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Clumped isotopes (Δ47) analysis in carbonates is becoming widespread across the
geochemical community as a geothermometer that also allows for the reconstruction
of the precipitating fluid δ18O composition. While initial Δ47–temperature relation-
ship discrepancies between laboratories have been considerably reduced over the
past 10 years, theoretical temperature calibration and laboratory experimental efforts
have still not converged to common ground. Moreover, a lack of high temperature
anchor points has weakened its application to high temperature calcite formation.
Here we present a temperature calibration for carbonate clumped isotopes between
5 and 726 °C, using synthetically precipitated and heated calcites, to extend the cal-
citeΔ47–temperature calibration to higher temperatures. By showing a strong agree-
ment between the empirical calibration proposed here, theoretical and all recently
published T–calibrationsmade using a full carbonate referencing scheme, this study:
(1) provides a calibration allowingmore precise application in high temperature geo-
logical systems, (2) further supports the improvement of inter-laboratory compari-
son by using carbonate standards, (3) reconciles empirical temperature calibrations
with theory.
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Introduction

Clumped isotope measurements on CO2 extracted through
acidification of carbonates has evolved over the past 15 years
as a tool to probe directly the temperature (T) and the parent
fluid oxygen isotope composition (δ18O) of precipitates
(Schauble et al., 2006). This is done by analysing the excess abun-
dance of 13C –18O bonds in the crystal lattice relative to a stochas-
tic distribution (Δ47). This measurement has a direct link to the
formation temperature of the carbonate crystal (Schauble et al.,
2006) and, therefore, avoids needing to making potentially
incorrect assumptions on the isotopic composition of the precipi-
tating fluid as necessary when using the carbonate-water δ18O
geothermometer (Urey, 1947). The pioneering work of Ghosh
et al. (2006) reported the first experimental calibration of the
Δ47–T relationship between 1 and 50 °C. The use of ab initio
thermodynamic models (Schauble et al., 2006; Guo et al.,
2009) allowed the calculation of the 13C–18O bond ordering in
the carbonate crystal lattice as a function of formation temper-
ature, theoretically grounding this geothermometer.

Since its inception, this Δ47–T calibration has been repro-
duced in different laboratories by measuring both natural (e.g.,
Kele et al., 2015; Breitenbach et al., 2018; Peral et al., 2018;

Daëron et al., 2019) and synthetic (e.g., Dennis and Schrag,
2010; Passey and Henkes, 2012; Defliese et al., 2015; Kluge et al.,
2015) calcites. Improvements of the T–calibration have been
based on refining the preparation and analytical techniques
(e.g., sample preparation automatisation, sample size reduction),
establishing an absolute scale (carbon dioxide equilibrium scale
at 25 °C acid digestion temperature; CDES25°C; Dennis et al.,
2011), increasing the number of replicates per anchor points,
and abating the analytical artefacts inherent to clumped isotopic
measurements. While these advances have considerably
reduced the differences observed between the T–calibrations
produced in independent laboratories, significant differences
still remain. More recently, the clumped isotope community
has put effort into understanding the causes of the remaining
inter-laboratory differences. Practitioners have also promoted
the principle of similar treatment for standards and unknown
samples as a mean of improving inter-laboratory comparisons
(Bernasconi et al., 2018). However, a lack of temperature calibra-
tion points above 100 °C and large differences at higher temper-
atures persist, weakening the application of this thermometer
to high temperature geological systems. More importantly, none
of the published T–calibrations can reconcile theory and
experimentation and the non-linearity of the theoretical Δ47–T
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mathematical relationship (Guo et al., 2009) also observed exper-
imentally for dolomite (Müller et al., 2019) has not been repro-
duced empirically at high temperatures for calcite (Fig. 1).

Apart from the challenges inherent to comparing
T–calibrations directly based upon different standardisation
strategies, the differences (i.e. slope p values<1 × 10–4 and
intercept p values<1 × 10–4; Supplementary Information S-1,
Table S-1) observed between the latest composite (Petersen et al.,
2019), the fully carbonate-based standardised (Kele et al., 2015)
recalculated by Bernasconi et al. (2018), and the theoretical
T–calibrations (Guo et al., 2009) could be due to the strong influ-
ence of the high temperature calcite calibration points (Passey
and Henkes, 2012; Kluge et al., 2015) used in the data compila-
tion effort of Petersen et al. (2019) (Fig. 1). Some additional
effects might have influenced the high temperature precipitates
from Kluge et al. (2015) (Supplementary Information S-2,
Fig. S-1) and the re-ordering experiments in Passey and
Henkes (2012) (e.g., incomplete solid state re-ordering), poten-
tially influencing the slope of this composite Δ47–T relationship
(Petersen et al., 2019).

