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Abstract (max. 500)

Due to the lack of direct methods capable of determining the abundance of isotopologues
containing multiple heavy isotopes within the crystal lattice, carbonates are typically reacted
with phosphoric acid to produce CO; analyte for clumped isotope analyses. This reaction is
associated with fractionations of both bulk oxygen and clumped isotopes. Accurate
knowledge of the effect of cation substitution on the degree of isotopic clumping in the
carbonate phase and on acid fractionation factors is crucial for accurate temperature
reconstructions based on clumped isotope measurements of extracted CO, from various
carbonate mineralogies. Previous studies have yielded contradicting results on the effect of
carbonate mineralogy on both A,, acid fractionation factors and the validity of a universal
A,--T relationship, and, so far, a systematic investigation of mineralogy-specific effects on A,q
is lacking.

In this study, we have analyzed the dual clumped isotope composition of stochastic and non-
stochastic calcites, aragonites, dolomites, witherites, and siderites with unprecedented long-
term repeatabilities (1SDs) of 8.1 and 28.1 ppm for A,, and A,g, respectively. In order to
facilitate complete acid digestion of dolomite and siderite in a reasonable timeframe, an acid
digestion temperature of 110°C was used for these minerals instead of the 90°C applied to
calcite, aragonite and witherite. A set of calcite samples was reacted at both temperatures to
determine the calcite-specific difference in acid digestion-related fractionation factors
between 90 and 110°C, yielding A}, ;119-9pcc = -0.0147£0.002 % and Ajg 119-90oc = -
0.0148+0.006 %o (2SEs, n=8). After projecting A, and A,g results from stochastic dolomite
and siderite to the carbon dioxide equilibrium scale (CDES90) using the calcite-specific
A7 110-90°c, calcite, aragonite, dolomite, witherite and siderite exhibit statistically

indistinguishable  A,; cppsgo and  Aug cpesoo  Values, with weighted averages of
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0.1850+0.0042 %o and 0.1255+0.0130 %o (weighted 2SEs, n=15), respectively. In addition,
A4 cpeseo and Ayg cpEsee Values of non-stochastic aragonites (n=2), (proto-)dolomites (n=2)
and witherite (n=1) correspond to calcite equilibrium values predicted by their independently
known formation temperatures (Fiebig et al., 2024). Natural dolomites and siderites of
unknown formation temperature are also indistinguishable from the calcite equilibrium line.
Overall, these results imply that calcite, aragonite, dolomite and witherite share
indistinguishable A}, A,g and Ag5-Ag,-T relationships. As a consequence, the calcite-specific
equilibrium A4, cpesoo-Bas, cpesoo-T relationships of Fiebig et al. (2024) can be reliably
applied to aragonite, dolomite, and witherite. More precipitation experiments under
controlled conditions are necessary to clarify with more confidence if these relationships are
also valid for siderite.

1. Introduction

Carbonate clumped isotope analysis concerns the determination of the abundances of
carbonate isotopologues in which at least two light isotopes are substituted by their heavy
homologues. The A; metric expresses the extent to which clumped isotopologues are
enriched relative to stochastically driven partitioning of isotopes amongst isotopologues

(Ghosh et al., 2006; Schauble et al., 2006; Wang et al., 2004), see Equation 1, where R; = m/z;

m/Zgy

and R; is the stochastically expected isotopologue abundance as determined based on the

bulk isotopic composition (for i in 47, 48 and 49).
R;
A= (E - 1) X 1000 [%o] (1)
l
Departures from stochastic partitioning are due to the slight mass differences between
isotopes and isotopologues, thus influencing molecular vibrational zero-point energies
(Bigeleisen, 1965), making ‘clumped’ arrangements of heavy isotopes thermodynamically
favorable over stochastic arrangements. Because direct determination of clumped CaCO3
isotopologues from within the crystal lattice is not technically feasible, it is measured on CO;
released from phosphoric acid digestion of the carbonate (Ghosh et al., 2006).
Since the pioneering isotope studies on carbonate minerals (McCrea, 1950; Urey, 1947), it has
been shown many times that acid digestion is associated with oxygen isotope fractionation,
such that the oxygen isotope composition of the evolved CO; (5180602) is enriched relative
to that of the carbonate (6180)(603). This occurs because only 2/3 of all oxygen atoms in the
carbonate ion are released as CO,, whereas 1/3 of the oxygen atoms partition into water; see
Equation 2, where X is a divalent cation, e.g., Ca*, Mg?*, Fe?* or Ba?*
H;PO, + XCO; -» XHPO, + H,0 + CO, (2)
Sharma and Clayton (1965) have already demonstrated differences in oxygen isotope
fractionation factors associated with acid digestion (18aC02—XCO3; Equation 3) for different

carbonate minerals
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18 (6180602 + 1000)
a _ =
€027XC0s ™ (81800, + 1000)
Follow-up studies have progressively applied more advanced methodologies and empirically

(3)

tested a variety of carbonate minerals, thus confirming mineral-specific 18amz_xco3 (e.g.,
Bottcher, 1996; Gilg et al., 2003; Kim & O’Neil, 1997; Rosenbaum & Sheppard, 1986). It has
been shown that the extent of acid fractionation is affected by acid temperature (McCrea,
1950), acid concentration (Wendeberg et al., 2011), reaction time and technique (Swart et al.,
1991), carbonate crystal structure (i.e., rhombohedral calcite group vs. orthorhombic
aragonite group; Gilg et al., 2003; Sharma & Clayton, 1965), different cation substitutions
(Guo et al., 2009), as well as the grain size of reacted carbonate powders (Swart et al., 1991;
Walters et al., 1972).

As observed for bulk oxygen isotopes, the clumped isotope compositions of CO; (A,,, A,g and
A,q) are likewise offset by acid fractionation factors (i.e., A;, Ayg and A}4) from those of XCO3

precursor molecules within the crystal lattice (Ag3, Ag4 and Ags, respectively) (e.g., Guo et al.,
2009):

Ay7 = Dg3 + Ajw [%0] (4)
Ayg = Dgy + AZB [%0] (5)
Ayog = Dgs + Afw [%0] (6)

Clumped isotope acid fractionation factors A; (AFFs), therefore describe the extent to which
bonds between light isotopes are preferentially broken over those of heavy isotopes during
acid digestion of carbonates. The magnitude of these AFFs depends on reaction temperature
(e.g., Guo et al., 2009; Defliese et al., 2015), and possibly on mineralogy (e.g., Guo et al., 2009),
with A 111, oc representing the difference between temperatures T1 and T2 in °C for a given
mineralogy. The evolved CO; gas is enriched in heavy isotopologues, when compared to the
initial CaCOs phase (Ghosh et al., 2006). Direct determination of A7 can be achieved through
analysis of CO; derived from phosphoric acid digestion of samples that are characterized by
stochastic distribution of isotopes amongst carbonate isotopologues, i.e., Ag3, Agy, and Ags=
0%o (Schauble et al., 2006; Hill et al., 2014). For the identification of the effects of cation
substitution and crystal structure on Ag3, Agy and Ags values, additional analysis of samples
of non-stochastic composition and known formation temperatures is required, since
equilibrium Ag3-Ag.-Ags values may have mineralogy-dependent temperature sensitivities.
Schauble et al. (2006) and Hill et al. (2014) have calculated equilibrium constants for individual
COs% groups using first-principles lattice dynamics. These predicted that aragonite, calcite,
dolomite and witherite differ in their intrinsic Ag3-T relationships by up to 30 ppm. Theoretical
cluster modeling by Guo et al. (2009) indicated additional cation-dependent differences of
<30 ppm in AFFs for aragonite, calcite, witherite and dolomite. Predicted combined
differences make up <50 ppm of absolute variation in A,--T relationships between carbonate
mineralogies at 25°C acid reaction temperatures (Guo et al., 2009). Considering that A},
decreases with increasing acid digestion temperature, this value may represent an upper
estimate of the A, difference that can be expected.
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Empirical studies on aragonite and calcite implied that both mineralogies share
indistinguishable A}, and Ag5-T relationships (Defliese et al., 2015; Wacker et al., 2013). These
findings were confirmed in a more recent study (de Winter et al., 2022) utilizing updated
IUPAC parameters (Daéron et al., 2016; Schauer et al.,, 2016) and carbonate-based
standardization (Bernasconi et al., 2021). Discrepant results were reported when calcite was
compared to dolomite. Some early investigations revealed dolomite-specific A,, (Miller et
al., 2017; Murray et al., 2016), whereas others reported no resolvable differences in A},
and/or A,,-1/T relationships between dolomite and calcite (Bonifacie et al., 2017; Defliese et
al., 2015; Winkelstern et al., 2016). The most recent study by Anderson et al. (2024), who
considered IUPAC parameters and carbonate-based standardization, supported the
hypothesis that dolomite and calcite share common A}, and A,,-T relationships.

