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Abstract

Carbonate clumped-isotope geothermometry is a tool used to reconstruct formation or (re)equilibration temperatures
of carbonate bearing minerals, including carbonate groups substituted into apatite. It is based on the preference for
isotopologues with multiple heavy isotopes (for example, **C**0,'®0?* groups) to be more abundant at equilibrium
than would be expected if all isotopes were randomly distributed amongst all carbonate groups. Because this
preference is only a function of temperature, excesses of multiply substituted species can be used to calculate
formation temperatures without knowledge of the isotopic composition of water from which the mineral precipitated
or other phases with which it may have equilibrated. However, the measured temperature could be modified after
mineral growth if exchange of isotopes amongst carbonate groups within the mineral has occurred through internal
isotope-exchange reactions. Because these exchange reactions occur through thermally activated processes, their
rates depend on temperature and increase at higher temperatures. Thus internal isotope-exchange reactions could
lead to effective re-equilibration at high temperatures, overprinting the original temperatures recorded during mineral
growth. We measured clumped-isotope temperatures in carbonate bearing minerals (including apatites) from several
carbonatites to constrain the kinetics of these internal isotope-exchange reactions. We observe two key trends for
clumped-isotope temperatures in carbonatites: (/) clumped-isotope temperatures of apatites and carbonate-bearing
minerals decrease with increasing intrusion depth and (if) apatites record lower clumped-isotope temperatures than
carbonate minerals from the same intrusion. We additionally conducted heating experiments at different
temperatures to derive the temperature dependence for the rate constants that describe the alteration of clumped-
isotope temperatures with time in calcites and apatites. We find that calcites exhibit complex kinetics as has been
seen in previous studies. To quantify these results, we constructed a model that incorporates both diffusion of
isotopes through the crystal lattice and isotope-exchange reactions between adjacent carbonate groups. We tested
this model through comparison to previous measurements of optical calcites and brachiopods and to samples with
known cooling histories and find that the model is able to reasonably capture kinetic data from previous experiments
and the observed clumped-isotope temperatures of calcites assuming geologically reasonable cooling rates. A similar
model for apatite over-predicts the observed clumped-isotope temperatures found in natural samples; we hypothesize
this discrepancy is the result of annealing of radiation damage in our experiments, which lowers the diffusivity and
rate of isotope exchange of carbonate groups compared to damaged natural samples. Finally, we constructed models
to explore how heating can alter recorded clumped-isotope temperatures. Our model predicts that samples change in
clumped-isotope temperatures in two stages. The first stage changes the recorded clumped isotope temperatures by
<1 °C if held at 75 °C for 100 million years and by up to ~40 °C if held at 120 °C, but the clumped-isotope
temperatures does not reach ambient values through this low-temperature mechanism. A second, slower change
becomes effective at temperatures above 150 °C and can take the measured clumped-isotope temperature up to the
true ambient temperature. This result implies that old (hundreds of million years) samples that have only experienced
mild (<100-125 °C) thermal histories could exhibit small but measurable (order 10 °C) changes in their clumped-
isotope temperatures. We compared this heating model to clumped-isotope measurements from paleosol samples
from the Siwalik Basin in Nepal, which were buried up to 5 km and then rapidly exhumed to the surface; these
samples often do not give reasonable surface temperatures. The modeled temperatures agree with measured
temperatures of these samples, suggesting that partial re-equilibration during shallow crustal burial is responsible for
their elevated clumped-isotope temperatures.
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INTRODUCTION

The carbonate ‘clumped-isotope’ geothermometer (Ghosh and others, 2006) provides a method for measuring
formation temperatures of carbonate-bearing minerals formed at isotopic equilibrium. It is based on the
thermodynamic preference for carbonate groups with two or more heavy isotopes (for example, *C*0,*®0?"), which
we term ‘clumped’ isotopologues, to be enriched compared to a random ordering of isotopes amongst all carbonate
isotopologues (Schauble and others, 2006). This enrichment is a measureable function of temperature
(Ghosh and others, 2006; Dennis and Schrag, 2010; Zaarur and others, 2013) and thus can serve
as a geothermometer for carbonate formation in minerals such as calcite, aragonite, and dolomite, as well as
carbonate groups in apatite (Ghosh and others, 2006; Eagle and others, 2010; Ferry and others,
2011; Lloyd and Eiler, 2014).

The carbonate clumped-isotope geothermometer is distinct from many other low-temperature (<~300 °C) isotopic
geothermometers because the measured formation temperature is independent of the isotopic composition of the
water from which the carbonate-bearing mineral crystallized. That is, most isotopic geothermometers are based on
heterogeneous phase equilibrium isotope-exchange reactions that require the isotopic composition of at least two
phases to be known. The classic example of such is the **0O carbonate-water geothermometer, which is based on
differences in **Q/**O ratios of carbonate minerals and water (Urey, 1947; McCrea, 1950; Epstein and
others, 1953). In contrast, clumped-isotope-based geothermometers, of which the carbonate clumped-isotope
geothermometer is just a single example (for example, Wang and others, 2004; Yeung and others,
2012; Stolper and others, 2014), are based on homogeneous phase isotope-exchange reactions — in other
words the isotopic composition of only a single phase is required to reconstruct paleotemperatures. An example of
such an isotope-exchange reaction in carbonates is:
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The equilibrium constant for the reaction in equation (1) is a function of temperature and favors the left side of
the equation at all finite temperatures (Schauble and others, 2006). Critically, for this reaction, only the
isotopic composition of a carbonate mineral is needed for paleotemperature reconstructions. This is significant
because, although carbonate-bearing marine rocks exist for most of the rock record (~billions of years; for
example, Jaffrés and others, 2007), there are few instances in which carbonates from the geological record can
be directly compared to the waters from which they precipitated. Although many estimates and models of the
isotopic composition of ancient waters exist, this subject remains controversial (for example, Muehlenbachs,
1986; Lécuyer and Allemand, 1999; Veizer and others, 1999; Kasting and others, 2006; Jaffrés
and others, 2007). Consequently, carbonate clumped-isotope geothermometry creates the opportunity to
reconstruct past surface temperatures using the large number of ancient rocks that contain carbonate-bearing
minerals (for example, Came _and others, 2007; Finnegan and others, 2011; Keating-Bitonti and
others, 2011;Dennis and others, 2013;Price and Passey, 2013;Snell and others,
2013; Cummins and others, 2014; Douglas and others, 2014).

Although the study of clumped isotopes in carbonates offers great promise to many geological problems, a critical
issue is understanding how well minerals retain their original clumped-isotope signature after formation. Isotopic
clumping in carbonates is susceptible to resetting from recrystallization, open-system isotope-exchange reactions
(that is, where the crystal lattice undergoes mass transfer reactions with the outside environment), and reordering
through closed-system isotope-exchange reactions in which C--O bonds within a mineral are broken and re-formed
(fig. 1; Ghosh and others, 2006; Dennis and Schrag, 2010; Eiler, 2011; Passey and Henkes,
2012; Henkes and others, 2014). In this respect, the carbonate clumped-isotope geothermometer most
resembles petrologic geothermometers based on homogenous phase order-disorder reactions, such as the ordering of
iron and magnesium on the M1 and M2 sites in orthopyroxenes (Zhang, 2008). If any of these processes has
occurred in a sample, the temperature measured through the clumped-isotope thermometer will not reflect the
original formation temperature of the mineral. On the other hand, if these processes and their effects on the isotopic
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ordering of carbonates are well understood, clumped-isotope temperatures could provide a new tool for studying the
thermal and diagenetic histories of shallow crustal rocks (for example, Eiler, 2011; Passey and Henkes,
2012; Henkes and others, 2014). Interpretations of measured temperatures require a quantitative knowledge
of the kinetics of recrystallization and both open- and closed-system isotope-exchange reactions. We focus here on
understanding the kinetics of closed-system isotope-exchange reactions, expanding on studies of Ghosh and

others (2006), Dennis and Schraqg (2010), Passey and Henkes (2012), and Henkes and others
(2014).
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Fig. 1.
Cartoon representation of various processes that can cause 6*¥0 and/or As;values of a mineral to change.

Background on Previous Investigations of the Kinetics of Closed-System Isotope-Exchange
Reactions in Calcite

The kinetics of closed-system solid-state isotope-exchange reactions for clumped isotopes in carbonates were first
addressed by Ghosh and others (2006)who measured clumped-isotope temperatures of calcite from two Italian
marbles. These marbles returned temperatures of ~200 °C. This temperature is below the maximum metamorphic
temperatures reached by these rocks (upper greenschist facies; Ghosh and others, 2006). As concluded
by Ghosh and others (2006), these results indicate that the clumped-isotope temperatures of ‘high-
temperature’ rocks such as marbles record ‘apparent or fictive temperatures’ (for example, Zhang, 2008) that are
neither related to the formation temperature of the original minerals nor the recrystallization or maximum burial
temperature of the marble. Instead these temperatures are more similar to ‘closure’ temperatures (Dodson, 1973)
commonly observed in radiogenic isotope systems and reflect the thermal history of the rock (fig. 2). ‘Closure
temperature’ is arguably not a suitable term for clumped-isotope temperature studies as it implies the retention of
some component that could potentially escape when a mineral is ‘open’ to diffusion. Consequently, we instead
define an “apparent equilibrium blocking temperature” as the measured clumped-isotope temperature for a system
cooling from high temperatures below which internal reordering by closed-system isotope-exchange reactions
becomes so slow that equation (1) ceases to proceed in either the forward or backward direction in any
measureable way (fig. 2). Following Zhang (1994), when measured temperatures do not refer to a specific
process (for example, formation or blocking), they are generically referred to as “apparent equilibrium
temperatures.”
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° In this page
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Fig. 2.

Cartoon representation of the effects of heating and cooling on measured apparent equilibrium temperatures based
on the measured A4; values. We note that these cartoons are approximations of the real behavior of the system and
the curves can have differing shapes depending on the prior thermal history of the samples as well as the
heating/cooling rate of the system. (A) A schematic representation of the temperature recorded by the clumped-
isotope thermometer (apparent equilibrium temperature) vs. the actual environmental temperature for a system
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originally starting at high temperature and cooling. At the start of the history both the environmental and recorded
apparent equilibrium temperature are identical. At a lower temperature the kinetics of exchange and diffusion slow
sufficiently causing the recorded apparent equilibrium temperature to lock in, which is termed the “apparent
equilibrium blocking temperature.” (B) A schematic representation of the temperature recorded by the apparent
equilibrium temperature vs. the actual environmental temperature for a system originally starting at low temperature
and heated to higher temperatures. As the environmental temperature initially rises, the recorded apparent
equilibrium temperature does not change. Only until the environment reaches a threshold temperature does the
apparent equilibrium temperature being to change in a measurable way. At first the kinetics are not sufficient for the
apparent equilibrium temperatures to catch up to the environmental temperature, which occurs at a higher
temperature (or after a sufficient amount of time).

Dennis and Schrag (2010) expanded on the work of Ghosh and others (2006)through the measurement
of apparent equilibrium blocking temperatures recorded by carbonate minerals in carbonatites. Carbonatites are
igneous rocks containing greater than 50 modal percent carbonate minerals (Mitchell, 2005). These rocks
crystallize from melts at high (~650 °C) temperatures (Wyllie and Tuttle, 1960). Generally, carbonatites
preserved in the geological record are intrusive and, consequently, cooled over geologically relevant time scales (for
example, millions of years). They found that carbonate minerals from carbonatites generally record apparent
equilibrium blocking temperatures between ~100 °C to 300 °C — lower than the crystallization temperatures of
carbonatites and thus in at least loose agreement with the results of Ghosh and others (2006) for marbles.
These results give a general guide to the apparent equilibrium blocking temperatures of calcite with respect
to equation (1). However, it is not obvious whether these temperatures reflect the kinetics of internal isotope-
exchange reactions alone or might also be influenced by recrystallization or open-system isotope-exchange reactions.
More generally, without quantitative knowledge of the actual reaction kinetics as a function of temperature, it is
difficult to predict the temperatures and, equally importantly, the time at those temperatures needed to measurably
modify recorded apparent equilibrium temperatures.

A quantitative framework to describe the kinetics of isotope exchange within calcite was determined experimentally
for optical calcite and spar calcite by Passey and Henkes (2012) and brachiopods by Henkes and others
(2014). These experiments yield complex, but consistent systematics in which experimental heating leads to a two-
phased change in the measured apparent equilibrium temperature of the sample. Specifically, there are relatively
rapid (minutes to hours) changes in the measured apparent equilibrium temperature at the start of the experiment and
slower (hours to days) changes towards the end that, together, cannot be described by simple pseudo-first-order
kinetics of a single chemical reaction. Passey and Henkes (2012) and Henkes and others (2014)created
a model to describe these non-pseudo-first-order behaviors as the result of the presence of defects in the crystals that
allow for ‘fast’ exchange paths, but anneal away during the course of the experiments until slower exchange
processes become rate-limiting.

The model of Henkes and others (2014) allows for the extraction of kinetic parameters using all data in the
experiments and, assuming the kinetic parameters are Arrhenian, extrapolation of the kinetics of isotope-exchange
reactions measured at elevated laboratory temperatures to those at lower temperatures relevant for geological thermal
histories. This model predicts that for geologically relevant thermal histories that remain below ~150 °C there is no
important difference between models that incorporate these defects and those that only incorporate kinetics derived
from the second, kinetically ‘slower’ portion of the experiments. As a result, Henkes and others (2014) did not
incorporate the initial, faster kinetics into their models used to understand the thermal histories of natural samples
with burial temperatures below ~150 °C. Intriguingly, the optical calcite and brachiopods yield similar (if not
indistinguishable) kinetic parameters in the defect-annealing model for both the faster and slower stages of the
changes in clumped-isotope values (Henkes and others, 2014).

Clumped Isotopes and Apatites

Most studies of the carbonate clumped-isotope geothermometer thus far have focused on calcite, aragonite, and
dolomite. However, an additional mineral of interest to paleoclimate, paleobiology, and petrology that is amenable to
clumped-isotope analyses is apatite (Eagle and others, 2010; Eagle and others, 2011). Apatites can be
used for clumped-isotope measurements because they can contain carbonate groups dissolved in their mineral
structure. These carbonate groups can be analyzed for both bulk- and clumped-isotope compositions via acid-
digestion release of CO- (Kolodny and Kaplan, 1970; Eagle and others, 2010).
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Carbonate groups in apatite substitutes for either phosphate groups or F, Cl and OH groups (Silverman and
others, 1952; McClellan, 1980). Apatites are useful for temperature reconstructions for both paleoclimate and
paleobiology because many organisms make their skeletons or teeth out of apatite. Additionally, apatite is a common
constituent in igneous, metamorphic and sedimentary rocks. Finally, apatites may undergo diagenesis differently
from carbonate minerals, and therefore could provide a useful point of comparison to deconvolve post-depositional
changes to clumped-isotope signatures (Shemesh and others, 1983;Shemesh and others,
1988; Longinelli and others, 2003). For example, a potentially useful check on paleotemperature
reconstructions is the comparison of temperatures derived via clumped-isotope analyses from carbonate groups in
both apatites and carbonate minerals from the same lithological unit.