This study attempts to bridge the gap between the fully
stochastic isotope distribution reached at high temperature
and the large number of low to medium temperature points
produced since the onset of this new geochemical tool. We
choose to work solely on calcites to avoid potential biases due
to specific acid fractionation factors (AFF) when using different
carbonates (i.e. aragonite, dolomite, siderite) as theoretically pre-
dicted (Guo et al., 2009) and shown by recent experimental

work (Müller et al., 2017a; van Dijk et al., 2019) at the tempera-
ture of acid digestion used in this study (70 °C). We also took
advantage of the growing number of laboratories that adopted
a fully carbonate-based standardisation of Δ47 measurements –
identical to the treatment used here – to evaluate further the
improvement brought by this standardisation scheme to inter-
laboratory comparison.

Methodology

Synthetic precipitates. Precipitation of synthetic calcites was
performed using high pressure and temperature reaction
cells (70–250 °C) and passive diffusion techniques (5–70 °C)
(Supplementary Information S-3, S-4, Table S-2, Fig. S-2)
(Dennis and Schrag, 2010; Defliese et al., 2015). Briefly, solutions
of NaHCO3 and CaCl2 were equilibrated separately at the target
temperature for 24 to 144 hr prior to mixing. The solutions were
then left to precipitate for at least 24 hr. We carried out near-
equilibrium precipitation by keeping the calcite saturation index
below 2.5 and verifying the δ18O values of the precipitates
relative to the δ18O of the water used (−10.9 ‰; see Fig. S-1,
Table S-2, Supplementary Information S-2, S-3). The production
of the heated calcite (i.e. CM γ-5; 726 °C) is described in Schmid
and Bernasconi (2010).

Measurements. Synthetic precipitates were analysed at
the Delta-lab (Geological Survey of Canada) using a MAT 253
(Thermo Scientific, Bremen, Germany) equipped with six
shielded faraday cups (m/z= 44–49) and an additional half-mass

Figure 1 Δ47–T linear relationships in the CDES25°C for the empirical and theoretical calibrations (see text for details). Lines represent the
regression models based on all replicates, and shaded envelopes show their 95 % confidence intervals (CI). For more information on the
reprocessing of these different datasets see Supplementary Information S-6.
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detector at m/z= 47.5 for live background monitoring. The
preparation of carbonate was performed with a KIEL-IV carbon-
ate device (Thermo Scientific, Bremen, Germany) modified
according to Schmid and Bernasconi (2010). The sample is first
acidified for 500 s with 3 drops of 104 % phosphoric acid pre-
pared following the method of Burman et al. (2005). Evolved
CO2 and H2O are trapped continuously at liquid N2 (LN2) tem-
perature followed by a 60 s of non-condensable gas pumping.
The CO2 is then released at −100 °C and cryopumped through
a Porapak trap surrounded by Ag wool held at −14 °C into a
micro-volume at LN2 temperature. The purified CO2 is then
released into the ion source of the mass spectrometer through
an inert capillary. δ18O, δ13C, and δ47 data were acquired simul-
taneously using the long integration dual inlet (LIDI) method
(Müller et al., 2017b).

Each measurement comprises 70 cycles of 10 s integra-
tions of the unknown gas followed by a similar integration
strategy of the working gas (δ13CVPDB = –4.5‰, δ18OVPDB=
–14.05 ‰). Each synthetic calcite measurement was replicated
at least 20 times (80–100 μg aliquots) in order to achieve good
precision for the evaluation of the Δ47–T relationship. Error esti-
mation is reported as 95 % confidence interval (CI) of all
replicates.

Data processing. Raw beam intensities were imported
into Easotope (John and Bowen, 2016) for calculation of the
Δ47. The IUPAC parameter set (Brand et al., 2010) was used to
correct for 17O interferences (Daëron et al., 2016; Schauer et al.,
2016). We adopted a fully carbonate-based calibration scheme
by interspersing 50 % of carbonate standards developed at

ETH-Zurich (Meckler et al., 2014) in every analytical session,
and by keeping similar average sample and standard sizes.
The recalculated values (IUPAC parameter) of the different stan-
dards (ETH1-4) were used (Bernasconi et al., 2018) with an exter-
nal long term standard deviation of 37 ppm. ETH-1 and ETH-2
were used to correct for non-linearity effects in the ion source,
ETH-1, 2 and 3 aided with constructing the empirical transfer
function (ETF) for translation of the measurements to the
CDES, and ETH-4 was treated as an unknown for data acquis-
ition and processing monitoring. The calibration was made on a
running window of 56 standards before and after each unknown
to correct for drift in ion source stability. Minor negative back-
ground correction was performed using the pressure baseline
correction (Bernasconi et al., 2013) after every 46 replicates using
high voltage scans made from 5 to 25 V intensities (m/z= 44), in
5 V increments, to produce a correction function that can be
applied to the decaying beam intensity inherent to the LIDI
method of measurement. Discussion on the effect of linearities
on the ETH carbonate standardisation scheme can be found in
the Supplementary Information S-5.

