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Abstract
Accurate reconstruction of past ocean temperatures is of critical importance to paleoclimatology. Carbonate clumped isotope thermometry (‘‘D47”) is a relatively recent technique based on the strong relationship between calciﬁcation temperature
and the statistical excess of 13C–18O bonds in carbonates. Its application to foraminifera holds great scientiﬁc potential, particularly because D47 paleotemperature reconstructions do not require assumptions regarding the 18O composition of seawater. However there are still relatively few published observations investigating the potential inﬂuence of parameters such as
salinity or foraminiferal size and species. We present a new calibration data set based on 234 replicate analyses of 9 planktonic
and 2 benthic species of foraminifera collected from recent core-top sediments, with calciﬁcation temperatures ranging from
2 to 25 °C. We observe a strong relationship between D47 values and independent, oxygen-18 estimates of calciﬁcation
temperatures:
D47 = 41.63103 /T2 + 0.2056
The formal precision of this regression (± 0.7–1.0 °C at 95 % conﬁdence level) is much smaller than typical analytical errors.
Our observations conﬁrm the absence of signiﬁcant species-speciﬁc biases or salinity eﬀects. We also investigate potential foraminifer size eﬀects between 200 and >560 lm in 6 species, and conclude that all size fractions from a given core-top location
and species display statistically undistinguishable D47 values. These ﬁndings provide a robust foundation for future interlaboratories comparisons and paleoceanographic applications.
Ó 2018 Elsevier Ltd. All rights reserved.
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1

https://doi.org/10.1016/j.gca.2018.07.016
0016-7037/Ó 2018 Elsevier Ltd. All rights reserved.

The global ocean is a major component of the Earth’s
climate system because of its role in the redistribution of
heat from low to high latitudes. Precisely constraining the
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physical and chemical characteristics of water masses (temperature and salinity, in particular) is essential to the study
of past and present ocean dynamics and climate. For over
sixty years, biogenic carbonates such as planktonic and
benthic foraminifer shells have provided estimates of sea
surface and bottom ocean temperatures based on oxygen
isotope carbonate thermometry (Urey, 1947; Epstein
et al., 1951; Emiliani, 1966; Shackleton, 1967). A wellknown limitation of this classical technique is its sensitivity
to the oxygen isotope composition of seawater (d18Osw),
which in many cases complicates the interpretation of marine d18O records (Shackleton, 1967). Several alternative
paleothermometers have been developed over the years to
address this issue, either based on organics such as Uk’
37
(Brassell et al., 1986; Müller et al., 1998; Herbert, 2013)
and TEX86 (Schouten et al., 2002; Kim et al., 2008, 2010)
or based on trace elements in biogenic calcite (e.g., Mg/
Ca in foraminifera; Elderﬁeld and Ganssen, 2000; Lea,
2013). However, these alternative proxies have their own
limitations, such as the eﬀect of water column recycling,
carbonate and sediment diagenesis, sensitivity to the presence of methane, salinity and/or species eﬀect (MathienBlard and Bassinot, 2009; Herbert, 2013; Zhang et al.,
2016).
Carbonate clumped isotope thermometry is an alternative isotopic technique developed over the past decade
(Ghosh et al., 2006; Eiler, 2007; Eiler, 2011). It is based
on the quantiﬁcation of subtle statistical anomalies in the
abundance of doubly substituted carbonate isotopologues
(13C18O16O16O2-) relative to a random distribution of isotopes. These anomalies may be considered to reﬂect equilibrium reactions taking place in the aqueous and/or mineral
phases, such as:
13 16 16 16 2
C O O O + 12 C18 O16 O16 O2
() 13 C18 O16 O16 O2 + 12 C16 O16 O16 O2
For fundamental physical reasons, the right-hand side of
this reaction is thermodynamically favoured, and the corresponding equilibrium constant varies with temperature
(Schauble et al., 2006). As a result, carbonate minerals precipitated under conditions close to isotopic equilibrium are
expected to contain a slightly higher abundance of 13C–18O
bonds than that predicted for a stochastic distribution of
isotopes. This statistical anomaly should decrease systematically with crystallization temperature, and may be preserved over geologic time scales in the absence of
diagenesis and solid-state redistribution of isotopes (Eiler,
2011; Passey and Henkes, 2012; Stolper and Eiler, 2016).
The conversion of carbonate to CO2 by phosphoric acid
reaction (McCrea, 1950) also preserves this signal, so that
the calciﬁcation temperature can be estimated by precisely
measuring D47, deﬁned as the statistical overabundance of
mass-47 CO2 (Ghosh et al., 2006). An important diﬀerence
between the oxygen-18 and clumped-isotope thermometers
is that the latter does not require any assumption to be
made about the oxygen isotope composition of the aqueous
phase.
Over the past decade, a number of calibration studies
have investigated the relationship between D47 and temperature in inorganic carbonates (Ghosh et al., 2006; Dennis

