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A B S T R A C T   

The application of carbonate clumped isotope (Δ47) thermometry in deep-time is often limited by modification of 
the original temperature signal by thermal resetting. New modeling approaches to estimate the initial isotopic 
composition of partially reset calcites and maximal burial temperatures, however, open promising avenues in 
temperature reconstruction. Such approaches strongly depend on laboratory-derived kinetic parameters of 
calcite materials, which may differ in their microstructure, water content and distribution, and minor and trace 
element composition, and thus may have different resetting kinetics. The rostra of belemnites, an extinct group of 
mollusks with a wide temporal and spatial occurrence in the Mesozoic, have been extensively used for deep-time 
paleoclimate reconstructions using oxygen isotope geochemistry. Belemnites are also important targets for 
clumped isotope-based temperature reconstructions, but often are found to have reset Δ47 compositions. Here, 
we present results from heating experiments on belemnite rostral calcite and optical calcite and provide 
belemnite-specific kinetic parameters for clumped isotope resetting. We show that belemnite calcite is altered 
faster and at lower temperatures than optical calcite and all other calcites reported in previous studies. We 
suggest that fast initial resetting results from oxygen isotope exchange of belemnite calcite with internal skeletal 
water present as fluid inclusions or organic-derived water, a process completed within 2–4 min at the experi-
mental temperatures used here. Extrapolation to geological timescales using different solid-state bond reordering 
models shows that belemnite calcite resetting starts at lower burial temperatures than brachiopod, spar, and 
optical calcites. This susceptibility to thermal resetting results in a measurable (+3 ◦C) increase of the apparent 
Δ47 temperature even under shallow to moderate burial conditions (i.e., 40–50 ◦C for 106–107 years timescales). 
Following the overprint to higher apparent Δ47 temperatures during burial, the belemnite Δ47 may further re- 
equilibrate during exhumation resulting in a decrease of apparent Δ47 temperatures. Such “retrograde reset-
ting” is similar to what is observed for carbonatites and marbles during cooling, and may cause underestimation 
of the thermal resetting a sample experienced during its geological history. Overall, our results demonstrate the 
importance of material-specific kinetic parameters and we urge caution when interpreting Δ47-derived tem-
peratures of biogenic carbonates from deep-time archives.   

1. Introduction 

Carbonate clumped isotope paleothermometry has been widely used 
for paleotemperature measurements related to climate and paleoenvir-
onmental reconstructions (e.g., Came et al., 2007; Price et al., 2013; 

Vickers et al., 2020, 2021), diagenesis (e.g., Loyd et al., 2014; Millán 
et al., 2016), tectonic and burial histories (e.g., Huntington and Lechler, 
2015; Looser et al., 2021), and metamorphism (e.g., Lloyd et al., 2017; 
Ryb et al., 2017; Brenner et al., 2021). The carbonate clumped isotope 
paleothermometer (expressed as Δ47) is based on the increasing 
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abundance of 13C–18O bonds in carbonate minerals, relative to a sto-
chastic distribution, with decreasing temperatures (Wang et al., 2004; 
Ghosh et al., 2006; Schauble et al., 2006) and records the temperature 
during crystallization. The Δ47 paleothermometer is independent from 
the isotopic composition of the fluid from which the carbonate pre-
cipitates (Ghosh et al., 2006; Eiler, 2011), which is a major advantage 
compared to the traditional δ18O paleothermometer. 

A limitation of carbonate clumped isotope thermometry is the 
modification of the original temperature information during deep 
burial. In addition to recrystallization, the clumped isotope composition 
of a carbonate at elevated temperatures can be altered through 
diffusion-driven thermal resetting reactions that partially modify or 
even completely erase original temperature information (Passey and 
Henkes, 2012; Henkes et al., 2014; Stolper and Eiler, 2015). Thermal 
resetting takes place when carbonates experience temperatures high 
enough to overcome the activation-energy barrier for isotopic exchange 
and diffusion. In such cases, the measured Δ47 reflects an apparent 
temperature that ranges between the original crystallization tempera-
ture and the maximum temperature reached during burial. Diffusion- 
driven thermal resetting has traditionally been referred to as “solid 
state bond reordering” (Passey and Henkes, 2012; Henkes et al., 2014; 
Stolper and Eiler, 2015). This process involves the re-organization of 13C 
and 18O within the mineral lattice without interaction with an external 
medium. However, more recent work suggests that, at least for skeletal 
carbonates, resetting of Δ47 can also occur by isotopic exchange with 
internal water (this study, Staudigel and Swart, 2016; Nooitgedacht 
et al., 2021). We thus use the following nomenclature for thermally 
induced clumped isotope resetting in carbonates: “Solid-state bond 
reordering” for isotopic exchange between neighboring carbonate 
groups within the mineral lattice and “mineral–water isotopic ex-
change” for oxygen isotope exchange between carbonate molecules in 
the carbonate mineral lattice and water. 

Thermal resetting may either increase or decrease apparent Δ47 
temperatures. Specifically, the apparent Δ47 temperature increases if a 
sample initially crystallized at a low temperature is heated above the 
temperature at which resetting begins, but decreases if a sample initially 
crystallized at high temperatures is cooled below the temperature at 
which the apparent equilibrium is locked-in (“apparent equilibrium 
blocking temperature” Stolper and Eiler, 2015). Both scenarios have 
been observed in nature in: (1) pristine fossils with unrealistically high 
Δ47 temperatures without indications of recrystallization (e.g., Shenton 
et al., 2015; Fernandez et al., 2021); (2) sedimentary carbonates heated 
by magmatic intrusions (e.g., Lloyd et al., 2017; Brenner et al., 2021); 
and (3) carbonatites and marbles with lower Δ47 temperatures than 
igneous crystallization or peak metamorphic temperatures (e.g., Dennis 
and Schrag, 2010; Schmid and Bernasconi, 2010). Several factors are 
believed to control thermal resetting rates, with mineralogy being the 
most prominent. For instance, among aragonite, calcite, and dolomite, 
aragonite shows the fastest resetting and dolomite the slowest (Stolper 
and Eiler, 2015; Lloyd et al., 2017, 2018; Ritter et al., 2017; Ryb et al., 
2017; Chen et al., 2019). Other factors discussed are the presence of 
water (Passey and Henkes, 2012; Staudigel and Swart, 2016; Brenner 
et al., 2018; Nooitgedacht et al., 2021), minor and trace element sub-
stitutions (Passey and Henkes, 2012; Henkes et al., 2014; Stolper and 
Eiler, 2015), and pressure (Passey and Henkes, 2012; Brenner et al., 
2018). 

Thermal resetting limits the utility of clumped isotopes to recon-
struct paleoenvironmental conditions in deep-time as well as burial and 
tectonic histories of sedimentary basins. Nevertheless, approaches have 
been proposed to use partially reset carbonates to determine relative 
paleotemperature changes (Fernandez et al., 2021), reconstruct absolute 
temperatures of diagenetic cementation prior to heating during deep- 
burial (Lawson et al., 2018), and estimate peak burial temperatures in 
sedimentary basins (Henkes et al., 2014; Shenton et al., 2015; Ryb et al., 
2021). Quantitative reconstructions, however, strongly depend on the 
choice of kinetic parameters for thermal resetting. Limitations of 

existing kinetic parameters relate to the fact that they have been derived 
for a limited set of materials that may differ in their microstructure, 
water content and distribution, and minor and trace element composi-
tions from the samples of interest for a specific application. For calcite, 
data are available from two optical calcites (one heated under both wet 
and dry conditions), one spar, and one Permian brachiopod (Passey and 
Henkes, 2012; Henkes et al., 2014; Stolper and Eiler, 2015; Brenner 
et al., 2018). The absence of statistically significant differences in 
resetting kinetics between the studied optical and brachiopod calcites 
has been used as evidence for common kinetic parameters for all calcites 
(Henkes et al., 2014; Stolper and Eiler, 2015; Hemingway and Henkes, 
2021), although relatively large uncertainties attributed to kinetic pa-
rameters may conceal possible differences. Other studies have argued 
that resetting kinetics indeed differ between optical and spar calcites 
(Passey and Henkes, 2012; Shenton et al., 2015; Stolper and Eiler, 
2015); and different resetting rates between abiogenic and skeletal 
aragonite have been suggested by Staudigel and Swart (2016) and Chen 
et al. (2019) and confirmed by Nooitgedacht et al. (2021). 