Results and Discussion

Following the mentioned methodologies, we produced a linear
T–Δ47 calibration over the temperature range of 5 to 250 °C
(Fig. 2).

To evaluate the efficiency of the ETH carbonate standard-
isation scheme in improving inter-laboratory comparisons,
we compiled the T–calibrations from this study and recently

Figure 2 Δ47–T linear relationship in the CDES70°C for the studies fully referenced to ETH carbonate standards; lines represent each study’s
linear models, with shaded envelopes representing their respective 95 % CI. For more information on the reprocessing of the different
datasets, see Supplementary Information S-6.
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published Δ47–T relationships standardised with ETH carbon-
ates (Bernasconi et al., 2018; Breitenbach et al., 2018; Peral et al.,
2018; Daëron et al., 2019; Piasecki et al., 2019; Meinicke et al.,
2020; Fig. 2) in the CDES70°C. This approach avoids the poten-
tial propagation of errors due to the use of somewhat loosely
constrained AFF conversions. An analysis of covariance on the
different slopes and y intercepts of the Δ47–T relationships
reveals strong similarities at the 95%CI (i.e. slope and y intercept
p values> 0.05; Table S-3). This exercise confirms that the
proposition to use a fully carbonate-based calibration scheme
(Bernasconi et al., 2018) improves the comparison of data mea-
sured in different laboratories with various treatment, analytical
methods and different types of calcite formation while avoiding
the effects of the uncertainty in the AFF. Hence, this supports
producing the following composite linear Δ47–T relationship
with T in K (Fig. 2).

Δ47ðCDES70°CÞ = 0.0435ð±0.0004Þ × 106

T2 þ 0.118ð±0.0042Þ
We additionally plotted the composite calibration from

Petersen et al. (2019) for qualitative comparison (Fig. 2). While
partially overlapping within the 95 % CI error estimates of the
low temperature calcite precipitates synthesised in this study,
differences in Δ47 of up to 50 ppm are observed between the
two calibrations at temperatures above 90 °C. These discrepan-
cies at ca. 200 °C translate into temperature estimates differences
of around 50 °C, which can influence the interpretation of high

temperature systems when using the clumped isotope
geothermometer.

In an attempt to investigate the theoretical non-linear
nature of the Δ47–T relationship, we expanded the studied tem-
perature range to the equivalent stochastic 13C–18O bonds distri-
bution by adding measurements of the heated calcite CM γ-5
(726 °C) (Schmid and Bernasconi, 2010) and the data for the
three stochastic calcites (1000 °C) reported in Müller et al.
(2017) (Fig. 3, Supplementary Information S-6).

The polynomial relationship from Guo et al. (2009) is
projected into the CDES70°C frame by replacing the Δ*47–63
(= 0.268 ‰ for a 25 °C acid digestion) with a 70 °C Δ*47–63
(= 0.184 ‰) determined experimentally by Müller et al.
(2017b) and updated to the IUPAC parameters (Supple-
mentary Information S-6, S-7). While the theoretical Δ47–T pol-
ynomial relationship (Guo et al., 2009) fits relatively well with our
empirical calibration curve at high temperature (i.e. within the
95 % CI), our curve lies above the theoretical line and outside
the 95%CI at low temperature. When wemodify the theoretical
curve by integrating the dependency of the Δ*47–63 to the Δ63 of
the reactant carbonates (Guo et al., 2009), a significant fit
between the two polynomial curves is observed (i.e. p value=
0.96; Supplementary Information S-1), reconciling the experi-
mentation with theory at the 95 % CI over the full temperature
spectrum (Fig. 3). This, in addition to the significant similarities
of all Δ47–T linear relationships (Fig. 2), further supports using
the carbonate standardisation scheme for inter-laboratory

Figure 3 Δ47–T third-order polynomial relationship (CDES70°C) for this study, the theoretical, thermodynamic based relationship in Guo
et al. (2009) and amodified version of this equation taking into account the dependence of theΔ*47–63 on the reactantΔ63 (35 ppm increase
inΔ*47–63 per 1‰ increase inΔ63). ETH1 and 2 (i.e. 600 °C) are illustrated for visual comparison but are not included in the regressionmodel.
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comparisons (Bernasconi et al., 2018; Peral et al., 2018; Meinicke
et al., 2020). Moreover, this study provides an empirical
T–calibration agreeing with theory over the broadest tempera-
ture range to date. This new T–calibration, which can be applied
by any laboratory using a carbonate-based standardisation of
their measurements on calcite, may also serve for investigating
geological contexts of calcite formation at high temperature.
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S-1: Statistical Tests 