There currently exists no estimate for the apparent equilibrium blocking temperature of carbonate groups in apatites
for clumped-isotope measurements — this information is needed to put such a comparison into context. Fossil
dinosaur teeth yield maximum apparent equilibrium temperatures of ~80 to 100 °C, which must be the result of
some modification after original mineral growth because these temperatures are too hot for animal survival (Eagle
and others, 2011). Although it is not known whether recrystallization associated with diagenesis or closed-
system isotope-exchange reactions caused these high temperatures, they imply that the apparent equilibrium
blocking temperature for apatite during geologically slow cooling or heating is at least ~80 to 100 °C.

This Study

In order to add further constraints to the kinetics of formation and destruction of multiply substituted carbonate
groups in both calcite and apatite, we measured apparent equilibrium temperatures of igneous calcite and apatite
samples from the same intrusion from three carbonatite bodies. Additionally, we performed heating experiments on
natural optical calcite from Mexico and carbonate-bearing apatite from the Siilinjarvi carbonatite (Finland). To fit
the experimental results, we develop a model different from the defect-annealing model proposed by Passey and
Henkes (2012) and Henkes and others (2014). This model explains the two-phased nature of the
experiments as a consequence of the probability of finding carbonate isotopologues in the correct configuration in
the mineral lattice to generate or destroy clumped isotopologues. We demonstrate that our experimental results as
well as the results from the optical calcites from Passey and Henkes (2012) and brachiopods from Henkes
and others (2014) yield indistinguishable kinetic relationships when fit to this model. We use this model to
extrapolate the experimental measurements to lower temperature in order to explore how our model predicts the
apparent equilibrium blocking temperature of carbonate-bearing minerals with independently known cooling
histories from high-temperature igneous and metamorphic systems. Finally, we model hypothetical time-temperature
heating paths to better understand the responses of apparent equilibrium temperatures to thermal perturbations, and
compare our model to measured paleosol samples from the Siwalik basin that experienced a relatively simple, well-
constrained thermal history.

THEORY AND NOMENCLATURE

Here we briefly review the theory and nomenclature of carbonate clumped-isotope thermometry used in this paper.
This material is presented in greater detail in Eiler (2007) and Eiler (2011) and references therein. The critical
feature of clumped-isotope geothermometry is that the left side of equation (1) (which has *C*0,®*0?") is
thermodynamically favored over the right side at all finite temperatures. This results in an excess of multiply
substituted isotopologues compared to a random (stochastic) distribution at any finite temperature for an isotopically
equilibrated system.

We do not probe equation (1) directly in current clumped-isotope measurements. Instead, we measure the
distribution of isotopes amongst isotopologues of CO-.released from carbonate minerals via a phosphoric acid
digestion (Ghosh and others, 2006; Guo and others, 2009). The concentration of multiply substituted
CO; isotopologues at mass 47 (a combination of *C*Q*0, *C*0O*®0, and *C'0,) released from carbonates
relative to the expected random distribution of atoms is largely controlled (~97%) by the equilibrium constant
for equation (1). Thus, the amount of mass 47 CO, isotopologues relative to a random distribution of isotopes is
proportional to temperature in carbonates that form in equilibrium (Ghosh and others, 2006). The details of
how COs?" groups are converted to CO,and considerations regarding this conversion for clumped-isotope
measurements is given in Ghosh and others (2006) and Guo and others (2009).
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We represent the degree of isotopic ordering (that is, the relative enrichment in clumped isotopologues) in
CO; extracted from carbonate ions via the As/notation where

IR 3 16 F SR
.’.“...;- - (”—Ri— l)*lﬂﬂﬂ' = (TR.— 1)*1[][}“ —~ (W_ l)*]ﬂﬂﬂ

(Ghosh and others, 2006, Wang and others, 2004). (2)

Here, R=['CO.]/[**CO.], where the ‘i’ refers to the cardinal mass of the isotopologue (or isotopologues) of interest.
For example **CO, is equivalent to *2C'O, while **CO; includes both *C*0, and >C**0O*’O. The superscript *
refers to a system that has the same bulk isotopic content as the sample but a random distribution of isotopes
amongst all isotopologues.

METHODS

Isotopic Measurements

~8 mg (£2) of calcite and 100 to 500 mg of apatite were used for each sample analysis. Samples, if not already
powdered (as in the case of standards used), were hand crushed (dry) with an agate mortar and pestle. CO, was
extracted on one of two custom made (and nearly identical) automatic vacuum lines attached directly to a Thermo
MAT 253 mass spectrometer at Caltech following Passey and others (2010). 6**C and 6§'0? values of
CO, were measured by comparison of samples to a gas with a known isotopic composition using an ion correction
algorithm in the Isodat software program (Huntington and others, 2009) and standardized to the VPDB scale
for carbon-isotope measurements and VSMOW for oxygen-isotope measurements. Carbonate §%0 values were
calculated from the CO- values assuming that the isotopic fractionation factor (**Rcacos/*®Rco2) for phosphoric acid
digestion at 90 °C is 1.00821 (Swart and others, 1991). We use the same acid digestion fractionation factor for
all samples.

A47 values were standardized by comparison of samples with gases that were heated to 1000 °C in order to achieve a
near random distribution of isotopes following Huntington and others (2009), and reported in the ‘Ghosh’ (or
Caltech intralab) reference frame (Ghosh and others, 2006; Dennis and others, 2011). We also provide
all As; measurements in the absolute reference frame by following Dennis and others (2011) and using
standards run in the lab with both known A4, values in both the Ghosh and absolute reference frames. We analyze
and perform all models using data in the Ghosh reference frame because data points used in the A,; versus
temperature calibration (fig. 3) here were universally produced in the Ghosh reference frame at Caltech. Some of
the data in this calibration are published (Ghosh and others, 2006; Guo and others, 2009), and have been
converted to the absolute reference frame (Dennis and others, 2011), but the dolomite calibration (see below),
which ranges from 25 to 350 °C and represents a key temperature interval for high temperature processes, has only
been presented in abstract form (Bonifacie and others, 2011) in the Ghosh reference frame. Thus, in order to
convert our A4; values into temperatures in what we believe to be the most self-consistent manner, we keep all data
in the Ghosh reference frame.
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Fig. 3.

Data used for the temperature vs. As;calibration. All A4; values are presented in the Ghosh reference frame. Data
include experimental measurements on dolomites from Bonifacie and others (2011) and calcites from Ghosh
and others (2006), Guo and others (2009) and the work presented here. These temperatures range from 1
to 1650 °C. We note that the non-zero intercept is the result of an ‘acid-digestion’ fractionation between the released
CO, isotopologues and the carbonate COs5 isotopologues. This is discussed in detail both from a theoretical and
experimental perspective in Ghosh and others (2006) and Guo and others (2009). The best-fist line is a
least-squares regression to the data.

For some analytical sessions the reference frame of measured states of ordering as defined by the gases heated at
1000 °C changed slowly with time (for example, Passey and others, 2010). As; measurements of secondary
carbonate standards during these sessions demonstrated that an accurate standardization could be accomplished by
normalizing data to heated gases analyzed close in time to carbonate samples (generally within a 2-4 day window
bracketing the time of sample analysis). Precision and accuracy of As; values were determined by measuring a
Carrara marble standard multiple times within each measurement session. The average As; value in the Ghosh
reference frame obtained over the course of 2 years and 49 measurements was 0.360 + 0.014 permil (1 standard
deviation; 0), as compared to long-term average of 0.352 permil.

Calcite heating experiments were conducted on an optical grade calcite (see below) more depleted (that is, lower in §
value) in both carbon and oxygen isotopes (*’6=—34%¢?) than our secondary standards or commonly analyzed heated
gases (Y6~ =5 to 28%o). In order to standardize the A4; values of these optical calcites to the heated gas reference
frame, additional heated gases more depleted in bulk isotopic composition than the optical calcites were run (*’8 =
—50%0) to ensure that we were always comparing unknown samples to 1000 °C heated gases with both larger and
smaller #’6 values. We noticed that although the external reproducibility of As;; measurements of optical calcites was
normal over the coarse of a session (10 = 0.014%o), external reproducibly was worse when compared over multiple
measurement sessions. To improve external precision across measurement sessions, we performed corrections to the
optical-calcite A47 values using the unheated optical-calcite As; values (effectively treating the unheated optical
calcite as a secondary standard as in Dennis and others, 2011). In all sessions an unheated optical calcite
sample was run daily when heated samples were run (for 33 total measurements of the unheated optical calcite
sample). The difference between a given session's average unheated optical-calcite A4; value from the global average
across all sessions was added to all optical-calcite samples for that session. For example, if a session's unheated
optical calcite average was higher in A4; by +0.01 permil than the global average, 0.01 permil was subtracted from
all heated optical calcites for that session. Six of the seven sessions had corrections less than 0.024 permil, less than
20 of our general reproducibility (1o = 0.014 %o). One session required a larger correction of 0.037 permil. Similar
types of correction have been applied previously, generally due to subtle changes in the heated gas reference frame
(for example, Passey and others, 2010). We emphasize this was only done for the optical calcites, and we
infer it was necessary only due to the especially low 8.7 value of CO- evolved from that material.
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We applied a different kind of empirical correction to the A4; value of one heated apatite measurement (500 °C, 5.5
hours). This sample was run in a different session from the other apatite samples heated to 500 °C. An unheated
sample from Siilinjarvi run directly before this sample was 0.077 permil lower than the average A4; value measured
for unheated Siilinjarvi apatites. We corrected this single apatite sample by adding 0.077 permil to its A4; value. This
correction places the 500 °C, 5.5 hour apatite sample very near a point interpolated between the samples heated for
longer and shorter times. Thus, while this correction is large, it appears to have been successfully accounted for. In
any event, this data point does not drive any first-order interpretations in this study and, therefore, it could be
ignored.

Conversion of A,; Values to Apparent Equilibrium Temperatures

All As; values were converted to apparent equilibrium temperatures by assuming that all carbonate minerals
(including apatites) share an identical As;versus temperature relationship. To make this conversion, we used
experimental data from synthetic calcites precipitated from 1 to 50 °C (Ghosh and others, 2006), dolomites
precipitated from 25 to 350 °C (Bonifacie and others, 2011), calcites internally re-equilibrated in the high-
temperature cold-seal apparatus experiments described below from 500 to 700 °C, and calcites recrystallized from
1100 to 1650 °C in piston cylinder experiments (Ghosh and others, 2006; Guo and others, 2009) — for
such high temperature experiments (that is to say, the piston cylinder experiments), quench effects during cooling are
potentially an issue. Specifically, it is possible that A4; values are modified to higher values at the end of the
experiment when the sample is cooled to room temperature due to internal isotope-exchange reactions. Assuming for
the highest temperature data from Guo and others (2009) and, as given in that study, linear cooling from 1650
°C to 200 °C within 20 seconds, the paired model presented below predicts the maximum recordable apparent
equilibrium temperature for these experimental conditions is 950 °C. The difference in As; values of 950 °C
(0.237%0) and 1650 °C (0.227%o) is less than the general internal precision of a measurement, so we consider this
effect negligible. All data points used to make this calibration are presented in figure 3.

The assumption that calcites and dolomites share an identical temperature vs. As; relationship is supported by the
theoretical study of Schauble and others (2006) that predicts that the cation and crystal structure of the
carbonate containing mineral has a negligible (that is, unmeasurable beyond error) effect on clumping in calcite
versus dolomite. This assumption is also supported by the observation that the experimental calcite and dolomite
clumped-isotope calibrations overlap (Ghosh and others, 2006; Bonifacie and others, 2011). The
assumption that calcite and apatite have identical temperature vs. Assrelationships is supported by theoretical models
at all temperatures and by experiments at low temperatures (24-37 °C; Eagle and others, 2010). High-
temperature experiments described below from 500 to 700 °C also support this assumption. Although there is no
theoretical prediction regarding the differences in acid digestion fractionation between calcite and carbonate groups
in apatite for clumped-isotope measurements, the experimental results of Eagle and others (2010) suggest that
any such differences are smaller than the error of the measurement.

Heating Experiments

A series of heating experiments were performed on optical calcites and apatites — the samples used are described in
the Materials section below. Heating experiments were conducted in a rapid-quench furnace set-up with a René 41
metal cold-seal bomb (Blank and others, 1993). Samples were run between 50 to 65 MPa using argon gas to
pressurize the bombs. No water was added to the samples. Bombs were pre-heated to the temperature of interest with
the sample held at room temperature in the quenching portion of the bomb. Once the temperature stabilized (though
temperatures did sometimes drift by <5 °C, usually down over the course of some experiments) samples were
introduced into the hot spot of the bomb by being ‘levitated’ on a magnetic pedestal. They were heated for a specific
time period, which varied for each experiment, and then quenched by dropping the magnet, immediately causing the
sample to drop into the cold portion of the bomb (~room temperature) where cooling occurred within 2 to 3 seconds
(lhinger, ms, 1991).
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Temperatures in the cold-seal bombs were measured with a type K thermocouple (chromel-alumel) inserted into a
drilled hole near the top the bomb. The hole does not penetrate the pressurized interior. We calibrated this outside
temperature by measuring an internal temperature gradient along the top three inches of the cold-seal while it was
open to air. We report for all experiments the temperature 0.5 inches from the top of the cold-seal, which is the
midpoint of our larger capsules. This mid-point temperature is based on a quadratic fit to the measured temperatures
vs. the measured distance to the top of the cold-seal (0, 1, 2, and 3 inches). We estimate our error as the maximum
temperature difference between 0.5 inches and 0 and 1 inches, which is 12 °C. For all heating experiments large
(mm size or greater) grains were used. Samples were contained in platinum capsules open to the argon atmosphere.
Before loading samples, platinum capsules were pre-cleaned in 0.5 M (or greater) HCI for an hour, sonicated in
acetone for 5 minutes, then heated at 1000 °C for ten minutes in a 1 atm furnace.

Acid Washing Experiments

Acid cleaning experiments were conducted in 0.1 M acetic acid adjusted to a pH of 4.5 on crushed apatite samples
from Siilinjarvi and Oka following Eagle and others (2010). ~1 gram of sample was immersed in the acetic
acid for 4 or 24 hours, shaken occasionally, then washed three times with deionized H,O and dried overnight
between 70 to 90 °C.

Fitting of Models to Experimental Data

For fits of models to the experimental data, the trust-region nonlinear least squares fitting algorithm of Matlab was
used to find the best fit. Robust fitting was used with the bisquare option. All equations fit to the data are ordinary
differential equations. These ordinary differential equations are integrated during the fitting algorithm using Matlab's
ordinary differential equation solver ODE45.