To date, three models with different mechanistic interpretations of 
solid-state bond reordering in calcites have been developed from labo-
ratory heating experiments performed at different temperatures and 
timescales. A key finding in all heating experiments is that Δ47 change 
follows apparent non-first-order kinetics with a first rapid exponential 
decrease followed by a slower exponential decrease. The transient 
defect/equilibrium defect model (Passey and Henkes, 2012; Henkes 
et al., 2014) – here referred to as “He 14 model” – assumes that solid- 
state bond reordering is controlled by defects within the crystal lattice 
(e.g., point defects, dislocations, cation substitutions), some of which 
can be annealed by heating. Such defects promote diffusion of C and O 
through the crystal lattice and thus bond reordering. The rapid Δ47 
decrease in the first stage of heating is attributed to the high initial 
abundance of lattice defects. With progressive heating, transient defects 
are annealed, resulting in a reduced mobility of C and O in the crystal 
lattice and, accordingly, slower solid-state bond reordering. Remaining 
unannealable equilibrium defects promote continued but slow C and O 
diffusion in the second stage of heating. This model implies that calcites 
with an initially high density of lattice defects should reorder faster than 
those with fewer defects. The paired exchange-diffusion model (Stolper 
and Eiler, 2015) – here referred to as “SE 15 model” – assumes that the 
initial rapid decrease in Δ47 occurs as doubly-substituted carbonate 
groups (containing 13C and one 18O) are removed by exchange with a 
neighboring group containing only 12C and 16O. This exchange results in 
the formation of two neighboring singly-substituted isotopologues, one 
containing the 13C and the other the 18O (together referred to as ‘pairs’). 
As long as the two singly-substituted carbonate groups remain direct 
neighbors, they can immediately back-react to re-form a clump, thus 
buffering the decrease in Δ47. In the second stage, the two carbonate 
groups that together comprise a pair slowly separate by diffusion 
through the crystal lattice such that each singly-substituted group (now 
referred to as a ‘singleton’) is surrounded by non-substituted neighbors, 
effectively halting back-reaction to a clump. Because singleton diffusion 
is slower than pair formation, pairs can accumulate. Back-reaction of 
these pairs to re-form clumps slows down the rate of Δ47 decrease until 
diffusion becomes the dominant mechanism. This reordering model 
implies that all calcites share a common reordering behavior, as there is 
no assumed influence of material-specific properties such as lattice 
defect concentration, crystal size, or texture. Different reordering rates 
between different mineralogies are explained by the crystal structure 
(Lloyd et al., 2018; Chen et al., 2019). The disordered kinetic model 
(Hemingway and Henkes, 2021) – here referred to as “HH 21 model” – is 
based on the concept that solid-state bond reordering rates arise natu-
rally from random-walk 18O diffusion through the crystal lattice. In 
contrast to the SE 15 and He 14 models, which assume a specific reor-
dering mechanism, this model treats clumped isotope reordering as a 
disordered kinetic process whereby solid-state C–O isotope exchange 
occurs as a parallel superposition of first-order reactions. 
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In contrast to recrystallization, thermal resetting is not associated 
with petrographic, textural, or elemental changes (Passey and Henkes, 
2012; Henkes et al., 2014; Shenton et al., 2015; Stolper and Eiler, 2015; 
Fernandez et al., 2021). Accordingly, excluding recrystallization of the 
calcite during heating is essential for interpreting the evolution of Δ47 as 
thermal resetting alone without modification by recrystallization pro-
cesses. Changes in carbonate δ13C and δ18O may indicate open-system 
recrystallization or isotopic exchange with an external fluid or gas. 
However, a lack of change in δ13C and δ18O is insufficient to exclude 
recrystallization under closed-system conditions. We thus used electron 
backscatter diffraction (EBSD) to obtain high-resolution information at 
(sub)-µm scale on the orientation of the individual crystals of the 
belemnite samples, allowing to assess preservation of the primary tex-
tures (e.g., Pérez-Huerta et al., 2007, 2018) in the heated samples. 

In this study, we compare the thermal resetting of belemnite rostral 
calcite with that of optical calcite. These two materials differ greatly in 
trace element substitution, crystal size, and distribution of internal 
water. Optical grade calcite is characterized by large crystals of high 
purity and its thermal resetting has been studied previously (Passey and 
Henkes, 2012; Stolper and Eiler, 2015; Brenner et al., 2018). Belemnites 
are fossil cephalopods, which are found in high abundance in Late 
Triassic to Late Cretaceous sediments in a broad range of paleoenvir-
onments. Their internal shell, the so-called rostrum, is composed of low- 
Mg calcite, the most stable form of calcite with a high preservation 
potential (e.g., Stevens et al., 2017). Belemnite rostral calcite has been 
used extensively for paleoclimate reconstructions (e.g., Voigt et al., 
2003; Mutterlose et al., 2010; Price et al., 2013; Bajnai et al., 2020; 
Fernandez et al., 2021; Vickers et al., 2021). Given the importance of 
belemnite calcite as deep-time paleoenvironmental archive, belemnite- 
specific kinetic parameters are desired to improve clumped isotope 
paleotemperature reconstructions. 

2. Materials and methods 

2.1. Optical calcite 

The natural optical calcite used in our experiments originates from 
an unknown location in Mexico. The single crystal is transparent, devoid 
of macroscopic inclusions and impurities (Fig. S14a), and has a rela-
tively high Δ47 value of 0.530 ± 0.009 ‰ (I-CDES, 95% CL), corre-
sponding to a Δ47 temperature of 49 ± 4 ◦C, far from the equilibrium 
compositions at our experimental temperatures. 

2.2. Belemnite rostral calcite 

The belemnite rostrum studied here (Cylindroteuthis; Price et al., 
2015) (Fig. S14b) originates from the Callovian (Middle Jurassic) 
Christian Malford Lagerstätte in the south-western UK and was pre-
sented in the study of Vickers et al. (2021). It has a Δ47 value of 0.610 ±
0.017 ‰ (I-CDES, 95% CL), corresponding to a Δ47 temperature of 20 ±
5 ◦C. The Christian Malford Lagerstätte is known for exceptional fossil 
preservation, including biogenic aragonite in ammonites and phrag-
mocones of belemnites (Wilby et al., 2008; Price et al., 2015). Because 
the metastability of aragonite causes conversion to calcite under mod-
erate temperatures (e.g., Marland, 1975), the preservation of such old 
biogenic aragonite is exceptional and requires very low burial temper-
atures. These are also indicated by low thermal maturity of organic 
matter, apatite fission track and vitrinite reflectance data, and strati-
graphic constraints (Hudson and Martill, 1994; Green et al., 2001; Kenig 
et al., 2004; Glass et al., 2013). Moreover, Vickers et al. (2021) showed 
that the aragonitic phragmocones and calcitic rostra from the same 
belemnite specimens yield, within error, identical Δ47 temperatures 
between 20 and 30 ◦C. As aragonite is thermally reset at lower tem-
peratures than calcite (Staudigel and Swart, 2016; Ritter et al., 2017; 
Chen et al., 2019), identical aragonite and calcite Δ47 temperatures 
strongly indicate that burial temperatures at Christian Malford never 

exceeded the temperature limit for aragonite Δ47 preservation and 
precludes any pre-heating and partial resetting of the belemnite rostral 
calcite. 

2.3. Sample preparation and heating experiments 

The optical calcite was cleaned with de-ionized water and ethanol, 
crushed in a ceramic mortar, and sieved, retaining the 250–1000 μm 
fraction. Pyrite covering the outer layer of the belemnite rostrum was 
removed with a hand-held drill at low speed to avoid heating of the 
calcite. Slices of 1–2 mm thickness were cut perpendicular to the axis of 
the rostrum with a diamond wire saw operated at low speed. The slices 
were further sub-divided into three to four pieces and the apical zone, 
which is commonly influenced by diagenesis (e.g., Li et al., 2013; Ull-
mann et al., 2015), was removed. Finally, they were cleaned with de- 
ionized water and ethanol. All samples were then dried at 70 ◦C for 
several hours to remove moisture, and stored in a desiccator. 

Aliquots of 50–200 mg of belemnite rostrum and 200–500 mg of 
optical calcite were placed at the bottom of silica-glass tubes that were 
previously heated to 950 ◦C for ~12 h to remove contaminants. Between 
16 and 67 mg of silver oxalate (Ag2C2O4) was packed between two 
layers of silica-wool (Fig. 1), and the tube was then evacuated to 6.8 ×
10− 3 bar and sealed. Silver oxalate was added to produce a CO2 atmo-
sphere (e.g., Scheele and Hoefs, 1992) with a known isotope composi-
tion (δ13C = − 7.69 ± 0.01 ‰ (VPDB) and δ18O = +1.20 ± 0.09 ‰ 
(VPDB)) to monitor open-system recrystallization/exchange and to 
stabilize the calcite during heating. The oxalate decomposition reaction 
Ag2C2O4 → Ag2 + 2CO2, which proceeds above ~140 ◦C, also provides 
elemental silver to efficiently remove sulfur compounds from the at-
mosphere. This minimizes the presence of SO ions in the source of the 
mass spectrometer that can cause isobaric interference on m/z 48, which 
is used as a monitor for contamination. For the belemnite, we addi-
tionally added silver wool to ensure complete removal of sulfur com-
pounds (Fig. 1). All experiments were conducted in a Nabertherm box 

Fig. 1. Schematic diagram of the experimental setup.  
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furnace using a secondary K-type thermocouple directly adjacent to the 
samples at the center of the furnace to account for the offset between the 
built-in controlling thermocouple and true sample temperature. Exper-
imental temperatures were held constant with an accuracy of ±2 ◦C for 
all temperatures, which ranged from 300 ◦C to 480 ◦C. Experiments 
were quenched to ~20 ◦C within seconds by dropping the glass tubes 
into a water bath. 

