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ABSTRACT

The equilibrium clumped isotope composition of carbonate minerals is independent of the composition
of the aqueous solution. However, many carbonate minerals grow at rates that place them in a
non-equilibrium regime with respect to carbon and oxygen isotopes with unknown consequences for
clumped isotopes. We develop a process-based model that allows one to calculate the oxygen, carbon,
and clumped isotope composition of calcite as a function of temperature, crystal growth rate, and
solution pH. In the model, carbon and oxygen isotope fractionation occurs through the mass-dependent
attachment/detachment Kkinetics of the isotopologues of HCO; and CO%’ to and from the calcite surface,
which in turn, influence the clumped isotope composition of calcite. At experimental and biogenic growth
rates, the mineral is expected to inherit a clumped isotopic composition that is similar to that of the
DIC pool, which helps to explain (1) why different organisms share the same clumped isotope versus
temperature calibration curves, (2) why many inorganic calibration curves are slightly different from one
another, and (3) why foraminifera, coccoliths, and deep sea corals can have near-equilibrium clumped
isotope compositions but far-from-equilibrium carbon and oxygen isotope compositions. Some aspects of
the model can be generalized to other mineral systems and should serve as a useful reference in future

efforts to quantify kinetic clumped isotope effects.

Published by Elsevier B.V.

1. Introduction

Clumped isotope geochemistry, or the study of bond ordering in
molecules, is at the frontier of efforts to use temperature proxies
for reconstructing ocean chemistry (Came et al., 2007), estimat-
ing the uplift rate of mountains (Ghosh et al., 2006b), studying
diagenetic processes (Dennis and Schrag, 2010), sourcing methane
(Stolper et al.,, 2014, 2015; Wang et al.,, 2015), identifying sig-
natures of biology in the atmosphere (Yeung et al., 2015) and
even investigating the thermal physiology of dinosaurs (Eagle et
al.,, 2011). The most widely-used clumped isotope thermometer is
based on the homogeneous reaction (Ghosh et al., 2006a):

13C16O§—+12C180160%— — 13C180160%—+12C160§—’ (1)
N ——’ N ——’
mass 61 mass 62 mass 63 mass 60

which describes the extent to which the rare isotopes 13C and 80
are bound together as ‘clumps’ among the carbonate molecules.
The equilibrium constant for this reaction, which can be applied
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to either dissolved carbonate molecules or carbonate molecules
in minerals such as calcite, has a well-defined temperature-
dependence based on equilibrium thermodynamics (Wang et al.,
2004; Schauble et al., 2006) and is measured by expressing the
proportion of mass 63 isotopologues relative to what one would
expect for a stochastic distribution of isotopes among the carbon-
ate isotopologues (Ghosh et al., 2006a).

Because the clumped isotope thermometer is based on equi-
librium thermodynamics, it potentially suffers from the same is-
sue as oxygen isotope thermometry: many carbonates that form
in nature grow at rates that place them in a non-equilibrium
regime (Dietzel et al., 2009). There are clear instances, for ex-
ample in speleothems and surface corals, where clumped isotope
compositions yield significant over- or under-estimates of tem-
perature, representing clear departures from equilibrium (Affek et
al.,, 2008; Daéron et al., 2011; Saenger et al., 2012; Affek, 2012;
Eiler et al.,, 2014). There are other cases, namely in deep-sea
corals, where clumped isotope compositions are apparently equi-
librated even when there are significant departures from car-
bon and oxygen isotope equilibrium (Thiagarajan et al., 20171;
Eiler et al., 2014). Several ideas have been put forth to explain
these observations, but because of the complexity of clumped iso-
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tope systematics relative to oxygen or carbon isotope systematics,
the models have remained largely conceptual (Tang et al., 2014;
Tripati et al., 2015) or based on analogies to gas phase processes
such as Knudsen diffusion and mixing of indestructible molecules
(Thiagarajan et al., 2011; Henkes et al., 2013).