Trace Element Compositions of Optical Calcites

The trace element composition (FeO, MgO, and MnO) of the optical calcite used in the experiments was measured
on a JEOL JXA-8200 electron microprobe micro-analyzer at Caltech. Chips of the optical calcite were embedded in
epoxy and polished. A 100 nA current was used with a spot size of 80 pum. Detection limits were ~0.01 weight
percent. 11 different spots were analyzed to check for heterogeneity in the sample.

MATERIALS

Carbonatites

613C, 680, and A4; values were measured on carbonate minerals and apatites from three different calcitic carbonatite
intrusions (table 1): Kovdor (Russia, 370 Ma), Oka (Canada, 160 Ma), and Siilinjarvi (Finland, 2600 Ma), where
Ma signifies the intrusion age in millions of years ago (Nadeau and others, 1999). These intrusions are
estimated to have been emplaced at depths of 1 to 3 km for Oka, 3 to 7 km for Kovdor, and 7 to 10 km for Siilinjarvi
(Kapustin, 1986). The Oka and Siilinjarvi samples and apatites from Kovdor examined here are splits of the same
samples analyzed in the study of Nadeau and others (1999); the Kovdor carbonate samples were provided by
Keith Bell (Carleton University). Although all samples come from calcitic carbonatites (Kapustin,
1986; Nadeau and others, 1999), calcite samples can contain trace dolomite, siderite, or magnesite (for
example, Haynes and others, 2002). Thus, following Nadeau and others (1999) and Dennis _and
Schrag (2010), we refer to these samples (excluding apatite samples) in the most general sense as carbonates. All
apatite samples are fluroapatites and contain between 0.3 to 2.2 weight percent CO, (all compositional data of
apatites comes from Nadeau and others, 1999, and are provided in table 1). Apatite samples from Kovdor
and Siilinjarvi were reported by Nadeau and others (1999) to contain neither fluid nor carbonate inclusions,
but Oka was reported to contain both (table 1). Samples are from carbonatites as opposed to associated fenites
(Nadeau and others, 1999).
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Table 1

Ages, inclusions, chemical compositions, isotopic values, and apparent equilibrium temperatures of carbonatite
samples

Heating Experiments

Heating experiments were performed on optical calcites from Mexico and apatite from the Siilinjarvi carbonatite
(see above). The optical calcite crystals were obtained from the Caltech mineral research collection, but their source
within Mexico is unknown. The optical calcite was subsampled for all experiments by chipping material from the
crystal along cleavage planes. For apatite heating experiments, subsamples were chipped from a larger crystal.

The optical calcite was measured for MgO, FeO, and MnO weight percents. MgO and FeO were both found to be
below detection limits (~0.01 wt. %). MnO was found to be, on average, 0.064 £+ 0.004 weight percent (1 standard
error; s.e.). The MnO content appeared homogenous in the crystals analyzed — the detection limit, 0.012 weight
percent, was similar to the standard deviation of all measurements, 0.014 weight percent.

For apatites, each experimental run product could only be analyzed once as the platinum capsule could at most
contain 250 mg of sample (the minimum amount needed for an isotopic measurement of Siilinjarvi apatite).
Experimental run products of optical calcites, on the other hand could be analyzed in replicate. For the experiment in
which apatite was heated for 5.5 hours at 536 °C and all experiments in which apatite was heated to 692 °C, two
different 250 mg aliquots of sample were subjected to experimental heating and then combined and measured as a
single sample.

Our first heating experiments yielded results at odds with the rest of our observations: optical calcites were heated at
536 °C for 1 hour, 24 hours, and 72 hours, and yielded run products with A4; values of 0.545, 0.356 and 0.402 permil
respectively. These results lack the evidence for rapid changes in As;during the first hour of heating seen in later
experiments. Additionally, this is the only case in which a relatively long heating experiment results in a
significantly higher A4; than shorter heating experiments at the same temperature. We noticed nothing unusual about
either the experimental procedures or the measurements of run products for these experiments, but suspect that an
unnoticed error or irregularity in procedure occurred in this first attempt. For this reason, and because of the peculiar
nature of the resulting data, we do not consider these experiments in our general interpretation described below and
do not include them in the data tables.

RESULTS AND DISCUSSION

Carbonatites

The measured stable-isotope compositions (including clumped-isotope compositions) of carbonates and cogenetic
apatites from the three carbonatites are given in table 1. §*3C values range from —3.6 to —5.3 permil with similar
values for apatite and carbonates in the Oka and Siilinjarvi samples. In the Kovdor samples, the §'*C value of the
carbonate is lower by ~0.7 permil than the carbonate groups in apatite. §'¥0 values of carbonates range from 7.3 to
8.3 permil and 8.2 to 11.0 permil for apatites. In all cases, carbonates have lower §'#0 values than cogenetic apatites.
A47 values range from 0.361 to 0.423 permil for carbonates and 0.415 to 0.532 permil for apatites. A key first-order
result of these measurements is that in all cases carbonate groups in apatites record higher A,; values than coexisting
carbonates.

The carbonatite A4; values yield apparent equilibrium temperatures of ~125 to 190 °C for carbonates and ~60 to
130 °C for apatites (table 1 and fig. 4). For Siilinjarvi, two different apatite samples were measured giving 83 + 2
and 62 = 1 °C (1 s.e.). We do not know the cause of this difference but it implies some unknown heterogeneity
within the carbonatite. The carbonate-mineral apparent equilibrium temperatures are similar to those observed for
slowly cooled calcitic marbles (150-200 °C; Bonifacie and others, 2013, Ghosh and others, 2006) as
well as other intrusive carbonatites (~100-300 °C; Dennis and Schrag, 2010). Interestingly, for all three
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carbonatites, the apatites yield apparent equilibrium temperatures ~40 to 60 °C lower than cogenetic calcites. A
simple interpretation of this difference is that carbonate groups in apatite have a lower apparent equilibrium blocking
temperature than carbonate minerals.
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Fig. 4.

Apparent equilibrium temperatures from calcites and apatites from carbonatites. Ages are from Nadeau and
others (1999). Emplacement depths are from Kapustin (1986). Error bars are 2 standard errors. Ma signifies
millions of years ago. Apatites give lower temperatures than calcites in all cases implying they have a lower apparent
equilibrium blocking temperature.

It is possible that our results for carbonate groups in apatite reflect contamination by other carbonate bearing
minerals. We measured up to 500 mg of apatite, releasing an amount of CO; equivalent to that released from ~8 mg
of calcite. Additionally, apatites from Oka have been documented to contain carbonate inclusions (table
1; Nadeau and others, 1999). Consequently, even a fraction of a percent of calcite contamination in our
apatite samples could influence our results. We explored this issue by cleaning apatite samples in acetic acid prior to
stable isotope analyses (see Methods section). Dilute acetic acid dissolves so-called labile carbonate groups and
calcite but is not believed to attack structural carbonate groups in apatites (Koch and others, 1997; Kohn and
Cerling, 2002; Eagle and others, 2010). Apatites from Siilinjarvi were treated for 4 and 24 hours and those
from Oka for 4 hours. In no cases did we observe a statistically significant shift in A4; between treated and untreated
apatite samples (table 2). We conclude that trace contamination from calcite and other forms of labile carbonate
groups does not contribute sufficient CO, to influence our results. Consequently, throughout the rest of this paper,

we do not differentiate between acetic-acid-treated and untreated apatite samples.
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Table 2
Cleaning experiment of Siilinjarvi and Oka apatites using acetic acid (see Methods)

An additional source of contaminant CO; in the samples could be CO, trapped in fluid inclusions and released
during mineral digestion in phosphoric acid. This CO., if it equilibrated isotopically within the fluid inclusion at
laboratory temperatures (for example, ~25 °C), would have elevated A4 values (~1%o0; Wang and others,
2004). Only the Oka apatite sample has been documented to contain fluid inclusions (table 1; Nadeau and
others, 1999). However, the Oka apatite samples yielded the highest (hottest) apparent equilibrium temperatures
as compared to the Siilinjarvi and Kovdor samples. This is the opposite of what would be expected if fluid inclusions
strongly influence a sample's clumped-isotope composition. Although this does not demonstrate that the fluid
inclusions have not influenced the results from the Oka apatites, it indicates that dissolved CO, is unlikely to be
responsible for the variations in A4; that guide our discussion below.

Igneous crystallization temperatures are demonstrably not recorded by the measured apparent equilibrium
temperatures because crystallization of carbonatite melts occur at temperatures around 650 °C (Wyllie and Tuttle,
1960), while all measured apparent equilibrium temperatures are less than 200 °C. This indicates that the apparent
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equilibrium temperatures recorded by both the apatites and carbonates in carbonatites record and reflect post-
formational processes — this result for carbonates is the same as that found previously by Dennis and Schrag
(2010). A relevant question is whether or not the measured As; values reflect the kinetics of isotope-exchange
reactions or recrystallization during cooling or later metamorphism/diagenesis. Recrystallization is of concern
because carbonate minerals in carbonatites commonly recrystallize, often rapidly, after crystallization (Zhabin
1971). Such recrystallization is documented to have occurred in samples from Siilinjarvi (Tichomirowa and
others, 2006) and has likely occurred in all samples. However, much of this recrystallization occurs at elevated
temperatures close to the time of original crystallization (Zhabin, 1971). Thus, it is possible that this
recrystallization occurs above the nominal apparent equilibrium blocking temperature of the carbonate and allows
for internal isotope-exchange reactions to continue during further cooling. If so, it has no impact on the final
apparent equilibrium temperatures recorded by a slowly cooled carbonatite.

Several observations lead us to argue that the measured apparent equilibrium temperatures are largely or entirely
controlled by isotope-exchange reactions within the mineral lattice as opposed to recrystallization during original
cooling or later possible diagenesis/metamorphism. First, apatites are thought to be more resistant to recrystallization
in carbonatites than carbonate minerals (Zhabin, 1971), yet we find apatites yield consistently lower apparent
equilibrium temperatures (40-60 °C lower) than co-genetic carbonates (table 1 and fig. 3).

Second, the carbonate minerals in our samples show no obvious signs of later diagenesis in their carbon and oxygen-
isotope ratios. All carbonate-mineral oxygen-isotope compositions fall within the field defined by Taylor and
others (1967) for ‘primary’ carbonatites (~6-8.75 %o relative to VSMOW). Taylor and others,
(1967) additionally defined a pristine carbon-isotope field between —5 to —8 permil. Siilinjarvi and Kovdor (6**C =
—-3.65 and —4.02%o, respectively) differ from this field, but plausibly for reasons unrelated to diagenesis. For
example, Siilinjarvi's higher carbon-isotope ratio compared to the field of Taylor and others (1967) was argued
by Tichomirowa and others (2006) to be the result of magmatic fractionations during differentiation of the
parent melt of the carbonatite. No such explanation has been offered for Kovdor's elevated carbon-isotope ratio.
However, because oxygen isotopes tend to be more reliable indicators of open-system exchange in carbonates than
carbon isotopes (for example, Banner and Hanson, 1990), we consider Kovdor's oxygen-isotope composition
to be a sufficient argument for its lack of significant diagenesis.

Third and finally, the differences in carbonate apparent equilibrium temperatures between the intrusions examined
here are consistent (at least in direction) with the expected effects of gradual slowing of internal isotope-exchange
reactions during cooling of igneous bodies. Oka gives the highest apparent equilibrium temperatures, Kovdor is
intermediate and Siilinjarvi is the lowest in temperature for each phase. Importantly, this ranking applies to both
calcite and apatite. These temperature trends correlate to emplacement depths (fig. 4): Oka is estimated to have
been emplaced the shallowest (1-3 km), Kovdor is intermediate (3—7 km) and Siilinjarvi is the deepest (7-10
km; Kapustin, 1986). More deeply intruded magmas are generally expected to cool more slowly as compared to
more shallowly emplaced intrusions because of higher ambient temperatures at the depth of emplacement. Because
apparent equilibrium blocking temperatures generally decrease with decreasing cooling rate (Zhang, 2008), we
should expect Oka to have cooled the fastest and record the highest apparent equilibrium temperatures, for Kovdor to
have cooled more slowly and record a lower temperature, and for Siilinjarvi to have cooled slowest and preserve the
lowest temperatures. This prediction is met by the measured temperatures. We thus consider that the apparent
equilibrium temperatures recorded in carbonatite carbonate minerals and apatites measured here most likely reflect
apparent equilibrium blocking temperatures and not crystallization or recrystallization temperatures.

Heating Experiments

Clumped-isotope measurements from originally high-temperature natural samples provide an important window into
processes like solid-state internal isotope-exchange reactions that occur over geologic timescales. However, the
thermal histories of natural samples are rarely known precisely and may include multiple episodes of heating,
cooling and reaction (or other complexities), limiting their use in making quantitative predictions. Laboratory
heating experiments, on the other hand, allow for controlled changes in A4; values and thus quantitative evaluations
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of the kinetic rate constants of interest. The disadvantage of laboratory experiments is that, in general, they must be
performed at temperatures higher than observed in natural environments of greatest interest in order to generate
measurable changes on laboratory time scales. Such a strategy inevitably requires extrapolation of high-temperature-
derived experimental data to lower temperature natural environments, which may or may not be justified.
Regardless, if the kinetics of internal isotope-exchange reactions within carbonate-bearing minerals can be well
understood via laboratory manipulations and critically examined and justified through comparison to samples with
known or well-constrained thermal histories, then these kinetics can be used to answer geologically relevant
questions.

The results of analyses of products of our heating experiments (see Methods) can be found in table 3 for calcites
and table 4 for apatites. The measurement of unheated Siilinjarvi apatite (that is, the initial time point in the plots
and tables) is the average of two measurements on Siilinjarvi samples taken from the same batch of apatites used for
the experiments. Because apatites from Siilinjarvi vary in starting As; (table 1), the products of heating
experiments must be compared with the initial composition of these two sub-samples of the starting materials rather

than other Siilinjarvi samples.
View this table:

° In this window

L4 In a new window

Table 3

Bulk and clumped-isotope data and temperatures from heating experiments on calcites

View this table:
L4 In this window

L4 In a new window

Table 4
Bulk and clumped-isotope data and temperatures from heating experiments on apatites from Siilinjarvi

Some general observations can be made about the heating experiments for both calcites and apatites. A47 values of
calcite samples held at 209 °C for 7 days and 323 °C for 6 days and apatite samples held at 430 °C (fig. 6A) from 1
hour to 1 day do not change, beyond measurement error (2 s.e.), from their initial As;values. This is consistent with
results from Passey and Henkes (2012) for calcites. In all other experiments, As; values decrease
monotonically with time (figs. 5 and 6). Also, importantly, rates of change of A4; values increase with increasing
temperatures — the 430 °C calcite experiments change in clumped-isotope composition the slowest, never reaching
a stable value (fig. 5A), while the 692 °C calcite experiments stabilize in minutes (fig. 5C). The 536 °C calcite
experiments stabilize in clumped-isotope composition over the course of hours (fig. 5B.). This is the expected
relationship for reaction rates, which generally follow Arrhenian rate laws (see Extrapolation of Kinetic
Properties to Other Temperatures section below). An interesting observation of the 430 °C experiments is
that the data has a distinctively ‘kinked’ shape to its evolution in A4; with time as opposed to a smooth decrease in
A47 with time (fig 5B). These kinks appear to be a universal feature of these types of experiments, appearing in other
optical calcites (fig. 5D; Passey and Henkes, 2012), void-filling spar (Passey and Henkes, 2012), and
brachiopod shells (Henkes and others, 2014). We return to the importance of these kinked features when
models are constructed to quantify the experiments below.
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Fig. 5.