New generations of mass spectrometers have improved As; repeatability by a factor of ca. 2-
3 compared to the previously described studies. This is due to the improvements in the
suppression of secondary electrons which otherwise would lead to a negative bias in mass
signals (commonly referred to as pressure baseline, PBL), and the utilization of high-ohmic
Faraday cups including a m/z 47.5 half-mass cup for continuous PBL monitoring (Fiebig et al.,
2019). Additionally, investigation of A,g simultaneously to A4, with long-term repeatabilities
approaching theoretical shot-noise limits became possible (Bernecker et al., 2023; Fiebig et
al., 2019). Through these so-called “dual clumped” isotope measurements, the effect and
relevance of rate-limiting kinetics on the clumped and bulk isotopic compositions of natural
carbonates could be identified (Bajnai et al., 2020; Fiebig et al., 2019). Archives characterized
by A; values that are not solely controlled by precipitation temperature include warm- and
cold-water corals (Davies et al., 2022), brachiopods (Davies et al., 2023), authigenic methane
seep carbonates (Staudigel et al., 2024), and eggshell calcite of birds (Tagliavento et al., 2023).
With these improvements, even a temperature trend for A,9 has been resolved (Bernecker
et al., 2023).

Currently, there is no study available that has investigated the effect of cation substitution on
the A,g value of the CO, extracted from carbonates. We have analyzed aragonite, calcite,
dolomite, siderite and witherite samples, both of known “cold” formation temperature, and
re-ordered at 2800°C, using the latest high-precision technology (Bernecker et al., 2023) to
investigate potential differences in A};, ALg and Agz3-Ag,-1/T relationships between these
carbonate mineralogies. We demonstrate that aragonite, calcite, dolomite, and witherite
reacted at temperatures 290°C share indistinguishable A},, A,g and A,;-A,g-T equilibrium
relationships.

2. Methods

2.1 Samples

Sample material was crushed using mortar and pestle, sieved using a 200 um mesh sieve
before stored in a 30°C vacuum dry oven and finally weighed out into Ag-capsules to be
loaded into the autosampler for dual clumped isotope analysis.
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2.1.1 Samples heated to temperatures 2800°C

Samples of aragonite, calcite, dolomite, siderite and witherite were re-ordered at
temperatures between 800 and 1200°C, through piston cylinder experiments (Section 2.2).
Temperature and pressure were conditioned to match the respective stability fields of these
mineralogies (Table 1). Additionally, we re-analyzed ETH-1-1100 and ETH-2-1100, which were
already utilized for the dual clumped isotope calibration of Fiebig et al. (2021; 2024). These
two samples (former ETH-1 and ETH-2, respectively; Bernasconi et al., 2018; 2021) were
heated to 1,100+10°C at 200 MPa for 24 h. Aragonite sample Bilin 1(H), originally investigated
by Miller et al. (2017), was heated to 850°C at 3.5 GPa for 4 h.

Table 1: Piston cylinder samples and experimental conditions. "Unknown heating duration;
temperature remained at 800°C for at least 2 h before sample was quenched.

Acid temp. Temp. | Duration | Pressure .
—_— Sample - Mineralogy Reference
(°C) (°C) (h) (GPa)
. Miiller et al.
90 Bilin 1(H) 850 4 3.5
' (2017)

90 |  Arag2-800 800 48 3| Aragonite
90 Aragl-800 800 72 3

110 Dolo2_800 800 48 2.5

Dolomite

110 Dolol 1200 1,200 53 1.5

110 Sid_800 800 64 3 Siderite
90 DIC3-800 800 72 2 This study
90 DIC1-1100 1,100 40 2.3 | Witherite
90 DIC1-800 800 72 2
90 ETH-1-800 800 48 1
90 MERCK-800 800 48 1
90 ETH-2-800 800 72 1 Calcite

90 + 110 ETH-1-1100 1,100 24 0.2 Fiebig et al. (2021,

90 ETH-2-1100 1,100 24 0.2 2024)

2.1.2 Non-heated samples of colder formation temperatures

Dual clumped isotope analyses were carried out on a suite of synthetic and natural carbonate
minerals of both known and unknown formation temperatures (Table 2).

Two modern aragonitic bivalve mollusk shells were examined. These were cultured under
controlled temperatures. Sample Al_006 (Arctica islandica) was cultured at NIOZ (Texel, NL)
at 12°C. RM1 represents the shell of M modiolus, which was collected at low tide from a beach
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in Tentsmuir Forest, southeast Scotland in 2020. The World Ocean Atlas (WOA) lists a mean
annual temperature of 9.7°C and a seasonal amplitude of 6-14°C for the site of collection.
Dolomite calibration samples Dolomite_350A-9 (dolomitized calcite) and Dolomite_80-1
(direct precipitation) of known experimental temperatures (351.4+2 and 80.2+2°C,
respectively) were originally described in detail by Horita (2014) and were later analyzed for
their A,,-T relationships (Anderson et al., 2024; Bonifacie et al., 2017). Dolomite_BE
constitutes a natural low-temperature (25+4°C) dolomite, precipitated in a shallow (<0.5 m),
hypersaline lagoon near Rio de Janeiro (Bonifacie et al., 2017). IPGP-SRM88-1 and IPGP-INYO
are dolomite samples of unknown formation temperature, originating from a batch utilized
as in-house standard at the clumped isotope laboratory at IPGP, the latter of which has been
analyzed for A,, by Anderson et al. (2024). A suite of dolomite samples originates from a
diagenetically overprinted lacustrine section of the Eger Graben, and is Miocene (Burdigalian)
in age (Rojik, 2004) Dolomitic samples D-Mio originate from dolomite-bearing claystone and
were taken at different depths from the ca. 70 m thick (top-eroded) Cypris Formation,
Sokolov sub-basin (core Dp-333 at CGS core repository). Temperature estimates derived from
a mean random vitrinite reflectance of 0.211 + 0.03 for low thermal maturity organic matter
(Kribek et al., 2017) indicate that the burial temperature experienced by this lithology was
below 60°C.

Siderite samples Sid_D1-Sid_D5 are sub-samples of a 45 cm diameter siderite concretion
retrieved from palustrine deposits within the basal member of the Early Miocene Most
Formation (Bilina Mine, Usti nad Labem Region, Czech Republic). The alteration aureole
surrounding this concretion in the host rock is represented by Sid_D6. IPGP-Sid1 is a pure
siderite from the La M{re deposit in France, and has already been investigated for its bulk
isotopic composition (Lebeau et al., 2014).

