies, which suggest a 
shallow water habitat depth for D. altispira (e.g. Barrera et al., 1985; 
Vincent et al., 1985; Prentice and Matthews, 1988; Corfield and Car
tlidge, 1991; Norris et al., 1993; Hodell and Vayavananda, 1994). The 
D. altispira oxygen isotopic values are on average statistically signifi
cantly higher than the T. sacculifer and G. obliquus δ18O values (Figs. 2a, 
3a). This indicates that D. altispira inhabited a slightly deeper habitat 
than the mixed layer habitat for T. sacculifer in the eastern Arabian Sea. 
Our data suggest that D. altispira inhabited the lower mixed layer and/or 
upper thermocline in the eastern Arabian Sea. The paired Mg/Ca data 
support a different habitat depth for D. altispira and T. sacculifer. 
Assuming that D. altispira incorporates Mg into its calcite lattice simi
larly to modern species, the difference in Mg/Ca between T. sacculifer 
and D. altispira indicates a lower precipitation temperature for 
D. altispira than for T. sacculifer and thus suggests that D. altispira cal
cifies slightly deeper than T. sacculifer (Fig. 5a–c). 

The species-specific δ13C data however, does not support this sce
nario at a first glance because D. altispira shows on average higher δ13C 
values compared to T. sacculifer and G. obliquus, indicating a shallower 
habitat depth for D. altispira (Figs. 2b, 3b). It is assumed that more 
positive δ13C values correspond to surface dwelling species because 
dissolved CO2 in surface waters is usually more positive compared to the 
δ13C in deeper waters. This is because biological productivity, which is 
restricted to the photic zone, preferentially removes the lighter 12C 
isotope (e.g. Mulitza et al., 1999). Interpreted in this way, the shallowest 
dwelling species would be D. altispira. This depth ranking however, is in 
contrast to the interpretation of our oxygen isotopes and Mg/Ca (see 
Figs. 3, 4). Laboratory experiments and plankton tow data have 
demonstrated that species-specific offsets between the δ13C of the 
planktic foraminiferal calcite and the δ13C of the dissolved inorganic 
carbon (DIC) exist (e.g. Spero, 1998; Mulitza et al., 1999). Those species- 
specific offsets are related to physiological processes, such as symbiont 
photosynthesis and respiration, which shift the shell δ13C away from 
carbon isotopic equilibrium (e.g. Mulitza et al., 1999). The result of 
those physiological processes is a general enrichment of the shell δ13C 
relative to that of the δ13CDIC. To account for the offset between fora
miniferal calcite δ13C and the δ13C of the dissolved inorganic carbon 
(DIC), we use a Δδ13Cshell-DIC offset of +0.12‰ for T. sacculifer 