Simple, pseudo-first-order model as applied to optical-calcite data from calcite heating experiments performed in
this study and an example as applied to measurements from Passey and Henkes (2012). (A) 430 °C data; (B)
536 °C data; (C) 692 °C data; (D) Optical-calcite 425 °C data from Passey and Henkes (2012). The inset
shows data between 0 and 5 hours. All A4, values are presented in the Ghosh reference frame. Error bars are 2
standard errors. This simple model in unable to fit the 430 °C data measured in this study nor that measured

in Passey and Henkes (2012) or Henkes and others (2014).
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Fig. 6.
Paired model as applied to apatite data from apatite heating experiments. (A) Extrapolation of diffusion and
exchange parameters derived from the 536 and 692 °C data as applied to the 430 °C data; (B) 536 °C data; (C) 692

°C data. All A7 values are presented in the Ghosh reference frame. Error bars are 2 standard errors.

Our 430 °C experiments do not reach a constant value of A4 indicating that internal isotopic equilibrium was never
reached (figs. 5A and 6A). The 536 °C and 692 °C calcite (figs. 5B and 5C) and apatites (figs. 6B and 6C), on
the other hand do reach constant A4, values, within the error of measurements, at the end of each experiment. We
interpret the constant A4; values reached at the end of the 536 °C and 692 °C experiments for both apatites and
calcites to represent equilibrium A,; values at those temperatures. The final A4y value for the 536 °C calcite
experiments (using the final 3 time points) is 0.274 + 0.007 permil (1 s.e.) and 0.244 + 0.004 permil (1 s.e.) for the
692 °C calcite experiments (using the final 5 time points). In comparison, the final values in the apatite experiments
are 0.271 + 0.013 permil (10) at 536 °C (using the final time point) and 0.252 + 0.008 permil (1 s.e.) at 692 °C
(using the final four time points). Significantly, within error, apatites and calcites equilibrated at high temperature
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have the same A4 values. This result is consistent with the model predictions of Eagle and others (2010), and
supports our assumption that at equilibrium carbonate groups in calcite and apatite have the same A4; values.

The 536 °C and 692 °C equilibrium As4; values calculated above are also consistent with previous experimental
calibrations of the carbonate clumped-isotope thermometer at high temperature, with values between the >1100 °C
piston cylinder experiments (Ghosh and others, 2006; Guo and others, 2009) and 25 to 350 °C dolomite
experiments (Bonifacie and others, 2011) (fig. 3).

MODELING THE EXPERIMENTAL DATA

We present a kinetic model as an aid to understanding and quantifying the experimental heating results of the
previous section. Any such model should incorporate both the observed increase in overall reaction rate with
temperature and, ideally, be able to fit the two-phased time evolution (‘kinks’) of the exchange process observed in
our 430 °C calcite experiment and those of Passey and Henkes (2012) and Henkes and others (2014).

We present two separate models that attempt to quantitatively explain these data. Both can explain the increase in the
rate of change of A4; values with increasing temperature, but the first, simpler model fails to model the ‘kinks’, while
the second, more complex model does. We present the simpler model first despite its failure to fully fit our
experimental results because its discussion illustrates the essential features of the kinetics of changes in A47 values of
carbonates during heating. The derivation of the simple model is similar to that found for clumped-isotope reactions
in Appendix A of Passey and Henkes (2012), and for other sorts of reactions in Zhang and others
(1995). Following this section, we develop and apply a more complex model that explains all major features of the
data using an approach that is inspired by the work of Zhang and others (1995).

‘Simple’ Model

Changes to the A4; values of our experimental run products are likely controlled by both exchange reactions in which
isotopes are swapped between different carbonate groups and by the rate of short-range diffusion of those different
isotopes in the crystal lattice. Modeling of diffusion in our experiments is challenging because there is no length
scale inherent to the measurement. In general, diffusivities are measured either by introducing a tracer on a surface
or via exchange of a tracer between phases (Cherniak and others, 2010). This kind of information is not
generated by our experiments. To deal with this, our ‘simple’ model implicitly assumes that isotopic diffusion in
solid carbonates occurs sufficiently rapidly that it is not the rate-limiting step (Zhang and others, 1995). We
note that it can be shown that the mathematics of diffusion for these reactions can mimic the kinetics of isotope-
exchange reactions (Appendix 1 of Passey and Henkes, 2012). The kinetics of isotope-exchange reactions
between already adjacent carbonate groups controls the reaction rate according to the follow equation:

I‘jclﬁD‘;— + IL*C]L}G»]HDE_ =5 L‘Icmﬂﬁlﬂﬂ?— + Iﬁcll'rc}g—. (3)

The excess of *C*®0,'%0*" relative to a random distribution of isotopes that should be present when this reaction
reaches equilibrium can be described by a As; value with a form similar to equation (2). Specifically, As; = 1000 x
[(BR/*R*—1)—(°?R/%2R*~1) — (**R/%*R*~1], where R is the ratio of the concentration of all mass i isotopologues
relative to the concentration of **C**O; and * refers to a system identical in bulk isotopic composition to the material
of interest, but where all isotopes are randomly distributed amongst all isotopologues. We make a further
approximation at this point: although there are multiple carbonate species that contribute to the As; value of
CO, extracted from carbonates (*?CY0?0,%~, 2CY0,20%, 2CfQY010%*, 13C*0,*02-, BC*0Y0,*,
BCY0,180%, 13CY05%, BC*0OY0™®0%, 1¥C*0*®0,%") the C*0,'80?" group contributes ~97 percent of the total
signal of mass 47 CO; isotopologues measured via mass spectrometry. Inclusion of all the species would introduce
more free variables than we are currently able to constrain. As such, we proceed here and in the model following to
assume that A4; values are controlled by equation (3). Additionally, we assume that the As; of a sample is directly
related to the A47 of CO, extracted from that carbonate by acid digestion through the expression: As; = Aes + 0.219 +
0.010%0 (10), which is the extrapolated intercept in figure 3. This intercept represents the isotopic fractionation
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associated with conversion of CO; groups to CO, for analysis. GUo and others (2009) present an argument that
the offset associated with acid digestion could be a subtle function of Assrather than a constant; however, no
published experimental evidence supports this more complex treatment of the acid digestion fractionation. As such
we assume that the offset between Ag; and A4z is constant.

We first assume that equation (3) is elementary (reacts as written and not through unspecified intermediates).
Additionally we write all reactions in terms of a reaction progress parameter, & (Zhang, 2008), which tracks the
change in the number of *C!0,0?  molecules with time. At the start of each experiment & is zero as
no C*0,'®0% molecules have been generated or consumed until the experiment begins. Using & we write

dé&

dt
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The k¢ and ks, are the forward and reverse reaction constants respectively. [x] represents the concentrations of the
species normalized such that the total of all carbonate isotopologues is equal to one. At equilibrium, by definition,
the forward and reverse reaction rates balance:

kl_[1?C]ﬁC}35—]H![|3C]60?]$02_]"l = kh[lgclﬁo‘.’]gmg_]:'q[]:iC]GDHE_]N! (5)

where the [x]¢q represents the concentration of a given isotopologue at equilibrium. We can rewrite this reaction in
terms of the equilibrium constant:

kl' B [IE{:IIEDEIHDE ].:{l[lﬂclﬁﬂﬂ? .]::q B
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(6a)

where K is the equilibrium constant for equation (8a). As Ke,, which is a function of temperature, is known
from experiments conducted between 1 to 1650 °C (fig. 3) we can eliminate k;, from the equation by writing the
following:

Ky
ky, = K (6b)

l'{!
Additionally, by writing our reactions in terms of a progress parameter, we can rewrite equation (4) in terms of &
and the initial concentrations of the isotopologues:

d : -
Ef = k([*C°0s*" ] — EM[PC°0,%0* ], — &)

|

g_( GOS0 ]y + H([PC®05h + & (7)
g
where [x]o represents the initial normalized concentration of an isotopologue. This equation has only one unknown,
krand can be solved numerically in a straightforward manner (see Methods). We neglect changes in the
concentration of all isotopologues except *C*®0,'*0?" for computational ease. This assumption is actually required
because we assume that the bulk 6'®0 and 6**C value of the calcite are constant (see below), which requires that the
concentrations of *C*®0,'®¥0%  and *C**O;°" are constant as well. This is a reasonable simplification because in a
closed system large changes in the abundance of C!0,'®0? are required to make detectable changes
in 1*C**05?" or ?C*0,'0?". For example, a change in As; of ~1 permil creates a change in 6'%0 of <0.01 permil,
which is well below the external precision of §'*0 measurements (typically ~0.1%0). With a knowledge of &(t) we
can find the concentration of *C**0,'®0?" at any time ([**C**0,'0?]=["*C**0,'80%* ], + &(t)), which in turn allows
for a calculation of Ags. Given known bulk isotopic compositions and A4 values of our experimental run products,
we can calculate the normalized concentrations of all the isotopic species in equation (7) following Huntington
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and others (2009). Finally, the equilibrium constant at a given temperature is derived from the data of figure
3via the relation: —1000In(Keq) = Ass (Wang and others, 2004).

An examination of the data in table 3 shows that after heating the optical calcites have a tight distribution of §**0
(10.1 £ 0.1%0 [10]), which is similar to the external precision of the measurement (0.08 to 0.1%o0; 10). §*°C values
have a larger range (-28.9 to —32%o) that is an order of magnitude larger than the external precision of the
measurement (0.025 to 0.04%o; 10). There is no correlation between §**C and temperature or duration of heating, and
the range is similar to that for the optical calcites prior to heating (-29.6 to —32.1%0). We conclude that the §**C of
the optical calcite sub-samples used for the experiments varies due to heterogeneities in the starting material.
Regardless, this isotopic variability has an impact on the modeling as an increase or decrease in the overall bulk §*3*C
value changes the overall concentration of *C!*0,*®0? for identical Ag; values. As we fit our model to overall
concentrations and then convert to A4; values, differences in bulk isotopic compositions due to heterogeneities in the
optical calcite result in each experiment having a different initial concentration of *C**0,'¥0?". To deal with this, we
simplify the problem by using the average §3C and 6'®0 of our unheated optical calcite as the starting andending
bulk isotopic composition for all experiments. However, there may be some circumstances, such as open-system
isotope-exchange reactions, where it is important to consider the kinetics of simultaneous changes in clumped-
isotope, 6*®0 and 8*3C values (for example, Affek, 2013; Clog and others, 2015).

All data (that is, A47 vs. time at each temperature) are fit as functions of kr as discussed in the methods section. A fit
to the data with this model is presented in figure 5A for the 430 °C experiments, 5B for the 536 °C calcite
experiments, and 5C for the 692 °C calcite experiments. The fit is robust for the 692 °C data (r>=0.98). The fit is
poorer but perhaps acceptable for the 536 °C data (r’= 0.90). However, the fit poorly replicates the data for the 430
°C fit (r’=0.84). Although the correlation coefficients of all experiments are similar, a visual inspection of the fit
through the 430 °C experiment demonstrates that it is indeed a poor fit: it is incapable of capturing the rapid
movement at the start of the experiment and overshoots the data towards the end of the experiment. The simple
model described above cannot replicate the ‘kinked’ behavior of the 430 °C calcite heating experiment here and
from others (fig. 5D; Passey and Henkes, 2012; Henkes and others, 2014). Consequently, as we
consider this ‘kinked’ shape to be a robust result, in the next section we develop a more complex model with the
express purpose of fitting these kinks.

Paired, ‘Reaction-Diffusion’ Model

In this section we develop a model that can fit the kinked time-dependent changes in As; observed in the 430 °C
experiments shown here, as well as similar data from Passey and Henkes (2012) and Henkes and others
(2014). As discussed above, Passey and Henkes (2012) proposed that the relatively rapid kinetics at the start
of the experiments are driven by defects that allow for rapid migration of atoms in the crystal lattice. Because these
enhanced Kinetics of isotope exchange are only present at the start of the experiment, Passey and Henkes
(2012) proposed these defects are annealed out of the calcite early in the course of the experiment. The loss of
these fast pathways for isotope exchange causes reaction rates to slow down, generating the kink in the time
evolution of A4 values. This is a plausible explanation because previous studies have shown that annealing of
calcites can change the diffusivity of oxygen presumably through an alteration of structural defects (Anderson
1969; Kronenberg and others, 1984; Farver, 1994). Henkes and others (2014) developed a
quantitative model to describe the changes in As; values during heating that included a dependence on the rate of
defect annealing. However, they concluded that the inclusion of defects in the model versus treating the change in
A47 as a pseudo-first-order problem (similar to the simple model presented above) by only using data in the
experiments after the kink only mattered for geologically relevant thermal histories once temperatures reached ~150
°C. Furthermore, because the defects are annealed out of high-temperature systems, they were concluded to be
unimportant during cooling histories of igneous and metamorphic rocks (Passey and Henkes, 2012).

It is also worth noting that the optical calcite of Passey and Henkes (2012) and brachiopod of Henkes and
others (2014) yielded essentially identical kinetics. If the defect model is correct, this then requires that multiple
calcites of different origin have similar defect concentrations. The spar calcite of Passey and Henkes (2012),
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on the other hand, yielded far more rapid and complex exchange kinetics than the optical calcite and brachiopod.
This complexity required the sample to be modeled as having both a period of defect annealing at the start of the
experiment and the presence of two distinct, non-interacting components within the spar with different kinetics for
closed-system isotope-exchange reactions. The different style of kinetics for the spar calcite was suggested to be due
to a higher concentration of trace metals such as Mn (Passey and Henkes, 2012; Henkes and others,
2014). Additionally, the need to have two non-interacting components with different kinetics in the lattice was
supported by the observation that the Mg and Mn contents are heterogeneously distributed in the mineral at the
micron scale. We note that our optical calcite is 0.064 weight percent MnO, and thus intermediate in MnO
composition between the optical calcite measured by Passey and Henkes (2012; <0.025 wt. %) and those
measured by Farver (1994) between 0.01 to 0.15 weight percent. Farver (1994)observed that the diffusivity of
O in the sample that is more enriched in Mn was higher by multiple orders of magnitude than the sample that is
lower in Mn if samples were not initially preannealed for experiments at 550 °C but not for experiments above 600
°C (that is, the two samples yielded, within error, identical diffusivities above 600 °C). Interestingly, our optical
calcite shows identical (within error) kinetic parameters as those of Passey and Henkes (2012), despite being 2
to 3x more enriched in Mn. Thus it is not clear whether differences in Mn or other trace elements, in and of
themselves, are sufficient to cause differences in the rate of change of A4; values during heating.