In this paper we employ a process-based crystal growth model
to investigate the complex interplay between carbon, oxygen, and
clumped isotope systematics during carbonate growth under non-
equilibrium conditions. The non-equilibrium isotope effects at-
tending carbonate precipitation are quantified by considering the
mass-dependent transport of isotopologues of CO%’ and HCO; to
and from the mineral surface. In this framework, the carbon iso-
tope composition is calculated from the ratio of 13C'60'60160
(mass 61) to 2160160160 (mass 60) ions incorporated into the
mineral, and the oxygen isotope composition is calculated from the
ratio of 12C180160160 (mass 62) to 12C160160160 (mass 60) in-
corporated into the mineral. Since each dissolved inorganic carbon
(DIC = COy(aq) + HCO3 + CO%’) species has a different equi-
librium carbon, oxygen, and clumped isotopic composition (Zeebe
and Wolf-Gladrow, 2001; Beck et al., 2005; Hill et al., 2014), the
net carbon and oxygen isotopic composition of calcite depends
on the relative proportions of HCO; and CO%‘ participating in
calcite growth, the isotopic compositions of dissolved HCO3 and
CO%‘, and any isotopic fractionations (equilibrium or kinetic) be-
tween calcite and each species that arise during ion transport onto,
or away from, the mineral surface. The processes could include
aqueous diffusion, isotope exchange reactions in aqueous solution,
desolvation, surface diffusion and isotope exchange reactions at
or near the aqueous-mineral interface. For clumped isotopes, the
13¢180160160 jsotopologue (mass 63) is postulated to follow a
mass fractionation law that is mathematically related to the be-
havior of the mass 62 and mass 61 isotopologues.

2. Notation
2.1. Notation for carbon and oxygen isotopes

The difference in isotope composition between any two chem-
ical species or phases can be expressed in terms of an isotopic
fractionation factor (o). The fractionation factors between calcite
and DIC (for carbon isotopes) and calcite and water (for oxygen
isotopes) are given by:

(59
Oy_pic = ([[13_;]))(“7 (2)
['*C1/pic
and
(5
o0 _ A0l xtl (3)

xtl-w — [180]
[160] w

where the subscript ‘xtI’ refers to calcite and ‘w’ refers to wa-
ter. The equilibrium isotope compositions for species dissolved in
aqueous solution are plotted as curves in Fig. 1. The fractiona-
tion factors used to construct these curves are provided in Table 1
along with the appropriate references. Note that the oxygen iso-
tope composition of DIC varies with pH because it represents a
weighted average of the isotopic composition of individual species.
The carbon isotope composition of DIC is also a weighted average
of DIC, but is constant with pH because DIC is the only carbon in
the system (there is no carbon in H,0). Hence, the carbon isotope
composition of each dissolved species must vary as a consequence
of mass balance (cf. Zeebe and Wolf-Gladrow, 2001).

All model calculations in this paper will be done under the
assumption that the system is water buffered such that the equi-
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Fig. 1. Equilibrium stable isotope composition of calcite and dissolved inorganic car-
bon (DIC) species in aqueous solution. Top: Distribution of DIC species in aqueous
solution as a function of pH. Middle: Oxygen isotope compositions expressed rel-
ative to water. Since water is by far the predominant oxygen-bearing species in
aqueous solution, mass balance dictates that the oxygen isotope composition of DIC
vary with pH. Bottom: Carbon isotope compositions expressed relative to DIC. Since
all of the carbon in aqueous solution is stored in DIC, mass balance dictates that the
carbon isotope composition of DIC be constant with pH. Also shown are proposed
curves for the equilibrium stable isotope composition of calcite. See Table 2 for the
equilibrium fractionation factors used to construct these curves.

librium '80/'60 values of the DIC species are controlled solely by
temperature and the 80/160 of the water. We also assume an in-
finite reservoir such that the DIC concentration and 13C/'2C of DIC
are constant in all calculations; i.e., there is no distillation of car-
bon isotopes or change in pH as the carbonate precipitates.

2.2. Notation for clumped isotopes

The clumped isotope composition of calcite, denoted Agf'l, is

given by

63

,
A% =1000 2L —1]), (4)
xtl
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Table 1

Compilation of equilibrium fractionation factors (ot[-iq- unless otherwise noted) for carbon and oxygen isotopes in aqueous solution.
These equations are presented graphically in Fig. 1 (note: A =1000Ina).