 
The regression models and respective 95 % confidence intervals (95 % CI) and predictive intervals were computed using the lm() 

function in R, version 3.6.1 (2019-07-05).The pair-wise comparison between the different linear relationships was performed by a 

Tuckey Honest Significant Differences test at the 95 % CI in two steps. First the slope coefficients were compared with their confidence 

intervals, if no differences were found, the y-intercept coefficients were also compared in a similar manner. Results are presented in 

Table S-1 and S-3.  To compare the 3rd order polynomial relationships, we performed an ANOVA between a composite polynomial 

model (i.e. data from this study and data from the modified relationship of Guo et al. (2009)) and the polynomial model from our 

study at the 95 % CI. In all cases the “null hypothesis” was that the relationships were different. All statistical tests were performed 

in R, version 3.6.1 (2019-07-05) with the attached based package stats version 3.6.1 and an additional loaded package multcomp_1.4-

10. 
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Table S-1 Tukey Honest Significant Differences test for the different paired comparison of the regression models coefficients produced in the CDES25°C (Fig.1). 
The p-values for slopes (Ps) and y-intercepts are represented (Pi) when the slopes are sta�s�cally not different (i.e. Ps > 0.05). The color coding indicates the 
significance, with green highligh�ng no sta�s�cal differences in slopes and y-intercept (i.e. Ps and Pi > 0.1) and red differences in slopes (Ps < 0.05). A limita�on in 
this sta�s�cal test is induced by the different sizes of the dataset used to build the different regression models (e.g., number of individual replicate and temperature 
range covered by the datasets).  

 Bernasconi et al. 
(2018) 

Petersen et al. (2019) 
Composite Synthetic 

Kluge et al. 
(2015) 

Bernasconi et al. (2018) – Ps <1.10–4 Ps <1×10–4 

Petersen et al. (2019) 
Composite Synthetic  – Ps = 0.99 

Pi = 0.60 

 

 

Figure S-1 Comparison of the O-isotope frac�ona�on factors (αcc/w) between water (w) and calcite (cc) as a func�on of temperature for different calibra�on 
studies. Lines represent the linear regressions, and shaded envelopes show their 95 % confidence intervals (CI). 

 
S-2: Carbonate-water Fractionation(αcc/w) 

 
As this study was designed to only extend the Δ47–T relationship for calcite, we neither measured the δ18O values of the precipitating 
fluids nor evaluated the O-isotope fractionation between water and calcite, the related discussion would require further experiments 
and measurements to be validated. However, we still can estimate the 18O/16O fractionation by applying a value of –10.9 ‰ 
representing the annual δ18O average of the water supplied to the drinking water network of Quebec City (Narancic et al., 2019). The 
obtained 1000ln(αcc/w) –T relationship is comprised between the recent inferred equilibrium relationship of Daëron et al. (2019) and 
the one of Kim and O’Neil (1997) while being parallel to both curves (Fig. S-1). This implies that, while possibly not fully reaching 
O-isotopic equilibrium in our precipitation experiments, the produced calcites might be closer to equilibrium then the one 
precipitated by Kim and O’Neil (1997), potentially due to slower rates of precipitation. Recent studies (Coplen, 2007; Tang et al., 2014; 
Tripati et al., 2015; Watkins and Hunt, 2015; Levitt et al., 2018; Daëron et al., 2019) seem to agree regarding a dependence of the αcc/w 
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1000ln(αcc/w) = 18.0 × 103/T− 32.2  R2=1 
1000ln(αcc/w) = 14.2 × 103/T− 18.5  R2=0.93 

1000ln(αcc/w) = 17.6 × 103/T− 31.1       R2=1
1000ln(αcc/w) = 17.0 × 103/T− 27.1  R2=0.95 
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on the growth rates of calcite crystals that exists without measurably affecting the clumped isotope systematics. As a matter of fact, 

the similarities between the Δ47–T relationship reported in the present study and the one from the slow-growth mammillary calcites 

(Daëron et al., 2019) (Fig. 2) or the theoretical curve (Guo et al., 2009) (Fig. 3) seem to support this idea. 