determined by laboratory experiments (Spero et al., 2003). As for extinct 
species Δδ13Cshell-DIC data is not available, we apply a δ13Cshell-δ13CDIC 
offset for Neogloboquadrinadutertrei of − 0.50‰ (plankton tow derived 
relationship; Mulitza et al., 1999) for the D. altispira δ13C values because 
our multi-species stable oxygen isotope data suggest that D. altispira 
most likely inhabited a similar habitat depth as N. dutertrei (Schiebel and 
Hemleben, 2017). After normalization of the δ13C data to δ13CDIC using 
the values noted above, T. sacculifer yields generally higher δ13C values 
than D. altispira compared to the non-normalized data (Fig. 3g), sup
porting our interpretation based on the δ18O and Mg/Ca data for a 
deeper habitat of D. altispira compared to T. sacculifer and G. obliquus. 
However, the normalized δ13C data reveal constantly higher D. altispira 
δ13C values compared to T. sacculifer during the time interval 15.02 Ma 
and14.9 Ma (Fig. 3 g, h). This suggests that other processes than phys
iological effects alone are responsible for the offset in δ13C between 
T. sacculifer and D. altispira between ~15.02 Ma to 14.9 Ma. On the other 
hand, because much of the primary production in the ocean does not 
occur in the surface mixed layer but, rather, in stratified waters such as 
the deep chlorophyll maximum (DCM; e.g., Prasanna Kumar et al., 
2000), the higher δ13C values of D. altispira may reflect higher produc
tivity in the DCM. Vertical profiles of chlorophyll a and primary pro
ductivity show elevated values between 40 and 100 m, which is 
approximately our estimated habitat depth of D. altispira (see below), at 
~15◦N in the central Arabian Sea during the summer monsoon season 
(Prasanna Kumar et al., 2000). We therefore suggest that the higher δ13C 
values of D. altispira compared to T. sacculifer reflect higher productivity 
at this water depth. Dentoglobigerina altispira may have had a similarly 
opportunistic behaviour to a higher food availability at DCM depths as 
N. dutertrei today (Ravelo et al., 1990; Schmuker and Schiebel, 2002). 
Although we assume well stratified surface waters during the investi
gated time period (see discussion below), we are aware of the fact that 
this modern scenario to explain the higher δ13C values of D. altispira may 
be too simplified and may not be applied to the middle Miocene eastern 
Arabian Sea because the δ13C of planktic foraminifers depends on many 
factors, such as on primary productivity, the 13C composition of ambient 
seawater, photosymbiont activity, and nutrient distribution and light (e. 
g., Moeller et al., 2019). Many of those factors are not understood for the 
middle Miocene so far. 

The relative calcification depth estimates suggest a shallow water 
habitat depth for T. sacculifer, G. obliquus and D. altispira. The D. altispira 
δ18O partly overlap with those of T. sacculifer but the D. altispira oxygen 
isotopic values are on average statistically significantly higher than the 
T. sacculifer and G. obliquus δ18O values (Figs. 2a, 3a). This indicates that 
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Fig. 5. (A) Comparison of the Mg/Ca ratios of Dentoglobigerina altispira (this study) and Trilobatus sacculifer (Yang et al., 2020). The 1:1 correlation line is added for 
reference; (B) T. sacculifer (black dots; Yang et al., 2020) and D. altispira (blue dots; this study) Mg/Ca records of Site NGHP-01-01A and D. altispira (red dots; Sosdian 
and Lear, 2020) Mg/Ca record of the tropical western Pacific ODP Site 806; (C) Mg/Ca temperature records derived from T. sacculifer (black dots; Yang et al., 2020) 
and D. altispira (blue dots; this study) and the temperature difference (ΔT) between T. sacculifer and D. altispira. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Fe/Ca and Mn/Ca results of Site NGHP-01-1A in comparison with Mg/Ca for the time interval ~16 Ma to ~12.5 Ma. The absence of a correlation between Fe/Ca and Mg/Ca and only a weak negative correlation 
between Mg/Ca and Mn/Ca indicate that possible Fe–Mn-oxyhydroxides and/or –Fe-Mn carbonates present on the foraminiferal shells have no influence on Mg/Ca. 
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D. altispira inhabited the lower mixed layer and upper thermocline 
compared to a shallower habitat depth of T. sacculifer and G. obliquus in 
the surface mixed layer. Dentoglobigerina venezuelana occupied a sub
surface habitat depth (Fig. 4b). However, the calcification depth esti
mates should be considered with caution because the modern salinity- 
δ18Osw relationship was most likely not constant over time and the 
species-specific oxygen isotope values can be masked by changes in 
temperature, salinity and ice volume since downcore samples and no 
surface (core top) samples were used for estimating the species-specific 
habitat depths (e.g., Mohtadi et al., 2011; Hollstein et al., 2017) and the 
extinct species may have responded differently than extant species. In 
addition, physiological (“vital”) effects may have influenced the shell 
isotopic composition of the planktic foraminifera and resulted in shell 
δ18O disequilibrium with the ambient seawater. This disequilibrium 
with ambient seawater would result in shallower or deeper calcification 
depths of each species (see discussion below). 