DIC1 represents a synthetic witherite sample, that has been precipitated by slow addition of
saturated BacCl, to an isotopically equilibrated 0.1M NaHCOs solution. Both solutions were
produced using the same MilliQ water and thermally equilibrated at 25°C. Addition of BaCl,
was stopped after 5 % of the DIC pool had been removed through BaCOs precipitation. BaCO3
was removed from the solution by filtration, rinsed twice with MilliQ water, and finally dried
at 25°C.

Table 2: Non-heated aragonite, dolomite, siderite and witherite samples of un-/controlled formation

temperatures.

Acid Temp.

reaction Sample ) Mineralogy Reference
temperature

90 DIC1 25.0 | Witherite | This study
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90 + 110 RM1 9.7 )
Aragonite
90 Al_006 12.0
110 Dolomite_350A-9 351.4
110 Dolomite_BE 25.0 Bonifacie et al. (2017)
110 Dolomite_80-1 80.2
110 IPGP-SRM88-1 - This study
110 IPGP-INYO - Anderson et al. (2024)
110 D-Mio-1798_110C - | Dolomite
110 D-Mio-3010_110C -
110 D-Mio-3016_110C -
- — This study
110 D-Mio-3056_110C -
110 D-Mio-474_110C -
110 D-Mio-5520_110C -
110 IPGP-SID1 - Lebeau et al. (2014)
110 Sid_D1 -
110 Sid_D2 -
110 Sid_D3 - | Siderite )
— This study
110 Sid_D4 -
110 Sid_D5 -
110 Sid_D6 -

2.2 Piston cylinder experiments

Heating experiments on different carbonate materials were carried out in piston cylinders at
800-1,200°C for 2-3 days (Table 1) in the Cosmochemistry, Astrophysics and Experimental
Geophysics (CAGE) Laboratory at the Institut de Physique du Globe de Paris (IPGP) following
the setup and methods outlined by Siebert et al. (2011). The starting sample was placed in a
%" or %" diameter welded platinum capsule and then in a pressure-transmitting medium
(here Talc-Pyrex) to ensure good thermal insulation and hydrostatic containment of the
samples.

The temperature was measured by a W/Re thermocouple located just above the capsule.
After having reached the targeted conditions (Table 1), samples were quenched very fast (ca.
500°C/s). In all cases, samples were cooled from equilibration temperature to 200°C in less
than 3's, and to room temperature in around 1 min. Uncertainties are less than 50°C for
temperature and around 0.1 GPa for pressure.

2.3 XRD

Powder x-ray diffraction (XRD) analyses were carried out in the Crystallography/Mineralogy
Laboratory of Goethe University Frankfurt am Main, Institute of Geosciences (GU) and at
IPGP.

XRD analyses at GU were performed on a X-PertPro diffractometer equipped with a linear
position-sensitive detector from PANalytical (PIXcel3D) and a Johannson monochromator



235
236
237
238
239
240
241
242
243

244

245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261

262
263
264
265
266
267
268
269
270
271
272
273
274

(Ge 111) using Cu Kal radiation and fixed divergence slits. Samples were analyzed in the 5-
125° range utilizing a step size of 0.0032826° at 549 s integration time per step. The powder
was applied on a silicon single-crystal plate.

XRD measurements at IPGP were carried out on an Empyrean diffractometer (Malvern-
Panalytical), equipped with a copper tube (ka=1.541874 A) and a PIXcel multichannel
detector in capillary configuration. A focusing x-ray mirror was placed in the incident beam
path. The angular range was varied from 10 to 80°, with a step size of 0.0131° and a counting
time of 40 s.

2.4 Mass spectrometry

2.4.1 Experimental setup

Bulk stable and dual clumped isotope analyses were carried out at the Stable Isotope
Laboratory at GU following the methodology of Bernecker et al. (2023). Determination of
813¢, 8180, A,,, Ayg and A,q is achieved using a Thermo Scientific 253plus gas-source isotope
ratio mass spectrometer attached to Hofmann’s Auto Line (HAL, Fiebig et al., 2019). Separate
analytical sessions were conducted for acid reaction temperatures of 90 and 110°C. Each
replicate was measured in at least 13 acquisitions, which were defined by 10 cycles of 20 s
integration time each, yielding a minimum total integration time of 2,600 s per replicate.
Initial m/z 44 signal intensities for reference and sample gas were adjusted to
16,000 £ 100 mV for each acquisition. The CO, working gas composition on this setup is
8"3Cyppp = -4.21 %o and 60y gyow = 25.26 %o. 6§ °Crp, and 620y, values of unknown
samples are reported relative to VSMOW, after normalizing to CO;, extracted from calcite
standards ETH-1 and ETH-2, considering nominal 6'3C.qcite and 880,4icite Values of
Bernasconi et al. (2018) and the 18acoz—calcite at 90°C after Kim et al. (2007). Since the focus
of this study is on clumped isotopes, we do not account for differences in 18“602—X603

between carbonate mineralogies and reaction temperatures.

2.4.2 Acid reaction temperature and time needed for quantitative digestion of carbonates in
a common acid bath

Modern routine setups typically perform reactions at temperatures over 70°C for calcites,
with continuous cryogenic removal of CO,, thereby minimizing the time of CO:-acid
interaction (e.g., Bernasconi et al., 2021). At GU, pressure inside the extraction volume up to
the first CO; trap is monitored during acid digestion and CO; extraction (HAL, Fiebig et al.,
2019). For calcitic and aragonitic samples, we generally react 10£0.2 mg material per replicate
at 90°C acid temperature for 30 min in a magnet bar-stirred common acid bath (CAB).
Reaction usually finishes within 10-15 min, when a minimum baseline pressure is
asymptotically reached (Figure 1a, b). The same behavior is observed for witherite (Figure 1c)
using 19.8+0.2 mg of sample material per replicate, in order to produce the same amount of
CO; analyte.
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Figure 1: CO, pressure evolving through acid digestion reactions at 90°C for a) aragonite, b) calcite and
c) witherite. Colored thin lines represent individual replicates, the black dashed lines display average CO; yields
for a given sample.

Pressure monitoring revealed that a reaction time of 60 min at 90°C is not sufficient to react
all dolomite and siderite samples quantitatively. After this period, gas bubbles were not visible
anymore, but pressure still evolved non-asymptotically (Figure 2), unlike in calcite, aragonite
and witherite reactions (Figure 1). An asymptotic return to minimum pressure values only
occurred after increasing the reaction temperature to 110°C, using reaction times of 60 and
120 min for dolomite and siderite, respectively (Figure 3). We monitored the pressure in
trap 2 (HAL, Fiebig et al., 2019) and ensured quantitative yields (with mineralogy-dependent
weights corresponding to 100 umol CO;), before analyte CO, was entrained at -80°C into the
He-carrier gas for GC purification.

10
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Figure 2: CO, pressure evolving through acid digestion reaction at 90°C for a) siderite and b) dolomite.
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Figure 3: CO; pressure evolving through acid digestion reaction at 110°C for a) siderite and b) dolomite. Colored
thin lines represent individual replicates, whereas the black dashed lines display average CO; yields for a given

sample.

Slow, but steadily increasing pressure after the dolomite reactions had finished are due to
helium leaking into the reaction chamber. For siderite samples, H, formed through oxidation
of Fe?* to Fe3* within the acid (Crouzet et al., 2017) is a possible contributor to this elevated
final pressure. Because both of these sources of pressure are non-condensable in liquid

nitrogen, they are effectively removed during sample gas purification.