2.4. Electron backscatter diffraction (EBSD) 

For EBSD analysis, sample pieces were mounted in epoxy and me-
chanically polished to 0.25 µm diamond solution grain size, followed by 
chemical–mechanical polishing with an alkaline solution of colloidal 
silica in a neoprene substrate. Analyses were performed on coated 
samples (~2.5 nm carbon) in a Thermo Fisher - FEI Quanta 200F 
equipped with an EDAX Hikari EBSD camera using TEAM software for 
data acquisition at the Scientific Center for Optical and Electron Mi-
croscopy (ScopeM) at ETH Zurich. Acquisition parameters included 
accelerating voltage of 20 kV, beam current of 8 nA, working distance of 
17 mm, and mapping step size of 1 µm. Post-acquisition processing 
included grain confidence index (CI) standardization followed by one 
step of grain CI correlation. All points with CI < 0.1 and grains with less 
than 10 pixels were removed to prevent artifacts. EBSD data are pre-
sented as crystallographic orientation maps and stereographic pro-
jections (pole figures) in relation to the (0001) and (10–14) planes of 
calcite. 

2.5. Clumped isotope geochemistry 

For clumped isotope analyses, samples were ground with a ceramic 
mortar and pestle. All measurements were conducted at ETH Zurich 
using a Thermo Scientific Kiel IV carbonate device coupled to a Thermo 
Scientific MAT253 isotope ratio mass spectrometer (IRMS) based on the 
methods described by Meckler et al. (2014), Müller et al. (2017), and 
Bernasconi et al. (2018). Potential isobaric contaminants on m/z 47 
were removed by a Porapak Q trap held at − 40 ◦C and monitored ac-
cording to Davies and John (2017). Backgrounds on m/z 44–47 were 
determined at the beginning of each analytical session by high-voltage 
peak scans at five different intensities between 10 and 30 V (Bernas-
coni et al., 2013). Data reduction was carried out with the Easotope 
software package (John and Bowen, 2016). A total of 28 samples of 
optical calcite and 56 samples of belemnite rostrum were analyzed at 
least 10 times each. From a total of 990 measurements, 25 (~2.5%) were 
removed as outliers (see Appendix). Uncertainties in Δ47 are reported 
with margins of error at the 95% confidence level (Fernandez et al., 
2017). Carbon and oxygen isotope ratios are reported relative to VPDB 
and are within analytical uncertainty of ±0.10 ‰ for δ13C and ±0.20 ‰ 
for δ18O (±1 std. dev). Clumped isotope data are reported in the I-CDES 
scale (Bernasconi et al., 2021), and Δ47 temperatures and equilibrium 
compositions are calculated using the Anderson et al. (2021) calibration. 

2.6. Minor and trace element analyses 

Minor and trace element ratios (Mg/Ca, Mn/Ca, Fe/Ca, and Sr/Ca) 
were analyzed on an Agilent 8800 Triple Quadrupole ICP-MS at ETH 
Zurich. Normalization and drift correction was applied using in-house 
standards. 

2.7. Modeling 

Kinetic parameters for all experiments using the He 14, SE 15, and 
HH 21 models were determined using the “Isotopylog” Python package 
(Hemingway, 2020). Optimal rate constants and their uncertainty for 
each experiment were calculated using an error-weighted fit to all data 
points. For the HH 21 model, regularized inverse solutions were first 
calculated and determined to be approximately lognormal (Figs. S8 and 

S9). Lognormal distributions were used for the determination of un-
derlying activation energy parameters using an Arrhenian approach 
(Fig. S12). The optical calcite experiments run at 300 and 360 ◦C yielded 
a signal-to-noise ratio <3 (Figs. 2 and S9a, S10e, S11e) and were thus 
omitted from further analysis in accordance with previously defined 
signal-to-noise thresholds (Hemingway and Henkes, 2021). All SE 15 
model results were determined with an initial pair slope dependence of 
mp = 0.0992, as this is the value originally reported in Stolper and Eiler 
(2015) and used in all subsequent studies (e.g., Lloyd et al., 2018; Chen 
et al., 2019). 

Because this practice led to the retention of only two optical calcite 
experiments of our study, which is insufficient to determine Arrhenius 
regression uncertainty, we did not calculate activation energies for this 
material but instead used previously published optical calcite values 
(Passey and Henkes, 2012; Passey et al., 2014; Stolper and Eiler, 2015; 
Hemingway and Henkes, 2021). In contrast, belemnite experiments at 
all temperatures yielded signal-to-noise ratios >10, allowing us to 
determine activation energy parameters. The Δ47 resetting over geologic 
timescales was determined in Isotopylog following the method of 
Hemingway and Henkes (2021). 

3. Results 

3.1. Stable isotopes and clumped isotopes 

3.1.1. Optical calcite 
The δ13C, δ18O, and Δ47 of all experiments are presented in Fig. 2 and 

Table S1. The unheated optical calcite has an initial Δ47 = 0.530 ±
0.009 ‰ (I-CDES, 95% CL) corresponding to 49 ± 2 ◦C, a δ13C = − 12.01 
‰ (VPDB), and a δ18O = − 13.96 ‰ (VPDB). The δ13C and δ18O for all 
heated samples are constant within ±0.05 ‰ of the unheated material 
while the Δ47 decreased with increasing heating time and temperature. 
The rate of change in Δ47 increased with increasing temperature but the 
expected equilibrium Δ47 at the experimental temperatures were never 
reached. The change in Δ47 compared to the unheated material (ΔΔ47) 
after 96 h of heating was − 0.008 ‰ for 300 ◦C, − 0.038 ‰ for 360 ◦C, 
− 0.162 ‰ for 420 ◦C, and − 0.222 ‰ for 480 ◦C experiments. 

3.1.2. Belemnite rostral calcite 
The δ13C, δ18O, and Δ47 of all experiments are shown in Fig. 3 and in 

Table S2. The initial Δ47 of unheated belemnite is 0.610 ± 0.017 ‰. This 
value is confirmed by a second sample yielding 0.605 ± 0.016 ‰ that 
was analyzed to assess Δ47 variability of different regions in the rostrum, 
as individual pieces – rather than homogenized sample material – were 
used for these experiments. Similar to the optical calcite, Δ47 values in 
all experiments decreased with longer heating, and the rate of change in 
Δ47 increased with higher temperatures. The ΔΔ47 compared to the 
unheated material after 96 h of heating was − 0.178 ‰ at 300 ◦C, 
− 0.255 ‰ at 360 ◦C, − 0.362 ‰ at 420 ◦C, and − 0.402 ‰ at 480 ◦C. 
Belemnite calcite reached Δ47 values within error of the equilibrium 
compositions after heating for 96 h at 420 ◦C and 2 h at 480 ◦C. 

The δ13C and δ18O of 20 unheated samples, drilled from different 
areas of the rostrum, yielded values from +2.03 to +2.92 ‰ and − 0.99 
to − 0.31 ‰, respectively. Compared to the values measured on the 
specific slice of rostral calcite used to determine initial Δ47 (δ13C =
+2.34 ‰, δ18O = − 0.53 ‰), this corresponds to a range between − 0.31 
and +0.58 ‰ for δ13C and between − 0.46 and +0.22 ‰ for δ18O (Fig. 3), 
which we take to represent natural variability within the rostrum. 
Accordingly, observed δ13C values for all heated samples are within 
natural variability. However, δ18O values of heated samples are on 
average 0.4 ‰ lower than those of the unheated belemnite. This change 
in δ18O occurs within the first 2–4 min of heating, coeval with a drop in 
Δ47 of − 0.057 ‰ at 360 ◦C, − 0.169 ‰ at 420 ◦C, and − 0.244 ‰ at 
480 ◦C. The δ18O remains unchanged afterwards, and the Δ47 further 
decreases at lower rates (Fig. 3, Fig. S5d, and Table S2). 
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3.2. EBSD 

Samples heated at 360 ◦C, 420 ◦C, and 480 ◦C for up to 96 h show the 
same arrangement of calcite crystals as the unheated belemnite, with 
growth from the rostrum center (nucleation point) towards the outer 
surface forming elongated pseudo-prismatic or columnar crystals 
(Fig. 4). The crystals show an overall orientation of the calcite c-axis 
perpendicular to the outer surface and a similar orientation in reference 
to the calcite cleavage plane (10–14). 