In comparison, the reconstructed 1000ln(αcc/w)–T relationship from Kluge et al. (2015) calculated using their estimated local 

δ18Ow average (–6.5 ‰) illustrates a different slope, suggesting the presence of an additional kinetic effect on their experimental O-

isotope fractionation factor between calcite and water (Fig. S-1). Kluge et al. argue that this additional kinetic effect could be due to 

water/vapor phase re-equilibration taking place prior to the H2O-DIC 18O-equilibration and therefore not impacting precipitation at 

O-isotopic equilibrium. However, the correlation in departure from the equilibrium line for both 18O/16O (Fig. S-1) and clumped 

isotope fractionation (Fig. 1) would suggest that this process could have hindered near-internal isotopic equilibrium precipitation as 

well. 

The 1000ln(αcc/w)–T relationship from Kele et al. (2015) that was developed on the same samples used for the construction of 

the Δ47–T relationship recalculated by Bernasconi et al. (2018) shows higher 1000ln(αcc/w) than Kim and O’Neil (1997) but is similar to 

the recent inferred equilibrium relationship of Daëron et al. (2019). This is surprising as high precipitation rates reported for the 

travertine samples investigated in Kele et al. (2015) should have lowered the O-isotopic fractionation factor between calcite and water 

due to the inhability of the DIC-H2O system to equilibrate fast enough prior to precipitation, relative to the slow precipitating 

mammillary calcites system in Daëron et al. (2019). Because the  Δ47–T relationship proposed by Kele et al. (2015) is similar to the one 

from Daëron et al. (2019) inferred to reflect near-internal isotopic equilibrium precipitation, it suggests that an additional effect might 

be influencing the O-isotope fractionation measured in the travertines samples without affecting the internal isotopic equilibrium.  

Kele et al. (2015) proposed that the reason for this is that the samples used for the calibration were only the very first precipitates 

collected closest to the venting orifices. These samples only represent the precipitation of a small fraction of the available dissolved 

inorganic carbon. This may be the reason why they record close to equilibrium conditions: the kinetic effects due to increased 

degassing and precipitation influenced by disequlibrium processes will be only visible downstream or at sites where a larger portion 

of the dissolved inorganic carbon is precipitated and accumulated. 

 

S-3: Synthetic Calcite Precipitates 
 
The precipitation of synthetic calcites was performed by mixing solutions of NaHCO3 and CaCl2 after a long isotopic equilibration 

time (24 to 144 hr) similar to the passive degassing technique described in Kim et al. (2007) and Dennis and Schrag (2010). The δ18O 

values of the ultrapure water used in these experiment is assumed to be the annual average of the source of the city drinking water 

(i.e. –10.9 ‰) (Narancic et al., 2019) Our long equilibration time is motivated by recent work showing that reaching clumped isotope 

equilibrium requires longer times than reaching O-isotopic equilibrium between H2O and DIC (Guo, 2020). The concentrations of the 

two solutions were calculated with PhreeqC, allowing constraining our saturation indices (S.I.) below 2.1, with an average first order 

precipitation rate estimation between 0.01 to 0.35 µmol.m–2.s–1 further helping to foster internal isotopic equilibrium (Table S-2). 

Synthetic precipitates between 5 to 70 °C were obtained by slowly mixing the two solutions at atmospheric pressure conditions 

within a temperature-controlled water bath. Synthetic precipitates between 70 to 250 °C were obtained by first N2-pressurizing the 

solution in PTFE lined Parr bomb (Fig. S-2). Pressures were chosen in order to minimize possible fluid ebullition and water phase 

partitioning related-isotopic fractionations at the different target temperatures. The two reaction cells were then heated to the target 

temperature and equilibrated for at least 24 hr. After equilibration the CaCl2 solution was transferred into the NaHCO3 solution 

through a heated PTFE-lined high-pressure tubing by using a pressure gradient between the two reactors. During the whole 

experiments the precipitation vessel were constantly stirred with a magnetic stir bar. 

After at least 24 hr of precipitation, the reaction cell was cooled down to >50 °C in a maximum of 45 min with an ice/water bath 

prior to depressurization. This ensured minimizing potential disequilibrium precipitation due to fast degassing at high temperature. 

The precipitates were immediately vacuum filtered on a nitrocellulose membrane and air dried. After drying, and homogenisation, 

the synthetic precipitates were kept in a dedicated desiccator prior to analyses. 

XRD analyses of each precipitate were performed at Queen’s University on homogenised aliquots in order to assess the 

mineralogy of each experimental carbonate produced. Only calcites were selected to build the Δ47–T empirical relationship and avoid 

potential error propagation due to differing acid fractionation factor for different mineralogy as suggested by theoretical (Guo et al., 

2009) and experimental studies (Müller et al., 2017, 2019; van Dijk et al., 2019).  
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Figure S-2 Schema�c of the high pressure, high temperature apparatus used to precipitate synthe�c calcites between 70 to 250 °C. 