11
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2.4.3 Data processing

Analytical data was treated following the processing scheme outlined by Bernecker et al.
(2023). In short, raw intensity data was corrected for a PBL effect after determination of
optimized scaling factors considering sets of gas standards of different bulk isotopic
compositions, equilibrated at 25 or 1,000°C (Bernecker et al., 2023; Fiebig et al., 2021). In a
next step, baseline-corrected §*°-6*° values were used to perform equilibrated gas-based
standardization using nominal theoretical CO2 equilibrium A,, (Petersen et al., 2019) and A,
(Wang et al., 2004; Fiebig et al., 2019) values for CO; equilibrated at 25°C and 1000°C and the
D47crunch methodology of Daéron (2021), which considers variance minimization of
unknowns and anchors. ETH-1, ETH-2, ETH-3 (Bernasconi et al., 2021), ETH-3oxi (Fiebig et al.,
2024), Carrara and GU1 (Fiebig et al., 2021) were routinely analyzed along with sample
unknowns to account for long-term drifts. Non-bleached replicates of ETH-3 (Bernasconi et
al., 2021) were excluded from the variance minimization algorithm of D47crunch (Daéron,
2021) as it has been shown that their A,, and A,g values were compromised by variable
amounts of NO; interferent (Fiebig et al., 2024).

For the determination of A; pgseo @and A; cpesi1o Values of unknown samples, D47crunch’s
pooled session processing scheme was applied considering data from all sessions, i.e., not
distinguishing between sessions carried out at reaction temperatures of 90 or 110°C. This
does not introduce any bias in measured A; values through the variance minimization
algorithm inherent to the pooled approach, provided a given carbonate replicate is identified
by its sample name and reaction temperature. Note that A; values of equilibrated gases are
not affected by the acid. Equilibrated gases are only introduced into the gas purification
system of HAL after the acid bath (Fiebig et al., 2019).

We were not able to adequately standardize and report A,4 data for this study, considering
the number of replications per samples in combination with the low signal-to-noise ratio.

3. Results

3.1 XRD

Precipitated witherite sample DIC1 and samples heated in piston cylinder experiments were
analyzed using X-ray powder diffraction to identify their mineralogy. Diffractograms were
compared to those characteristic of the pure mineral phase (RRUFF database, see Lafuente
et al., 2015; Supplementary File S3). All diffraction patterns corresponded to those expected
for the respective pure minerals.
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341 3.2 Clumped isotopes

342 A, and A,g results for 8 calcitic samples reacted at both 90 and 110°C, are displayed in

343  Table 3. Bulk (§"*Cypps, 6 "0y smow—coz) and clumped (A4, cpeseo and Ayg cpErseo) isotopic

344  compositions are presented for heated samples in Table 4 and for non-heated samples in

345 Table 5. The entire dataset, replicate-level §*>-6%° values, as well as accompanying results, an

346  overall sample summary and session-wise standardization parameters are accessible in

347  Supplementary Tables S1 and S2, respectively.

348 Most heated samples were analyzed with 7-9 replicates, resulting in fully propagated 2SEs of

349 ca. 7ppm and 20 ppm for A,; and A,g, respectively (Table 4). Hence, we are able to

350 confidently resolve differences of 10 ppm and 28 ppm in A4, and A,g, respectively, which is

351 comparable to the <10 ppm, but significantly larger than the <1 ppm that are theoretically

352  predicted for Ag; and Ag,, respectively, for aragonite, calcite and dolomite at temperatures

353  2800°C (Schauble et al., 2006; Hill et al., 2014). Considering our analytical resolution of

354 10 ppm for A,;, we cannot resolve any temperature trend in the A,, data of re-ordered

355 samples (Table 4). For a given mineralogy and acid digestion temperature, samples heated to

356 temperatures of 800°C-1,200°C vyield A, and A,g values which are within their fully

357 propagated 2SEs indistinguishable from each other. We are, therefore, confident that a

358  stochastic distribution has been attained in all our heated samples.

359

360

361  Table 3: Clumped isotope (A4 cpesoor Da7, cpesii0r Das, coesoo aNd Agg cprsi10) Values of samples reacted at 90

362 and 110°C, respectively. A 114_ggec cOrresponds to the difference between A; ¢prs9p and 4; ¢pes110 Values, 2SEs

363 were determined through Gaussian error propagation of individual 2SEs for CDES90 and CDES110

364 (Supplementary Table S2).

sample N N Dy7 cpEsoo | Daz,coesiio | Baz,110-900c | 2SE | Aug cprsoo | Das cpesito | Das 110-90°c 2SE
90°C | 110°C (%o) (%o) (%o) (%) (%) (%o) (%) (%o)
Carrara 177 13 0.310 0.294 -0.0155 | 0.006 0.143 0.126 -0.0174 | 0.018
DHC2-8 23 7 0.570 0.557 -0.0133 | 0.008 0.233 0.224 -0.0087 | 0.026
ETH-1 637 26 0.207 0.194 -0.0126 | 0.005 0.127 0.122 -0.0050 | 0.014
ETH-1-1100 11 8 0.182 0.168 -0.0144 | 0.009 0.116 0.097 -0.0186 | 0.028
ETH-2 621 25 0.209 0.197 -0.0129 | 0.004 0.129 0.112 -0.0174 | 0.013
GU1 163 9 0.225 0.210 -0.0153 | 0.006 -0.399 -0.427 -0.0267 | 0.033
SAO5 8 0.571 0.556 -0.0148 | 0.009 0.247 0.227 -0.0196 | 0.030
SA31 11 0.588 0.569 -0.0190 | 0.009 0.247 0.242 -0.0054 | 0.028
weighted average (+2SE) -0.0147 | 0.002 -0.0148 | 0.006
365
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366
367
368
369
370

371

Table 4: §3Cyppp, 60y smow—-cozs Daz, cpEsso and Ayg cprsoo Values of aragonite, calcite, dolomite, siderite

and witherite samples heated in piston cylinder experiments. *Values projected using mean A}, 1,4_gg°¢ and

Alg 110-90°c Values of -0.0147+0.002 %o and -0.0148+0.006 %o, respectively. Gaussian error propagation of

A 110-90°c 2SE of means (Table 3) and fully error propagated 2SE for A; (Daéron, 2021). *Sample re-ordered at

850°C.
sample N 8" Cyppp| 8" Oysmow-cod D47, cpEsoo| 2SE A4s cpEsoo| 2SE
(%) (%o) (%o) (%o) (%o) (%o)
Aragonite
Aragl1-800_72h 9 1.87 37.04 0.1877 | 0.0062 0.1202 | 0.0198
Arag2-800_48h 10 8.44 31.08 0.1819 | 0.0059 0.1126 | 0.0185
Bilin-1H* 9 3.09 31.01 0.1842 | 0.0061 0.1359 | 0.0189
Calcite
ETH-1-1100 11 1.93 36.88 0.1824 | 0.0057 0.1157 | 0.0178
ETH-1-1100_110C 8 1.94 36.92 *0.1827 | 10.0073 *0.1119 | 70.0225
ETH-2-1100 19 -10.13 20.00 0.1826 | 0.0042 0.1218 | 0.0136
ETH1-800 10 1.93 36.96 0.1856 | 0.0059 0.1174 | 0.0188
ETH2-800_72h 10 -10.2 19.94 0.1863 | 0.0057 0.1358 | 0.0185
MERCK-800_48h 9 -42.1 23.07 0.1886 | 0.0064 0.1261 | 0.0193
Dolomite
Dolo1_1200_110C 8 -0.66 32.75 *0.1799 | 10.0071 *0.1405 | 10.0221
Dolo2_800_110C 8 -0.47 33.18 *0.1770 | 10.0072 *0.1406 | 10.0221
Siderite
Sid_800_64h_110C ‘ 8 -12.33 23.79 *0.1738 ‘ 10.0070 ‘ *0.1274 | 70.0220
Witherite
DIC1-1100_40h -5.97 25.49 0.1808 | 0.0068 0.1096 | 0.0217
DIC1-800_72h -6.00 25.12 0.1853 | 0.0068 0.1366 | 0.0217
DIC3-800_72h -5.18 30.48 0.1847 | 0.0060 0.1101 | 0.0194
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376

Table 5: §"3Cyppp, 6 ®Oysmow—cozr Da7, cpeseo aNd Agg cpeseo results for aragonite, dolomite, witherite and

siderite samples of un-/controlled lower formation temperature. *Values projected using mean A}, ;14_ggoc and

Alg 110-90°¢ ©f -0.0147+0.002 %o and -0.0148+0.006 %o, respectively. Gaussian error propagation of A} 110-90°c

2SE of means (Table 3) and fully error propagated 2SE for A; (Daéron, 2021). Considered proto-dolomite.