and Schrag, 2010; Zaarur et al., 2013; Tang et al., 2014;
Deﬂiese et al., 2015; Kele et al., 2015; Kluge et al., 2015;
Tripati et al., 2015; Bonifacie et al., 2017; Kelson et al.,
2017; Breitenbach et al., 2018; Levitt et al., 2018) and biogenic carbonates such as corals, otoliths, brachiopods, molluscs, foraminifera and coccoliths (Ghosh et al., 2006;
Tripati et al., 2010; Thiagarajan et al., 2011; Zaarur et al.,
2011; Eagle et al., 2013; Grauel et al., 2013; Came et al.,
2014; Douglas et al., 2014; Wacker et al., 2014; Katz
et al., 2017). Only two of these calibrations speciﬁcally
focus on foraminifera: the ﬁnding by Tripati et al. (2010)
that diﬀerent foraminiferal species appear to follow a single
relationship between temperature and D47 was subsequently
conﬁrmed by Grauel et al. (2013). These early calibration
studies produced a signiﬁcant body of observations whose
importance should not be understated. However, both of
them predate substantial methodological advances in the
ﬁeld of clumped isotope measurements, namely the deﬁnition by Dennis et al. (2011) of an ‘‘absolute” reference
frame anchored to theoretical equilibrium D47 values in
CO2 (although Grauel et al. published their observations
in 2013, their analyses were performed earlier and the
results are reported in the older D47 reference frame), and
the systematic distribution of inter-laboratory carbonate
standards. As a result, using these early observations to precisely reconstruct past seawater temperatures is not
straightforward.
Here, we present new calibration data for D47 in foraminifera covering a wide range of temperatures (2 °C to
25 °C) that are relevant to paleoceanographic studies. We
ﬁrst compare the potential chemical and isotopic impact
of the sample cleaning protocols used in previous studies.
We then investigate diﬀerent strategies for obtaining
D47-independent constraints on calciﬁcation temperatures.
Finally, we focus on the possible inﬂuence of salinity, and
potential biases associated with foraminifer size and
species.
2. MATERIALS AND METHODS
2.1. Samples
Twelve sedimentary core-tops from the North Atlantic,
Austral and Paciﬁc basins (Fig. 1 and Table 1) were selected
based on their abundance of foraminifera. We targeted 9
planktonic and 2 benthic species, covering a wide temperature range, from 2 °C to 25 °C. Individual foraminifera
were hand-picked in diﬀerent size fractions from 200 to
560 lm. We hereafter deﬁne each sample as a unique combination of core-top, species and size fraction. From each
of these 58 samples, we used between 16 and 20 mg of foraminifera for stable isotope analyses (D47, d18O, d13C).
All core-tops were chronologically constrained following the MARGO recommendations (Kucera et al., 2005)
and correspond to Late Holocene ages (0–4 ka, Table 1).
Age intervals were determined by AMS (Accelerator Mass
Spectrometry) radiocarbon dating, by the presence of Rose
Bengal stained foraminifera (alive at the time of collection
or shortly before it; Walker et al., 1974) implying recent
sediments, or by external stratigraphic controls (e.g., d18O
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Fig. 1. Map of core-top location used to establish this calibration, with the mean annual SST from WOA13.

Table 1
Core top locations and water depths with species considered in our calibration and chronological constraints, listing from cooler to warmer
temperatures deﬁned using Kim and O’Neil (1997).
Core

Latitude
(°N)

Longitude
(°E)

Water
depth (m)

MOCOSEDst1

73.04

11.93

1839

MD04-2720
MD88-770
MD12-3401
MD95-2014
MD08-3182Q
MD03-2680Q
2FPA1
SU90I-03
MD08-3179Q

49.13
46.02
44.69
60.59
52.71
61.06
43.67
40.05
37.86

71.36
96.45
80.40
22.08
35.94
24.55
2.00
30.00
30.30

750
3290
3445
2397
1355
1812
664
2475
2036

MD12-3426Q
MD00-2360

19.73
20.08

114.61
112.67

3630
980

MD02-2577Q

28.84

86.67

4076

Species

Core-top
cal. yrs BP
(95% CL)

Cibicides wuellerstorﬁ;
N. pachyderma s
N. pachyderma d
G. bulloides
G. bulloides
G. bulloides
N. pachyderma s; G. bulloides
N. pachyderma d
Uvigerina mediterranea
G. bulloides
G. ruber; G. inﬂata;
G. truncatulinoides s;
G. truncatulinoides d
G. menardii; O. universa
G. menardii; O. universa;
G. ruber
G. menardii; O. universa;
G. ruber

6317 (+150/94)
n.a.
6158* (±120)
< 4000 **
715 (+94/149)
500 (+40/53)
402
< 4000 ***
2013 (+125/120)
4403 (+153/121)

Reservoir 14C
age (yr. ± 1r)
451 ± 35

(a)

References

(1)

401 ± 34(c)
401 ± 34(c)

(2-3)
(4)
(1)
(5)
(6)
(1)
(1)
(1)

1755 (+159/139)
3622 (+135/137)

341 ± 50(d)
466 ± 31(e)

(1)
(1)

1107 (+110/105)

318 ± 21(f)

(1)

502 ± 52

(b)

(1) This study; (2) Hatté et al. (2008); (3) Rogers and De Deckker (2011); (4) Vázquez Riveiros et al. (2016); (5) Kissel et al. (2013) and (6)
Kissel et al. (2009) (a) Mangerud and Gulliksen (1975); (b) Broecker and Olson (1961); (c) Abrantes et al. (2005); (d) Southon et al. (2002); (e)
Squire et al. (2013) and (f) Hadden and Cherkinsky (2015).
Species used for AMS radiocarbon dating.
n.a. not analysed.
*
Age determined at 21 cm in the core.
**
Age determined by stratigraphic control.
***
Age determined by presence of Rose Bengal.

stratigraphy). New 14C dating supporting the present study
was performed on monospeciﬁc foraminiferal shells at the
UMS-ARTEMIS facility (CNRS-CEA, Saclay, France),
using a Pelletron 3 MV AMS. Radiocarbon analyses were
performed following the standard procedure described by
Tisnérat-Laborde et al. (2001). Uncalibrated radiocarbon
ages were converted to calendar ages using the calib-7.1
software (Stuiver et al., 2017) and the marine-13 calibration
dataset (Reimer et al., 2013), with reservoir age corrections
depending on core-top locations (Table 1).

2.2. Sample pre-treatment
The top 10 mm of sediment from each core-top were collected and dried overnight at 50 °C. The samples were wet
sieved to collect the size fraction larger than 150 lm. The foraminifera were then hand-picked from diﬀerent size fractions
between 200 and >560 lm (Table 2). Foraminifer shells were
cleaned to eliminate organic and detrital contaminants.
Following the approach of Grauel et al. (2013), we tested
two cleaning procedures based on earlier foraminifer D47
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Table 2
d18OVPDB and D47 values for diﬀerent size ranges within each species.
Cores and species

Size fraction (lm)

N*

2FPA1
Uvigerina
mediterranea

250–315
315–355
355–400
400–450
450–500
500–560
>560
355–400
400–450
450–500
500–560
>560
200–250
250–315
315–355
355–400
400–450
450–500
315–355
355–400
400–450
450–500
200–250
250–315
315–355
355–400
250–315
315–355
355–400
400–450

4
4
3
8
4
4
4
4
4
4
4
4
4
4
4
4
4
3
4
4
4
4
3
4
4
4
4
4
4
4

MD00-2360
G. menardii

MD08-3179
G. inﬂata

MD08-3179
G. truncatulinoides
(d.)
MD08-3182
G. bulloides

MOCOSED
Cibicides
wuellerstorﬁ
*
**

d18OVPDB (‰)
2.18
2.14
2.21
2.29
2.29
2.32
2.31
0.41
0.32
0.44
0.51
0.53
0.65
0.90
1.41
1.12
1.02
1.16
0.98
0.99
1.07
1.03
1.77
1.71
1.79
1.77
4.07
4.13
4.06
3.97