 
 
Table S-2 Synthe�c calcite precipitates descrip�on. The satura�on index (S.I.) was calculated using PhreeqC but is likely inaccurate above 120 °C as extrapola�on 
of kine�c parameters to higher temperature can be hazardous. The average δ13C and δ18O standard errors is ±0.07 ‰.  

T 
(°C) 

P 
(bar) 

NaHCO3 
(mol.L–1) 

CaCl2 
(mol.L–1) S.I. 

Equilib. 
time 
(hr) 

Ppt. 
time 
(hr) 

Yield 
(mg) 

Ppt. rate 
(µmol.m–2.s–1) 

δ13C 
(‰) 

VPDB 

δ18O 
(‰) 

VPDB 

Δ47 

(‰) 
CDES70°C 

95 % 
C.I. 

5 1 0.004 0.04 1.06 144 936 8 >0.001 –0.65 –7.91 0.676 0.010 
5 1 0.0049 0.069 1.25 144 936 32 0.001 +1.27 –8.37 0.683 0.013 

25 1 0.0027 0.027 0.98 72 432 100 0.006 –1.19 –12.12 0.601 0.016 
50 1 0.0019 0.019 0.97 144 216 156 0.018 +0.77 –16.94 0.543 0.016 
70 20 0.004 0.04 2.08 48 96 26 0.020 –0.86 –20.21 0.489 0.017 
90 8.5 0.0012 0.012 0.95 24 144 15 0.007 –0.77 –21.89 0.456 0.028 
120 8.5 0.004 0.04 1.22 48 120 90 0.052 –2.24 –27.63 0.398 0.013 
170 30 0.004 0.04 0.92 24 72 104 0.099 –4.06 –31.15 0.330 0.012 
200 50 0.004 0.04 0.62 24 48 100 0.143 –5.27 –33.18 0.312 0.016 
250 120 0.004 0.04 0.63 24 24 95 0.273 –6.63 –34.13 0.274 0.015 
250 95 0.004 0.04 0.63 24 24 126 0.362 –7.26 –35.58 0.291 0.016 
726 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. +2.06 –2.24 0.194 0.008 

 

 
S-4: No Bond Reordering 
The exchange-diffusion model of Stolper and Eiler (2015) and the first order approximation model from Passey and Henkes (2012) 
were used to test for the potential of solid-state reordering during retrograde cooling of our pressure vessels (Fig. S-3). Both models 
suggest that considerably longer cooling rates than the one used in this study (i.e. <4.2 °C/min) would be required to produce any 
measurable changes in the excess 13C–18O bonds abundances created at the temperature of precipitation.  
 

T (°C)
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Figure S-3 Solid-state reordering model for the cooling period of the pressure cell a�er precipita�on in the CDES25°C. The temperature path is illustrated by a 
dashed black line, and the Δ47 evolu�on of a 250 °C synthe�c precipitate by a light blue line. Both the Passey and Henkes (2012) first order approxima�on and 
the Stolper and Eiler (2015) exchange-diffusion models are indis�nguishable and predict no reordering during retrograde cooling of the cell. The reordering 
model used are open access and developed by Max Lloyd. They are available at the following address: 
h�ps://github.com/maxmansaxman/Clumpy_reordering_model_distribu�on 

 

S-5: 45R and 46R Linearity Effect on ETH Carbonates Standardisation 
 
The principle of “identical treatment” for samples and references is central to the carbonate standardisation scheme (Meckler et al., 
2014; Bernasconi et al., 2018) and has been proposed as an alternative or complement to the use of heated and equilibrated CO2 gases 
to improve interlaboratory comparisons. While the carbonate standardisation scheme using the ETH standards works very well for 
Δ47 vs δ47 corrections (e.g., residual pressure baseline corrections or issues in 47R linearity) due to the ETH standards large spread in 
δ47, it has been suggested that differential linearities in 45R and 46R could impart some error in the standardization if the samples fall 
outside of the δ18O or δ13C brackets formed by these standards (Olack and Colman, 2019). We note however that a heated Merck 
carbonate with a very low δ47 (i.e. –42.87 ‰) has been measured within 8 ppm from a ETH 4 and Carrara marble that were heated at 
the same temperature by Müller et al. (2017) suggesting  limited influence of potential differential linearities. While our linearities in 
45R and 46R from 7 to 16V (i.e. 0.00945 ‰/V and 0.018 ‰/V respectively) are relatively low and similar, the fact that some of our high 
temperature precipitates fall outside the δ18O calibration brackets requires further investigation as to the uncertainty that this could 
impart to our measurements. 