Here, we take an alternative approach that describes the kinked behavior of clumped-isotope kinetics through an
atomistic mechanism that is common to all carbonates, physically justifiable, and capable of mathematically fitting
the kinks in the data. Our approach is motivated by the observation that the fast initial reaction rates are present (and
appear more or less similar in form) in multiple samples of calcites with a range of heating temperatures and
durations studied in two different labs. This can only be true if the factors controlling the rapid kinetics seen early in
heating experiments are universal (or at least common). Previous experiments on oxygen self-diffusion in calcites
suggest this is unlikely if the factors controlling reaction rate are driven entirely by defects of some kind: Farver
(1994), for example, noticed that one of two samples investigated showed a simple Arrhenian dependence of
oxygen self-diffusion on the experimental temperature (400-800 °C), while the other sample showed non-Arrhenian
behavior. This non-Arrhenian behavior was hypothesized to be caused by the presence of defects. Indeed, this latter
sample actually increased in oxygen diffusivity from 600 °C to 550 °C, which is potentially related to more rapid
diffusion of oxygen via defects at 550 °C that were rapidly annealed out of the crystal at 600 °C. This suggests that
defects could cause increased rates at lower temperatures relative to higher temperature experiments, which is not
consistent with either our study of clumped-isotope kinetics or with Passey and Henkes (2012) and Henkes
and others (2014).

To account for the kinks in the time dependence of As; values in our experimental data, we constructed a more
physically complex reaction model inspired by the study of Zhang and others (1995). Our model explains the
kinks as a natural consequence of the combined kinetics of diffusion and reaction between rare isotopologues in the
carbonate lattice (fig. 7). We describe these combined kinetics by modifying the model of Zhang and others
(1995), which was used to model the kinetics of the reaction: H,O + O <--> 20H in silicates, where ‘O’ is an
oxygen bound to the silicate lattice.

View larger version:
b In this page

L4 In a new window


http://www.ajsonline.org/content/315/5/363/F7.expansion.html
http://www.ajsonline.org/content/315/5/363/F7.expansion.html
http://www.ajsonline.org/content/315/5/363.full#ref-82
http://www.ajsonline.org/content/315/5/363.full#ref-82
http://www.ajsonline.org/content/315/5/363.full#F7
http://www.ajsonline.org/content/315/5/363.full#ref-82
http://www.ajsonline.org/content/315/5/363.full#ref-35
http://www.ajsonline.org/content/315/5/363.full#ref-35
http://www.ajsonline.org/content/315/5/363.full#ref-58
http://www.ajsonline.org/content/315/5/363.full#ref-26
http://www.ajsonline.org/content/315/5/363.full#ref-26
http://www.ajsonline.org/content/315/5/363.full#ref-58
http://www.ajsonline.org/content/315/5/363.full#ref-26
http://www.ajsonline.org/content/315/5/363.full#ref-26
http://www.ajsonline.org/content/315/5/363.full#ref-58
http://www.ajsonline.org/content/315/5/363.full#ref-35
http://www.ajsonline.org/content/315/5/363.full#ref-35
http://www.ajsonline.org/content/315/5/363.full#ref-58

Fig. 7.

Cartoon representation of the paired ‘reaction-diffusion’” model. Most carbonate groups (98%) in the crystal lattice
are "2C**QOscarbonate groups. In this model, **C**0,'®0 carbonate groups are always found adjacent

to 1?C*®Qscarbonates. Thus there is no diffusional limitation for these carbonate groups to exchange isotopes. When
they exchange isotopes, they form adjacent *C*®*Osand *2C*®0,'¥0O groups, which we term ‘pairs.” These pairs can
either react ‘backwards’ to reform adjacent *C**0,'#0 and **C*®O; groups or diffuse apart.

However, *C**O; and *2C**0,'20 groups are generally not found (~95% of the time) in a paired configuration but
are instead isolated from each other. In order for these groups to exchange isotopes, they must diffuse towards each
other until they are in a paired configuration.

The model we present explicitly accounts for the neighbors that surround any chemical species (such as the
carbonate ion group) participating in a reaction. The dominant carbonate isotopologue in calcite is **C*0s*" (~98
%). The probability that a carbonate group neighbors at least one unsubstituted carbonate is 1-0.02°, where the 6 is
the number of neighboring carbonate groups in a calcite lattice. Consequently, a multiply isotopically substituted
carbonate group like *C*0,'®0?" can be approximated to always have one or more neighboring **C**0s*" with
which it can react to form two singly substituted species. As such, the forward reaction rate of equation (3) is
never limited by solid-state diffusion of isotopes through the crystal lattice — the two reaction partners can be
approximated to be always present together (fig. 7).

In contrast, exchange of isotopes between the singly substituted carbonate ions *C**05?~ and ?C**0,¥0?", can be
rate limited by solid-state diffusion. For example, *C**0,'0?" groups are 0.6 percent of all carbonate groups
and *C*®05?" are 1 percent. Thus, the chance that a given 2C**0,'®0?  group neighbors a *C**QOs?~ group for a
random distribution of groups in the lattice is 6 percent in a calcite crystal®. Consequently, approximately 94 percent
of 12C*0,'®0% groups in the sample cannot immediately react with 1*C**Os?"to form a clumped species. Instead
they can only react to form a clumped species if and when they are adjacent in the lattice (fig. 7).

In this model, we only track the reaction of *C**0,'®0? with *2C**0;?~ for the removal of isotopologues that can
generate CO, at mass 47. This is an approximation because reactions between *C'®0,'*0?~ with isotopically
substituted species are also possible. However, they need not necessarily result in a net loss of *C!*0,'*0?. For
example, exchange of *C*®0,'®0? with 1*C'®0O;°~ (the dominant isotopically substituted group) consumes
one *C'*0,0? but creates another to replace it. Exchange with a ?C'®0,'%0? or **C’0O**0,?" (the next most
abundant substituted groups), on the other hand, could generate another multiply substituted species that we are not
explicitly modeling due to their low abundance. However, because these two species add up to only ~0.7 percent of
carbonate groups in the sample and thus are not common bonding partners, we do not include a correction term for
the exchange of *C**0,'®0?" with species other than ?C**O5?".

Model structure.

We begin by considering the following reactions (see also the illustrative cartoon in fig. 7):

I‘.ECHEID‘;:— + ]:‘CNGQHDE_H pail“ {Sa}and pa” —> 13C]HD§_5I.,3]11 + I'.‘.’G'IHD'LH ;!'...Hh- (Bh)

where a pair signifies *C!*05?~ and *C*0,'®0?" residing next to each other and ‘single’ signifies a singly
isotopically substituted species that does not reside next to another singly isotopically substituted species in the
crystal lattice. We term such groups ‘singletons’. In this formulation, the pairs represent an intermediary through
which clumped species interact with the majority of singly isotopically substituted species. We note that pairs
include all situations where there are two or more singly substituted species next to each other including triplets,
quadruplets, et cetera (Zhang and others, 1995). Pairs can be formed or destroyed either by diffusion or by
reaction.

Model intuition.
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The paired model requires that clumped species must first convert to pairs of singly substituted species before finally
forming the more common singletons (and vice versa). In this way pairs act as an intermediary between clumped and
singly substituted species in the following reaction scheme: clumped species ~ pairs ~ singletons. If the
concentration of pairs remains constant throughout a reaction (that is, dpair/dt = 0), then they have no effect on the
kinetics as any change in the concentration of clumped species will have to, for mass balance considerations, be
immediately compensated for by a change in the concentration of singletons. If this were the case, the simple model
of the previous section would be reproduced and no kinks would be observed in the time-dependent changes of
A47 values.

If, on the other hand, the concentration of pairs evolves with time, then the pairs can act to modify the kinetics of
reactions that form or consume clumped-isotope species. Specifically, if diffusion of the two carbonate ions that
make up a pair (**C*Os and ?C**0,'°05?") in the crystal lattice is slow compared to local isotopic exchange
between 2C**0,'80?" species and *C'®O5?~ or between the carbonate ions that make up the pairs, the population of
pairs will increase or decrease in size (depending on whether clumped species are, in net, forming or being
destroyed). In this scenario, the pairs can act as a buffer to changes in the concentration of clumped isotopologues.
For example, during heating, as clumped species dissociate to pairs, if diffusion cannot separate the pairs sufficiently
quickly, the pair concentration will build to an excess until the back reaction of pairs to clumped species balances the
splitting of clumped species to pairs. This would slow and eventually halt the decline in clumped species. As
diffusion proceeds and separates the pairs into singletons, clumped species could then continue to react and drop in
abundance.

The results of our 430 °C experiment can be understood as the product of this dynamic relationship between
singletons, pairs and clumps: the initial fast reaction could occur because there are not enough pairs to buffer the
system at the start. Once the pairs are able to buffer the splitting of clumped species, the kinetics become controlled
by the slower diffusional separation of pairs to singletons as seen in latter part of the experiment. Thus all of the
clumped-isotope experiments showing complex Kinetics, both here and in Passey and Henkes
(2012) and Henkes and others (2014) can be understood if early in these experiments the initial population
of pairs is first driven to a dynamic steady state with the clumped species, after which further reaction requires the

slower process of separation of pairs by solid-state diffusion.
Model derivation.

Here, the key equations that are used to fit the data to the paired model are derived following Zhang and others
(1995). An equation describing the kinetics of equation (8a), which assumes the reaction proceeds in an
elementary fashion, is:

ﬁ
dt

= kd{[*C"°03~ LN[*C'*0,"°0*" ], — &) — klpair].. (9)

Additionally the concentration of pairs changes as a function of time according to:

dpair
dt

= K([*C03" )([C 0,0, — &) — kylpair],
-+ kd'H-\ingIr [ ]EC]ﬁOElﬂﬂh _].\iugli-.ﬂ [ ]3(:]60;;_ ] simgle ) = k:!il-[mh [pal I-‘]I" ( I U ]

In equation (9) the terms led by the reaction coefficients k¢ and ky represent isotopic exchange reactions and the
final two terms led by Kaitsingle and Kairpairrepresent the process of diffusion and are related to diffusivities (Zhang
and others, 1995). Zhang and others (1995) present arguments in support of our description of diffusion
in terms of a chemical reaction, guidance for how to envision the length scales inherent to the diffusion problem, and
the relationship between the relevant diffusivities of interest and Kaitsingle and Kairpair. We have assumed here that the
concentrations of 2C*05?~ and the singletons vary so little that they can be treated as constants.
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Although equation (10) has four kinetic parameters, they are not all independent. At equilibrium, by definition,
d&/dt = 0. As such we can write,

ke[ *C'°035 71, ['*C"°0."°0* ], = ky[pair].,. (11)

The concentrations of *2C**0;?~ and **C**0,'®0?" at equilibrium are obtained by calculating the expected Ass at the
temperature of the experiment and inverting for the bulk concentrations of the species (as done above in the
‘Simple' Model section).

To find the concentration of pairs at equilibrium we initially assume (following Zhang and others, 1995) that
the solid carbonate solution is ideal and thus that at equilibrium the carbonate groups will be randomly distributed in
the lattice. We consider this the simplest possible assumption with which to begin, but we discuss below the failure
of this assumption and the need to modify it to include a temperature dependence for the number of pairs in the
system at internal isotopic equilibrium. We find the number of pairs at equilibrium (presuming for the moment a
random distribution of pairs at equilibrium) as follows: we calculate the expected total amount of any given singly
substituted carbonate group as was done for the simple model above. If an individual carbonate group is coordinated
such that there are Z carbonate groups surrounding it, the number of singleton *C*®0;?~ groups is:

[1?"“-::“?'3":1E " Jingle = [PC°04* )10 {1 = [*C'°0."°0% ) ioua)* (122),,4 singleton *C**0,'*0~? groups  is:
[2C7%05%0°  Linge = [°C°05%0% g (1= [*C1°03 T,)*. (12b)

For calcites, we assume a value for Z of 6. Equations (12a and 12b) represent the probability of finding a
singleton given a random distribution of isotopologues in the mineral. The concentration of paired species at
equilibrium is:[[mil'] = []EC"JDEMOE B _]mm_ [lECmDEmD?_]:m;u“ - [”C“JD:sE_]mul}i (13a) or
[pair] = ['*C'*05®~ Juwi— [*C*03 Toua (1= [1*C*0,"* 0% 1,,.)>.  (13b)

The concentration of pairs at equilibrium should be independent of whether we choose equation (13a) or (13b).
However, as the pairs include situations with two or more singly substituted species next to each other (see
above), equations (13a) and (13Db) end up differing by 1 percent relative. We average the values of the pairs
calculated from equations (13a) and (13D) to find the equilibrium pair distribution. We found that the choice of

using equation (13a), (13b), or an average of the two had no noticeable effect on the results. We now write:
[I"Cm'D-j_ - ]:-t][] SC II:OEI&D_ ]ﬂ.
k, =k (14)

[pair],,,

This allows for the elimination of one free parameter. Another can be eliminated through the requirement of
equilibrium for equation (10). At equilibrium, equation (11) holds and the pair concentration is constant. Thus
- 1216 18y 2 1816 2- —_ . E
dpalr/dtzo andei!'-.\ianl'[ C DE D ].f.il!glv.q'q[ C D.'cl- ]xirngh',:':l - k:]i!'-p:!i:[palr]vq? (laa}WhICh, lf we
use our equation for the singletons from above, we can rewrite as

klﬁllgmil

o [C00.00% 1y (1= [PC10, 1) T7C 0% 1y (1= [°C1°0,°0% 1.y)°
— Bdifsingle [pail']:;q -

(15b)

Now there are only two free parameters, a rate constant for the exchange and a rate constant for diffusion.
Paired model fitting.

We solve for the rate constants, krand Katsinge, through a minimization of the solutions of equations
(9) and (10) versus the data as discussed in the methods section. These fits require that both & and the number of
pairs in the system be initialized. § is initially set to zero. The correct choice for the initial number of pairs in the
system is not obvious, but is important because the concentration of pairs relative to the final equilibrium value at
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any given point in time is a critical parameter in the model. We explored how to initialize the pair concentration by
generating models in which the initial and final pair concentration values were either identical or different.