3.3. Minor and trace element measurements 

Optical and belemnite calcites Mg/Ca, Mn/Ca, Sr/ Ca, and Fe/Ca 
ratios are presented in Table S3. Belemnite calcite shows a 32 times 
higher total concentration of calcium substitutions ((Mg + Mn + Sr +
Fe)/Ca) compared to the optical calcite. In the belemnite calcite, Mg and 
Sr are the most abundant calcium substituting cations with similar 
concentrations, while the concentrations of Mn and Fe are 400 and 1300 
times lower (Table S3). In the optical calcite, Mg and Mn are the most 
common cations and Fe and Sr occur in by factors of 6 and 15 lower 
concentrations. 

4. Discussion 

4.1. Assessment of mineral preservation during heating 

4.1.1. Stable isotope composition 
Constant δ13C and δ18O has been observed for all abiogenic calcites 

and aragonites heated under dry conditions (this study, Passey and 
Henkes, 2012; Stolper and Eiler, 2015; Chen et al., 2019), even when 
heated in a CO2 atmosphere with isotopic compositions very different 
from the carbonate. Thus, bulk isotope data of abiogenic calcite indicate 
no open-system recrystallization or substantial isotopic exchange with 
the CO2 atmosphere during heating. In contrast, the decrease in δ18O 
observed for belemnite calcite indicates loss or gain of oxygen isotopi-
cally distinct from the initial carbonate. X-ray diffraction analysis of 
unheated and heated samples show that this change is not related to 
phase transformation (Fig. S7). The CO2 atmosphere used here has a 
similar δ18O and a ~10 ‰ lower δ13C than the belemnite calcite; sub-
stantial isotopic exchange should thus shift the belemnite δ13C to lower 
values, whereas the constant δ13C indicate no significant isotopic ex-
change between calcite and CO2 and/or intra-crystalline organic matter. 
Control experiments conducted without addition of silver oxalate show 
similar shifts in δ18O and Δ47 and thus speak against any influence of the 
silver oxalate on stable and clumped isotope compositions (Table S4). 

A decrease in δ18O of similar magnitude has also been observed for: 
(1) brachiopod calcite, which shifted by − 0.2 to − 0.4 ‰ for heating in a 
dry CO2 atmosphere (Henkes et al., 2014); (2) biogenic aragonites 

Fig. 2. Results for optical calcite heating experiments. 2a and 2b: Change in δ13C (Δδ13C) and δ18O (Δδ18O) plotted against the change in Δ47, all relative to unheated 
sample material. The analytical uncertainty on δ13C and δ18O for individual samples is ±0.01 ‰ (1 SE). No obvious trends are observed for either Δδ13C or Δδ18O. 2c: 
Clumped isotope evolution of optical calcite for each heating experiment. Dark blue represents 300 ◦C, light blue 360 ◦C, orange 420 ◦C, and red 480 ◦C experimental 
temperatures. The yellow star indicates unheated material. Uncertainty in Δ47 (I-CDES) values are given as 95% confidence intervals, and equilibrium values are 
determined following Anderson et al. (2021). The inset shows the first 8 h of Δ47 evolution in detail. 
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heated in a dry CO2 atmosphere, in air, and under vacuum (Staudigel 
and Swart, 2016; Nooitgedacht et al., 2021), which shifted by up to 
− 0.5 ‰ prior to conversion to calcite; and (3) optical and spar calcites 
heated in water under high-pressure, which led to δ18O shifts of up to 
− 0.6 ‰ (Passey and Henkes, 2012; Brenner et al., 2018). In all cases, 
δ13C remained unchanged. Henkes et al. (2014) observed a condensed 
fluid in the tubes after heating of brachiopod calcite and hypothesized 
that it originated from decrepitation of fluid inclusions and/or hydro-
lysis of organic matter occluded in the shell. Staudigel and Swart (2016) 
suggested that the decrease in δ18O of biogenic aragonite during heating 
was caused by equilibration with internal skeletal water. This was 
subsequently demonstrated by Nooitgedacht et al. (2021) by comparing 
the isotope compositions of aragonite and internal skeletal water before 
and after heating. The available evidence thus suggests that oxygen 
isotope exchange between the mineral and water – rather than CO2 – 
causes the observed δ18O decreases. In fact, a change in δ18O occurred 
only in experiments where water was present, either as internal skeletal 
water or when added to the experiments. In contrast, δ18O remained 
constant in all water-free experiments. 

The amount of internal water needed to explain the observed 
belemnite δ18O shift can be estimated by the following mass balance: 

Owater(at% of total oxygen) =
(

1 −
δ18Ocalcite, heated − δ18Owater, initial

δ18Ocalcite, initial − δ18Owater, initial

)

× 100 

Assuming an internal water reservoir with a seawater-like initial 

δ18O of − 1 to +1 ‰ (V-SMOW) that fully exchanges with the calcite, and 
neglecting water-calcite fractionation at the experimental temperatures 
for simplicity, we find that the observed 0.4 ‰ shift in the calcite can be 
explained if 1.0–1.6 at% of the total oxygen reservoir in belemnite 
calcite is present from internal water. This corresponds to up to 
~0.5–0.9 wt% internal water, in agreement with estimates of up to 3 wt 
% in modern skeletal carbonates (Gaffey, 1988). However, although the 
stable isotope compositions do not suggest that belemnite calcite was 
subjected to open-system recrystallization during the heating, textural 
constraints on the preservation state are required to further preclude the 
possibility of closed-system recrystallization. 

4.1.2. Belemnite micro-structure 
The micro-structure of belemnite rostra of several species is well- 

known (e.g., Stevens et al., 2017; Vickers et al., 2020; Hoffmann and 
Stevens, 2020, and references therein). EBSD imaging of the rostrum of 
the species Neohibolites minimus, as in other species, shows columnar 
calcite crystals radiating from the center with the c-axis perpendicular to 
the outer surface (Stevens et al., 2017). Our unheated belemnite shows 
this typical rostrum micro-structure (Fig. 4) without secondary mineral 
phases and/or recrystallization due to diagenesis. This micro-structure is 
also completely preserved in the heated samples, confirming that no 
recrystallization occurred during heating. Therefore, we conclude that 
the kinetic parameters derived in this study represent pristine belemnite 
rostral calcite and that all observed changes in Δ47 can be ascribed to 

Fig. 3. Results for belemnite rostral calcite heating experiments. 3a and 3b: Change in δ13C (Δδ13C) and δ18O (Δδ18O) plotted against the change in Δ47, relative to 
the unheated sample material. The analytical uncertainty on δ13C and δ18O for individual samples is ±0.01 ‰ (1 SE). While Δδ13C is consistently within natural 
variability (gray shaded region), Δδ18O reaches on average 0.4 ‰ lower values that cannot be explained by natural variability. 3c: Clumped isotope evolution of 
belemnite rostral calcite for each heating experiment. Dark blue represents 300 ◦C, light blue 360 ◦C, orange 420 ◦C, and red 480 ◦C experimental temperatures. The 
yellow star indicates unheated material. Uncertainty in Δ47 (I-CDES) values are given as 95% confidence intervals, and equilibrium values are determined following 
Anderson et al. (2021). The inset shows the first 8 h of Δ47 evolution in detail. 
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thermal resetting. 

4.2. Solid-state bond reordering in optical calcites and belemnites 

4.2.1. Reaction progress during heating 
In all our experiments, belemnite calcite shows a faster reaction 

progress than optical calcite, including an abrupt decrease in Δ47 within 
the first 2–4 min of heating and a larger total decrease in Δ47. When 
heated at 300 ◦C, the optical calcite retained its initial Δ47 throughout 
the experiment, whereas the belemnite decreased by 0.178 ‰. At 
480 ◦C, the belemnite shows a Δ47 near equilibrium after only 2 h, 

whereas optical calcite still remained 0.085 ‰ above equilibrium after 
96 h. 

Because our clumped isotope data are reported in the I-CDES scale, 
they can be directly compared to those of previous studies recalculated 
to the CDES scale at 90 ◦C by Hemingway and Henkes (2021) (Fig. 5). 
Our optical calcite shows a very similar reaction progress to that of the 
optical calcite in Stolper and Eiler (2015) and of the spar calcite in 
Passey and Henkes (2012), but a slower decrease than the optical calcite 
of Passey and Henkes (2012). Compared to all optical and spar calcites 
as well as the brachiopod calcite of Henkes et al. (2014), our belemnite 
calcite consistently shows the fastest reaction progress and is the only 

Fig. 4. Images and electron backscatter diffraction (EBSD) data of the belemnite rostrum used in our experiments. 4a: Cross-sections of the unheated (left) and 
heated at 360 ◦C, 420 ◦C, and 480 ◦C for 96 h rostrum pieces. Note the change in color between unheated (brown) and heated (grey) samples, which we ascribe to 
decomposition of organic components during heating. Black squares show the location and orientation of the EBSD maps b-d. 4b: Crystallographic orientation map 
with inverse pole figure (IPF) color-coding on top of the image quality (IQ) map with brighter areas diffracting more and thus yielding better quality of the diffraction 
pattern. 4c: Stereographic projections in relation to the (0001) plane of calcite. 4d: Stereographic projections in relation to the (10–14) plane of calcite. Cross-section 
image and EBSD crystallographic orientation map of the unheated belemnite are from Vickers et al. (2021). 
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calcite material tested to date that approaches equilibrium at 
420–430 ◦C within the first 100 h of heating. 