In addition to testing for the influence of this slight difference in linearity with the model provided in Olack and Colman (2019), 
we added the effect of a hypothetical residual PBL of –5 mv on m/z=47 after PBL correction as well as a maximum of 500 mV difference 
between reference and sample gas signals during measurements. While these additional parameters might not reflect our regular 
working conditions (i.e. as our pressure adjustment and capillary crimping result usually in pressure unbalances lower than 300 mV 
between reference and sample), we investigated them as a worst-case scenario. 

We therefore used this model to evaluate the influence of ETH carbonate standardisation using the ETH1-3 on the samples in 
a Δ47 vs δ13C–δ18O isotopic space. More specifically, we used the slope made by the ETH standards in a Δ47 vs δ13C–δ18O space (i.e. 
after δ47 correction) to correct the samples and evaluate the residual deviation of the corrected samples from a hypothetical true value. 

This exercise resulted in maximum deviation of 7 ppm for the most 18O-depleted samples (i.e. the high temperature calcite 
precipitates). This deviation is largely within the 95 % CI error estimates of these high temperature calcites with low δ18O (i.e. 12 to 
16 ppm) and therefore will not influence the calibration established here. 
  

 

Time (min)
0 3015 45

50

100

150

200

250
T (°C)

Δ4
7 
(C

D
ES

25
°C

 ‰
)

0.40

0.45

0.50

0.55

0.60

Pressure cell cooling T-path

Synthetic calcite at 250°C

https://github.com/maxmansaxman/Clumpy_reordering_model_distribution


 

                                                             Geochem. Persp. Let. (2020) 14, 36-41 | doi: 10.7185/geochemlet.2021                             SI-6 

   

 

S-6: Δ47–T Relationships Recalculation 
 
In Fig. 1, all replicates reported with a fractionation factor for an acid digestion at 25°C (CDES25°C) served to calculate and compile 

the regression models. 

- The theoretical calibration line from Guo et al. (2009) is adjusted to the CDES25°C by replacing the experimental Δ*47-63 of 

0.232 ‰ with the updated one using Table 4 in Dennis et al. (2011) (i.e. 0.268 ‰). The 95 % CI envelope for the theoretical 

line represents an estimation of 0.01 ‰ uncertainty on the theoretical calculations. 

- The Δ47–T relationship from Kluge et al. (2015) uses the recalculated values found in Petersen et al. (2019). 

- The Δ47–T relationship from Kele et al. (2015) recalculated by Bernasconi et al. (2018) is updated with the new AFF of 0.066 ‰ 

(Petersen et al., 2019). 

In Fig. 2, values are reported with a fractionation factor for an acid digestion at 70 °C in the CDES (CDES70°C).  

- The Δ47–T relationship from Daëron et al. (2019) produced at 90 °C acid digestion and projected in the CDES25°C is back 

calculated to the CDES70°C by subtracting the Δ*25-70°C of Defliese et al. (2015), only the available average values are used for 

the linear regression modeling. 

- The Δ47–T relationship from Breitenbach et al. (2018) recalculated by Petersen et al. (2019) in the CDES25°C was back 

calculated to the CDES70°C by subtracting the Δ*25-70°C found in Petersen et al. (2019), all replicates were used for the linear 

regression modeling. 

- The Δ47–T relationship from Piasecki et al. (2019) is calculated by using the average Δ47 per site in their Table 2 (i.e. after 

removing the data points made of less than nine replicates – determined by the authors to be the threshold for reaching 

counting statistics) and back calculated to the CDES70°C by subtracting the Δ*25-70°C found in Defliese et al. (2015). 

- The Δ47–T relationship from Kele et al. (2015) recalculated by Bernasconi et al. (2018) in the CDES70°C is used after 

subtracting the Δ*25-70°C of Defliese et al. (2015), all replicates are used for the linear regression modeling. 

- The Δ47–T relationship produced by Peral et al. (2018) at 90 °C acid digestion and recalculated by Petersen et al. (2019) in the 

CDES25°C is back calculated to the CDES70°C by subtracting the Δ*25-70°C found in Petersen et al. (2019), all replicates are 

used for the linear regression modeling. 

- The Δ47–T relationship produced by Meinicke et al. (2020) is recalculated in the CDES70°C by subtracting the Δ*25-70°C found 

in Defliese et al. (2015). All replicates were used for the linear regression modelling. 

- The species Globigerinoides ruber where not included in the regression for Peral et al. (2018) and Meinicke et al. (2020) because 

they are the shallowest-dwelling species with potential unresolved species-specific effect on their Δ47. For example, influence 

of photosynthesis on the calcification rate and on the calcite excretion micro-environments (De Nooijer et al., 2014)  has been 

suggested to create disequilibrium effects on the Δ47 indices (Meinicke et al., 2020).  

