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Larger benthic foraminifera (LBF) contribute significantly to the modern reef carbonates. They were also
the major producers of carbonate in the shallow marine environments of the Paleogene. It is thus
imperative to investigate their potential as a paleotemperature proxy. It is common to calculate past
seawater temperatures using trace elements and stable isotope proxies on foraminiferal calcite. The
various LBF genera comprise tests with different MgCO3% and exhibit vital eAects, making it important
to carry out genus-speciBc temperature calibration studies. For the present study, live specimens of
Baculogypsina sphaerulata were collected over seven months from reef Cats of Akajima (Okinawa, Japan).
The whole-shells of B. sphaerulata from each of the seven sampling months were analyzed using ICP-AES
(Inductively Coupled Plasma-Atomic Emission Spectrometry) and IRMS (Isotope Ratio Mass Spectrometer) techniques. The relationship between Mg/Ca and d18O with seawater temperature is established, and thus its potentiality for temperature calibration is discussed. The following proxy-temperature
calibrations are proposed in this study: (i) Mg/Ca (mmol/mol) = 0.0267e0.3389T and (ii) T (oC) =
19.0–2.94 (d18Ofd18Ow).
Keywords. Foraminifera; paleotemperature; trace elements; oxygen isotopes; coral reefs.

1. Introduction
Foraminiferal calcite is extensively used for trace
element and stable isotope analyses in paleoceanographic and paleoclimatic studies. The
majority of temperature proxy calibration work is
carried out using planktonic and smaller benthic
foraminifera (Lear et al. 2002; Dissard et al.
2010a, b; Fehrenbacher and Martin 2010; Groeneveld and Filipsson 2013). The larger benthic foraminifera (LBF), the significant producers of shelf
carbonates, remain less investigated (Toler et al.
2001; Saraswati et al. 2004; Raja et al. 2005, 2007;
Evans and M€
uller 2013; Maeda et al. 2017). The

LBF Marginopora kudakajimaensis, Operculina
ammonoides, Amphisorus kudakajimaensis, Calcarina gaudichaudii, and Amphistegina lessonii
have been investigated for trace element and
stable isotope variations and exhibit potential for
paleotemperature estimation calibration, which
can be extended to analyze the fossil LBF (Raja
et al. 2005; Evans and M€
uller 2013; Maeda et al.
2017; Saraswati et al. 2017; Dijk et al. 2019; Khanolkar et al. 2021). However, the investigations of
different foraminifera species for temperature
proxies suggest that the biological processes (vital
eAects) involved in the calciBcation of foraminifera complicate the relationships between
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paleotemperature proxy and seawater temperature
(Bentov and Erez 2006). This emphasizes assessing
proxy-temperature relationships for different LBF
species.
The majority of temperature calibration equations produced using foraminiferal calcite is based
on culture studies in laboratories. However, the
Beld studies are advantageous because foraminifera
grow in their natural environment and minimizes
the bias produced by growth rate eAects and
chemical composition in the controlled experiments using culture medium in laboratories. With
this view, a Beld-based study was designed to study
the trace elements and stable isotope variations
with seawater temperatures in a larger benthic
foraminifer, Baculogypsina sphaerulata. It is one of
the most abundant genera in the reef Cat sediments. Baculogypsina (Sacco 1893) belongs to the
family Calcarinidae and is characterized by the
hyaline coarsely perforate wall. It is abundant in
reef crest pools, settles in Blamentous thalli, and
sometimes occupies shaded areas of coral boulders
on rocky substrates (Hohenegger 1994). Baculogypsina sphaerulata reproduces by multiple Bssion
and is observed to have a lifespan of more than 1.5
years (Sakai 1981) and a reproductive peak at
spring to summer (Hosono et al. 2013). It precipitates a test of high Mg calcite having MgCO3 of
8.5% ([4% MgCO3 is considered as high Mg calcite; Chave 1962). Baculogypsina is commonly
found in the fossil record and ranges from Eocene
time. Thus, the temperature and salinity calibration investigated through this study have a broader
application scope in studying past climates.