Sample N 613CVPDB 6180VSM0W—L‘02 A47,CDES90 2SE A48,CDES90 2SE
(%) (%) (%) (%) (%) (%o)
Aragonite
Al_006 7 0.05 41.79 0.632 | 0.007 0.271 | 0.023
RM1 9 1.49 41.12 0.646 | 0.007 0.255 | 0.022
RM1 (110°C) 9 1.61 41.16 *0.634 | 70.007 *0.250 | 70.021
TS2 8 -7.42 36.69 0.597 | 0.006 0.240 | 0.021
Dolomite
D-Mio-1798 6 2.40 34.80 *0.529 | 70.009 *0.207 | "0.027
D-Mio-3010 6 4.24 33.25 *0.526 | 70.009 *0.190 | "0.027
D-Mio-3016 6 4.32 33.43 *0.521 | 70.009 *0.223 | "0.028
D-Mio-3056 6 5.16 34.12 *0.540 | 70.009 *0.247 | "0.028
D-Mio-474 6 3.40 33.19 *0.540 | 70.009 *0.219 | "0.027
D-Mio-5520 6 8.14 36.68 *0.552 | %0.010 *0.207 | "0.027
Dolomite_350A-9 7 -55.72 7.06 *0.246 | %0.008 *0.148 | "0.024
Dolomite_80-1° 8 -6.74 23.95 *0.468 | "0.007 *0.331 | "0.023
Dolomite_BE 9 -10.02 44,07 *0.593 | "0.007 *0.252 | "0.022
IPGP-SRM88-1 8 2.20 32.87 *0.502 | Y0.007 *0.206 | "0.022
IPGP-INYO 9 -0.61 32.90 *0.236 | 70.007 *0.136 | "0.021
Siderite
IPGP-SID1 8 -12.20 23.86 *0.307 | TY0.007 *0.165 | "0.022
Sid_D1 10 14.11 34.37 *0.559 | Y0.007 *0.238 | "0.020
Sid_D2 10 17.23 36.54 *0.590 | Y0.007 *0.244 | "0.021
Sid_D3 10 18.58 37.21 *0.588 | 70.007 *0.251 | "0.021
Sid_D4 18.51 37.12 *0.592 | "0.007 *0.244 | "0.021
Sid_D5 15.42 35.31 *0.568 | "0.007 *0.238 | "0.021
Sid_D6 10 -10.53 31.76 *0.511 | %0.006 *0.219 | "0.020
Witherite
DIC1 | 6| 5.86 26.18 0.590 | 0.007 | 0.260 | 0.023
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3.3 Determination of the difference in acid fractionation factors between 90 and
110°C reactions

In order to quantify the effect of acid digestion temperature on measured A,- and A,g values,
we analyzed a suite of calcites at both 90 and 110°C. This enables determining differences in
A; cpesiio—Di cpesoo Values, expressed as A; 119 ggec. GUO et al. (2009) predicted a weak
temperature dependence of 0.035%o in A}, ,so¢ for every 1%o increase in A4;, due to the
circumstance that ’0O-bearing isotopologues contribute slightly, but in different proportions
to overall masses 63 and 47. On the contrary, the contribution of ’O-bearing isotopologues
to overall masses 64 and 48 is negligibly small, such that A, is not expected to affect Ajg
significantly at any digestion temperature. In any case, compositional effects occurring at acid
digestion temperatures of 90°C and 110°C should cancel each other out if the difference in
acid fractionation factors A} 11¢_qg¢ is addressed. As expected, no significant slope is found
for correlations between A}, 110_99oc and Ayy cprseo (as @ measure of Ag3) and between
Alg 110-90°c and Dyg cpesoo (s @ measure of Ag,) (see Figures 4 and 5). Throughout the
following, we use average Ay, 119 ggec and Ajg 119_99°¢ Values of -0.0147 %o and -0.0148 %o,
respectively, to project CDES110 data to the CDES90. We further assume that these calcite-
specific A 119_g9ec are also valid for dolomite and siderite.

0.01 - f(x) = -0.006(+0.015)x -0.012+(0.005) p-val=0.168
0.00
£ 0.0l -
T
= —0.02 -
5
<
—0.03 -
—0.04 -
% Carrara A ETH-1 <« ETH-2 D> SA05
[ DHC2S D ETH-1-1100 <4 GUI % SA31
Ofl 0f2 0.I3 014 015 016

A47, CDES90 (%0)

Figure 4: Differences between Ay; cpesoo and Ay; cprsito (i-€. Ayy 110-90°¢) @s a function of Ayy cppseo for
several calcite samples. No significant correlation is observed, as demonstrated through p-value >0.05 when
using OGLS regression (Daéron & Vermeesch, 2024).
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f(x) = 0.024(40.056)x -0.016+(0.01) p-val=0.153
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Figure 5: Differences between Ayg cprsoo and Ayg cprsito (i-€., Aig 110-90°c) @s a function of Ayy cppseo for
several calcite samples. No significant correlation is observed, as demonstrated through p-value >0.05 when
using OGLS regression (Daéron & Vermeesch, 2024).

4. Discussion

4.1 Acid fractionation factors derived from samples heated to stochastic composition
According to the theoretical model of Guo et al. (2009), differences of up to 30 ppm in A}, for
aragonite, calcite, witherite and dolomite were predicted. A}, has been determined
experimentally by Guo et al. (2009), who melted three calcitic samples, reacted these directly
at 25°C and obtained an average A}, of 0.232+0.015 %o (1SD) on the internal Caltech scale.
Later, following the introduction of the absolute reference frame (ARF) by Dennis et al.,
(2011), Passey & Henkes (2012) heated calcite to a temperature of 800°C and reacted this
sample at 90°C. Their resulting A}, cpgsoo Value of 0.213 %o corresponded to a A}, cpes2s
value of 0.294 %o, considering the A}, 95 55oc Of -0.081 %o of Passey et al. (2010). This
A7 cpeszs Value agreed with the Aj; cpgs,s value of 0.280£0.016 %o (error represents
replicate-based 1SD) reported by Tripati et al. (2015), who reprocessed the data of Guo et al.
(2009) using heated gases and NBS 19 as anchors for ARF projection (Dennis et al., 2011). For
a melted witherite sample, Tripati et al. (2015) reported a A}, ¢pgsoo Value of 0.163+0.006 %o
(error represents replicate-based 1SD), which was projected into the CDES25 using
AL7 90-25°¢ Of -0.092 %0 (Henkes et al., 2013), finally yielding a A}, cpgsps Vvalue of
0.25540.006 %o (1SD), i.e., significantly lower than the one reprocessed for calcite. A more
comprehensive study of Mdller et al. (2017) investigated the A}, values of aragonite, calcite
and dolomite which were heated to temperatures 2850°C. They reacted samples both at 70°C