Compounds Equation a (25°C) References
Carbon isotopes
CO,(g) - HCOy —9.483/Tk + 1.0239 0.9921 Mook et al. (1974) as in Mook (1986)
COz(aq) - HCO3 —9.866/Tk + 1.0241 0.9910 Vogel et al. (1970) as in Mook (1986)
CO%“ - HCO3 —0.867/Tk + 1.0025 0.9996 Turner (1982) as in Mook (1986)
COy(g) - calcite A = —2.988- 105/T§ 0.9897 Bottinga (1968)
+7.666 - 103 /Ty — 2.461
Oxygen isotopes
COy(g) - Hy0 17.611/Tg + 0.9821 1.0412 Zeebe (2007)
COy(aq) - HR0 17.54/Tx + 0.9827 1.0415 Wang et al. (2013)
HCO; - Hy0 17.76/Tx + 0.9725 1.0321 Wang et al. (2013)
CO%" - H,0 21.72/Tk + 0.9539 1.0268 Wang et al. (2013)
Calcite - H,0 A =17747/Tx — 29.777 1.0302 Coplen (2007), Watkins et al. (2013)

Table 2
Descriptions of symbols used to calculate the isotopic composition of non-equilibrium calcite.
Symbol Description
AR®0 Attachment rate of mass 60 isotopologue
DR Detachment rate of mass 60 isotopologue
¢ HCO3 /CO2™ in solution
RS, Molar ratio of '3C/'2C in the crystal
RS, Molar ratio of '80/160 in the crystal
r)‘fgl Molar ratio of mass 61 to mass 60 isotopologues in the crystal
r)e(fl'm Equilibrium molar ratio of mass 61 to mass 60 isotopologues in the crystal
r% Molar ratio of mass 62 to mass 60 isotopologues in the crystal
r)‘fg Molar ratio of mass 63 to mass 60 isotopologues in the crystal
rgfl* Stochastic molar ratio of mass 63 to mass 60 isotopologues in the crystal
;ngl Equilibrium carbon isotope fractionation factor between calcite and dissolved CO%’
“;gfsz Equilibrium carbon isotope fractionation factor between calcite and dissolved HCO3
aiﬂfm Equilibrium oxygen isotope fractionation factor between calcite and dissolved CO%’
aigfgz Equilibrium oxygen isotope fractionation factor between calcite and dissolved HCO3
)Tlfgl Equilibrium clumped isotope fractionation factor between calcite and dissolved CO%"
:flfgz Equilibrium clumped isotope fractionation factor between calcite and dissolved HCO5
O‘;gfsl Equilibrium carbon isotope fractionation factor between dissolved HCO3 and CO%’
agngl Equilibrium oxygen isotope fractionation factor between dissolved HCO; and CO%’
i}isl Kinetic carbon isotope fractionation factor between calcite and dissolved CO%’
ot)f('tiB2 Kinetic carbon isotope fractionation factor between calcite and dissolved HCO3
ai‘t(l)_Bl Kinetic oxygen isotope fractionation factor between calcite and dissolved CO%’
°‘>f<}(1)732 Kinetic oxygen isotope fractionation factor between calcite and dissolved HCO3'
af("?iBl Kinetic clumped isotope fractionation factor between calcite and dissolved CO%‘
a)f('t?i B, Kinetic clumped isotope fractionation factor between calcite and dissolved HCO;
€B, Describes the extent of isotopic scrambling (negative values) or unscrambling (positive values) of CO%’
during transport from the solution to the crystal
€B, Describes the extent of isotopic scrambling (negative values) or unscrambling (positive values) of HCO3
during transport from the solution to the crystal
where upon acid digestion of carbonates. Conversion of A%3 to A% is ac-
complished via an acid digestion fractionation factor (AFF):
]3cl80160160
47 63
B _— (5)  A%Y = A5 L AFF, (6)
xtl = 1216(y16()16(

and the asterisk in Eq. (4) denotes the stochastic ratio, which can
be calculated from knowledge of the oxygen and carbon isotope
compositions (Eiler and Schauble, 2004). Note that clumped iso-
tope compositions are commonly expressed as A%’ because the
measurement involves 13C-180 bond ordering in CO(g) released

where the AFF depends on the temperature of acid digestion
(Defliese et al., 2015), the sample size (Wacker et al., 2013), and
perhaps also the clumped isotope composition of the carbonate
mineral itself (Guo et al., 2009). These details are important to con-
sider when comparing model results to measurements on natural
samples.
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2.3. Isotope versus isotopologue ratios

If we consider that only the singly-substituted 180 isotopologue
contributes to the oxygen isotope composition of calcite, we have
the following relationships between isotope ratios (R) and isotopo-
logue ratios (r):

o _ [180] N lr62 _ lcalZc]So]GolGo (7)
xtl ™ [160] " 3'xt1 ™ 3 412¢16016(16()°

and
c [13(:] o 61 _ Cal3c160160160 8)
xtl = [12c] th xtl ™ c312¢1616Q16(Q

The factor of 1/3 for oxygen isotopes comes from the fact that
there are three oxygen atoms in the CO%’ molecule, and the
approximate signs come from the recognition that the singly-
substituted isotopologues are not the only, but by far the most
abundant, 80- or 13C-bearing carbonate molecules (Usdowski and
Hoefs, 1993; see Appendix in Watkins et al., 2014 for more de-
tails).