SE**

D47 (‰)

SE**

0.04
0.04
0.05
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.04

0.732
0.730
0.727
0.725
0.726
0.721
0.729
0.675
0.696
0.696
0.677
0.689
0.702
0.703
0.721
0.709
0.701
0.704
0.704
0.721
0.705
0.703
0.730
0.733
0.748
0.724
0.771
0.759
0.783
0.765

0.007
0.007
0.009
0.005
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.007
0.009
0.007
0.007
0.007
0.007
0.009
0.007
0.007
0.007
0.007
0.007
0.007
0.007

N: number of replicates.
SE = standard error.

calibration studies (Tripati et al., 2010; Grauel et al., 2013,
respectively protocol #1 and protocol #2 hereafter). Both
cleaning procedures require the following initial steps:
– Gently crush foraminifera between two glass slides to
open all chambers;
– Rinse the foraminifer fragments at least twice with ultrapure water in an ultrasonic bath for one minute (repeat
if necessary, until the water remains clear and
colourless);
– Rinse twice with reagent-grade methanol in an ultrasonic bath for 30 s.
In the original protocol (#1) of Tripati et al. (2010), a
ﬁnal step required adding a cold dilute solution of 1 %
H2O2, to remove possible organic contaminants. Grauel
et al. (2013) used instead a 10 % H2O2 buﬀered at pH 8 with
a phosphate solution. In the present study we used 1% H2O2
with a sodium hydroxide buﬀer in an attempt to minimize
potential alteration of the original bio-carbonate. Scanning
Electron Microscopy (SEM) images acquired at the GEOPS
laboratory (Fig. 2) and stable and clumped isotope analyses
(Fig. 3, Table S1 in supplementary material) were used to
compare the eﬀects of both protocols and to test their ability
to remove all traces of ethanol and Rose Bengal. SEM

images of uncleaned shells reveal the presence of numerous
coccoliths and detrital grains adhering to the shell surface
(Fig. 2a). Protocol #2 (Fig. 2b) successfully removes such
incrusted contaminants, exposing well-preserved foraminiferal calcite. Conversely, protocol #1 (Fig. 2c) produces visible dissolution and recrystallization features to the shell
fragments. Based on these optical observations, protocol
#2 seems to yield optimal preservation of the initial state
of the foraminiferal tests. Carbon-13, oxygen-18 and
clumped isotope measurements were also performed on
the cleaned samples to assess potential isotopic eﬀects
(Fig. 3). No signiﬁcant diﬀerences in d18O, d13C and D47 values were observed between foraminifera treated with the
two protocols (Fig. 3a and b). Additionally, the same test
was performed on foraminifera that had been soaked
beforehand for 15 days in ethanol (Fig. 3c and d) and in a
mixture of ethanol and Rose Bengal (Fig. 3e and f). Again,
all stable isotope analyses were found to yield statistically
undistinguishable values after cleaning with either protocol.
Based on the observations summarized above, and because
none of our calibration samples comes from environments
with high organic productivity such as upwelling regions,
we decided to avoid the potentially destructive oxidative
step of protocol #1 and cleaned all of our calibration samples by following protocol #2.
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Fig. 2. Scanning Electron Microscopy (SEM) pictures of G. ruber shells: (a) before cleaning, (b) after cleaning using the protocol of Grauel
et al. (2013); and c) after cleaning using the protocol of Tripati et al. (2010).

2.3. Analytical methods

took about 3 h, during which sample gas and working reference gas were allowed to ﬂow from matching, 10 ml reservoirs into the source, through a pair of fused silica
capillaries (65 cm length, 110 lm ID). Every 20 min, gas
pressures were adjusted to achieve a mass 44 current of
40 nA, with diﬀerences between sample and reference gas
generally below 0.1 nA. Background currents were measured in all high-gain collectors (m/z 45 to 49) before and
after each pressure adjustment, with gas ﬂowing into the
source, and are found to strongly correlate with mass 44
current.
Background-corrected ion current values were processed
using the IUPAC isotopic parameters (Brand et al., 2010)
to compute d13CVPDB, d18OVPDB and Draw
47 values for each
analysis. The isotopic composition (d13C, d18O) of our
working reference CO2 was computed based on nominal
d13CVPDB, d18OVPDB values for carbonate standard ETH3 (d13CVPDB = 1.71 ‰, d18OVPDB = 1.77 ‰, recomputed
by Bernasconi et al., 2018) and an oxygen-18 acid fractionation factor of 1.008176 (Sharma et al., 2002).
Four carbonate standards, ETH-1 to ETH-4 (Meckler
et al., 2014; Bernasconi et al., 2018), were then used to convert Draw
47 to absolute D47 values, following the procedure
described by Daëron et al. (2016). The nominal D47 values
for these standards are those recomputed by Bernasconi
et al. (2018) using IUPAC parameters, respectively 0.258
‰ for ETH-1, 0.256 ‰ for ETH-2, 0.691 ‰ for ETH-3
and 0.507 ‰ for ETH-4.

2.3.1. D47 measurements
A total of 361 clumped-isotope analyses were performed
at the Laboratoire des Sciences du Climat et de l’Environnement (LSCE) using the same equipment and procedures
as those described by Daëron et al. (2016). Carbonate samples weighing between 2 and 3 mg were dissolved in a common phosphoric acid bath at 90 °C for 15 min. After
cryogenic removal of water, the evolved CO2 passed
through a Porapak Q column (50/80 mesh, 1 m length,
2.1 mm ID) held at 20 °C under helium 6.0 ﬂow
(25 ml/min). CO2 was then quantitatively recollected by
cryogenic trapping, and transferred by gas expansion into
an Isoprime 100 dual-inlet mass spectrometer equipped
with six Faraday collectors (m/z 44 to 49). Each analysis