17



422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461

using the Kiel IV setup and offline in McCrea type reaction vessels at 100°C. The CO; released
at 70°C was introduced into the mass spectrometer using the micro volume mode of the
Kiel IV, whereas the dual inlet was used for the CO; extracted at 100°C. They obtained
significantly distinct AFFs for 70°C reactions of aragonite (A}, cpgs7o = 0.172%0.003), calcite
(A%7 cpEs7o = 0.197£0.002) and dolomite (A}, cpgs7o = 0.22620.002, errors representing non-
propagated, replicate-based 1SE). Their study, therefore, confirmed that calcite and dolomite
may exhibit different A},-Tacid relationships, as originally postulated by Murray et al. (2016).
Bonifacie et al. (2017) indirectly estimated that the AFF at 90°C for dolomite was Ay, ¢pgsoo
= 0.176 %o, by comparing their A, cpgsgo-T calibration regression line based on dolomites
covering a large range of formation temperatures (between 25 and 350°C) with the
theoretically determined As3-T relationship for dolomite (Schauble et al., 2006). As expressed
by these authors, this value was slightly lower than the A} ¢prs9o Value of 0.198 + 0.008 %o
obtained from the intercept of the A,; ¢pgs25-T relationship by Passey & Henkes (2012)
corrected for their experimentally determined A}, o_s5¢, but matched the internal Caltech
scale Ay, ,5o¢ value of melted calcites from Guo et al. (2009) after projecting this value into
the CDES90 using the Caltech-specific tertiary transfer function of Dennis et al. (2011). Based
on this observation and their additional finding that A, cpgs99 Values obtained on calcite and
dolomite were comparable, Bonifacie et al (2017) proposed that calcite and dolomite exhibit
not only similar Ay, cpgsoq, but also comparable Ay, pesgo-T relationships.

All analytical measurements for the aforementioned studies were produced using the first
generation of gas source mass spectrometers. Accuracy and precision of corresponding
measurements were likely affected by non-optimal correction for the negative PBL effect
(Fiebig et al., 2016). In addition, non-unique temperature dependencies of AFFs were
considered for the comparison of A,, values obtained at different reaction temperatures
(Petersen et al., 2019). Ultimately, non-optimal 7O correction parameters (Daéron et al.,
2016; Petersen et al., 2019; Schauer et al., 2016) were used in some of these studies, and full
error propagation (Daéron, 2021) was not considered. Recently, Fiebig et al. (2021) reacted
two calcites heated at 1,100°C in a CAB and obtained A}, ¢pgsoo Values of 0.179+0.006 %o
and 0.184+0.006 %o (fully error propagated 2SE). Anderson et al. (2024) reacted dolomites
which were re-ordered at 1,100-1,200°C, at an acid digestion temperature of 70°C. They
projected mass spectrometric raw data to a reaction temperature of 90°C using calcite
anchors ETH-1, ETH-2, ETH-3, ETH-4 and IAEA-C2 (Bernasconi et al., 2021), finally obtaining
A471-cpes Values ranging from 0.180 to 0.184 %o (Anderson et al., 2024). Note that I-CDES
values should perfectly align with CDES90 values since the former scale has been anchored
relative to the latter. Furthermore, these values agreed perfectly with the calcite-specific
A47 cpesoo Values of Fiebig et al. (2021), suggesting that calcite and dolomite have
indistinguishable A}, for a given acid reaction temperature in the range of 70-90°C. Latest I-
CDES results of Kong et al. (2023) implied that AFFs for witherite and calcite are identical as
well. These authors reacted witherite reordered at 600°C at an acid digestion temperature of
90°C, obtaininga A, ;_cpgs value of 0.213£0.021 %o.. This value is indistinguishable from the
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A7 1—cpEs values of 0.2052+0.0016 %o and 0.2085+0.0015 %o assigned to ETH-1 and ETH-2,
respectively, which represent calcites that were also equilibrated at 600°C (Bernasconi et al.,
2021).

To make our clumped isotope data generated at the two distinct temperatures of 110°C and
90°C comparable, we projected all CDES110 data into the CDES90 using our calcite-specific
A7 110-90°c @and Ajg 119 90oc Values (Table 4, Section 3.3, Figure 6). Doing so, we inherently
assume that calcite-specific Ay, 119.99°¢c and Ajg 119_90°¢ are also valid for all other
investigated mineralogies. Considering the limited sample sizes (i.e., number of replicates) of
each individual group of stochastic samples (n between 1 and 6 across five groups), classic
parametric tests, such as ANOVA and t-tests are not applicable to identify significant
differences in Ay, cpgsoo and Ayg cprseo Values between groups. Instead, we employed non-
parametric tests which do not rely on distributional assumptions and are more robust in this
context (Zimmerman, 2000). We used the Kruskal-Wallis H-test for overall group
comparisons, as it can handle groups of different sizes and does not assume normality
(Kruskal & Wallis, 1952). Additionally, for pairwise comparisons, we utilized Mann-Whitney U
tests, which are suitable for small, unequal sample sizes (Mann & Whitney, 1947). Both the
Kruskal-Wallis H-test (H=7.17, p=0.127 and H=5.81, p=0.214, respectively) and the pairwise
Mann-Whitney U tests (all corr. p>0.71) revealed no significant difference in A}, ¢pgsee and
A4s cpesoo Values between stochastic calcite, aragonite, dolomite, witherite and siderite. Only
one thermally reset siderite sample was measured, therefore, we cannot guarantee that its
corresponding Ay, cpesoo and Alg cprsop Values are perfectly representative. However,
Holme et al. (2023) reacted siderite and calcite at 90°C using a CAB. Three replicates of a
siderite equilibrated at 625°C yielded a mean A,; cpgsgo Value of 0.206+0.006 %o (1 SE). This
value is in excellent agreement with A, -ppsqo Values obtained for InterCarb calcite anchors
ETH-1 (0.2052+0.0016 %o) and ETH-2 (0.2085+0.0015 %o; 1SEs), both of which were heated
to 600°C (Bernasconi et al. 2021). Their results, therefore, seem to confirm that calcite and
siderite have indistinguishable A}, ¢pgsoo-

We conclude that there is no indication for significant differences in A,, and A,g values
between calcite, aragonite, dolomite, witherite and siderite at a given temperature in the
range 90-110°C. The overall error-weighted average A}, ¢pgsoo Value is 0.1850+0.0042 %o and
the Ajg cppsoo Value is 0.1255+0.0130 %o, both in excellent agreement with recently
published estimations of calibration intercepts of 0.1848 %o and 0.1214 %o obtained for
calcite (Fiebig et al., 2024).
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Figure 6: Dual clumped isotope (A4; cpesgo and Ayg cpEseo) results (+2SE) for investigated stochastic samples of
different mineralogies. CDES110 data (grey outlined markers) was projected into the CDES90 using calcite-
derived A} 110-90°c and Ajg 110-90°c Values of -0.0147 and -0.0148 %o, respectively (Table 3). See text for further

information.

4.2 Non-stochastic samples of lower formation temperatures

The Ay cpesoo and Asg cppseo COMpositions of non-stochastic samples formed at known and
unknown temperatures are shown relative to the calcite equilibrium line (Fiebig et al., 2024)
in Figures 7 and 8, respectively. This information, paired with our observations on acid
fractionation factors (Section 4.1), can resolve if there is any significant difference in Ag3-Ag,-
T relationships between these minerals.

0.66 oo 1 |-~ Fiebig et al. 2024
Y AI006
L I RM1
. - RM1 (110C) 40.30
64 F 10 °C - m
06 . ITJ L (D bpIc1
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0.58 | .
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Figure 7: Dual clumped isotope composition (A4; cpesoo and Asg cprsep) Of non-stochastic samples of known
lower formation temperatures, displayed relative to the calcite-specific temperature equilibrium relationship
(Fiebig et al., 2024). Aragonite sample RM1 (110C) and dolomite samples have been acid digested at 110°C and
projected into the CDES90 using calcite-derived A}, 119_99oc @and Ajg 110-90°¢ Values of -0.0147 %o and -
0.0148 %o, respectively (Table 3). Transparent markers on the A,;-A,5 temperature equilibrium line indicate
known formation temperatures.
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Figure 8: Dual clumped isotope composition (A4, cpgrsep and Ag cprsep) Of NoN-stochastic samples of unknown
lower formation temperatures, displayed relative to the calcite-specific temperature equilibrium relationship
(Fiebig et al., 2024). Samples have been acid digested at 110°C and projected into the CDES90 using calcite-
derived A}, 119_99°c and Ajg 110-90°¢ Values of -0.0147 %o and -0.0148 %o, respectively (Table 3).