- The composite Δ47–T relationship for the synthetic carbonate precipitates produced by Petersen et al. (2019) was adjusted to 

the CDES70°C by subtracting the Δ*25-70°C found in Petersen et al. (2019). All replicates were used for the linear regression 

modelling 

In Fig. 3, all replicates measured are used to calculate the 3rd-order polynomial model from this study. The averaged CDES70°C 

values per run from Table 2 and 3 in Müller et al. (2017) were corrected by subtracting the average difference between the ETH 

standards values reported in Meckler et al. (2014) and the recalculated ones in Bernasconi et al. (2018). The average of these updated 

values (= 0.184 ‰) also served as a fractionation factor between CaCO3 and CO2 for an acidification at 70 °C (Δ*47-63).  The 95 % CI 

envelope for the theoretical lines represents an estimation of 0.01 ‰ uncertainty on the theoretical calculations. 
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Table S-3 Tukey Honest Significant Differences test for the different paired comparisons of the regression models coefficients produced in the CDES70°C (Fig.2). 
The p-values for slopes (Ps) and y-intercepts (Pi) are both reported when the slopes are statistically not different (i.e. Ps > 0.05). The color coding indicates the 
significance, with green highlighting no statistical differences in slopes and y-intercept (i.e. Ps and Pi > 0.1), orange, no statistical differences in slopes and borderline 
similarities in y-intercept (i.e. Ps > 0.1 and Pi > 0.05). A limitation in this statistical test is induced by the different sizes of the dataset used to build the different 
regression models (e.g., number of individual replicate and temperature range covered by the datasets). 

 

 Bernasconi et 

al. (2018) 

Breitenbach et 

al. (2018) 

Daëron et al. 

(2019) 

Peral et al. 

(2018) 

Piasecki et al. 

(2019) 

Meinicke et al. 

(2020) 

This study 
Ps =0.71 

Pi =1.00 

Ps =1.00 

Pi =0.39 

Ps =1.00 

Pi =1.00 

Ps =0.99 

Pi =0.99 

Ps =1.00 

Pi =0.98 

Ps =0.75 

Pi =0.99 

Bernasconi et 

al. (2018) 
– 

Ps =0.98 

Pi =0.07 

Ps =1.00 

Pi =1.00 

Ps =0.95 

Pi =1.00 

Ps =1.00 

Pi =0.99 

Ps =0.40 

Pi =0.46 

Breitenbach et 

al. (2018) 
 – 

Ps =1.00 

Pi =1.00 

Ps =1.00 

Pi =0.06 

Ps =1.00 

Pi =0.62 

Ps =0.99 

Pi =0.53 

Daëron et al. 

(2019) 
  – 

Ps =1.00 

Pi =1.00 

Ps =1.00 

Pi =0.99 

Ps =1.00 

Pi =1.00 

Peral et al. 

(2018) 
   – 

Ps =1.00 

Pi =1.00 

Ps =1.00 

Pi =0.43 

Piasecki et al. 

(2019) 
    – 

Ps =1.00 

Pi =0.92 

 

S-7: On the Signification of the Δ47–T Intercept 

 
Guo et al. (2009) determined experimentally and theoretically the Δ*47 –63 fractionation factor between CaCO3 and CO2 (during 

phosphoric acid removal of 1/3 of the oxygen atoms at 25 °C) to be 0.232 and 0.220 ‰ respectively. When transferred into the absolute 

reference frame from Dennis et al. (2011), the experimental value equals 0.268 ‰. This value is not equivalent to the value of the Δ47–

T intercept in the absolute reference frame. This pertains to the fact that the relationship between Δ47 and 1/T2 is not linear over the 

whole range of temperatures, where high temperatures show a flattening of the Δ47–1/T2 curve (Schauble et al., 2006). On the other 

hand, several studies with acid digestion temperature of 70 °C (Müller et al., 2017, 2019; van Dijk et al., 2019) show similar slopes for 

the linear portion of the Δ47–T relationships for different carbonate minerals (calcite, aragonite, dolomite, and siderite). Therefore, we 

suggest that a first calibration of the clumped isotope geothermometer on any carbonate mineralogy could be made by determining 

the Δ*47–63 using: (1) a carbonate driven to stochastic 13C–18O bond distribution and, (2) a carbonate with a constrained temperature of 

formation that is within the linear approximation of the temperature relationship. This approach, while not ideal, appears successful 

as seen through the extension of the work of Coplen (2007) by Daëron et al. (2019) on the temperature dependence of the 18O/16O 

fractionation between water and calcite, and therefore could be applied on unexplored carbonate minerals such as ankerite. 
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