2.3.2. Traditional stable isotope measurements
Traditional oxygen and carbon stable isotope analyses
were also performed for each sample (deﬁned above as a
unique combination of core-top species and size fraction).
An average of 20–30 planktonic and 5 benthic foraminifer
tests were hand-picked for each replicate analysis, with at
least 4 replicates per sample (see supplementary material,
Table S2). Foraminifera were then cleaned in an ultrasonic
bath of reagent-grade methanol for a few seconds to eliminate impurities (Duplessy, 1978 without the roasting step).
d18OVPDB and d13CVPDB values were measured at LSCE
using three inter-calibrated mass spectrometers (a GVIsoprime, an Isoprime 100 and a VG-Optima) and standardized to VPDB using NBS-19 and NBS-18 carbonate

Fig. 3. d13C, d18O and D47 values (2SE) of Elphidium crispium
obtained after: (a) cleaning protocol of Grauel et al. (2013) in grey
bands; (b) cleaning protocol of Tripati et al. (2010) in white bands;
(c) 15 days in ethanol followed by (a); (d) 15 days in ethanol
followed by (b); (e) 15 days in ethanol and Rose Bengal followed by
(a); and (f) 15 days in ethanol and Rose Bengal followed by (b).
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standards (Coplen, 1996). For NBS-19, assigned values are:
d18OVPDB = 2.20 ‰ and d13CVPDB = 1.95 ‰ and for
NBS-18, designated values are: d18OVPDB = 23.01 ±
0.10 ‰ and d13CVPDB = 5.01 ± 0.03 ‰. The uncertainties
reported here for traditional stable isotope measurements
are based on the external reproducibility of in-laboratory
carbonate standards, with 1SD = 0.05 ‰ for d18OVPDB
and 1SD = 0.03 ‰ for d13CVPDB.
2.4. Independent constraints on calciﬁcation temperatures
Two alternative approaches to estimate the calciﬁcation
temperatures of foraminifera were considered. The ﬁrst one
relies on the World Ocean Atlas temperature database
(WOA13, Locarnini et al., 2013, https://www.nodc.noaa.gov/OC5/woa13), and the second one is based on ‘‘isotopic” temperatures estimated by combining foraminifer
d18O measurements with the local oxygen-isotope composition of seawater (d18OSW) derived from the Global Seawater Oxygen-18 Database (LeGrande and Schmidt, 2006,
https://data.giss.nasa.gov/o18data).
2.4.1. WOA13 temperatures
For benthic foraminifera, we extracted the mean annual
bottom temperature at each core location (ﬁeld ‘‘t_an” in
the WOA13-V2 dataset), with uncertainties corresponding
to the standard deviation values given by the interpolation
in the WOA13 dataset.
For planktonic foraminifera, we calculated the average
water column temperature over a range of calciﬁcation
depths depending on species and core-top location. According to Tolderlund and Bé (1971) and Durazzi (1981), calciﬁcation depths in the North Atlantic Ocean correspond to 0–
10 m for G. ruber. For G. bulloides, O. universa, G. truncatulinoides, G. inﬂata, G. menardii, and N. pachyderma, the depths
associated are comprised between 0 and 300 m. In the Indian
Ocean, Duplessy et al. (1981) placed the depth of calciﬁcation for all these species within and below the mixed layer,
except for G. ruber and G. menardii which are believed to
remain respectively at the surface and within the mixed layer
(0–200 m). In the South China Sea, G. ruber and G. menardii
are described as living near the surface and in the top 200 m,
respectively (Pﬂaumann and Jian, 1999). Finally, the living
depth of O. universa being very poorly constrained to the best
of our knowledge, we assume that it lives at the same depth as
G. menardii, by analogy with the North Atlantic Ocean.
Furthermore, the seasonality of phytoplankton blooms
remains poorly constrained in the literature. We thus followed a conservative approach by averaging the monthly
mean temperatures of summer, spring and fall (excluded
December, January and February) for each core, with
assigned uncertainties reﬂecting both seasonal and vertical
variability, quantiﬁed as the standard deviation of all temperature data for a given site, with a monthly temporal resolution and a uniform depth resolution of one meter over the
range of (species-dependent) living depths.
2.4.2. Isotopic temperatures
In an attempt to reduce the uncertainties related to our
assumptions on the calciﬁcation depth and seasonality of

each species, we compared the WOA13 temperatures to
oxygen isotope temperature estimates, derived from either
one of two equations: Shackleton (1974) modiﬁed by 0.27
‰ (Hut, 1987) to express seawater and carbonate d18O values relative to VSMOW and VPDB, respectively (Eq. (1),
and Kim and O’Neil (1997) modiﬁed for consistency with
the use of an acid fractionation factor of 1.01025 (Eq. (2)


T ¼ 16:9  4:38  d18 OC=VPDB  d18 OSW=VSMOW þ 0:27

2
þ0:10  d18 OC=VPDB  d18 OSW=VSMOW þ 0:27
ð1Þ
where T is the isotopic temperature in °C and d OC/VPDB
and d18OSW/ VSMOW are the d18O of the foraminiferal calcite relative to VPDB and of the seawater relative to
VSMOW, respectively. Following Marchitto et al. (2014),
Cibicides d18O were adjusted to the Uvigerina scale by
0.47 ‰.