2. Materials and methods
2.1 Sample and data collection
The coral reef of Akajima contains coralline algae,
mollusk, and bryozoa in addition to foraminifera
and corals. The LBF includes Marginopora, Sorites, Amphisorus, Peneroplis, Amphistegina, Baculogypsina, Baculogypsinoides, Calcarina, and
Heterostegina (Hohenegger et al. 1999). The LBF
were collected from the reef Cat at *2 m water
depth at Akajima islands, Okinawa, Japan
(Bgure 1). Baculogypsina sphaerulata was collected
across seven different months spanning over 6
years from coral reefs of Akajima islands to cover a
broad range of seawater temperatures. The sampling was done in July 1999, March 2001,
September 2003, November 2003, January 2004,
March 2004, and May 2004. The monthly temperature and salinity data of the sampling site were
made available by Akajima Marine Science Laboratory (table 1). Live specimens of Baculogypsina
sphaerulata were handpicked from the dried samples under stereo zoom binocular microscope,
ZEISS 2000. The well-preserved specimens of B.
sphaerulata were selected for studying under the
Scanning Electron Microscope (SEM) by mounting
them on a stub with double-sided adhesive tape.
The mounted specimens were gold coated and then
observed in the Scanning Electron Microscope
(JEOL-JSM 6390) at IIT Bombay. No dissolution
or erosion was observed in the SEM image of B.
sphaerulata (Bgure 2). The LBF including B.
sphaerulata generally follow logistic growth. The

Figure 1. Location map of the sampling area.
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Table 1. Monthly average temperature and salinity data of seawater at Akajima islands during the sample collection.
Temperature (°C)

Salinity (%)

Months

1998

1999

2000

2001

2002

2003

2004

1998

1999

2000

2001

2002

2003

2004

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

22.67
21.85
22.20
24.33
26.10
27.60
29.48
30.42
29.25
28.01
25.50
23.36

21.87
21.61
22.01
22.98
24.38
26.24
27.64
27.49
27.75
26.47
24.87
22.90

22.65
21.34
21.33
22.31
23.67
26.06
27.76
27.05
26.22
26.63
25.42
24.17

22.33
22.11
21.77
22.29
23.14
26.36
29.27
29.56
27.53
26.56
24.39
23.15

22.0
20.8
21.6
23.3
25.1
25.9
26.7
28.2
27.3
26.6
24.1
22.7

21.2
21.3
21.3
22.2
24.4
25.2
28.2
29.1
28.7
26.9
25.2
23.1

22.0
20.8
21.2
23.2
25.1
26.2

nd
nd
nd
nd
nd
34.76
34.78
34.93
34.91
34.67
35.16
nd

nd
nd
34.66
34.61
34.68
34.54
34.30
34.27
34.22
34.32
34.47
34.56

34.63
34.62
34.61
34.51
34.43
34.46
34.29
34.19
34.27
34.31
34.39
34.42

34.53
34.62
34.60
34.52
34.40
33.96
34.01
34.23
34.01
34.33
34.52
34.60

34.7
34.7
34.7
34.6
34.7
34.4
34.0
34.4
34.3
34.4
34.6
34.7

34.8
34.8
34.7
34.4
34.7
35.6
34.4
34.5
34.4
34.6
34.6
34.7

34.8
34.4
34.7
34.6
34.6
34.2

Figure 2. SEM image of the analyzed species, B. sphaerulata.

growth is therefore not constant as in any other
foraminifera. Since, it is not possible to know the
growth of individual foraminifer, so as a general
protocol the same-sized, adult B. sphaerulata
specimens were chosen for analyses.
2.2 Trace element analysis
The Ca, Mg, and Sr contents of the foraminiferal
tests were analyzed by Inductively Coupled
Plasma-Atomic Emission Spectroscopy, ICP-AES
(ARCOS, Simultaneous ICP Spectrometer) facility
of Sophisticated Analytical Instrument Facility
(SAIF), IIT Bombay. For ICP analysis, the tests
were cleaned before analysis as per the procedure
outlined by Barker et al. (2003). BrieCy, the tests
were crushed gently to open the individual chambers and washed with distilled water thrice and