The difference in the species-specific stable isotope and Mg/Ca data 
may be alternatively associated with changes in the seasonal preference 
of the different species, i.e. a different seasonal preference of D. altispira 
and D. venezuelana with D. venezuelana occurring at lower surface water 
temperatures, e.g. in upwelled waters. However, we suggest that several 
lines of evidence may argue against seasonality as an explanation for the 
differences in the planktic foraminiferal species-specific stable isotopes 
and Mg/Ca. At present, Site NGHP-01-01A is located at the eastern pe
riphery of the oligotrophic part of the central Arabian Sea with a strat
ified water column and less seasonal changes in temperature and 
productivity (e.g., Colborn, 1975; Schott and McCreary, 2001; Fig. 1). 
Present day seasonal changes in temperature are only minor at Site 
NGHP-01-01A (Fig. 4a) because its location off the west coast of India is 
neither influenced by upwelling nor by strong vertical mixing during the 
Southwest (SW) summer and Northeast (NE) winter South Asian 
monsoon (SAM) seasons, respectively (e.g., Colborn, 1975; Schott and 
McCreary, 2001). In contrast, the NE winter monsoon winds cause 
cooling of surface waters and vertical mixing with an injection of 
nutrient-rich subsurface waters into the photic zone and an increase in 
primary productivity in the northeastern Arabian Sea off central India 
(Banse and McClain, 1986; Madhupratap et al., 1996; Vijith et al., 2016; 
Fig. 1a, b). A subtle increase in productivity at our Site during the 
summer SAM season might be related to the advection of nutrient-rich 
upwelling filaments from the western Arabian Sea and/or to a higher 
supply of nutrients because of increased fluvial runoff from the west 
coast of India into the EAS during the rainy summer monsoon season (e. 
g., Cabarcos et al., 2014; Satpathy et al., 2019; Fig. 1c). We suggest that 
hydrographic conditions at our Site might have been not significantly 
different in the middle Miocene compared to today because the Hima
layan uplift had already fully established the tectonic/orographic 
boundary conditions necessary for monsoonal circulation by the 
Oligocene-Miocene (e.g., Clift and Webb, 2018; Farnsworth et al., 
2019), and closing of the Tethyan Seaway, which resulted in a near- 
modern Indian Ocean circulation, occurred by the middle to late 
Miocene (e.g. Smart et al., 2007; Bialik et al., 2019). In addition, proxy 
records for SAM wind suggest that the western Indian Ocean upwelling 
became only established between ~14.8 Ma and 10 Ma (Nigrini, 1991; 
Kroon et al., 1991; Gupta et al., 2015; Zhuang et al., 2017; Bialik et al., 

2020). Therefore, it is unlikely that upwelling, which would have 
resulted in significant seasonal changes in water temperature and pro
ductivity, occurred at our Site during the middle Miocene. On the con
trary, the studied time interval 15.02–14.9 Ma represents a period when 
the summer SAM rainfall started to strengthen as inferred from general 
circulation model simulations and proxy data for rainfall (e.g., Zhang 
et al., 2015; Thomson et al., 2021; Yang et al., 2020). We therefore 
suggest that an intensification of the SAM rainfall after ~15 Ma resulted 
in an increased freshwater supply either directly as rainfall or via runoff 
from the Indian Peninsula (Yang et al., 2020) and thus increased surface 
water stratification (see discussion also below). In summary, we suggest 
that different habitat depths of the individual species are a more plau
sible explanation for the stable isotope and Mg/Ca results than differ
ences in the seasonal preference of the different species. To date, proxy 
records for the (NE) winter SAM are however virtually absent for the 
middle Miocene. The lack of proxy records for the winter SAM does 
therefore not allow any conclusions to be drawn about changes in hy
drography during the NE winter SAM in the EAS. 