ð2Þ
1000ln acc=w ¼ 18:03  1000=T  32:17
18

where T is temperature in K and acc/w is the oxygen-18 fractionation factor between calcite and water: acc/w = (1 +
d18OC/SMOW/1000)/(1 + d18OSW/SMOW/1000) with d18OC/
18
SMOW and d OSW/SMOW corresponding to foraminiferal
calcite and seawater, respectively, both relative to
VSMOW. Again, following the recommendation of
Marchitto et al. (2014), d18Oc values for Uvigerina were
adjusted by subtracting 0.47 ‰.
It is well know that diﬀerent planktonic foraminifer species from the same core may yield diﬀerent d18OC values due
to diﬀerences in depth and seasonality calciﬁcation (e.g.
Mix, 1987; Ortiz et al., 1995; Schiebel, 2002; Mortyn and
Charles, 2003; Jonkers and Kučera, 2015). Precise characterization of these species-speciﬁc eﬀects is still very much
an open issue. However, the FAME (Foraminifera As Modeled Entities) model recently developed by Roche et al.
(2017) implies that, assuming that planktonic foraminifera
follow the oxygen-18 fractionation law of Kim and O’Neil
(1997), variations in calciﬁcation depth and seasonality provide a good ﬁrst-order prediction for d18Oc values, with root
mean square residuals on the order of 0.2 ‰ for G. ruber, G.
bulloides, and N. pachyderma. These residuals are similar to
the errors we assigned to our d18OSW values (see below),
which dominate the uncertainties in our isotopic temperature estimates. For this reason, no species-speciﬁc adjustments were applied to our planktonic samples.
Seawater d18O values at each core site were extracted
from the gridded data set of LeGrande and Schmidt
(2006). For benthic foraminifera, we only considered bottom d18Osw values. Because of the poor constraints on calciﬁcation depths for planktonic species (see above), we
compared mean d18Osw values averaged over 0–50 m and
0–500 m (see supplementary Table S3). The diﬀerences in
mean d18Osw between these two depth ranges are on the
order of 0.03 ± 0.08 ‰, indicating that the choice of water
depth is not critical for our core sites. We have thus considered averaged d18Osw between 0 and 500 m. The uncertainties in d18Osw for each core site were deﬁned as the
quadratic sum of the site-speciﬁc standard deviation of
d18Osw within the top 500 m of the water column and a
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constant error of 0.20 ‰ assigned to the GISS grid interpolation. To the best of our knowledge, the true uncertainties
in the gridded values of LeGrande and Schmidt have not
been quantiﬁed, but we believe that our arbitrary choice
of 0.20 ‰ is conservative. Final uncertainties on the isotopic temperatures are propagated based on the d18Osw
uncertainties assigned above and the (external) analytical
error on d18Oc values.
3. RESULTS
The complete results for each foraminifer and standard
carbonate analysis are provided in Table S4 (supplementary
material). The measurements were performed over the
course of ﬁve independent analytical sessions from May
2015 to September 2017.
Table 2 summarizes D47 and d18Oc values of all samples
for which at least 4 diﬀerent size fractions were analysed.
The mean results for all samples grouped by species and
core-top are reported in Table 3, together with the estimated foraminifera calciﬁcation depth and d18Osw, and
the three diﬀerent estimates of calciﬁcation temperatures
deﬁned in Section 2.4. Mean D47 values range from 0.669
to 0.769 ‰. The lowest D47 values were observed in G. ruber
(MD02-2577) at an estimated temperature from Eq. (2) of
25.1 ± 1.1 °C and the highest in C. wuellerstorﬁ
(MOCOSED) at 1.6 ± 0.8 °C.
3.1. External reproducibility of d13C, d18O and D47
measurements
Clumped isotope analyses require measuring the d13C
and d18O values of each sample. We compared these values
to those obtained from traditional IRMS methods. The two
methods yield statistically indistinguishable results (see supplementary material – Figure S1). All d13C and d18O values
considered hereafter are those obtained as part of the
clumped isotope analyses.
We can assess the long-term analytical reproducibility of
our isotopic measurements based on repeated analyses of
the ETH standards:
P
ðxr  xs Þ2
2
r ¼
Nr  Ns
where r is an aggregate estimate of long-term reproducibility, xr are the values from each replicate measurement of all

standards, xs is the average value for the corresponding
standard, Nr is the total number of standard replicate analyses (Nr = 127) and Ns is the number of standards considered (Ns = 4). The r statistic is computed in the same way
for d13CVPDB, d18OVPDB and D47, yielding external reproducibilities of 0.032 ‰, 0.084 ‰ and 0.0166 ‰, respectively.
We may also compute r for all of our calibration samples instead of the ETH standards, which yields a slightly
improved D47 reproducibility of 0.0135 ‰ and comparable
reproducibilities for d13C and d18O. Computing combined
r values taking into account all standards and calibration
samples, the ﬁnal external error assigned to each of our
D47 replicate measurements is 0.0148 ‰.
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4. DISCUSSION
4.1. Foraminifera D47 versus size eﬀect
In order to investigate potential size eﬀects on measured
D47 values, we considered six foraminiferal species for
which we have at least 4 diﬀerent size fractions (Fig. 4,
Table S4). The corresponding D47 and d18OC values are
listed in Table 2. All measurements within each species
are statistically indistinguishable, with the single exception
of d18OC values for Globorotalia inﬂata, which vary over a
range of 0.8 ‰ (Fig. 4). Although the corresponding D47
values remain statistically indistinguishable from each
other, they nevertheless appear to be positively correlated
with d18Oc (Pearson correlation coeﬃcient = 0.79), consistent with the hypothesis that the observed isotopic diﬀerences between diﬀerent size fractions of G. inﬂata reﬂect
diﬀerent calciﬁcation temperatures that may be due to seasonality or depth habitats. For this species, we thus decided
to treat each size fraction as an individual sample with its
own calciﬁcation temperature constrained by its d18OC.
Our observations do not strictly rule out potential foraminifer size biases, but they imply that such biases must be
smaller than what can be resolved with the typical D47 precision we obtain from 4 analytical replicates (SE = 7–8
ppm). The absence of detectable size eﬀect implies that we
may combine the isotopic results from all size fractions
(excluding G. inﬂata). From a practical point of view, this
greatly facilitates picking enough material for a large number of replicates.
4.2. Assignment of independent temperature constraints
Fig. 5a shows a comparison between temperatures estimated from WOA13, and the isotopic temperatures derived
from Eq. (2) (Kim and O’Neil, 1997). The two methods are
generally in poor agreement, with discrepancies from 0.2 °C
to 6 °C aﬀecting many of our samples. These discrepancies
are most likely related to the assumptions that had to be
made regarding the calciﬁcation depth of each species. This
would be consistent with past studies which argued that foraminifera species may occupy water depth ranges more
variable than traditionally assumed, and that habitat depth
may vary signiﬁcantly from one location to another
(Mortyn and Charles, 2003; Simstich et al., 2003). Because
local d18OSW values vary much less with depth and seasonality than water temperature does, it is reasonable to expect
that isotopic estimates of calciﬁcation temperatures are less
sensitive to assumptions of calciﬁcation depth and seasonality. It should be noted that the uniformity of d18OSW values
from the gridded interpolation does not result from a paucity of observations but from the uniformity in WOA salinity values (LeGrande and Schmidt, 2006).
In Fig. 5b, we compare the isotopic temperatures
obtained using Eq. (1) (Shackleton, 1974) and Eq. (2)
(Kim and O’Neil, 1997). Unsurprisingly, the two equations
yield diﬀerent but highly correlated temperature estimates,
with diﬀerences gradually decreasing from low to high temperatures. These diﬀerences range from 2 °C to 1.5 °C for
the lowest temperatures (<9 °C) and remain below 1 °C to
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Table 3
d18O and D47 compositions of each samples with corresponding average d18O of seawater and three diﬀerent estimates of calciﬁcation temperature respectively based on WOA13, Shackleton (1974)
and Kim and O’Neil (1997).
Species