4.2.1 Aragonite

Early studies on aragonite assumed that the temperature dependences of aragonite- and
calcite-A,, are indistinguishable, thus applying calcite-based calibrations to determine
aragonite formation temperature (e.g., Came et al., 2007). Validity of this assumption was
confirmed in numerous independent investigations. Tripati et al. (2010), presenting a A,,-T
calibration on aragonitic and calcitic foraminifera and coccoliths, and Henkes et al. (2013),
providing a A,,-T calibration largely based on aragonitic and calcitic mollusks, did not resolve
any significant differences between aragonite and calcite. The first pure synthetic aragonite
A,,-T calibration (Defliese et al.,, 2015) was indistinguishable from a calcite calibration
produced by the same authors, and also from the calcite calibration of Wacker et al. (2014).
Kele et al. (2015) reacted aragonite and calcite at 70°C using the Kiel IV analytical setup and
showed that both have very similar A,,-T relationships. Kelson et al. (2017) precipitated
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calcite and aragonite samples at identical temperatures, reacted at both 25°C and 90°C and
likewise found indistinguishable A,,-T relationships. In a recent, comprehensive study (70°C
acid digestion using a Kiel 1V, ETH anchor standardization to I-CDES), biogenic (1-18°C) and
abiogenic (1-850°C) aragonite samples of controlled formation temperature were analyzed
(de Winter et al., 2022). No significant offsets were displayed relative to the unified calibration
of Anderson et al. (2021) which is largely based on calcite. So far, studies applying dual
clumped isotopes to aragonite have directly applied calcite-specific calibrations to identify
kinetic biases and/or infer carbonate formation temperatures (Arndt et al., 2025; Bajnai et
al., 2020; Davies et al., 2022; Fiebig et al., 2021; Kniest et al., 2024; Lu et al., 2024; Parvez et
al., 2023; Staudigel et al., 2024).

Our A47 cpeseo and Ayug cprsoo Values for biogenic aragonite samples Al_006 and RM1 plot
indistinguishably from calcite equilibrium (Figure 7). A,; cpgsoo-derived temperatures of
12.3%23°C (AI_006) and 8.1723°C (RM1) agree within *2SEs with their formation
temperatures of 12.0°C and 9.71%3°C, respectively. Sample RM1 was additionally reacted at
110°C (RM1 (110C)). Applying calcite-derived A}, 119_ggec @nd Ajg 119_9¢°¢ Of -0.0147 %o and
-0.0148 %o, respectively, to its measured A; cpps119 Values finally yields A; cppsee Values
which are within 2SEs indistinguishable from those obtained on RM1. The A,; pgsqo-derived
temperature of 11.8722°C is again consistent with the known formation temperature
(Figure 7, Table 5).

Our high-precision results, therefore, confirm previous evidence that aragonite and calcite
follow a single A,,-T equilibrium relationship. Differences in A,g are below analytical
resolution as well. Considering these indistinguishable AFFs between calcite and aragonite
(Section 4.1), we propose that samples of aragonite follow the same Ag3-T and Ag,-T
relationships as calcite. Conclusively, the equilibrium A,,-A,5-T calibrations of Fiebig et al.
(2021; 2024) and Swart et al. (2021), which are indistinguishable from each other within
errors, can also be applied to aragonite.

4.2.2 Dolomite

Winkelstern et al. (2016) reacted natural and synthetic dolomites of known formation
temperatures (20-250°C) at an acid digestion temperature of 75°C. In the low temperature
range, their A4, cpgs2s-T calibration was indistinguishable from those of Defliese et al. (2015)
for calcite and aragonite precipitated at 5-70°C. A single A,,-T relationship for calcite and
dolomite was also proposed by Bonifacie et al. (2017), who reacted at 90°C natural and
synthetic samples of controlled formation temperatures (25-350°C). Conversely, differences
between calcite and dolomite were reported by Miiller et al. (2019). They reacted dolomites
of controlled formation temperatures at 70°C and compared the dolomite A,; cpgs70-T
relationship to the calcite/aragonite A,; ¢prs7o-T relationship of Kele et al. (2015), produced
in the same laboratory and recalculated after Bernasconi et al. (2018). They determined that,
for a given temperature, dolomite-As7, coes7o exceeded calcite-A,; cpgs7o by ~30 ppm, a value
that exactly corresponded to the difference in Ay, cpgs7o between dolomite and calcite
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observed by Miiller et al. (2017). Their findings of inconsistent behavior between dolomite
and calcite were confirmed by Fosu et al. (2023), who modified the Kiel IV device to perform
90°C acid reactions. These authors, again, obtained significantly different calcite and dolomite
A, 1—cpEs-T relationships. In the most recent study of Anderson et al. (2024), dolomite
samples of controlled formation temperatures (25-1,200°C) were reacted at 70°C. As in the
study of Fosu et al. (2023), mass spectrometric raw data was corrected using IUPAC
parameters and calcite-based I-CDES standardization (Bernasconi et al.,, 2021). The
corresponding A,; ;_cpps-T relationship was indistinguishable from that of calcite after
Anderson et al. (2021) who reacted calcites at the same temperature and processed data the
same way as described in Anderson et al. (2024). Indirect evidence for calcite-like behavior of
dolomites is further given through a dual clumped isotope study focusing on paired calcite
and dolomite samples in an alteration setting (Lu et al., 2023).

Our dataset confirms previous studies that postulated the validity of a single A,,-T
relationship for both calcite and dolomite. Two dolomite calibration samples of Bonifacie et
al. (2017) are characterized by clumped isotope compositions that are indistinguishable
within their 2SEs from the calcite equilibrium relationship (Fiebig et al., 2024) (Figures 7a, b).
Moreover, A,; cpgsoo Values of 0.246+0.008 %o (Dolomite_350A-9) and 0.593+0.006 %o
(Dolomite_BE), projected to the calcite equilibrium A,,-T relationship of Fiebig et al. (2024),
reflect temperatures of 344%32°C and 25.5%33°C, perfectly matching known formation
temperatures of 351.4+2°C and 25%4°C. On the contrary, sample Dolomite_80-1, which has
been precipitated through mixing of MgS0s, Ca(NO3),*4H,0, and Na,COs solutions at
80.211°C, deviates significantly from the calcite equilibrium line. It exhibits a relatively large
+A,g bias relative to its predicted equilibrium composition (Figure 9). It has been shown by
Hu et al. (2019), that nitrate, if present along with the carbonate, decomposes to NO; during
phosphoric acid digestion. Nitrate-derived NO; is not successfully removed from analyte CO>
through gas purification, ultimately acting as isobaric interferent, thereby compromising A,
and A,g values (Fiebig et al., 2024). Notably, the slope displayed by replicate A,,/A,g data of
Dolomite_80-1 agrees within errors with the theoretical slope of -0.3+0.05 indicative of NO;
contamination (Figure 9). We therefore propose that this sample has been precipitated under
disequilibrium conditions and that its A,; cpgseo Value fortuitously corresponded to a
temperature of 80°C when analyzed by Bonifacie et al. (2017). Notably, our A, cpgseo Value
of 0.468+0.007 %o (fully propagated 2SE) obtained for this sample is identical to the
0.469+0.009 %o (non-propagated, replicate-based 2SE) reported by Bonifacie et al. (2017),
implying that the degree of NOF contamination was comparable in the two analytical setups
used at GU and IPGP.
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Figure 9: Individual replicate Ay; cprsoo and Agg cprseo Values (projected utilizing Ay, 119_900c and Ayg 110-90°c
values of -0.0147 and -0.0148 %o, respectively, see Table 3) for sample Dolomite_80-1 show significant
correlation (p=0.001), sample mean value +2SEs displayed with black marker. The slope agrees within errors to
that predicted for isobaric contamination through NO, (Fiebig et al., 2024). Back-extrapolating this vector
intersects the equilibrium at a temperature of ca. 70°C, which is 10°C colder than the precipitation temperature
of ca. 80°C (dotted horizontal line).