5.2. Potential effects of physiological (“vital”) effects on the stable 
isotope ratios 

Several studies have shown that physiological (“vital”) effects in
fluence the shell isotopic composition of planktic foraminifera and result 
in shell δ18O and δ13C disequilibrium with ambient seawater (e.g. Nie
bler et al., 1999). “Vital effects” are associated with algae symbionts 
which can affect the calcification of the planktic foraminifera by 
photosynthesis and thus have an influence on the stable isotope 
composition (Erez, 1978; Spero and Williams, 1988; Spero, 1992). In 
general, offsets in δ18O and δ13C reported for living species range be
tween − 1‰ and 0.5‰ for δ18O and − 1‰ and 1‰ for δ13C (e.g., Spero 
and Williams, 1988; Spero, 1992; Niebler et al., 1999). Those offsets 
would accordingly result in shallower or deeper apparent calcification 
depths of the different species. However, the suspected “vital effect” is 
difficult to quantify for extinct planktic foraminifera species, limiting 
our understanding of the depth ranking of extinct planktic foraminifera 
species. In contrast to the findings of this study, multispecies data from 
the Western Pacific Ocean suggest that D. altispira was a deep dwelling 
species with a strong “vital effect” in δ18O and δ13C (ODP Site 871; 
Pearson and Shackleton, 1995). This is based on the fact that the trend of 
the D. altispira isotopic record shows only little similarity to that of the 
shallow dwelling species G. ruber, although the δ18O and δ13C values of 
both species are very similar (Pearson and Shackleton,1995). Similar 
stable oxygen values of shallow dwelling species T. sacculifer and 
D. altispira have been reported from another site in the equatorial 
tropical Western Pacific at ODP Site 806 (Sosdian and Lear, 2020), 
suggesting a shallow water habitat depth of D. altispira. However, an 
apparent parallelism between the isotopic data for D. altispira and the 
data for the presumed deep dwelling planktic foraminifera species 
D. venezuelana exists, in particular for δ13C at the Western Pacific Ocean 
ODP Site 871 (Pearson and Shackleton, 1995). Pearson and Shackleton 
(1995) thus speculate that it is possible that D. altispira was a deep 
dwelling species with a strong “vital effect” in δ18O and δ13C. Although 
an apparent parallelism between D. altispira and D. venezuelana for δ13C 
also exists in core 25X6 of Site NGHP-01-01A (Fig. 4f), the D. altispira 
δ13C and δ18O records show a very similar isotopic trend with 
T. sacculifer (Fig. 3c, f). The parallel trend between D. altispira and 
T. sacculifer suggests no strong vital effect in the δ18O and δ13C of 
D. altispira in the Arabian Sea during the middle Miocene. 

5.3. Implications for palaeoceanographic studies 

Our data from the eastern Arabian Sea do not confirm the conclusion 
of Pearson and Shackleton (1995) that D. altispira was most likely a deep 
dwelling planktic foraminifera with a strong “vital effect” in δ18O and 
δ13C values. Our data indicate that D. altispira inhabited a slightly deeper 

Table 3 
Student's t-tests* for equal means of D. altispira and T. sacculifer Mg/Ca values.  

Mg/Ca D. altispira & T. sacculifer 

N: 49 49 
Mean: 3.62 4.27 
95% conf.: (1.84 1.99) (2.11 2.40) 
Difference between means: 0.65 
t: 3.99 
Critical t value (p = 0.05): 1.98 
p (same mean): 0.00010105  