FCD (m)

MOCOSED
MD04-2720
MOCOSED
MD88-770
MD12-3401
MD95-2014
MD08-3182
MD08-3182
MD03-2680
2FPA1
SU90-03
MD08-3179
MD08-3179
MD08-3179
MD08-3179
MD08-3179
MD08-3179
MD08-3179
MD08-3179
MD12-3426
MD02-2577
MD00-2360
MD08-3179
MD02-2577
MD12-3426
MD00-2360
MD00-2360
MD02-2577

Cibicides wuellerstorﬁ
N. pachyderma (d.)
N. pachyderma (s.)
G. bulloides
G. bulloides
G. bulloides
G. bulloides
N. pachyderma (s.)
N. pachyderma (d.)
Uvigerina mediterranea
G. bulloides
G. inﬂata 315–355 lm
G. inﬂata 450–500 lm
G. inﬂata 355–400 lm
G. truncatulinoides (s.)
G. inﬂata 400–450 lm
G. truncatulinoides (d.)
G. inﬂata 250–315 lm
G. inﬂata 200–250 lm
G. menardii menardi
G. menardii menardi
G. menardii menardi
G. ruber
Orbulina universa
Orbulina universa
Orbulina universa
G. ruber
G. ruber

1839
0–300
0–300
0–300
0–300
0–300
0–300
0–300
0–300
664
0–300
0–300
0–300
0–300
0–300
0–300
0–300
0–300
0–300
0–200
0–300
0–200
0–10
0–200
0–200
0–300
0–10
0–10

*
**

*

N*

d18Osw
(‰ VSMOW)

SE**

d18Oc
(‰ VPDB)

SE**

T WOA13
(°C)

SD**

T S74
(°C)

SE**

T K97
(°C)

SE**

D47
(‰)

SE**

16
4
8
5
8
8
15
4
4
31
6
4
3
4
12
4
16
4
4
7
8
20
8
4
4
8
7
8

0.27
0.34
0.10
0.24
0.15
0.39
0.33
0.33
0.36
0.59
1.07
1.07
1.07
1.07
1.07
1.07
1.07
1.07
1.07
0.10
0.76
0.35
1.07
0.76
0.10
0.35
0.35
0.76

0.20
0.21
0.28
0.20
0.21
0.20
0.38
0.38
0.20
0.20
0.26
0.27
0.27
0.27
0.27
0.27
0.27
0.27
0.27
0.23
0.23
0.23
0.27
0.23
0.23
0.23
0.23
0.23

4.06
3.16
2.80
2.34
1.91
1.86
1.76
1.70
1.66
2.26
1.56
1.41
1.16
1.12
1.05
1.02
1.02
0.90
0.65
0.40
0.01
0.44
0.11
0.53
1.71
1.47
1.74
1.40

0.02
0.04
0.03
0.04
0.03
0.03
0.02
0.04
0.04
0.02
0.04
0.04
0.05
0.04
0.03
0.04
0.02
0.04
0.04
0.03
0.03
0.02
0.03
0.04
0.04
0.03
0.03
0.03

0.9
2.0
0.2
11.1
8.7
8.3
6.8
6.8
8.3
10.6
15.4
15.9
15.9
15.9
15.9
15.9
15.9
15.9
15.9
18.1
20.6
22.4
20.4
20.6
18.1
20.4
25.8
25.4

0.1
1.6
1.2
1.5
1.4
1.6
2.3
2.3
1.6
0.3
4.2
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
10.1
7.0
2.5
4.8
7.0
10.1
3.5
1.6
4.2

2.5
1.8
4.8
5.2
7.2
9.6
9.7
10.0
10.3
8.8
13.6
14.2
15.3
15.5
15.8
15.9
15.9
16.4
17.6
17.9
19.1
19.2
21.0
21.5
23.9
23.9
25.2
25.5

0.5
0.6
1.1
0.6
0.7
0.7
2.4
2.4
0.7
0.6
1.2
1.3
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.1
1.1
1.0
1.5
1.2
1.2
1.1
1.2
1.3

1.6
0.4
2.9
3.4
5.6
8.1
8.3
8.6
8.9
9.4
12.5
13.2
14.3
14.5
14.8
15.0
15.0
15.5
16.7
17.1
18.3
18.4
20.3
20.8
23.3
23.4
24.7
25.1

0.4
0.7
0.5
0.6
0.5
0.5
0.4
0.7
0.7
0.3
0.6
0.7
0.8
0.7
0.4
0.7
0.4
0.7
0.7
0.5
0.5
0.3
0.5
0.7
0.7
0.5
0.5
0.5

0.7692
0.7623
0.7490
0.7316
0.7413
0.7289
0.7339
0.7336
0.7300
0.7269
0.7234
0.7208
0.7039
0.7088
0.7156
0.7011
0.7083
0.7028
0.7015
0.6969
0.6892
0.6867
0.6981
0.6944
0.6798
0.6846
0.6677
0.6744

0.0037
0.0074
0.0052
0.0066
0.0052
0.0052
0.0038
0.0074
0.0074
0.0027
0.0060
0.0074
0.0085
0.0074
0.0043
0.0074
0.0037
0.0074
0.0074
0.0056
0.0052
0.0033
0.0052
0.0074
0.0074
0.0052
0.0056
0.0052

FCD: Foraminiferal Calciﬁcation Depth, N: number of replicates.
SD = standard deviation – SE = standard error.
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Fig. 4. d18O and D47 values (2SE) of six foraminifera species for diﬀerent size fractions.

0.5 °C for temperatures above 25 °C. Whereas the calibration of Shackleton (1974) covers a restricted temperature
range corresponding to benthic foraminifera (< 7 °C), that
of Kim and O’Neil (1997) covers a larger temperature
range, potentially applicable to benthic and planktonic foraminifera. We thus decided to use the oxygen isotopic temperatures from Eq. (2).