4.2.2. Kinetic parameters 
Belemnite Arrhenius parameters determined for the HH 21, SE 15, 

and He 14 models obtained from fitting our experimental data are 
presented in Table 1. For the HH 21 model, the calculated belemnite 
mean activation energy is μE = 167.7 ± 12.3 kJ mol− 1 (±1 std. dev.), 
significantly lower than for all other calcites, which have μE = 247.4 ±
15.6 to 290.2 ± 27.1 kJ mol− 1 (Hemingway and Henkes, 2021). 
Furthermore, the belemnite Arrhenius pre-exponential factor is calcu-
lated to ν0 = 25.6 ± 2.2 min− 1, also significantly lower than for all other 
calcites, which yield ν0 = 34.2 ± 2.3 to 42.7 ± 4.6 min− 1(Hemingway 
and Henkes, 2021). Lower mean activation energy and pre-exponential 
factor result from faster Δ47 reordering rates (Fig. 5). Interestingly, 
however, the calculated belemnite activation energy distribution width 
is σE = 21.6 ± 2.8 kJ mol− 1, similar to other calcites, which range from 
σE = 13.5 ± 2.7 to 24.3 ± 0.8 kJ mol− 1 (Hemingway and Henkes, 2021). 
Although the exact reordering mechanism is not yet confirmed, a similar 

σE between all calcite materials despite differing μE and ν0 values sup-
ports the idea proposed in Hemingway and Henkes (2021) that the 
activation energy distribution width reflects the range of O–O distances 
between neighboring carbonate groups, which is intrinsic to a given 
mineral crystal lattice. 

For the SE 15 model, the activation energy for the belemnite “for-
ward pair reaction” determined here (Ef = 131.2 ± 12.6 kJ mol− 1) is 
significantly lower than for the optical calcite from Mexico (Ef = 172.1 
± 5.0 kJ mol− 1; Stolper and Eiler, 2015). However, similar to σE in the 
HH 21 model, the calculated belemnite “diffusion of singleton” activa-
tion energy (Eds = 194.3 ± 4.2 kJ mol− 1) and both Arrhenius pre- 
exponential factors (ln(k0,f) = 22.8 ± 2.5 min− 1; ln(k0,ds) = 30.4 ±
0.8 min− 1) are statistically identical to those of optical calcite (Eds =

211.2 ± 30.8 kJ mol− 1, ln(k0,f) = 25.2 ± 0.7 min− 1; ln(k0,ds) = 28.9 ±
4.5 min− 1; Stolper and Eiler, 2015). Following the SE 15 model inter-
pretation, this would suggest that belemnite clumps dissociate to form 
pairs (and vice versa) more quickly than in optical calcite, but that 
singleton diffusion through the crystal lattice proceeds at similar rates in 
both materials. 

Finally, for the He 14 model, the calculated activation energies for 
belemnite equilibrium defect reordering and transient defect reordering 
are Ec = 113.9 ± 27.9 kJ mol− 1 and Ed = 83.1 ± 7.7 kJ mol− 1, 
respectively. This is significantly lower than for optical and brachiopod 
calcite (Ec = 187.6 ± 2.7 to 196.6 ± 19.1 kJ mol− 1 and Ed = 133.3 ±
11.9 to 180.0 ± 5.7 kJ mol− 1; Henkes et al., 2014). Arrhenius pre- 
exponential factors are similarly lower, with belemnite ln(k0,c) = 13.0 
± 5.0 min− 1 and ln(k0,d) = 12.4 ± 1.3 min− 1 (previous values: ln(k0,c) =
24.0 to 25.2 min− 1 and ln(k0,d) = 17.1 to 25.5 min− 1; Henkes et al., 
2014). Interestingly, the activation energy and Arrhenius pre- 
exponential factor controlling the rate at which transient defects are 
annealed in belemnite are E2 = 57.1 ± 6.7 kJ mol− 1 and ln(k0,2) = 8.0 ±
1.1 min− 1, respectively. These are within the range of values for 
brachiopod (E2 = 136.1 ± 3.7 kJ mol− 1 and ln(k0,2) = 18.5 min− 1) and 
optical calcite (E2 = 47.9 ± 21.2 kJ mol− 1 and ln(k0,2) = 3.0 min− 1; 
Henkes et al., 2014). Within the He 14 model framework, this would 
imply that belemnite defects – both equilibrium and transient – lead to 
faster Δ47 reordering than in previously analyzed materials, but that the 
rate of transient defect annealing is insensitive to material-specific 
differences. 

Fig. 5. 5a: Comparison of absolute Δ47 composition evolution of different calcites heated at 420–430 ◦C. Uncertainty in Δ47 (I-CDES or CDES at 90 ◦C) values are 
given as ±1 SE to compare with published values. Equilibrium values are determined following Anderson et al. (2021). 5b: Comparison of reaction progress of 
different calcites heated at 420–430 ◦C plotted as ln (1-F), with the reaction progress variable F defined as: F = (Δ47, init − Δ47, t) / (Δ47, init − Δ47 equil). 

Table 1 
Belemnite Arrhenius parameters calculated for all existing models using the data 
presented in this study (n = 4). Parameter nomenclature follows that of the 
original publications, where E is activation energy and ν0 or ko is the pre- 
exponential factor (Henkes et al., 2014; Stolper and Eiler, 2015; Hemingway 
and Henkes, 2021). All uncertainty is ± 1 std. dev.; ds = “dif-single”.  

Model Arrhenius parameters 

HH 21 μE 

kJmol− 1 
ν0 min− 1 σE 

kJmol− 1     

167.7 ±
12.3 

25.6 ±
2.2 

21.6 ±
2.8    

SE 15 Ef 

kJmol− 1 
ln(k0,f) 
min− 1 

Eds 

kJmol− 1 
ln(k0, 

ds) 
min− 1    

131.2 ±
12.6 

22.8 ±
2.5 

194.3 ±
4.2 

30.4 ±
0.8   

He 14 Ec 

kJmol− 1 
ln(k0,c) 
min− 1 

Ed 

kJmol− 1 
ln(k0,d) 
min− 1 

E2 

kJmol− 1 
ln(k0,2) 
min− 1  

113.9 ±
27.9 

13.0 ±
5.0 

83.1 ±
7.7 

12.4 ±
1.3 

57.1 ±
6.7 

8.0 ±
1.1  
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4.3. The effect of water on clumped isotope resetting 

In calcites, oxygen self-diffusion under wet conditions in the tem-
perature range of our experiments is at least three orders of magnitude 
faster than under dry conditions because of rapid oxygen isotope ex-
change between the carbonate mineral and water at the crystal-water 
interface (Kronenberg et al., 1984; Farver, 1994; Labotka et al., 2011). 
Oxygen isotope exchange with water, resulting in a decrease of car-
bonate δ18O, has been observed in numerous heating experiments, either 
when water is added to the experiments (i.e., optical and spar calcites; 
Passey and Henkes, 2012; Brenner et al., 2018) or is present as internal 
water in biogenic calcites and aragonites (this study, Henkes et al., 2014; 
Staudigel and Swart, 2016; Nooitgedacht et al., 2021). 

Regarding the influence of isotopic exchange between the mineral 
lattice and water on clumped isotope resetting, the previous experiments 
show contrasting effects: heating of optical calcite under wet, low- 
pressure conditions and of spar calcite under wet, high-pressure (100 
MPa) conditions did not show differences in reaction progress compared 
to corresponding dry experiments (Passey and Henkes 2012). Similarly, 
Brenner et al. (2018) reported only a modest increase in resetting rates 
for optical calcite under wet, high-pressure (100 MPa) compared to dry, 
low-pressure conditions (higher pre-exponential factors but statistically 
identical activation energies). Finally, the brachiopod calcite experi-
ments of Henkes et al. (2014) conducted under dry, low-pressure con-
ditions show evidence for oxygen isotope exchange with internal water, 
as δ18O decreased during heating and those authors observed the pres-
ence of a condensed fluid within sample tubes after quenching. How-
ever, this brachiopod calcite did not show significantly different 
resetting kinetics compared to abiogenic calcites. In contrast, consider-
ably faster reaction progress for biogenic aragonite containing internal 
water compared to abiogenic aragonite with no or little internal water 
has been demonstrated in the experiments of Chen et al. (2019), Stau-
digel and Swart (2016), and Nooitgedacht et al. (2021). 