For the dissolved species in solution, we use the shorthand no-
tation By = CO%‘ and B; = HCO3 and write

18
o _ [ 0] - lr62 _ 112c180160]60 )
B1 [160] ] 3 Bi T 312¢16016016Q°
1
13 1316316316
RC _ [3C] 81 _ Cl*0'%0%0 (10)
By [12C] Bi 7 12(16016(016(Q”’
By
o _ [180] N 1 62 1 HlZc]80160160 "
By = [160] . ~ 38, = 3 {12¢160160160 (11)
2
and
c [l3c] 61 H]3c160160]60
B =\ 2] ) ~TB, = qi2¢160160160 (12)
2

Note that here, and throughout the paper, we ignore the contri-
bution of hydrogen to the mass of HCO3 isotopologues such that
mass 63 refers to the doubly-substituted isotopologue of HCO3 as
well as CO%’.

3. Ion-by-ion model for carbon and oxygen isotopes

Kinetic isotope effects in carbonates can arise from incom-
plete carbon and oxygen isotope exchange among DIC species
or during transfer of HCO; and CO%’ ions to the mineral sur-
face and into the mineral lattice. In the simplest scenario, HCO3
and CO%’ exchange kinetics in the aqueous solution are fast

enough such that the isotopic compositions of HCO; and CO%‘
are the known equilibrium values (Beck et al., 2005; Zeebe, 2007,
Wang et al., 2013). The picture is considerably more complicated
when the DIC species are not isotopically equilibrated because, at
any given instant, the isotopic compositions of HCO; and CO%’
are poorly constrained due to limited knowledge of the isotope
exchange kinetics and pathways associated with (de-)hydration
and (de-)hydroxylation of dissolved CO, (Guo, 2009). It is there-
fore constructive to focus on the case where the isotopic com-
position of HCO; and CO%’ are known and constant (i.e., equi-
librated) and then discuss the consequences of an unequilibrated
DIC pool.

Our starting point is a model for a cubic crystal (an approxi-
mation to the calcite rhombohedron) where the attachment and

detachment fluxes (molesm~2s~!) of calcium and (bi-)carbonate
ions to and from the mineral surface are given by Wolthers et al.
(2012):

. p (ARion)GZd
]la(;?ach == (13)
Yo
and
X '0 (DRion)aZd
]:ggach == Yo ) (14)

where p is the steady-state kink site density (dimensionless), AR
and DR are attachment rates and detachment rates (s—!) of each
jon, a =3.199 x 10719 m is the closest spacing between adjacent
Ca’** and coﬁ* sites on the calcite surface, d = 27100 moles m—3
is the molar density of calcite and yp (m) is the step spacing. The
attachment and detachment rates are calculated from the model
of Wolthers et al. (2012) and depend on factors such as tempera-
ture, pH, salinity, and the calcium:carbonate ratio of the solution
(see next section). The net flux of an individual ion is given by the
difference

:Ser; = ]:z?ach - J(lfloeréach’ (15)
and the net growth or dissolution rate of the crystal (R.) is given
by

2+ B B
Re= rcugt :Jnét+1nét' (16)

3.1. Expressions for the carbon and oxygen isotope composition of
non-equilibrium calcite

In the ion-by-ion growth model for oxygen isotopes derived in
our previous work (Watkins et al., 2014), the difference in oxygen
isotope composition between calcite and water is related to the
rates of isotopologue attachment to (AR'; i is isotopologue mass),
and detachment from (DR!), the mineral surface, as well as the
relative contribution of each DIC species to the overall kinetic frac-
tionation:

eq,0 »p60
aO — letl—wAR (17a)
MW 240 (ARSO — DRSD) 1y 4 DRSO
where
1+¢
n= f,0 eq,0 (17b)

eq,0

f,0
axtlfl?q aB] —W + ¢aXt17B2 (XBsz

and ¢ is the ratio of bicarbonate to carbonate dissolved in so-
lution. The «’s are the calcite-water fractionation factors in the
slow-growth limit (ozf(f‘l’fw) and fast-growth limit (Ol,f(}?,w)- as dis-
cussed further below. These expressions are identical to Eqs. 18a
and 18b in Watkins et al. (2014). The attachment and detachment
rates (s—1) of the major isotopologues are given by Wolthers et al.