* Student's tests were performed with Past4.04 (Hammer et al., 2001). 
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habitat depth compared to T. sacculifer and G. obliquus, inhabiting the 
lower mixed layer and/or upper thermocline, but clearly much shal
lower than the deep dwelling D. venezuelana (Fig. 4). This is particularly 
important for palaeo-temperature studies because temperatures deter
mined on D. altispira tend to be colder than those determined when 
species such as T. sacculifer and G. ruber are used, as indicated by the 
paired T. sacculifer and D. altispira Mg/Ca measurements (Fig. 5 a, b). 
Assuming that D. altispira incorporates Mg into its test similarly to 
modern planktic foraminiferal species, we converted the T. sacculifer and 
D. altispira Mg/Ca to temperature using the multiple species planktic 
foraminifera calibration of Anand et al. (2003; Mg/Ca (mmol/mol) =
0.38 exp. (0.090 x T (◦C)). The reconstructed temperatures (uncorrected 
for pH and seawater Mg/Ca changes) reveal on average 1.87 ± 0.96 ◦C 
lower temperatures for D. altispira than for T. sacculifer. The apparent 
difference in the Mg/Ca ratio and corresponding stable isotopes of the 
two species is most likely related to a different habitat depth in the 
eastern Arabian Sea. The subsurface habitat of D. altispira makes this 
species a less suitable candidate for the reconstruction of surface water 
hydrographic conditions, such as local surface water salinity, which is 
one of the most important target parameters in paleoceanography for 
hydroclimate reconstructions, in particular in monsoonal regions. Due 
to its subsurface habitat, D. altispira most likely does not record the full 
range of salinity changes of the surface waters associated with rainfall 
and fluvial-continental river runoff variability and thus changes in 
summer monsoonal rainfall. Because D. altispira is a very common 
component of Miocene and Pliocene tropical to warm subtropical 
planktic foraminiferal assemblages, and because of the rarity of species 
that occupy the lower mixed-layer/upper thermocline, we therefore 
suggest that the habitat depth of D. altispira makes this species a suitable 
candidate for the reconstruction of the structure of the upper water 
column, especially in combination with shallow dwellers such as 
T. sacculifer or G. obliquus. Dentoglobigerina altispira may be used in a 
similar way as N. dutertrei and Pulleniatina obliquiloculata in more recent 
sediments to reconstruct upper water column stratification (e.g. Steinke 
et al., 2010b; Xu et al., 2010; Mohtadi et al., 2011). In a first attempt to 
test the use of D. altispira to reconstruct surface water hydrographic 
conditions, we calculated the difference in Mg/Ca-based temperatures 
(ΔT) of T. sacculifer and D. altispira to estimate the upper ocean thermal 
gradient at Site NGHP-01-01A (Fig. 5). The ΔT estimates show an overall 
increase from ~16 Ma to ~13 Ma, indicating less vertical mixing and an 
increase in stratification of the surface waters in the eastern Arabian Sea 
(Fig. 5). We suggest that an increase in stratification is related to an 
intensification of the South Asian Monsoon rainfall after ~15 Ma, 
resulting in an increased freshwater supply either directly as rainfall or 
via runoff from the Indian Peninsula (Yang et al., 2020) and thus 
increased surface water stratification. Although this shows the potential 
of the use of D. altispira in combination with a shallow dwelling planktic 
foraminifera such as T. sacculifer to reconstruct surface water hydro
graphic conditions, the above described scenario needs to be proven by 
future studies. 

6. Conclusions 

The comparison of the stable oxygen and carbon isotope composition 
of D. altispira with other coexisting foraminifera (T. sacculifer, G. obliquus 
and D. venezuelana) reveals that D. altispira inhabited the lower mixed 
layer and/or upper thermocline with no strong vital effect in both δ18O 
and δ13C in the Eastern Arabian Sea during the middle Miocene. The 
same offset and trend of the carbon and oxygen isotopes of D. altispira 
and T. sacculifer suggests that D. altispira has been keeping a stable 
habitat depth during the middle Miocene in the eastern Arabian Sea. 
Paired D. altispira and T. sacculifer Mg/Ca data reveal lower Mg/Ca ratios 
and thus colder temperatures for D. altispira than for T. sacculifer, also 
suggesting that D. altispira calcified slightly deeper than T. sacculifer. Our 
study does not confirm previous studies which have been suggested that 
D. altispira was either a near-surface, or a deep dweller, e.g. in the 

tropical western Pacific. Differences in habitat depth of D. altispira in 
different oceanic settings are most likely related to different hydro
graphic conditions, such as the depth of thermocline and/or deep 
chlorophyll maximum. Due to its abundance in Pliocene and Miocene 
sediments, and the rarity of species that occupy this lower mixed-layer/ 
upper thermocline habitat depth, we suggest that D. altispira may be 
used in a similar way as N. dutertrei and P. obliquiloculata in more recent 
sediments, i.e. in combination with shallow dwellers to reconstruct 
upper water column stratification. 
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