The contrasting findings for abiogenic and skeletal carbonates can be 
explained by the efficiency of oxygen isotope exchange between the 
total crystal volume and water. Tracer diffusion studies show that at 
laboratory timescales, oxygen isotope diffusion into calcite is limited to 
short distances of less than 2 μm (Farver, 1994; Labotka et al., 2011). 
Therefore, for a given crystal volume, a larger surface area of the crystal- 
water interface causes a greater effect of the oxygen isotope exchange on 
the total crystal. The ratio between the surface area of the crystal-water 
interface and the total volume of crystal (S/V-ratio) is a material-specific 
property that depends on crystal size and geometry as well as water 
content and distribution. Abiogenic carbonates are typically composed 
of relatively large individual crystals and contain internal water in the 
form of fluid inclusions and thus exhibit small S/V ratios. In contrast, 
skeletal carbonates have complex micrometer-scale morphologies with 
individual crystals surrounded by inter-crystalline organic matrix and 
are composed of nanometer-size granules (Dauphin et al., 2018; Pérez- 
Huerta et al., 2018; Cuif et al., 2020). The carbonate nanogranules are 
surrounded by an intra-crystalline amorphous-organic phase that con-
tains internal water (Gaffey, 1988). Preservation of intra-crystalline 
amorphous-organic phases has been shown in fossil corals as old as 
Devonian in age (Pérez-Huerta et al., 2018). In skeletal carbonates, in-
ternal water is thus present as fluid inclusions and associated with inter- 
and intra-crystalline organic matter within the biomineral (Gaffey, 
1988; Cuif et al., 2004). In particular, the nanogranules cause a large S/ 
V-ratio of skeletal carbonates and can thus promote effective oxygen 
isotope exchange with internal water at elevated temperatures. This is 
supported by the observations of Bernard et al. (2017), who observed 
extensive exchange with external water in foraminifera shells facilitated 
by their nanometer-scale granular structure. As a consequence, all 
biogenic carbonates, although heated under dry conditions, showed a 
decrease in δ18O (this study; Henkes et al., 2014; Staudigel and Swart, 
2016; Nooitgedacht et al., 2021), while this effect was smaller or not 
observed at all in abiogenic carbonates (this study, Passey and Henkes, 

2012; Stolper and Eiler, 2015; Chen et al., 2019; Nooitgedacht et al., 
2021). The internal water remains present in the biomineral during 
experimental heating, as shown by Nooitgedacht et al. (2021). 

Our belemnite heating experiments show a simultaneous drop in 
δ18O and Δ47 within the first 2–4 min of heating. The δ18O remains 
unchanged afterwards (Fig. 3, Fig. S5d and Table S2), whereas Δ47 
further decreases but at slower rates. This suggests that fast oxygen 
isotopes exchange between the mineral lattice and water at the crystal- 
water interface is the dominant control on clumped isotope resetting 
during initial heating of belemnite calcite. After oxygen-isotope equili-
bration with internal water, isotopic exchange between neighboring 
carbonate groups within the mineral lattice (i.e., solid-state bond reor-
dering) becomes the dominant process on thermal resetting. In contrast, 
during heating of optical and spar calcites under wet conditions (Passey 
and Henkes, 2012; Brenner et al., 2018), the added water causes a 
slower, more gradual decrease in δ18O over tens of hours of heating 
while resetting rates remain unaffected or are only moderately faster 
compared to dry conditions (Figure S5), which indicates that thermal 
resetting of these materials is dominated throughout the experiments by 
solid-state bond reordering. Furthermore, optical and spar calcites show 
no measurable change in δ18O when heated under dry conditions, 
implying that they contain no significant amounts of internal water. 

Accordingly, clumped isotope resetting in abiogenic carbonates with 
small S/V ratios is dominated by solid-state bond reordering, even when 
heated under wet conditions. Gradual shifts in calcite δ18O during wet 
heating result from oxygen isotope exchange between the mineral and 
the water added at high water/rock ratios. However, mineral–water 
exchange is not efficient and does not substantially influence clumped 
isotope resetting rates. In contrast, clumped isotope resetting in biogenic 
carbonates with large S/V ratios is dominated by oxygen isotope ex-
change between the mineral lattice and internal water at low water/rock 
ratios within the first minutes of heating at experimental temperatures. 
Such oxygen isotope exchange may also continue after equilibration, but 
without further affecting δ18O or Δ47, and thermal resetting after 
equilibration is dominated by solid-state bond reordering. 

Water fugacity as a key control on resetting rates of water-bearing 
skeletal carbonates can explain most experimental observations but 
not those for the WA-CB-13 Permian brachiopod calcite of Henkes et al. 
(2014). In that study, brachiopod kinetic parameters do not significantly 
differ from those of inorganic calcites (this study, Henkes et al., 2014; 
Stolper and Eiler, 2015; Hemingway and Henkes, 2021), even though 
the mechanism proposed here would predict resetting rates similar to 
belemnite calcite. The cause for the different behavior of the two ma-
terials remains an open question. EBSD data for the brachiopod WA-CB- 
11 (same location as WA-CB-13 used for the heating experiments in 
Henkes et al. (2014) and the study of Henkes et al. (2018); data provided 
by those authors) show good preservation of the primary textures and 
thus speak against recrystallization during burial (Fig. S15). Similarly, 
substantial pre-annealing of the brachiopod calcite seems unlikely, 
given the relatively high but still realistic initial Δ47 value corresponding 
to 31 ◦C. Instead, we suggest that differences in the amount and/or 
distribution of internal water might play a role. 

4.4. Other potential factors influencing bond reordering rates in calcites 

Oxygen isotope exchange with internal water initially present and/or 
expelled during heating by the thermal decomposition of organic com-
pounds can explain rapid resetting of the belemnite calcite during the 
first minutes of experimental heating. However, even after full δ18O 
equilibration with the internal water, the belemnite reordering rates are 
higher compared to all previously tested materials (Fig. S6). Thus, 
further material-specific properties must influence bond reordering 
rates. 

4.4.1. Minor and trace element substitution 
Minor and trace element substitutions influence crystallographic 
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defect concentrations in the mineral lattice and have been shown to 
promote oxygen self-diffusion in calcite (Kronenberg et al., 1984). Thus, 
they potentially influence bond reordering kinetics (Passey and Henkes, 
2012; Henkes et al., 2014). The 32-times higher total concentration of 
calcium substitutions in the belemnite compared to our optical calcite 
(Table S3) agrees with the faster reordering of belemnite calcite. How-
ever, the relative proportions of different calcium substituting cations 
(Mg, Sr, Mn, Fe) may also play a role. According to the observed en-
richments in belemnite calcite, Mg and Sr would thus be the most 
important cations influencing reordering rates. In the optical calcite, 
reordering would instead be dominated by Mg and Mn. 

Minor and trace element data from other studies are also inconclu-
sive. Passey and Henkes (2012) found that reordering kinetics in spar 
and optical calcite were similar despite spar containing 60 times more 
Mn. Furthermore, Henkes et al. (2014) found indistinguishable bond 
reordering kinetics between brachiopod and previously measured opti-
cal calcite (Passey and Henkes, 2012) despite the brachiopod containing 
10 times more Mg. Stolper and Eiler (2015) interpreted these rate sim-
ilarities as evidence that the observed fast reordering is caused by the 
higher initial concentration of pairs rather than trace element abun-
dance. Further supporting this, Stolper and Eiler (2015) reported very 
similar bond reordering kinetics for their optical calcite, the optical 

Fig. 6. Time-temperature fields for the preservation of Δ47 for different calcites predicted with the HH 21 (6a), SE 15 (6b), and He 14 (6c) models. To generate each 
line, the calcite with an initial Δ47 temperature of 20 ◦C is assumed to be instantaneously heated and held at a given temperature for a given amount of time. Colors 
indicate the different calcites. Note that incipient (1%) resetting is below the analytical error (e.g., below 1 ◦C change when heating a calcite with an initial Δ47 
temperature of 20 ◦C to 200 ◦C). For predictions of MGB-CC-1 with the SE 15 model, we omitted the 475 ◦C experimental series as it yields unrealistically low 
activation energies (Fig. 11 in Stolper and Eiler (2015), re-shown here in Fig. S13a) and causes overestimation of the susceptibility of MGB-CC-1 to thermal resetting 
at geological timescales (i.e., faster resetting for optical calcite than belemnite; Figs. S13b and 13c). 
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calcite of Passey and Henkes (2012), and the brachiopod of Henkes et al. 
(2014), despite significant difference in Mg and Mn concentrations. 
Hemingway and Henkes (2021) similarly showed no statistically sig-
nificant differences in bond reordering kinetics for the different mate-
rials tested previously when analyzed using the HH 21 model despite 
large differences in minor elemental compositions, which they inter-
preted as evidence for nearest-neighbor O–O distance as the primary 
control on reordering rates. Together, these observations speak against 
minor and trace element substitutions, particularly Mg and Mn, as being 
major controls on solid-state bond reordering rates. 