Dolomite samples of unknown formation temperatures (D-Mio, IPGP-SRM88-1 and IPGP-
INYO, Table 3) also plot indistinguishable from calcite A,,/A,g equilibrium (Figures 8a, b).
Measured Ay, cprsoo Values for samples D-Mio reflect reasonable temperatures within the
range 37-58°C, which are in accordance with the maximal temperature estimate of 60°C
obtained through vitrinite reflectance measurements. The same applies to samples IPGP-
SRM88-1 and IPGP-INYO whose A,; cppsoo Values indicate formation temperatures of
62.073-3°C and 38032-2°C, respectively.

Taking into account that calcite and dolomite exhibit indistinguishable AFFs (Section 4.1), we
suggest that calcite and dolomite also share Ag;-T and Ag,-T relationships. Accordingly, the
equilibrium A,,-A,g-1/T calibrations characteristic of calcite (Fiebig et al., 2021; 2024; Swart
et al., 2021) can be applied to dolomite as well.

4.2.3 Witherite

There are several studies in which witherite was precipitated under controlled temperature
conditions for clumped isotope analysis (e.g., Kong et al., 2023, Staudigel & Swart, 2018,
Uchikawa et al., 2021). However, it should be noted that these publications precipitated the
dissolved inorganic carbon (DIC) pool quantitatively, so that corresponding A, values reflect
DIC composition rather than witherite precipitated under equilibrium conditions. This most
likely is the reason why e.g., the precipitates of Kong et al. (2023) have an average +15 ppm
difference when compared to the calcite A,,-T relationship of Fiebig et al. (2024). Our low-
temperature witherite sample, DIC1, which was precipitated from isotopically equilibrated
solutions (5 % removal of DIC during precipitation), plots indistinguishably from dual clumped
isotope equilibrium (Figure 7a). Its measured A,; cpgsoo Of 0.590£0.007%o, projected to the
calcite equilibrium A,,-T relationship of Fiebig et al. (2024), yields a temperature of 26.7+5-¢°C
that exactly confirms its known formation temperature of 25°C. This finding, along with our
measured indistinguishable A}, and A,g AFFs for calcite and witherite (Section 4.1) strongly
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implies that calcite and witherite share the same A,,-T and A,g-T equilibrium relationships
over the entire temperature range from 25-1100°C. Because differences in A},, Ayg, Ay7-T
and A,5-T between calcite and witherite are insignificant, it follows that Ag3-T and Ag,-T
relationships are also identical.

4.2.4 Siderite

Fernandez et al. (2014) reacted siderite and calcite formed at known temperatures at 100°C
and could not resolve any significant differences in corresponding A,,-T relationships. In the
most recent study of Holme et al. (2023), siderite was reacted at 90°C. These authors
observed that their apparent A,,-T relationship for pure siderite departed by -20 ppm from
the composite A,,-T calcite calibration of Petersen et al. (2019) which considered
synthetically precipitated calcite (Defliese et al., 2015; Kelson et al., 2017; Kluge et al., 2015;
Passey & Henkes, 2012; Tang et al., 2014), aragonite (Defliese et al., 2015; Kelson et al., 2017;
Kluge et al., 2015), dolomite (Winkelstern et al., 2016), and siderite (Fernandez et al., 2014).
For a given temperature, Petersen et al. (2019) did not find any significant differences in A,
values between all these mineralogies when all original data was reprocessed using IUPAC
parameters. A systematic offset to lower A, values, however, was also observed by van Dijk
et al. (2019) when comparing their siderite-A,; cpgs7o values to those obtained on calcite and
aragonite presented by Kele et al. (2015). Van Dijk et al. (2019) attributed the observed
discrepancy to differences in the acid fractionation factor between siderite and
aragonite/calcite. This interpretation was not supported by the data of Holme et al. (2023),
who explained the observed offset of siderite A,; with respect to calcite with
supersaturation-related kinetic isotope effects being recorded in siderite.

After correction for calcite-specific Ay, 119_90°c and Ajg 119_90°c Values, Ay; cpgsoo and
A,g cpEsoo Values of CO; extracted from our natural siderite samples Sid_D1-Sid_D6 at 110°C
(Section 3.3) are within error, indistinguishable from the proposed calcite equilibrium
relationship (Fiebig et al., 2024) (Figure 8a). The dual clumped isotope composition of IPGPs
internal siderite standard, IPGP-SID1, also falls on the calcite equilibrium line (Figure 8b). Its
A7 cpesgo-derived temperature is 213*1% °C. At a first glance, these results, therefore, do
support previous findings according to which siderite and calcite are characterized by
identical equilibrium A,,-T relationships (e.g., Fernandez et al., 2014; Petersen et al., 2019).
However, in our case, formation temperatures and conditions (e.g., precipitation rates) of
investigated siderites are unknown. We, therefore, cannot rule out that their dual clumped
compositions were biased by kinetics and only fortuitously correspond to equilibrium. In any
case, more analyses on siderites precipitated under controlled conditions, devoid of kinetic
bias, are necessary to evaluate with more confidence if siderite and calcite are characterized
by a common A,,-A,5-T relationship.
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5. Conclusions

We have investigated the dual clumped isotope compositions of stochastic and low-
temperature samples of calcite, aragonite, dolomite, witherite and siderite at acid digestion
temperatures of 90 and 110°C. Data projected to the CDES90 shows no significant differences
in acid fractionation factors between investigated mineralogies. A;; cpgseo Values of low-
temperature samples of aragonite, dolomite, witherite and siderite plot indistinguishably
from the equilibrium calcite A,,-A,g-T relationship of Fiebig et al. (2021) revised after Fiebig
et al. (2024), and A4, cpgseo Values of aragonite, dolomite and witherite samples exactly
confirm known formation temperatures. These results demonstrate that a single A,,-A4g-T
relationship is valid for calcite, aragonite, dolomite and witherite. We do not have any
indication that this relationship might not be applicable to siderite, however high-precision
data on siderites precipitated under controlled conditions is necessary to confirm this
hypothesis. The universal application of calcite-specific A,,-A,g-T relationships to aragonite,
dolomite and witherite provides a promising framework for consistent isotopic analyses in
different carbonate samples. These results have significant implications for improving the
accuracy of temperature reconstructions in paleoenvironmental studies.
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Appendix A. Supplementary Material

Clumped isotope data utilized for this manuscript can be found in Supplementary Materials S1
and S2 (spreadsheets). Supplementary Materials S1 keeps the mass-spectrometric input data
as pre-processed §*>-6*° values, which were determined from baseline-corrected raw data.
Clumped isotope processing result containing replicate-level results, a sample overview
summary, as well as session-wise standardization parameters and statistics are stored in
Supplementary Material S2. X-ray diffractograms for our thermally re-ordered samples and
DIC1 (Section 3.1) are available from Supplementary Material S3 (document).

Data Availability
Research data are available from https://doi.org/10.5281/zeno0d0.14843259, and from the
Supplementary Materials S1 and S2.
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