We found that initializing the pair concentration to be the same as the proscribed final, randomly distributed pair
concentration resulted in a poor fit for the 430 °C calcite experiments and was essentially identical to the fits
produced by the simple model in the preceding section (that is, if the pair population does not evolve with time, the
kinetics are predicted to be pseudo first order). This demonstrates that differences in the rates of diffusion versus
clumped-pair exchange are insufficient on their own to develop large enough temporary excesses or deficits in the
concentration of pairs compared to the final value.

In contrast, we observed that model runs where the pairs were initialized with a different concentration than their
final, prescribed value did generate kinks. We found that the best fits for the 430 °C experiment occurred if the
system was initialized with either a slight deficit of pairs (1% lower) or an enrichment of pairs (0.015% higher)
relative to the final value. These values were found by varying the starting pair concentration relative to the value
calculated in equation (13), which assumes the probability of finding pairs is random, and searching for the
values that provided the best fit as determined by the r? value. The final value did not need to be the random
concentration pairs — instead only the relative difference between the initial and final number of pairs appears to
matter. The need to have a non-random initial concentration of pairs was also required in the modeling of Zhang
and others (1995) on which our model is based. In the case of this previous study, no thermodynamic
justification for an initial non-random concentration of pairs was given, but was justified as the result of prior
thermal histories. Here we hypothesize that excesses or deficits in ‘pairs’ are not a model artifact but instead arise
from a thermodynamic driving force related to the distribution of pairs within a carbonate mineral.

Specifically, we hypothesize that pairs are enriched relative to that expected for a random concentration of pairs
throughout the lattice due to a drop in free energy of the system when singly substituted carbonates are found as
pairs as opposed to isolated as singletons. Thermodynamically, this requires a non-zero enthalpy of mixing for
carbonate groups in the mineral lattice. Although pairs, as we define them, do not involve bonds between two heavy
isotopes (which would lower the energy of the system; Wang and others, 2004; Schauble and others,
2006), they still involve a close association of those heavy isotopes. Such associations can be thought of as solid-
state versions of clumped-isotope species that lack immediately adjacent heavy isotopes. An example of a molecule
that has this property is gaseous *?C*®0,, where the '#O's are on opposite sides of an isotopically normal (that is
unsubstituted) carbon. These ‘secondary’ clumped species have excesses that are smaller in size, but otherwise
generally similar to other clumped-isotope equilibrium reactions (for example, Wang and others, 2004). For
example, at equilibrium, *C*0, is half as enriched as *C**0™0 at a given temperature and bulk isotopic
composition (Wang and others, 2004). We expect such thermodynamically driven excesses in pairs should be
temperature dependent with a stronger favoring of pairs at lower temperatures, and be controlled by equilibrium
constants of the form,

_ [pair]
I’]ﬁc]ﬁnr— ]I]Eclﬁoéﬂnl’— '|
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where Ko is the inverse of the equilibrium constant for equation (8b).

No theoretical model for the distribution or size of this hypothesized excess of pairs currently exists — that is,
Koair as a function of temperature is not known. We hypothesize that the temperature dependence of K pair follows a
relationship in which In(Kpair) is linearly proportional 1/T where T is temperature — this is a common form for the
temperature dependence of equilibrium constants for other isotope-exchange reactions (Criss, 1999) and
equilibrium constants in general (Denbigh, 1981). This relationship requires that samples formed at lower
temperatures will have an excess of pairs compared to a system at a higher temperature and vice versa.

We further assume that the intercept of such a line must be consistent with pairs and singletons being randomly
distributed in the lattice at infinite temperatures (that is, entropy is maximized at infinite temperatures), giving an
intercept of In(Kpair,random) Where Koairrandom 1S the equilibrium constant for the random distribution of pairs and
singletons. This too is in keeping with the behaviors of other known isotope-exchange reactions (Criss, 1999) and
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chemical systems at equilibrium in general (Denbigh, 1981). Thus, In(Kpai/Kpairrandom) is linearly proportional to
1/T. The key unknown, therefore, is the slope (that is, the steepness of temperature dependence of pair excess). We
assume that our unheated optical calcite formed in internal isotopic equilibrium at its measured apparent equilibrium
temperature of 55 °C and has a 0.015 percent excess of pairs compared to equilibrium at 430 °C. This was the excess
we found provided the best fit the 430 °C experimental data. We do not use a 1 percent deficit of pairs (which yields
an equally good fit) because our model requires samples to have an initial excess of pairs when heated to higher
temperatures. As the required excess in pairs has an order of magnitude smaller effect on the concentration of
singletons (requiring an ~0.001% drop in the concentration of singletons), we maintain our assumption from above
that the singletons do not change in concentration over the course of our experiment. This assumption allows us to
approximate In(Koair/Kpairrandom) at a given temperature as In([pair]/[pairransom]. Then, solving for the slope by using
the known difference in pairs at two different temperatures (55 and 430 °C), we find the following relationship:

[pair] ~0.0992
(l:Pairl'amI-)m]) a T ( 1 T}

where T is in Kelvin. This relationship allows us to calculate the concentration of pairs at any arbitrary temperature.
This treatment of pairs is clearly a hypothesis anchored to an empirical finding of our model fits. However, it is
potentially testable through the creation a lattice model that calculates the expected pair excesses as a function of
temperature following the work of Schauble and others (2006).

We incorporated equation (17) into our model to find the initial and final pair concentrations and fit the model to
the 430, 536, and 692 °C calcite data (fig. 8). The 430 and 536 °C calcite data were straightforward to fit using the
methods outlined above due to the large spread in A4; over the course of the experiments (figs. 8A and 8B; table
5). The 692 °C experiment, on the other hand, is 90 percent equilibrated within 3 minutes (fig. 8C). Because of this,
there are few points available to define the curvature. We found that, unlike the 430 and 536 °C cases, different
initial guesses for the values of k¢ and Kaisingie, Which are needed to initialize the fitting routine, resulted in different
(though generally similar) final answers with indistinguishable goodness of fits — all final fits had r? values of
~0.97. This implies that there exist multiple values of krand Kaitsingie for the 692 °C data that can produce equally

robust fits.
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Fig. 8.

Paired model as applied to data from optical-calcite heating experiments performed in this lab. (A) 430 °C data; (B)
536 °C data; (C) 692 °C data. All A4; values are presented in the Ghosh reference frame. Error bars are 2 standard
errors.
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Table 5
Rate constants derived from modeling of calcite heating experiments

In order to choose which of these fitted parameters at 692 °C to use in later modeling, we also required that the fits
be consistent with our experimental observations that holding the optical calcite for 6 days at 323 °C or 7 days at 209
°C yields no change in A4; within error of the starting value. In order to test this, we combined all potential 692 °C
fitted parameters with those from the 430 and 536 °C fits to create Arrhenian-based models for the temperature
dependence of rate constants (see section, Extrapolation of Kinetic Properties to Other Temperatures,
below) and calculated kinetic parameters for diffusion and exchange at 209 and 323 °C. We then used these
parameters to calculate the predicted change in A4; at 209 °C after 7 days of heating, and 323 °C after 6 days of
heating. We found that only one of the 692 °C fits yielded k and Kaitsingie Values consistent within error of both the
temperature in the furnace (12 °C) and final A,; datum for the 7 day 209 °C and 6 day 323 °C heats (table 5).
Specifically, extrapolation of the rate constants to 209 °C (+12 °C) predicts that heating the optical calcite for 7 days
results in no change in A4 from the starting value, consistent with the experimental observation (table 3).
Extrapolation of the rate constants to 323 °C (x12 °C) predicts that heating the optical calcite for 6 days results in a
change of A47 from 0.549 to 0.536 fora 311 °C (—12 °C) heat and 0.506 permil for a 335 °C (+12 °C) heat, which are
the +12 °C range of temperatures for furnace temperature. The modeled A4; value for the 311 °C heat for 6 days is
therefore consistent, within 20, with the measured value, 0.560 + 0.027 permil (20). All other fitted parameters
predicted changes beyond the 20 error for this data point. Consequently, we selected this as our ‘best” 692 °C fit and
used its parameters for all subsequent calculations as given in table 5. However, we note that even this rate
constant does predicts a change in A4; for a 1 week heat at ~320 °C that may slightly over predict the change in
A47 during heating at this temperature range. We ensured that on extrapolation to lower temperatures this issue is not
compounded through various example model calculations in later sections (Modeling and Interpretation of
Apparent Equilibrium Blocking Temperatures During Cooling and Modeling and Interpretation
of Apparent Equilibrium Temperatures During Heating) and thus that the rate constants are consistent
with observations from natural systems.

Clearly, the paired model we present is able to fit our dataset (fig. 8). In particular, the explicit inclusion of pairs of
singly substituted species provides a physical mechanism for the kinks observed in many experiments. However, a
significant question is whether this model is applicable to other samples and thus can be extended broadly.

To evaluate this, we fit our model to the optical calcite data of Passey and Henkes (2012) and brachiopod data
of Henkes and others (2014) (figs. 9 and 10). For the data from Passey and Henkes (2012), we only
took the data from their experiments on optical calcites as their spar calcite required a more complex kinetic
framework in order for the data to be fit by a kinetic model as discussed previously. Finally, for both studies, we did
not fit data from the 385 °C experiments because they appear to only capture the initial, fast kinetics and thus cannot
be used to constrain the diffusional rate parameter.
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Paired model as applied to data from optical-calcite heating experiments performed by Passey and Henkes
(2012). A) 405 °C data; B) 425 °C data; C) 450 °C data; D) 475 °C data. All A4; values are presented in the Ghosh
reference frame. Error bars are 2 standard errors.
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Fig. 10.

Paired model as applied to data from brachiopod calcite heating experiments performed by Henkes and others
(2014). (A) 405 °C data; (B) 425 °C data; (C) 450 °C data; (D) 475 °C data. All A4; values are presented in the
Ghosh reference frame. These data were converted to the Ghosh reference frame from the absolute reference frame,
which is how they were provided in the original study. This was done using the data from Passey and Henkes
(2012), which is given in both reference frames, and assuming a linear relationship exists between the two
reference frames for a given lab (Dennis and others, 2011). Error bars are 2 standard errors.

Before fitting their experiments, we compared the final, time-invariant values of Passey and Henkes (2012) to
those predicted by our high-temperature calibration (fig. 3;table 6). We found that their time-invariant
(presumably equilibrated) values are on average 0.011 permil (+ 0.002, 1 s.e.) higher than that predicted by our
temperature calibration; this is a small multiple of analytical error and likely reflects subtle differences between the
Caltech and Johns Hopkins intralab reference frames. As such, we subtracted 0.011 permil from the data of Passey
and Henkes (2012) and Henkes and others (2014) before fitting with our paired model. Additionally, one
single point was not used in the fits for the Passey and Henkes (2012) 450 °C experimental series (the data

point from 24 hours) as it caused modeled rate constants to have errors 30 times greater than the solved-for value.
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Table 6
Comparison of experimental equilibrium A4; values measured by Passey and Henkes (2012) versus those
predicted by our temperature calibration (fig. 3)

Importantly, these fits were made using the same pair excess model as for our measurements using equation (17).
Fits are shown in figures 9 and 10 and the derived kinetic parameters are given tables 7 and 8. We compare the
kinetic parameters derived from our model from the data of Passey and Henkes (2012)and Henkes and
others (2014) to the data presented here in a section below (Extrapolation of Kinetic Properties to
Other Temperatures) and demonstrate that model yields similar dependencies for the rate constants as a
function of temperature.
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Table 7
Rates derived from modeling of optical-calcite heating experiments using data from Passey and Henkes

(2012)
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Table 8
Rates derived from modeling of calcitic brachiopod heating experiments using data from Henkes and others

(2014)

Extension of the model to apatite.

A critical question is whether our experimental data for the Siilinjarvi apatites heated to various temperatures (fig.
6) shows a kinked time dependence for the changes in As; over the course of an experiment. If so, it would advance
our hypothesis that non-pseudo-first-order kinetics are a fundamental (or at least common) feature of clumped-
isotope-exchange kinetics in carbonate bearing minerals; if not, it would suggest the ‘kinked’ kinetic behavior is
more specific to just calcite. The experiments that produce a time series for heating at 536 °C provide a chance of
observing this behavior (that is, because the extent of exchange is neither too small nor too great to obscure the
‘kink’), but do not include enough early time points to clearly statistically resolve whether there is a rapid change in
A47 at the start of the experiment. Thus we cannot currently tell if apatites show non-first-order kinetics or not. To
understand this will require additional experiments at temperatures between 400 and 500 °C over month-long time
scales.

An additional question is how to model the exchange of isotopes of carbonate groups in the apatite lattice. The
paired model explicitly describes exchange between a carbonate ion group of interest and the carbonate ion groups
surrounding it. For calcites, in which carbonate groups are the major anion, it is straightforward to conceptualize this
relationship because each carbonate group generally can only exchange oxygen or carbon by ‘trading” with adjoining
groups. However, carbonate groups in phosphates are defects and likely surrounded by phosphate groups rather than
adjacent carbonate groups. It is unclear to us how to parameterize the geometric elements of our model (that is, the
parameter, Z, that describes the number of adjacent exchangeable groups) so that it can be extended to apatite. Here,
we simplify the problem by adopting the same parameters as our calcite model; this is likely incorrect but lets us
compare the experimental data for apatite and calcite in a self-consistent way. If future experiments demonstrate that
apatites have kinetics that differ definitively from the form (that is, time dependence, activation energy) of those for
calcites, then an apatite-specific model will need to be constructed.

We only modeled the 536 and 692 °C apatite data (figs. 6B and 6C; table 9) as there is no change in A4, for the
430 °C experiments beyond the error of the measurements. To fit the 692 °C data for the apatite, which has similar
issues as the calcite data at the same temperature, we varied the value used to initialize the fitting routine for the
reaction constants and chose the best fit. To check the robustness of our fits, we extrapolated the data as discussed
below (in Extrapolation of Kinetic Properties to Other Temperatures) to 430 °C and found that the rate

constants are in agreement with the experimental data (fig. 6A).
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Table 9
Rates derived from modeling of apatite heating experiments

Our model is able to fit the experimental data from 536 °C and 692 °C. Additionally, and importantly the model
parameters, when used to extrapolate the parameters to 430 °C, fit the data within the error of the measurements.
Interestingly, these data show slower kinetics at 430 and 536 °C in apatites than in calcites. This is the opposite of
what is predicted by the data from carbonatites, in which apatites always have lower apparent equilibrium
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temperatures than cogenetic calcites. In other words, the observations from natural samples predicts that apatites
should have faster kinetics than calcites at a given temperature. Thus the experimental results of the apatites,
regardless of the model used, are inconsistent to zeroth order with observations from nature. We address this below
(Modeling and Interpretation of Apparent Equilibrium temperatures During Cooling) by
attributing this difference to the presence of radiation damage in natural apatites that increases diffusion in the
lattice, but is annealed away in the experiments, slowing down diffusion and the resultant exchange of isotopes.