then cleaned with methanol twice and then again
washed with distilled water for two times. The
specimens were then treated with 1 ml of 50%
oxidizing agent (equal amount of 30% H2O2 and 0.1
M NaOH) kept in a hot water bath (70°–80°C) for
10 min. After 10 min, the oxidizing solutions were
removed, and the tests were again treated with the
oxidizing agent. The above procedure was repeated
three times. The specimens were subjected to weak
acid leach (0.001 N HNO3) twice and then rinsed
with water. Between each cleaning step, the specimens were ultrasonicated for few minutes to
remove the cleaning agents that may be embedded
on the surface of the shell. Finally, the samples
were dissolved in 10 ml of 0.075 M HNO3 solution
and sent for ICP analysis. A total of 84 specimens
were analyzed individually across the seven
sampling months.
2.3 Stable isotope analysis
Sixty specimens of B. sphaerulata collected over
Bve sampling months (July 1999, September 2003,
November 2003, January 2004, and March 2004)
were individually analyzed in MAT 253 with Gas
Bench at Stable Isotope Laboratory at Physical
Research Laboratory (PRL), Ahmedabad. Makrana Marble (MMB) was used as a laboratory
standard. d18OVPDB and d13CVPDB of MMB are
–10.7% and +3.9%, respectively. Internal laboratory standards and several sample replicates
were run regularly. The cleaning procedure for
isotope analysis was the same as the ICP analysis
except for the dilute acid leach and sample
dissolution.
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3. Results
3.1 Temperature calibration using Mg/Ca
and Sr/Ca
The Mg/Ca varies by about 15–20 mmol/mol across
the seven sampling months (table 2). For temperature
calibrations, Mg/Ca and Sr/Ca were plotted with
(i) the average monthly seawater temperature (the
temperature at the month of the collection) and (ii) 1.5
years average seawater temperature (considering the
life-span of adult B. sphaerulata, Sakai 1981).
The Mg/Ca of each specimen vs. the average
temperature of the month of sample collection and

the average Mg/Ca of specimens from each
sampling month vs. the average temperature of
seawater of the month of the collection show a low
correlation of R2 = 0.27 and R2 = 0.28, respectively
(Bgure 3a). The Mg/Ca of each specimen from the
respective sampling month vs. the average temperature of seawater for 1.5 years (considering the
1.5-year lifespan of B. sphaerulata) is plotted in
Bgure 3(b). It shows a significant correlation
established using a statistical hypothesis test,
T-test with R2 = 0.56. The correlation improves if
averages of Mg/Ca of all specimens from the
respective sampling month are plotted against
the average of 1.5 years seawater temperature

Table 2. Seasonal variation in elemental and isotopic compositions of B. sphaerulata (*seawater temperature of the previous
month is considered for July 1999 and March 2001 as the samples were collected at the beginning of the month and 1.5 years
average temperature within brackets).
Months

Measured temp.
(°C)

Jul–99

26.2* (25.3)

Mar–01

22.1* (24.5)

Sep–03

28.7 (25.1)

Nov–03

25.2 (25.3)

Jan–04

22.0 (24.9)

Mar–04

21.2 (24.1)

May–04

25.1 (24.0)

Mean
SD
Max
Min
(n= 12)
Mean
SD
Max
Min
(n= 9)
Mean
SD
Max
Min
(n= 12)
Mean
SD
Max
Min
(n= 10)
Mean
SD
Max
Min
(n= 11)
Mean
SD
Max
Min
(n= 8)
Mean
SD
Max
Min
(n= 7)

Mg/Ca
(mmol/mol)

Sr/Ca
(mmol/mol)

131.31
6.53
140.95
120.35

2.76
0.12
3.02
2.60

124.75
7.14
132.64
115.26

3.08
0.21
3.33
2.67

132.41
5.95
142.39
124.55

2.74
0.16
3.02
2.55

142.66
7.51
152.33
125.58

3.42
0.28
4.12
3.09

126.08
10.82
147.44
115.67

2.98
0.19
3.36
2.68

73.91
11.24
94.37
62.94

3.49
0.33
4.03
3.14

102.45
8.98
114.96
90.33

3.15
0.14
3.54
3.02

Mean
SD
Max
Min
(n = 12)

–

Mean
SD
Max
Min
(n = 11)
Mean
SD
Max
Min
(n = 10)
Mean
SD
Max
Min
(n = 11)
Mean
SD
Max
Min
(n = 12)

–

d18O (%)

d13C (%)