4.4.2. Grain size 
Carbonate groups on crystal boundaries are less energetically stable 

because they are bonded to fewer neighbors. Thus, such carbonate 
groups have lower activation energies for isotopic exchange, which re-
sults in higher susceptibility to solid-state bond reordering. We suggest 
that the large total area of crystal surfaces caused by the nano-granular 
structure of belemnite calcite contributes to the fast reordering. How-
ever, to fully equilibrate the clumped isotope composition, all carbonate 
groups within a nano-granule need to exchange. Calcite nanogranules 
typically show dimensions of tens of nanometers (Dauphin et al., 2018; 
Pérez-Huerta et al., 2018; Cuif et al., 2020), tenfold larger than the 
hexagonal unit-cell size of calcite (a = 5 Å, c = 17 Å). Large proportions 
of a nano-granule are thus not directly influenced by the less energeti-
cally stable grain surface. We therefore conclude that further factors 
control solid-state bond reordering rates, also after full equilibration 
with internal water. 

4.5. Implications for thermal resetting of belemnite calcite at geological 
time scales 

4.5.1. Model predictions 
In the following, we discuss the implications of our belemnite ex-

periments by investigating the differences in Δ47 evolution over geologic 
timescales between the belemnite and other calcites using the HH 21, SE 
15, and He 14 reordering models. We explore three scenarios: (1) 
incipient resetting of 1% of the original signal, defining the time-
–temperature field for complete preservation of Δ47; (2) partial resetting 
of 10%, corresponding to preservation of 90% of the difference between 
initial calcite Δ47 and that of equilibrium at the burial temperature; and 
(3) 99% resetting, defining the time–temperature field for complete Δ47 
equilibration at the burial temperature. Importantly, the absolute tem-
perature change resulting from a certain percentage of reordering in-
creases with higher (burial) temperatures. Results are shown in Fig. 6. 

The HH 21model predicts that the Δ47 of belemnite calcite begins to 
alter (1% resetting) after years to tens of years at 50–80 ◦C, whereas with 
the He 14 model, reordering starts even below 25 ◦C. However, 1% 
resetting for most applications is below the analytical error while 10 % is 

a more applicable measure for beginning Δ47 resetting that can be 
analytically resolved (Table 2). 

The HH 21 and SE 15 models predict 10% resetting for burial during 
100 kyr to 1 Myr at 40–60 ◦C (corresponding to an apparent temperature 
increase of 2–3 ◦C) and at 50–70 ◦C (corresponding to an apparent 
temperature increase of 3–4 ◦C), respectively. Notably, the He 14 model 
predicts 10% resetting in less than a year for the same range of burial 
temperatures. 

Fig. 7 shows the evolution of the apparent Δ47 temperature predicted 
by the HH 21, SE 15, and He 14 models for belemnite calcite heated for 
103-108 years at burial temperatures up to 200 ◦C. According to the HH 
21 model, belemnite calcite with an initial Δ47 temperature of 20 ◦C 
experiencing moderate burial temperatures of 60–80 ◦C over tens of 
millions of years will reach apparent Δ47 temperatures of ~30–45 ◦C. 
Hot burial temperatures of 100–120 ◦C over the same timescale will lead 
to apparent Δ47 temperatures of ~65–90 ◦C, whereas for burial tem-
peratures that never exceed 50 ◦C, the belemnite apparent Δ47 tem-
perature will remain below 26 ◦C. For the SE 15 model, the belemnite 
apparent Δ47 temperature will increase to 30–50 ◦C if held at 60–80 ◦C 
and will fully equilibrate with ambient burial temperatures if held at 
100–120 ◦C for tens of millions of years. If burial temperatures never 
exceed 50 ◦C, the belemnite apparent temperature will remain below 
23 ◦C. In contrast to the HH 21 and SE 15 models, the He 14 model 
predicts full equilibration with any burial temperature above 20 ◦C for 
the timescale of tens of millions of years. 

4.5.2. Empirical evaluation 
To test if the belemnite calcite kinetic parameters are in agreement 

with real geological systems, we compare predicted vs. measured reor-
dering for a specific field example using the HH 21, SE 15, and He 14 
models. This test also implicitly assesses the ability of the three reor-
dering models to additionally incorporate resetting by isotopic exchange 
with water, as all models were developed only considering solid-state 
bond reordering. We selected the Δ47 dataset of partially reordered 
Toarcian belemnites from Wutach, SW Germany, of Fernandez et al. 
(2021) because of the well-constrained regional burial history (Mazurek 
et al., 2006; Looser, 2022). The calculated Δ47 temperatures of indi-
vidual belemnites range from 30 ± 8 to 54 ± 12 ◦C (95% CI) with an 
average of 41 ± 6 ◦C (Fernandez et al., 2021). The estimated range of 
original calcification temperatures is 23–33 ◦C, as calculated from the 
average δ18O of the belemnites and assuming seawater δ18O values of − 1 
to 1 ‰ (VSMOW). The calcification temperatures are calculated with the 
calcite-water oxygen isotope fractionation equation of Daëron et al. 
(2019), as it was shown by Vickers et al. (2021) that belemnites pre-
cipitate calcite close to oxygen isotope equilibrium. 

The burial history is based on Mazurek et al. (2006), who used 
combined apatite fission track, vitrinite reflectance, and maturation- 
dependent biomarker data from the Benken deep borehole ~25 km 

Table 2 
Δ47 compositions and apparent temperatures of a calcite with an initial Δ47 corresponding to 20 ◦C that is heated at different burial temperatures and experiences 1, 10, 
25, 75, and 99% resetting. For instance, when experiencing 10% resetting at 100 ◦C, the apparent Δ47 temperature of the calcite rises from 20 to 26 ◦C (corresponding 
to a drop in Δ47 from 0.609 to 0.592 ‰).  

Burial temperature (◦C) 
Δ47, equilibrium (‰ I-CDES)  

40 
0.553 

60 
0.506 

80 
0.468 

100 
0.435 

120 
0.407 

140 
0.383 

160 
0.362 

180 
0.344 

200 
0.329 

Resetting of calcite with 
Δ47, initial = 0.609 ‰ corresponding to 20 ◦C  

1% reset. Δ47, 1% 

T Δ47, 1% 

0.608 
20.2 

0.608 
20.3 

0.608 
20.5 

0.607 
20.6 

0.607 
20.6 

0.607 
20.7 

0.607 
20.8 

0.606 
20.9 

0.606 
20.9 

10% reset. Δ47, 10% 

T Δ47, 10% 

0.603 
22 

0.599 
23 

0.595 
25 

0.592 
26 

0.589 
27 

0.586 
28 

0.584 
28 

0.583 
29 

0.581 
29 

25% reset. Δ47, 25% 

T Δ47, 25% 

0.595 
25 

0.583 
29 

0.574 
32 

0.566 
35 

0.559 
38 

0.553 
40 

0.547 
42 

0.543 
44 

0.539 
46 

50% reset. Δ47, 50% 

T Δ47, 50% 

0.581 
29 

0.558 
38 

0.539 
46 

0.522 
53 

0.508 
59 

0.496 
65 

0.486 
70 

0.477 
75 

0.469 
79 

75% reset. Δ47, 75% 

T Δ47, 75% 

0.567 
35 

0.532 
49 

0.503 
61 

0.479 
74 

0.458 
86 

0.440 
97 

0.424 
108 

0.410 
117 

0.399 
126 

99% reset. Δ47, 99% 

T Δ47, 99% 

0.554 
40 

0.507 
60 

0.469 
79 

0.437 
99 

0.409 
119 

0.385 
138 

0.364 
158 

0.347 
178 

0.332 
196  
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southeast of the study area. The burial history is further constrained by 
coupled Δ47 and U-Pb ages of vein carbonates in Early Jurassic sedi-
ments from Frick, ~50 km to the south-west (Looser, 2022). Combining 
both studies, we derived three possible scenarios for the burial history of 
Toarcian sediments in the Wutach area: in the (i) “no hyperthermalism” 
scenario (Fig. 8a,b), one episode of deep burial with a mean temperature 
of 91 ± 4 ◦C took place during the Early Cretaceous. Such temperatures 
were reached in the lower Jurassic as shown by a calcite cement with 
Δ47 temperatures of 97 ± 10 ◦C in Sinemurian sediments (Fernandez 
et al., 2021). In the (ii) “1 Ma hyperthermalism” and (iii) “16 Ma 
hyperthermalism” scenarios (Fig. 8c,d and 8e,f), both compatible with 
the U-Pb data of Looser (2022), an additional phase of hyperthermalism 
with temperatures of 117 ± 3 ◦C occurred between the Late Jurassic and 

the Early Cretaceous. This hyperthermal phase was observed for the 
Frick site but it is not documented for the Wutach area and thus should 
be regarded as maximal scenario. The same applies to burial tempera-
tures of up to 66 ◦C suggested by Mazurek et al. (2006) during Oligocene 
to Miocene subsidence of the North Alpine Foreland Basin, as the 
Wutach area is located in a more marginal position in the basin than 
Benken and thus experienced less burial. 