MODELS OF APPARENT EQUILIBRIUM TEMPERATURES DURING HEATING AND
COOLING

The experiments and models described above can be used to create a general kinetic model for closed-system
isotope-exchange reactions in carbonates for any arbitrary time-temperature path. Such a model allows us to ask
whether our experimental data and models are consistent with the range of apparent equilibrium temperatures
observed in carbonatites and marbles with externally constrained thermal histories, and more generally, their use in
studies of thermal histories of carbonate-bearing rocks.

Extrapolation of Kinetic Properties to Other Temperatures

In order to make model calculations at temperatures other than those constrained by experiments, we require a
relationship between temperature and rate constant. Generally, rate constants are assumed to be Arrhenian: that is,
In(k) is linearly dependent on 1/T, where T is temperature (Zhang, 2008) and we have adopted that convention
here.

The linear fits for In(k) vs. 1/T are given in figure 11 and include both the fits to data produced in this study as
well as for the data given in Passey and Henkes (2012) and Henkes and others (2014) using the paired
model derived above. Interestingly, all experiments generated in this study and from Passey and Henkes
(2012) and Henkes and others (2014) appear to form a single trend. This is borne out statistically as well: As
given in the caption for figure 11, the slopes and intercepts of lines through either all of the data points or only
those produced in this study overlap at the 20 level in all cases. This is significant as it supports the use of a single,
unifying model for the kinetics of clumped isotopes in calcites that is independent of starting material.
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Fig. 11.
1/T (Arrhenian) extrapolations of rate constants from calcite data. Errors bars are 2 standard errors. This includes

data from experiments performed in this study, by Passey and Henkes (2012), and by Henkes and others
(2014). (A) Forward isotope-exchange rate constants (k¢). The slope and intercept of the line fit only to the
measurements made in this study (in gray) are —20.7 £ 0.6 (10) and 20.1 + 0.72 (10) respectively. The slope and
intercept of the best-fit line that passes through all points (the dotted black line) are —=17.9 + 1.2 (10) and 17.0 + 1.7
(10) respectively. Thus the intercepts and slopes all overlap at the 2o level (though for the slopes only the error bars
overlap). (B) Diffusion rate constants for singletons (kaitsingie). The slope and intercept of the line fit only to the
measurements made in this study (in gray) are —25.4 + 3.7 (10) and 24.7 £ 4.5 (10) respectively. The slope and
intercept of the best-fit line that passes through all points (the dotted black line) are —22.9 + 1.9 (10) and 22.3.0 £+
2.5. As was the case in (A), the intercepts and slopes all overlap at the 2o level.
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Consequently, we suggest that the paired model presented here accurately describes the atomistic basis for the
seemingly complex behavior of experimental clumped-isotope re-equilibration and can be extrapolated beyond our
specific sample. However, the spar calcite of Passey and Henkes (2012)clearly has distinct kinetics from the
three samples modeled here, which requires that there will be different required kinetics for some samples. One
possible explanation for this, as given by Passey and Henkes (2012), is that the trace element content of a
sample can control the observed reaction rates. Alternatively, if the spar calcite of Passey and Henkes
(2012) has a different starting abundance of pairs (specifically less) than would be predicted by this model, it
would exhibit the more rapid kinetics observed for the sample.

Although all of the fits to the different data sets presented in figure 11 are statistically identical, inclusion of
the Passey and Henkes (2012) and Henkes and others (2014) data causes the slopes (that is, the
activation energies) of the fits to be slightly shallower than suggested by our data alone. Use of these shallower lines
predicts significant changes in A4; values at 323 °C (x12) over laboratory time scales (6 days) that are beyond the
error of our experiments. In order to be as consistent with our data set as possible, we perform all calculations in the
subsequent sections using the line defined by our data. This difference demonstrates the inherent challenge of
extrapolating kinetic results generated at elevated temperatures to geologically relevant conditions — even subtle
differences between experimental measurements may be magnified to large predicted differences at geological
conditions.

The Arrhenian relationships defined for our optical calcite with 10 errors are:
20700 ( = GO0)

In(ky, capeine) =

+ 20,1 (£0.7), (* = 1L.00) (18)

1
26400 ( = Z700) ;
Ind K iingte, caleine) = T + 247 (24.5), (rF = 0.98) (19)

All rate constants have units of sec™*. The temperature at which k¢, caicite and Kaitsingle, carcite are equal is 740 °C. At lower
temperatures, Kaitsingle, caicite 1S 1€sS than k¢, cacite. This indicates that, for all geologically relevant temperatures,
diffusional splitting and forming of pairs is the overall rate-limiting step for the generation and destruction
of 13C*0,'®0%* groups. The slopes of these lines yield activation energies of 172 (£5, 10) and 211 (£30, 10) kJ/mole
for exchange and diffusion in calcites respectively. Activation energies of self-diffusion of oxygen in calcites have
been measured for dry experiments to be between 242 to 261 kJ/mol by Labotka and others (2000 and 2004)
depending on the pressure and ~380 kJ/mol by Anderson (1969) as given in Labotka and others (2000) or
412 kJ/mol as given in Farver (2010). In hydrous experiments this diffusivity was found to be 173 kJ/mole
by Farver (1994). Activation energies for the diffusion of carbon in dry experiments are measured to vary from
166 kJ/mol to 291 kJ/mol by Labotka and others (2000 and 2004) with a dependence on the pressure used in
the experiment, and 71 kJ/mol for 250 to 550 °C experiments on unannealed calcites and 368 kJ/mol for experiments
above 550 °C on both pre-annealed and unannealed calcites by Anderson (1969). In hydrous experiments, carbon
diffusion was found to be 364 kJ/mol by Kronenberg and others (1984). Thus our measurement is in the
range of reported self-diffusivities of carbon and oxygen in calcites and within 20 error for similarly ‘dry’
experiments.

As discussed in Passey and Henkes (2012), it is not straightforward to make a direct comparison of the
kinetics of isotope exchange reactions that determine the rates of change of A4; values to the results of experiments
designed to calculate the diffusivity of O and C. Specifically, the direct comparison of the activation energies
derived here to those for the experimental determination of diffusivities using tracers introduced at the surface of the
mineral (as was done in all of the studies discussed) may be misleading. This is because diffusion through a surface
may be controlled by reactions at the interface between the tracer and the calcite (Labotka and others,
2004; Labotka and others, 2011) that could be unrelated to the results determined in our experiments which
are dominantly controlled by reactions and diffusion within the crystal (Passey and Henkes, 2012). This is
discussed further in the section Model Caveats and a Comparison to Diffusion Experiments below.

We performed similar extrapolations for the phosphate dataset using the 530 and 692°C experiments. The equations
are:
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No correlation coefficient or errors are given as they are all two point fits. The temperature at which Ky, apatite and Kair
single, apatite 18 €qual to 740 °C. At lower temperatures, Kaitsingie, apatite 1S 1€8s than K¢, apatite. Why kr,and Kairsinge would be
equal at the same temperature for both calcite and apatite is not clear but may reflect, in part the challenge of fitting
the 700 °C data, which, for both samples, converges to the equilibrium value within minutes. The activation energies
are 197 and 217 kJ/mole for exchange and diffusion. To our knowledge, the only study on oxygen diffusion in
apatites, which was hydrous, yielded an activation energy of 125 or 205 kJ/mole depending on the crystallographic
axis examined (Farver and Giletti, 1989).

Modeling and Interpretation of Apparent Equilibrium Blocking Temperatures During Cooling

We used equations (18) and (19) to model the apparent equilibrium blocking temperature recorded by calcite for
a variety of modeled cooling histories. Because previous studies have established common values for apparent
equilibrium blocking temperatures for slowly uplifted metamorphic rocks and carbonatites (~125 to 280
°C; Ghosh and others, 2006; Dennis and Schrag, 2010; Bonifacie and others, 2011; Bonifacie
and others, 2013), we have some basis for deciding whether the predictions of these models are reasonable. In
other words, natural samples with relatively simple, constrained cooling histories can test the plausibility of the
extrapolation of the model and kinetic parameters to geologically relevant thermal histories. For these models, we
began with a bulk stable-isotope composition identical to the optical calcite used. We then subjected the sample to a
modeled temperature history that first includes initial heating to 350 °C for 10,000 years to ensure pairs and
singletons were fully equilibrated at high temperatures. After this, we calculated the consequences of cooling the
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Fig. 12.

Apparent equilibrium temperatures derived from modeled parameters. Dashed lines are the environmental
temperature while solid points are the recorded apparent equilibrium temperatures. The gray zone indicates the area
where samples that have cooled over geologically time generally are found. (A) Calcites; (B) Apatites.

Our model predicts rapidly cooled samples (10,000-1000 °C/myr) will have apparent equilibrium temperatures from
235 to 210 °C and more slowly cooled samples (100 to 1 °C/myr) from 185 to 145 °C. Our results for calcites from
carbonatites (~190 °C to 125 °C) resemble the range predicted from the model. In particular, the Oka body was
independently estimated to have cooled around 1000 °C per million years based on oxygen-isotope thermometry of
multiple minerals (Haynes and others, 2002). Its apparent equilibrium blocking temperature for carbonate
minerals is 192 + 4°C (1o) and is similar to the predicted apparent equilibrium temperature of 210 °C for the
1000°C/myr cooling rate. However, some carbonatites record temperatures of ~250 °C and can goes as high as 293
°C (Dennis_and Schrag, 2010). These results suggest either exceptionally rapid cooling rates for these
materials, that under some circumstances the reaction rates that control reordering of carbonate apparent equilibrium
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temperatures may be slower than we found in our experiments, or that these samples represent some disequilibrium
phenomenon. Additionally, the mineralogy of the carbonatites could be of importance as dolomites and calcites
appear to have distinct kinetics (Bonifacie and others, 2011; Eiler, 2011; Ferry and others, 2011).

Additionally, we routinely measure a Carrara marble as an internal standard; this material has a long term average
apparent equilibrium temperature of 206 °C. The Carrara marble is predicted to have cooled between 10 to 16 °C per
million years (myr) from 11 Ma to 6 Ma and 38 to 55 °C/myr from 6 to 4 Ma using fission track and U/Th-He
thermochronology and fission track apatite thermochronology (Balestrieri and others, 2003 and references
therein). Based on these cooling histories, Passey and Henkes (2012) estimated that cooling from 10 to 16
°C/myr occurred at temperatures between 200 and 250 °C while cooling from 38 to 55 °C/myr occurred at
temperatures from 200 to 120 °C. Our models predict apparent equilibrium temperatures for 10 and 100 °C per
million years as 165 °C and 185 °C degrees respectively, which, although similar to the measured apparent blocking
temperatures, are lower than would be predicted using the cooling rates derived from thermochronology studies.
Calcite in marbles generally preserve apparent equilibrium temperatures from 150 to 200 °C (Bonifacie and
others, 2011; Eiler, 2011) and have cooling rates between 1 to 100 °C/myr. Consequently, the model is broadly
consistent with data from marbles. We note that the Oka carbonatite is thought to have cooled at least an order of
magnitude faster than the Carrara marble sample, but the Oka sample has a lower measured apparent equilibrium
temperature than the Carrara marble. Thus, no simple model will ever be able to reconcile the apparent equilibrium
temperatures of both of these particular samples with the given independently estimated cooling histories.

Nevertheless, our model predictions of reaction rates bound the range of apparent temperatures observed in most
natural marbles and carbonatites with reasonable modeled geological cooling rates (fig. 12A). We consider it likely
that some of the disagreements between the model and observations stem from our simple assumptions (that is,
linear cooling rates; simple, single-phase cooling histories; no recrystallization during cooling). Greater complexity
must be present in some of the studied samples. For this reason, we are generally encouraged by this comparison, as
it suggests that rates observed in the laboratory are at least generally consistent with observations of natural samples.
An additional test of our model and kinetic parameters could be accomplished through the measurement of a suite of
related samples with well-constrained and simple thermal histories, such as carbonates near small igneous intrusions.
Comparison of model predictions using equations (20) and (21) with natural samples in the case of apatite
yields a different result. Figure 12B presents the predicted apparent equilibrium temperatures of carbonate
clumped-isotope compositions of apatites for various cooling rates. In all cases we considered, apatites are predicted
to have higher apparent equilibrium temperatures as compared to identically cooled calcites. This is in complete
disagreement with natural samples. We suggest two possible explanations for this behavior:

1. The model may not capture the kinetics of how carbonate groups exchange isotopes in apatites. Our
model for carbonate exchange and diffusion in apatites could be missing key physical parameters such as
the local exchange of oxygen between PO,*~ and COs?~ groups. This would require an entirely different
model that describes the kinetics of exchange and diffusion of isolated carbonate groups within an apatite
lattice.

2. All apatite samples that were heated as part of this study likely contain radiation damage generated from
alpha emission and heavy-daughter product recoil during decay of radioactive elements like U and Th
and spontaneous fission of U. The presence of damage in a crystal lattice is known to affect the
diffusivities of various elements: for example He diffusion in apatite is lowered in radiation damaged
apatites (Farley, 2000; Shuster and others, 2006), but enhanced for Pb in zircons (Cherniak
and others, 1991).

Based on fission-track studies in apatites, this damage is fully annealed away within 20 minutes at 400 °C (Green
and others, 1986). We hypothesize that these defects enhance reaction/diffusion rates in radiation-damaged
natural apatites, and their removal by annealing in our experiments decreases these rates, yielding slower kinetics of
reordering than actually occurs in natural, radiation-damaged apatite. Effectively, we suggest the hypothesis
of Passey and Henkes (2012), while not part of our model for clumped-isotope reordering of calcite, plays an
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important role in reordering in apatite in which observable structural damage is created in samples and routinely
documented.

Some support for this second hypothesis can be found in the experiments of Cherniak and others (1991), who
studied diffusivities of lead using a surface tracer implantation technique, which generates extensive lattice damage.
They found that their observed diffusivities in apatite at temperatures above 600 °C were similar to previous results
generated by a method that does not create artificial lattice damage, whereas their measured diffusivities in zircon
were faster than previously observed using these alternate methods. They hypothesized that because apatites anneal
structural damage rapidly at the experimental temperatures (600 °C), the damaged induced by introduction of Pb into
the surface had no effect on the measured diffusivities. Zircon, on the other hand could not anneal the damage
resulting in rapid diffusion of lead in the surface compared to experiments that introduced lead without damaging the
lattice.

By analogy to the experiments of Cherniak and others (1991), we propose that natural apatites possess
radiation damage that increases their rate of reordering of clumped-isotope compositions at low temperatures (<250
°C) near the nominally measured apparent equilibrium temperatures in apatite and calcite. In our experiments at
higher temperature (>400 °C) this damage was quickly annealed away reducing the diffusivity of carbonate groups
or oxygen in the apatite lattice. If correct, this suggests that the apparent equilibrium temperature of the carbonate
clumped-isotope thermometer in apatite could be sensitive not only to the thermal history of the sample, but also to
its uranium and thorium content and age. More studies on apatites will be needed to explore this hypothesis. For
example, igneous apatites with high and low amounts of uranium and thorium and known thermal histories could be
compared to see if increased potential for damage changes the apparent equilibrium temperature.

