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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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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.  
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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. 
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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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