The evolution of apparent belemnite Δ47 temperature during burial 
(Fig. 8) is predicted with the kinetic parameters of the belemnite calcite 
and of the MGB-CC-1 optical calcite of Passey and Henkes (2012) for the 
He 14 and HH 21 models and the Mexico optical calcite of Stolper and 
Eiler (2015) for the SE 15 model. We chose the MGB-CC-1 optical calcite 
for the He 14 and HH 21 models because it has a more extensive dataset 

Fig. 7. Predictions for the evolution of the apparent Δ47 temperature of belemnite calcite initially at 20 ◦C that is heated instantaneously to the burial temperature 
and held for different amounts of time. Temperatures are calculated using the Anderson et al. (2021) calibration. 

Fig. 8. Predicted change in calcite apparent Δ47 temperatures resulting from the experienced burial history (black). The evolution of apparent Δ47 temperatures is 
predicted with the HH 21 (a, d, g), the SE 15 (b, e, h), and the He 14 (c, f, i) reordering models using the kinetic parameters from the belemnite calcite of this study 
(green) and from optical calcites (blue). MGB-CC-1 optical calcite kinetic parameters are used for the HH 21 and He 14 models and Mexico optical calcite kinetic 
parameters for the SE 15 model. Precipitation of the belemnite calcite takes place at 185 Ma during Toarcian times with subsequent burial until today. The average 
Δ47 temperature of the belemnite calcite from Fernandez et al. (2021) is indicated with red squares on the right side of each diagram. Initial temperature of the 
belemnite calcite is in the range of 23 and 33 ◦C as constrained by the average belemnite δ18O (VPDB) value and seawater values of − 1 to 1 ‰ (Fernandez et al., 
2021). Different burial scenarios are shown in the top (no hyperthermalism), middle (1 Ma hyperthermalism), and bottom (16 Ma hyperthermalism) rows. 
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from heating experiments than the Mexico calcite. For the SE 15 model, 
however, MGB-CC-1 predicts an unrealistically high susceptibility to 
thermal resetting at geological timescales (i.e., faster resetting than for 
belemnite; Fig. S13). Instead, using the SE 15 model with the Mexico 
optical calcite produces results in agreement with the other model 
predictions using either MGB-CC-1 or Mexico calcite kinetic parameters. 

In summary, the three models consistently predict significantly 
higher apparent Δ47 temperatures when using the kinetic parameters of 
the belemnite compared to those of the optical calcite. Still, large dif-
ferences in the predicted evolution of apparent belemnite Δ47 temper-
atures persist between the models. With the kinetic parameters of the 
MGB-CC-1 optical calcite, no significant resetting is predicted by the 
HH 21 and He 14 models for all burial scenarios (Fig. 8a,c,d,f,g,i). This is 
incompatible with the measured Δ47 of the belemnites showing an in-
crease in apparent Δ47 temperatures in the range of 8 to 18 ◦C (from 
23–33 ◦C to 41 ± 6 ◦C). Similarly, the SE 15 model with the Mexico 
optical calcite kinetic parameters for the “no hyperthermalism” and the 
“1 Ma hyperthermalism” scenarios predicts no significant resetting 
(Fig. 8b,e). For the “16 Ma hyperthermalism” scenario, however, the 
belemnite temperatures are clearly overestimated with apparent tem-
peratures of 54–61 ◦C (Fig. 8h). 

With the belemnite kinetic parameters, the HH 21 model predicts 
apparent temperatures of 43–48 ◦C for the “no hyperthermalism” 
(Fig. 8a) and 43–49 ◦C for the “1 Ma hyperthermalism” scenario 
(Fig. 8d), both in the range of the observed belemnite temperatures. For 
the “16 Ma hyperthermalism” scenario (Fig. 8g), the model yields clearly 
overestimated apparent temperatures of 58–62 ◦C. Compared to the HH 
21 model, the SE 15 model predicts higher belemnite temperatures of 
48–53 ◦C, 50–54 ◦C, and even 84 ◦C for the three scenarios (Fig. 8b,e,g). 
Notably, for the “16 Ma hyperthermalism” scenario, the SE 15 model 
predicts identical apparent Δ47 temperatures for belemnites, indepen-
dently of their initial temperatures which range between 23 and 33 ◦C. 
In other words, thermal resetting would completely erase any initial 
temperature differences between individual belemnites. This is incon-
sistent with the observed temperature shift of 13 ± 4 ◦C across the Early 
Toarcian (Fernandez et al., 2021). The He 14 model in all scenarios is 
similarly incompatible with measured data since it predicts complete 
equilibration for burial temperatures as low as ~40 ◦C and thus com-
plete homogenization of any initial temperature differences between 
samples (Fig. 8c,f,i). 

Overall, by comparing model predictions using our belemnite kinetic 
parameters with field data, we show that the He 14 model does not 
accurately predict belemnite calcite resetting over geologic timescales, 
regardless of the burial scenario used. For the HH 21 and SE 15 models, 
predictions and measured belemnite temperatures for the two colder 
burial scenarios agree, showing that our belemnite reordering kinetic 
parameters provide realistic temperature predictions on geologic time-
scales. Finally, predicted temperatures for the HH 21 and the SE 15 
models are between 15 and 35 ◦C higher when using the belemnite ki-
netic parameters instead of optical calcite. Using the kinetic parameters 
of optical calcite thus results in underestimation of the clumped isotope 
resetting of belemnites on geologic timescales. 

The striking feature of the temperature predictions using belemnite 
kinetic parameters is the (partial) equilibration of belemnite Δ47 with 
burial temperatures as low ~40 ◦C for the HH 21 and ~55 ◦C for the SE 
15 models. For a burial history including a sequence of deep burial and 
subsequent exhumation, this results in a strong dependence of the 
apparent belemnite Δ47 temperature on the cooling rates during exhu-
mation. Similar to the cooling of carbonatites and marbles, apparent 
equilibrium Δ47 temperatures for belemnite calcite are colder for slower 
cooling rates (assuming the temperature at which thermal resetting 
beings was surpassed). Such re-equilibration during exhumation – which 
we term “retrograde resetting” – may overprint high Δ47 temperatures 
gained during preceding deep burial and result in an underestimation of 
the resetting experienced during geological history. 

5. Conclusions 

Our experimental data show faster clumped isotope resetting of 
belemnite rostral calcite compared to optical, spar, and brachiopod 
calcites. We propose that thermal resetting of belemnite calcite at higher 
rates and at lower ambient temperatures than inferred for other calcite 
materials is promoted by oxygen isotope exchange with trapped internal 
water. The ratio between the surface area of the crystal-water interface 
and the total crystal volume (S/V) is most likely the key control on 
reordering rates in water-bearing carbonate materials, as suggested in 
previous studies. For skeletal carbonates, the distinct micro- and nano-
structures with hydrated inter- and intracrystalline organic matter result 
in a high S/V-ratio which allows oxygen isotope exchange with internal 
water becoming the dominant clumped isotope resetting mechanism on 
the total volume of the crystal. Accordingly, for skeletal carbonates, the 
first stage of rapid Δ47 resetting is dominated by oxygen isotope ex-
change with internal water at temperatures below those required for 
solid-state bond reordering. In the second stage, after calcite and in-
ternal water have equilibrated, isotopic exchange between neighboring 
carbonate groups within the mineral lattice (i.e., solid-state bond reor-
dering) becomes the dominant resetting mechanism. In contrast to 
skeletal carbonates, thermal resetting in optical calcite is dominated by 
solid-state bond reordering throughout. Continued faster Δ47 reordering 
of belemnite compared to optical calcite after equilibration with internal 
water suggest that further material-specific properties influence solid- 
state bond reordering rates. On an atomic scale, calcites may or may 
not share common resetting kinetics, and it remains unclear to what 
extent lattice defects influence reordering rates. However, at a larger 
scale, calcite materials differ by their potential to interact with water 
and further material-specific properties that result in differences in 
resetting kinetics and the susceptibility to clumped isotope reordering 
among calcites. Our experiments demonstrate the need for material- 
specific clumped isotope resetting kinetics, especially for skeletal car-
bonates. Working with kinetic parameters derived for materials that are 
very different from the application may result in erroneous temperature 
reconstructions. Ultimately, our belemnite-specific kinetic parameters 
allow for more accurate paleotemperature estimations using partially 
reset belemnites. 
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