–2.38
0.40
–1.50
–2.90

–0.76
0.53
0.17
–1.41

–

–

–2.28
0.26
–1.95
–2.87

–0.79
0.33
0.09
–1.22

–2.49
0.24
–2.09
–2.75

–0.93
0.22
–0.67
–1.29

–2.28
0.28
–1.70
–2.74

–1.14
0.35
–0.62
–1.64

–2.06
0.28
–1.67
–2.60

–0.95
0.24
–0.43
–1.29

–

–
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(R2 = 0.67) (Bgure 3b). The average Mg/Ca of
each month was plotted with temperature considering the considerable variation in Mg/Ca within a
month. The obtained Mg/Ca-temperature calibration equation for B. sphaerulata is as follows:
Mg=Ca ¼ 0:0267e

0:3389T

2

seawater temperature and salinity (Bgures 3c–d,
4c–d). The temperature-dependence of Sr is yet to
be established for the foraminifer.
3.2 Temperature calibration using d18O

ðR ¼ 0:67; p ¼ 0:05Þ:
ð1Þ

The average Mg/Ca is poorly correlated with an
average salinity of the sampling month and 1.5year average salinity with R2 = 0.15 and R2 = 0.17,
respectively (Bgure 4a–b).
The Sr/Ca of each specimen and average of each
specimen in a sampling month vs. the average
seawater temperature of the sampling month shows
a low correlation with R2 = 0.27 and R2 = 0.36,
respectively (Bgure 3c). The Sr/Ca of each specimen from the respective sampling month vs. the
average temperature of seawater for 1.5 years
(considering 1.5-year lifespan of B. sphaerulata) is
plotted in Bgure 3(d). The plot shows a low correlation with R2 = 0.19. The poor correlation is also
observed if an average Sr/Ca of all specimens from
the respective sampling month is plotted against
the seawater temperature for 1.5 years (R2 = 0.22)
(Bgure 3d). The Sr/Ca is not correlated with

The stable isotope analysis was carried out on *12
specimens from each month of sampling over the
following Bve months, July 1999, September 2003,
November 2003, January 2004, and March 2004.
The d18O and d13C values and the corresponding
seawater temperatures for B. sphaerulata are given
in table 2. The stable isotopes of d18O and d13C are
poorly correlated in B. sphaerulata. In the present
study, the d18O values are corrected by –0.3% for
B. sphaerulata as it deviates by +0.3% from the
equilibrium (Saraswati et al. 2004). d18Of denotes
the corrected values for the equilibrium.
The d18O-temperature relationship is conventionally expressed in a quadratic equation.
However, several studies had proposed linear
d18O-temperature equations instead of quadratic as
it gives equally good Bt at warm oceanic temperatures (Bouvier-Soumagnac and Duplessy 1985;
Bemis et al. 1998; Spero et al. 2003). In this study,
linear d18O-temperature calibration is used. It was

Figure 3. (a) Seasonal variation in Mg/Ca with monthly average seawater temperature, (b) seasonal variation in Mg/Ca with
1.5 years average seawater temperature, (c) seasonal variation in Sr/Ca with monthly average seawater temperature, and
(d) seasonal variation in Sr/Ca with 1.5 years average seawater temperature (red line shows average Mg/Ca and Sr/Ca
correlations with the temperature).
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Figure 4. (a) Seasonal variation in Mg/Ca with monthly average seawater salinity, (b) seasonal variation in Mg/Ca with 1.5
years average seawater salinity, (c) seasonal variation in Sr/Ca with monthly average seawater salinity, and (d) seasonal
variation in Sr/Ca with 1.5 years average seawater salinity (red line shows average Mg/Ca and Sr/Ca correlations with the
salinity).

found that the d18O-temperature calibration is
weak when regressed over the monthly average
temperature (Bgure 5a). However, it significantly
improves when the average temperature of 1.5
years is considered (assuming an age of 1.5 years of
B. sphaerulata) (Bgure 5b). The d18O-temperature
calibration equation for B. sphaerulata is as
follows:

T ðo CÞ ¼ 19:02:94 d18 Of  d18 Ow
ð2Þ
ðR2 ¼ 0:88; p ¼ 0:05Þ;
where d18Of is the d18O of CO2 evolved from the
carbonate after reaction with phosphoric acid at
25°C, and d18Ow is the d18O of CO2 equilibrated
isotopically at 25°C with the seawater from which
the carbonate was precipitated when both are
measured against the same working standard.
4. Discussions
4.1 Trace element variations in B. sphaerulata
The Brst Mg/Ca calibration work in LBF was carried
out by Raja et al. (2005). They recorded that the
dissected chambers of M. kudakajimaensis gave real
relationships between temperature and Mg/Ca and

proposed Mg/Ca-temperature calibration equation
for this species. An increase of 3.1% in Mg/Ca per
degree temperature change was found in M. kudakajimaensis (Raja et al. 2005). In the later work, Raja
et al. (2007) reported that the Mg/Ca ratios of LBFs
are poorly dependent on the temperature and further
observed large inter-species and intra-species Mg/Ca
variations within LBF collected from the same sampling month. No significant correlations between Mg/
Ca, and the temperature were observed in A. lessonii,
C. gaudichaudii, and C. hispida, possibly due to
compositional averaging in the whole-shell analysis
(Raja et al. 2007). Evans and M€
uller (2013) found a
1.9% increase in Mg/Ca per degree Celsius for
Operculina ammonoides. The LBF is characterized
by a far smaller gradient than the planktonic
foraminifera, which shows a typical *10% increase in
Mg/Ca per degree temperature change (Lea et al.
1999; Anand et al. 2003). The smaller benthic foraminifera, except for Planoglabratella opercularis and
Quinqueloculina yabei also showed lower Mg/Ca
values (Toyofuku et al. 2000). Many studies have
observed an exponential relationship between seawater temperature and Mg/Ca in LBF (Raja et al.
2005; Evans and M€
uller 2013; Maeda et al. 2017;
Saraswati et al. 2017; Dijk et al. 2019). This study on
whole-shell specimens of B. sphaerulata indicates a
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Figure 5. Linear regression of average values of d18Ofd18Ow and (a) monthly average temperatures, and (b) 1.5 years average
temperatures.

significant correlation with a very low sensitivity
factor of 0.027 between Mg/Ca and average sea surface temperature of 1.5 years (the life span of B.
sphaerulata), but poor correlation when the average
SST of the sampling month is considered. As LBF are
K strategists and depict slow growth rates (Scheibner
et al. 2005; Briguglio and Hohenegger 2014), their
intra-test variations in trace elements and stable isotopes are indicative of seasonal seawater temperature
changes (Wefer and Berger 1980).
The Sr/Ca values obtained in this study are
comparable to the previously reported values. The
positive relationship between Sr/Ca and the temperature has been found in two species of Cibicides
by Rathburn and De Deckker (1997). Many studies
found foraminiferal Sr/Ca varying with seawater
carbonate chemistry (Lea et al. 1999; Russell et al.
2004; Dissard et al. 2010a, b; Raitzsch et al. 2010;
Dueñas-Boh
orquez et al. 2009, 2011). However,
Rosenthal et al. (1997) and Lea et al. (1999) did not
Bnd the Sr/Ca temperature-dependent. Thus,
investigations need to be carried out to have a
deBnitive relationship between Sr/Ca and temperature. This study indicates a low correlation
between average monthly Sr/Ca and average of 1.5
years of SST for B. sphaerulata.
4.2 Stable isotope variations in B. sphaerulata
According to McConnaughey (1989), oxygen and
carbon isotopic ratios have good correlations in
kinetic fractionation, but when there is an overriding eAect of metabolism, the d18O–d13C correlation is lost. The d18O values in this study are
corrected for vital eAects due to metabolism. The
scatter in d18O-temperature calibration, when
regressed over monthly average temperature,
could be explained by the presence of specimens
of different growth stages and overlapping

generations. The improved d18O-temperature correlation while considering the lifespan of adult B.
sphaerulata signiBes that the regression should be
over the complete range of growth temperatures.

5. Conclusions
The Mg/Ca and Sr/Ca in B. sphaerulata do not
significantly correlate with the monthly average
seawater temperature. The Mg/Ca correlation
improves significantly when correlated with the
average seawater temperature during the life span
of 1.5 years. The d18O of B. sphaerulata is strongly
inCuenced by seawater temperature. The following
proxy-temperature calibrations are proposed in
this study:
Mg=Ca (mmol/mol) ¼ 0:0267e0:3389T ;
T ðo CÞ ¼ 19:02:94 ðd18 Of d18 Ow Þ:
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