Modeling and Interpretation of Apparent Equilibrium Temperatures During Heating

We also modeled the changes in calcite apparent equilibrium temperatures that should accompany the heating of a
sample that formed in internal isotopic equilibrium near Earth surface temperatures for geologically relevant
timescales. We did this by initializing calcites with an apparent equilibrium temperature of 25 °C, initial
overabundance of pairs derived from equation (17), and bulk isotopic compositions equal to the average values
for our optical calcite starting material. We then calculated the consequences of heating each sample instantaneously
to a constant temperature for one hundred million years. Results of these calculations for calcite are presented
in figure 13. Our model predicts that measurable changes in the apparent equilibrium temperature do not occur
below 75 °C. Full equilibration is not reachelfl until the sample is heated alllove ~175 °C in this time frame.
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Fig. 13.

Change in apparent equilibrium temperatures for calcites with originally low (25 °C) apparent equilibrium
temperatures due to heating. Temperatures given to the right next to each line are the temperatures the sample was
exposed to in the model. ‘myr’ signifies millions of years.

Of interest is that the predicted temperature changes occur in two distinct steps: increases in environmental
temperatures to below 125 °C after 100 million years partially alter the clumped temperature recorded within a few
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tens of millions of years but then cease changing, reaching a steady-state value below the actual ambient
temperature. If the temperature is increased above 125 °C, an initial rapid increase in apparent equilibrium
temperature occurs, followed by a slower increase until the ambient, environmental temperature is reached (fig.
13). This two-stage change in apparent equilibrium temperature is the result of the explicit inclusion of pairs as a
distinct population of isotopic species in the model, which act to buffer the creation and destruction of clumped
species as discussed above in the Model Intuition section.

Theses models predict something potentially important regarding the nature of the clumped-isotope record of ancient
carbonates: we suggest that the relatively rapid kinetics of reaction between ‘clumps’ and ‘pairs’, combined with the
relatively slow diffusive splitting of pairs at low temperatures, means that sedimentary carbonates exposed to
moderate burial temperatures (~80-100 °C) can undergo small increases in measured apparent equilibrium
temperatures (of order 0-25 °C), which are then stabilized for long periods of time. It is not until higher burial
temperatures (above ~150 °C) that apparent equilibrium temperatures begin to approach the ambient temperature
over geological timescales. This effect, if it really occurs in natural carbonates, could be a key systematic error in the
interpretation of carbonate clumped-isotope data for ancient, deeply buried platform limestone sequences. This is a
particularly important consideration for systems with maximum burial temperatures in the range ~60 to 100 °C
where conventional signs of burial metamorphism are subtle but temperatures are high enough to permit partial
resetting. This effect is particularly insidious because the temperature will not continuously increase monotonically
with time as is generally expected, but can instead stabilize at a higher temperature than formation, but lower
temperature than the burial temperature. These effects may be difficult to diagnosis unless detailed thermal histories
of the rocks are known.

A potential way to understand these effects is to make measurements on phosphates and calcites from the same bed
of rocks precipitated in similar conditions (for example, calcitic vs. phosphatic brachiopods). Although the kinetics
of exchange in phosphates are clearly complex, it appears they behave differently from calcites in natural rocks. As
such, one could measure both and, if they give the same temperature, have increased confidence that that
temperature represents a primary signal. Similar principles may apply to other mineral pairs (for example, calcite
with aragonite or dolomite).

Although experiments from this study, Passey and Henkes (2012), and Henkes and others
(2014) demonstrate that on heating, apparent equilibrium temperatures initially increase rapidly followed by a
slower increase, a critical question is whether the initial rapid ‘jump’ in measured temperature occurs in samples
from natural systems heated at geologically relevant rates. For example, Henkes and others (2014) concluded
that the early, faster kinetics that form the initial portion of the kinks observed in experimental data are not
particularly important for the interpretation of samples, with burial histories below ~150 °C, while our model
predicts that it is between the range of 75 to 150 °C that the rapid portion of the kinetics are manifested and
important. To explore this, we compared our model to a clumped-isotope study of paleosols from the Siwalik Group
in Nepal that experienced a simple, well constrained thermal history (Quade and others, 2013). In this study,
all samples are from paleosols that formed within a few meters of the Earth's surface (and thus have a limited range
of initial temperatures), were buried between 0 and 5 km within ~10 to 12 million years and then rapidly uplifted to
the surface. An observation of the data from Quade and others (2013), is that samples that never experienced
burial temperatures above ~200 °C and did not, based on petrographic arguments, recrystallize, give temperatures
too hot by ~10 to 30 °C to be interpreted as surface formation temperatures. Additionally, samples buried more
deeply (>~2km) appear to give higher temperatures than more shallowly (<~2km) buried samples (fig. 14).
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Fig. 14.

Paired model applied to paleosol data from the Siwalik Basin, Nepal (Quade and others, 2013). Samples are
assumed to have been buried to depths between 0 and 5 km at a rate of 0.5 km/million years. These burial histories
are converted to thermal histories by assuming a 20, 25, or 30 °C/km geotherm. The gray area represents the
predicted range of temperatures given the geothermal gradients in the vicinity.

To explore whether these ‘high’ temperatures could be explained by our model, we modeled a simple burial history
in which the paleosols samples form at the surface of the Earth at 25 °C (the average apparent equilibrium
temperature of modern paleosols from the study area), with a concentration of pairs calculated from equation
(17). Samples were then assumed to have been buried between 0 and 5 km (the maximum burial depth) with a
linear burial rate with time where the oldest, deepest samples are assumed to be 10 million years old. Samples were
finally returned to the surface (still at 25 °C) instantaneously. We converted these burial histories into thermal
histories by assuming geotherms of 20, 25, and 30 °C/km, which are the published range of geotherms for the
Siwalik Basin (Khan and Raza, 1986) and modeled the expected change in temperature of the samples vs.
maximum burial depth (fig. 14).

The modeled apparent equilibrium temperatures match the form of the observed apparent equilibrium temperatures.
Specifically, we predict no change in temperature for the first 3 km, consistent with the data, followed by a shift in
measured temperature between 3 to 4.5 km (burial temperatures of ~100 °C). For the 25 and 30 °C/km geotherms,
the measured temperatures stabilize or increase at a markedly slower rate with further burial between 4 to 5 km
depth. Although a single geotherm does not fit all the data, such a fit is impossible for this data set given the spread
in measured temperatures. This spread is presumably related not only to post-depositional transformations as
modeled here, but also do the large variation in temperatures of paleosol deposition (>10 °C variability in a single
site) due to differences of shading, timing of precipitation, and depth of precipitation (Passey and others,
2010; Peters and others, 2013; Quade and others, 2013). Critically, the model appears to be consistent
with a real system with a known and simple burial history demonstrating that it can be used to model thermal
histories and generate reasonable results. Furthermore, this test is consistent with rapid ‘jumps’ in apparent
equilibrium temperatures of ~10 to 30 °C during burial from ~80 to 100 °C being a real phenomenon.

Model Caveats and a Comparison to Diffusion Experiments

All the models presented above should be approached with some caution because their predictions are based on
extrapolation of experimental data to low temperatures, and depend on the consequences of a hypothesized
population of ‘pairs’ that are diffusionally split into singeltons in carbonates. Specifically, it is important to realize
that changing our proposed model of pairs [that is, their temperature dependent abundance described by equation
(17)] would significantly alter the predicted kinetics of isotopic reordering, in some cases even allowing for
‘overshoots’ of apparent equilibrium temperature on heating where rapid heating causes measured apparent
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equilibrium temperatures recorded to be temporarily higher than the physical temperature. Certain initial
overabundances of pairs can also cause heating to actually lower the recorded temperature (as the extra pairs back
react more than the clumped species split). It is unclear if such kinetics occur in natural samples.

Despite these caveats, we reemphasize that the models describe the complex kinetics of our experiments and those
of Passey and Henkes (2012) and Henkes and others (2014), predict apparent equilibrium temperatures
during cooling that bracket the range of measured temperatures in natural igneous and metamorphic calcites, and
provide a reasonable fit to real samples that have undergone burial and exhumation. Thus, we believe the model
behaviors we demonstrate are a useful guide to understanding how changes in physical temperature affects recorded
apparent equilibrium temperatures in calcites and apatites. A key insight to be taken away from the model is that
heating of samples does not lead to simple kinetics. Rather small (order 10 °C), but rapid increases in the
temperature recorded by samples initially precipitated or recrystallized at near-surface temperatures may occur.

The model does not include certain physical parameters that are thought to influence the kinetics of diffusion of
oxygen and carbon in calcites and apatites. For example, defects, trace element content, water fugacity, and pressure
are all hypothesized or documented to influence diffusion (Anderson, 1969; Kronenberg and others,
1984; Farver and Giletti, 1989; Farver, 1994; Labotka and others, 2000; Labotka and others,
2004; Labotka and others, 2011). At an even more basic level, it is important to consider what species or
atoms are actually diffusing in calcites and apatites. The paired model presented here involves distinct carbonate
groups in the lattice interacting and diffusing. This is an acceptable model for dry, low-pressure experiments such as
those used in Passey and Henkes (2012) and Henkes and others (2014)in which C and O are
hypothesized to diffuse together in carbonate groups (Anderson, 1969;Labotka and others,
2000; Labotka and others, 2004).

However, oxygen and carbon self-diffusion in calcite have a complex dependence on water fugacity (Kronenberg
and others, 1984; Farver, 1994;Labotka and others, 2011), presence of defects (Anderson
1969; Kronenberg and others, 1984; Farver, 1994), pressure (Labotka and others, 2000; Labotka
and others, 2004), and possibly trace metal content (Kronenberg and others, 1984; Farver, 1994) and
they can be decoupled in these circumstances from each other. Specifically, oxygen self-diffusion is typically
enhanced relative to carbon in the presence of high pressures or elevated water fugacities requiring that oxygen
diffuses as a different species (for example, as O) than carbon (Anderson, 1969; Kronenberg and others,
1984; Farver and Giletti, 1989; Farver, 1994; Labotka and others, 2000; Labotka and others,
2004; Labotka and others, 2011). However, Passey and Henkes (2012) showed that clumped-isotope
exchange rates at 100 MPa are identical, within error, to 0.1 MPa experiments. Furthermore, the 100 MPa
experiments of Passey and Henkes (2012) were conducted in the presence of water and had identical reaction
rates as low pressure (0.1 MPa), dry experiments. Consequently, as discussed by Passey and Henkes (2012), it
may not be straightforward to incorporate insights from diffusion experiments of O and C into clumped-isotope-
exchange kinetics.

SUMMARY AND CONCLUSIONS

We made measurements and conducted experiments aimed at understanding the kinetics of clumped-isotope
reordering in calcites and apatites as a function of time and temperature. Measurements of carbonatite samples
demonstrate that apatites consistently yield lower apparent equilibrium temperatures than co-occurring carbonate
minerals. In the carbonatites, it is observed that the apparent equilibrium temperatures for both calcite and apatite
correlate to the emplacement depth of the intrusion. Apparent equilibrium temperatures range from 60 to 130 °C in
apatites and 125 to 190 °C for carbonate minerals (dominantly made of calcite). The results for the carbonate
minerals are consistent with previous studies of apparent equilibrium temperatures of carbonatites and marbles
(Ghosh and others, 2006; Dennis and Schrag, 2010; Bonifacie and others, 2013). This suggests
that apatites from natural settings have lower apparent equilibrium blocking temperatures than carbonate minerals.
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To better understand the results from natural systems, we performed heating experiments on calcite and apatite
minerals between 200 and 700 °C. As seen by others (Passey and Henkes, 2012; Henkes and others,
2014), these experiments demonstrate that calcites exhibit complex (that is, non-pseudo-first-order) kinetics.
Additionally, in experiments apatites change in clumped-isotope compositions more slowly than calcites, opposite
what was observed in nature. Whether apatites also display complex kinetics is unclear and will have to be explored
through more experiments. To explain the results of our experiments, we developed a model that incorporates both
reaction and diffusion in mineral lattices. This model allows for complex kinetics and describes the features present
in our data and similar results from previous related work. Extrapolation of the data is consistent with natural, slowly
cooled carbonate minerals both from carbonatites (Dennis and Schrag, 2010) and marbles (Ghosh and
others, 2006; Bonifacie and others, 2011). Observations from naturally occurring apatites and from
experiments are in disagreement, which may be related to annealing of radiation damage when natural apatites are
exposed to high temperatures in our experiments.

Our model predicts a potentially important feature of heating on measured A4;-based temperatures. Specifically, the
heating of rocks will not necessarily increase the apparent equilibrium temperature monotonically. Rather, at lower
temperatures (~80 to 100 °C), a small change of order 10 °C in recorded temperature occurs and then is stabilized.
Not until higher temperatures (~>150 °C) does a sample change its recorded temperature significantly throughout its
burial history. This model is in agreement with the observed changes in apparent equilibrium temperature of
paleosols from the Siwalik Group, Nepal which experienced a simple thermal history with burial temperatures up to
~150 °C. This work has implications for our interpretation of samples that give warm temperatures for past
environments, as well as for understanding cooling and heating paths for metamorphic systems. Specifically, if
correct, it suggests that ancient samples formed at low temperatures (for example, 25 °C) that experienced moderate
thermal histories (for example, ~80-100 °C) can change in apparent equilibrium temperatures by ~25 °C, and then
stabilize at that change. Thus the presence of moderately but not exceptionally high apparent equilibrium
temperatures (30-50 °C) in ancient fossils may be the result of internal isotope-exchange reactions that will have no
effect on the lattice or trace-element content of the minerals, which are commonly used to diagnosis the presence
diagenesis.
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Footnotes

<1 '6=1000*(Rsample/ Rsta-1); BR=[C]/[**C] ¥R=[*80]/[**O]; the standard (std) is VPDB for carbon-isotope
measurements and VSMOW for oxygen-isotope measurements.

2 Y5=1000%*(*"Reample/* " Rsta-1); “R=[*"CO,)/[**CO,]; the standard (std) is our working gas.

< 3 The probability of a *>C**0,*®0 2~ group neighboring a **C**Os?~group in a calcite lattice is calculated as
follows: We assume that a given carbonate group is surrounded by 6 other groups in the calcite lattice (see text).
Therefore the probability that a *C*0,¥0 2~ is not next to at least one **C**03?~ group is (1-0.01)° = 0.94. Here
0.01 is the probability of any given carbonate group being *C*O5?". Thus the probability that a *2C**0,'0 = group

neighbors at least one *C**05?~ is 1-0.94 = 0.06, or 6%.
Previous Section
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