4.3. Relationship between temperature and D47
Based on the absence of detectable foraminifer size eﬀect
demonstrated in Section 4.1, we may average the replicates
measurements of D47 obtained for samples diﬀering only in
size fraction, and all replicate measurements of d18Oc
(excluding G. inﬂata) to compute the estimates of

10
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Fig. 5. Independent temperature comparison from (a) WOA13 and oxygen isotopic data using the Kim and O’Neil (1997) equation and (b)
oxygen isotopic temperatures computed with Shackleton (1974) and Kim and O’Neil (1997) equations.

calciﬁcation temperatures, from Eq. (2). This results in 28
calibration data points corresponding to diﬀerent species
and core-top location (Fig. 6 and Table 3).
Mean D47 values for these 28 samples strongly correlate
with 18O-derived estimates of calciﬁcation temperature. The
standard errors associated with these 28 data points range
from 2.7 to 8.5 ppm for D47 and from 0.4 to 0.7 °C for temperature, implying that both variables signiﬁcantly contribute to the uncertainties of the regression. We thus
compute the total least squares regression of D47 on 1/T2
(with T in K) using the formulation of York et al. (2004).
An examination of the ﬁt residuals (Fig. 6) suggests that
the data point associated with sample MD88-770-G. bulloides might be a statistical outlier, deﬁned as an anomalous
observation very unlikely to result from statistical error
alone. Grubbs’ test for a single outlier (Grubbs, 1969;
Stefansky, 1972) rejects the null hypothesis of no outliers

at a 95 % signiﬁcance level (p = 0.026). This anomaly is
unlikely to result from an isotopic eﬀect speciﬁc to
G. bulloides, because the four other samples of the same species have all statistically null residuals. However, core
MD88-770 is located near the boundary between two of
the salinity/oxygen-18 regions used to produce the gridded
d18OSW values of LeGrande and Schmidt (2006), implying
that the seawater oxygen isotope values which we assigned
to this particular sample are poorly constrained. Furthermore, variations in the position of the polar front between
the Indian and Austral Oceans cause d18OSW values to vary
seasonally. We thus conclude a posteriori that we cannot reliably assign an isotopic temperature to this data point, and
hereafter exclude it from the calibration data set. However,
we note that the WOA13 temperature for MD88-770-G.
bulloides is 11.1 ± 1.5 °C, which would place this sample only
0.011 ± 0.007 (1SE) ‰ above the new regression line (Fig. 6).

Fig. 6. D47 values (mean and 2SE) compared to isotopic temperatures (mean and 2SE) obtained with Kim and O’Neil (1997) for planktonic
(circle) and benthic (square) foraminifera samples, combining all size fraction. The calibration regression (black line) is calculated following
York et al. (2004) with 95 % conﬁdence level (grey band).
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Recomputing the total least squares regression (Fig. 6)
yields the following relationship:
D47 ¼ 41:63  103 =T2 þ 0:2056

ð3Þ

In order to assess goodness of ﬁt, we may compute the
reduced chi-squared statistic, also known as mean square
weighted deviation (MSWD):
MSWD ¼

1 X ðY i  AX i  BÞ2
Ns  2 i
r2Yi þ A2 r2Xi

where Xi and Yi are the observations (respectively 1/T2 and
D47), with corresponding standard errors rXi and rYi , and Ns
= 27 is the number of observations. Note that our (Xi, Yi)
observations are not fully independent from each other,
because D47 values are anchored to a shared set of carbonate standard measurements, and because estimated d18OSW
values for samples from the same core-top should be highly
correlated. We thus only use the MSWD as a qualitative
indicator of goodness-of-ﬁt. Our regression model yields a
MSWD of 0.82, suggesting that our assigned uncertainties
may be slightly overestimated compared to the scatter
observed in our results.
Computing the formal standard errors for this regression is not straightforward because the slope and intercept
values of Eq. (3) are strongly anti-correlated, and calculations taking their covariance into account are sensitive to
rounding errors. We may, however, reformulate Eq. (3) in
terms of the barycentre of our (1/T20) values:


D47 ¼ A  103 1=T2  1=T20 þ B
A ¼ 41:63  0:84ð1SEÞ
B ¼ 0:7154  0:0011ð1SEÞ
T0 ¼ 12:61 C
Using this new formulation, parameters A and B are
now independent, and the standard error of our regression
model is simply expressed as:

2
r2 ðD47 Þ ¼ r2 ðAÞ 1=T2  1=T0 2 þ r2 ðBÞ
Based on this formulation, the 95 % conﬁdence limits of
our regression model range from ±0.7 °C to ±1 °C between
2 °C and 25 °C. As a result, the precision of absolute temperature reconstructions based on Eq. (3) will generally be
limited by errors in D47 measurements (including any interlaboratory biases) rather than by our regression errors. For
instance, in the hypothetical case of repeated D47 measurements of a single sample with an external reproducibility of
0.015 ‰, between 50 and 90 replicate analyses would be
required to reach 95 % conﬁdence limits of ±1 °C.
4.4. Species-speciﬁc eﬀects on foraminiferal D47
Fig. 7 shows the D47 regression residuals for our calibration samples labelled by habitat depth (benthic, surface or
thermocline). Excluding the single outlier discussed above,
the surface-dwelling species (G. ruber) is statistically indistinguishable from the thermocline- and deep-dwelling species (N. pachyderma, G. menardii, O. universa, G. inﬂata
and G. truncatulinoides, G. bulloides). The two benthic

Fig. 7. D47 residuals (2SE) for benthic foraminifera (blue square),
surface dwelling planktonic foraminifera (red circles) and thermocline and deep dwelling planktonic species (black circles) ranged by
growing residual. Outlier sample (white circle) is included for
comparison. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this
article.)

species, U. mediterranea and C. wuellerstorﬁ, are in excellent agreement with the overall regression model, despite
the well-established observation that they appear to follow
diﬀerent oxygen-18 fractionation laws.
The absence of species eﬀect on D47 among the planktonic and benthic foraminifera investigated here, is consistent with the ﬁndings of Tripati et al. (2010) and Grauel
et al. (2013), and suggests that the above calibration relationship may be applicable to most foraminifera.
4.5. Foraminiferal D47 versus salinity eﬀect
Seawater salinity values at each core-top location were
extracted from the gridded data set of WOA13 (Zweng
et al., 2013). As we did with the GISS d18Osw values,
(Section 2.4.2, supplementary Table S3), we compared the
average salinity over 0–50 m and 0–500 m depths. As for
d18OSW values, average salinities at our core-top locations
are not sensitive to the choice of the depth interval, so we
compute average salinity values over the top 500 m of the
water column. Uncertainties were estimated at each coretop site as the quadratic sum of a nominal error of 0.20
arbitrarily assigned to the WOA13 data set and the sitespeciﬁc standard deviation of salinity over the top 500 m
of the water column.
Our samples cover a salinity range from 34 to 36, which
corresponds to the typical salinity values of the world
ocean. As shown in Fig. 8a, no correlation is detectable
between D47 residuals and salinity. Mathematically, this
could conceivably result from a strong covariation of temperature and salinity at our core-top sites, but this is not the
case (Fig. 8b). We thus conclude, as did Grauel et al. (2013),
that salinity has no detectable inﬂuence on the clumped isotope composition of foraminifera growing at a given
temperature.

12

M. Peral et al. / Geochimica et Cosmochimica Acta 239 (2018) 1–16

Fig. 8. (a) D47 residuals (2SE) and (b) temperature derived from Kim and O’Neil (1997), both compared to salinity, for each species and coretop location.

4.6. Comparison with previous calibrations
The only two calibrations directly relevant to foraminifera (Tripati et al., 2010; Grauel et al., 2013) belong to an
early period of clumped isotope measurements, where
major methodological advances such as the introduction
of the ‘‘absolute” reference frame of Dennis et al. (2011)
were not taken into account. Nevertheless, several of their
conclusions (e.g., the lack of detectable species or salinity
biases) are fully consistent with our ﬁndings, reinforcing
the notion that D47 values in foraminifera from very diﬀerent environments appear to be determined exclusively by
calciﬁcation temperature.
In many cases, the lack of common carbonate standards
shared between calibrations studies, as well as the uncertainties associated with acid temperature corrections, preclude precise comparisons between calibration equations
from diﬀerent laboratories. Nevertheless, we note that the
slope of Eq. (3) is indistinguishable from those obtained
in several recent studies based on large numbers of observations on synthetic and natural carbonates covering wide
temperature ranges (Bonifacie et al., 2017; Kelson et al.,
2017).
We may, however, precisely compare our results to those
from other studies provided (i) that they are anchored to
the ETH standards (or to internal laboratory standards referenced to the ETH standards), and (ii) that raw data are
processed using the IUPAC isotopic parameters of Brand
et al. (2010). Here we consider the recently published dataset of Breitenbach et al. (2018) and the tufa/travertine calibration of Kele et al. (2015), which was recently
reprocessed by Bernasconi et al. (2018).
Breitenbach et al. (2018) reported D47 values of core-top
foraminifera, and compared them with a clumped-isotope
calibration based on inorganic cave pearls. Their foraminifera data (Fig. 9) are generally within error bars of our calibration line, but a large fraction of their samples display
D47 values 20–35 ppm lower than expected from our Eq.
(3). Most of their observations lie between 10 and 20 °C,
with many D47 values clustered around 0.68 ‰. The reason
for these slightly lower D47 values and weaker correlation

Fig. 9. Comparison of our foraminifer D47-temperature calibration
in blue dots (95 % conﬁdence) with the foraminifer dataset from
Breitenbach et al. (2018) in green diamonds (uncertainties at 2SE).
(For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)

with temperature remains unclear. Although Breitenbach
et al. assigned calciﬁcation temperatures based on the
WOA database, reprocessing their observations using our
oxygen-18 temperature approach does not eliminate the
discrepancies between the two studies. Alternatively, the
observed diﬀerences could result from the use of diﬀerent
cleaning protocols. Breitenbach et al. (2018) included an
oxidative step using 5 % H2O2. Although our cleaning tests
(Fig. 3) imply that the use of 1 % H2O2 has no detectable
isotopic eﬀects, it is conceivable that higher H2O2 concentrations would slightly bias D47 values through cryptic
recrystallization at room temperature. More generally,
these observations called for future foraminifera intercomparison exercises.
We are also able to compare our results to inorganic calibrations based on tufa and travertines (Kele et al., 2015,
reprocessed by Bernasconi et al., 2018) and cave pearls
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Fig. 10. Comparison of our foraminifer D47– temperature calibration in blue dots with the cave pearl calibration of Breitenbach
et al. (2018) in green diamonds and the travertines and tufas
calibration of Kele et al. (2015), recalculated by Bernasconi et al.
(2018) using the parameters recommended by Daëron et al. (2016)
in red squares. (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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results conﬁrm the absence of statistically signiﬁcant species
and salinity eﬀects at our precision level, so that D47 values
in planktonic and benthic foraminifera seem to be exclusively determined by temperature. We found no evidence
for detectable size eﬀects on D47 over a wide range of sizes
in 6 species of planktonic and benthic foraminifera, suggesting that it is possible to combine foraminifera of diﬀerent
size fractions, which should result in notable gains in picking time, total number of analytical replicates and, ultimately, ﬁnal paleotemperature precision.
Our dataset is indistinguishable from the tufas and
travertines calibration of Kele et al. (2015, reprocessed)
and generally very close to the cave pearl calibration of
Breitenbach et al. (2018), both using common carbonate
standards and analytical process. Deﬁning optimal standardization procedures to minimize systematic interlaboratory discrepancies in clumped isotope measurements
is a matter of ongoing debate, and so we took care to
include a large number of international carbonate standard
analyses in the results reported here. Future foraminifer
studies using the same carbonate standards should provide
an excellent opportunity to test whether this strategy yields
a
signiﬁcant
improvement
in
inter-laboratory
reproducibility.
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2 °C to 25 °C. Based on the study of 9 planktonic and 2
benthic foraminiferal species chosen among the most commonly used in paleoclimatology, we conclude that our
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Hatté C., Hodgins G., Jull A. J. T., Bishop B. and Tesson B. (2008)
Marine chronology based on 14C dating on diatoms proteins.
Mar. Chem. 109, 143–151.
Herbert T. D. (2013) Alkenone Paleotemperature Determinations.
Treatise of Geochemistry 6, 625. https://doi.org/10.1016/B9780-08-095975-7.00615-X.
Hut G. (1987) Consultants’ group meeting on stable isotope
reference samples for geochemical and hydrological
investigations.
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