(2012):

AR = kygo [BS®] Pa + ko [BS| P, (18)
and
DR® = v? PR? 4 viOPR?, (19)

where the k's (M~1s~1) and v’s (s—!) are mass-dependent attach-
ment and detachment frequencies and the P’s are probabilities of
a kink site being occupied by a bicarbonate, carbonate, or calcium
ion on the crystal surface. All of the values in Eqs. (18) and (19),
which apply only to the mass 60 isotopologue, are treated as
known quantities taken from Wolthers et al. (2012). Note that AR!
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includes the attachment rates of both B; and By and DR includes
the detachment rates of both B; and B,.

Because clumped isotope compositions are defined in terms of
isotopologues, it is useful to cast Eqs. (17) in terms of isotopologue
ratios instead of isotope ratios. It is also useful to have a consistent
expression for the oxygen and carbon isotope fractionation factors;
rather than cast oxygen isotope compositions relative to water and
carbon isotope compositions relative to DIC, we hereafter write the
non-equilibrium calcite isotope compositions relative to the car-
bonate ion for both carbon and oxygen isotopes. This makes for
easier comparison between the expressions for carbon and oxy-
gen isotopes and leads to cleaner expressions when we adapt the
model for clumped isotopes. Expanding the «’'s and combining
Egs. (17a) and (17b) leads to:

eq,62
xtl 60
62 3RO AR
xtl — w (20)
3R\9v req,62 ’
_;IIO (AR — DR®0) (1 + ¢)
w 60
req.62 eq,62 +DR
£62 By f62 'By
xtl—Bq 3R\(,)v + qbaXtIfBz 3R9\,
0 fo _ _f62
where the factors of 3Ry, cancel out. Note that Oy B, = Oy,

because the factor of 3 that relates oxygen isotope ratios to iso-
topologue ratios in the crystal also shows up in the expressions
for DIC species, and cancels out. The molar ratio of any isotopo-
logue with mass i relative to the mass 60 isotopologue can then
be given by:

eq,i p 60
) r.. AR
M = A : (21a)
eq,i 60 60 60
I (AR®® —DR )WJFDR
where (see Appendix A.1 for derivation)
ARS0 1
AR o fi qui u ¢)f,i eq,i’ (21b)
g, T, T P, B,

which states that the non-equilibrium isotopic composition of cal-
cite is a function of the specified equilibrium composition and the
relative rates of ion attachment versus detachment of each isotopo-
logue during crystal growth. The new expression for the oxygen
isotope composition of calcite is:

60,,€q,0
aol _ AR aXtI—B] (22)
xtl-B; 7 eq,0 60 60
B, (AR®® —DR®) (1 + ¢)

60
f,0 eq,0 R

f,0
aXtI—Bl + d)aXtI—Bz aBz —B

and the analogous expression for the carbon isotope composition
of calcite is:

60,,q,C

acl b = AR axtl—Bl (23)
xtl-B1 ™ eq,C 60 60 ’

xil—p, (AR —DR) (1 + ¢)

f,C f,C eq,C
xtl—B1 + ¢aXt17B2 aB27B1

DRGO

(07

where all terms with a superscript ‘eq’ are treated as knowns (Ta-
ble 1). The AR® and DR®? terms can be calculated using parameter
values (attachment/detachment frequencies, kink formation energy,
edge work, and speciation on the crystal surface) from the ion-by-
ion calcite growth model of Wolthers et al. (2012) (see Tables 2
and 3 in Watkins et al., 2014, for a summary). This leaves the ki-
netic fractionation factors as the only ‘unknown’ quantities needed
to solve for the isotopic composition of non-equilibrium calcite.
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Fig. 2. Modeled stable isotope compositions as a function of growth rate and pH
at 25°C. Top: Oxygen isotope systematics. Bottom: Carbon isotope systematics. All
curves show compositions expressed relative to the stable isotope composition of
dissolved CO%’ following Eqgs. (22) and (23). At very low supersaturations (slow
growth), the equilibrium composition of calcite is determined by the specified equi-
librium fractionation factors. At high growth rates (kinetic limit), the composition
of non-equilibrium calcite is determined by the kinetic fractionation factors and the
relative proportions of HCO; and C0§’ participating in calcite growth. For exam-
ple, at pH =7, HCO; is the predominant species and the composition of calcite in
the fast-growth limit is offset from HCO; by 10001In a;ﬂiBz. Similarly, at pH = 12,
CO%’ is the predominant species and the composition of calcite in the fast-growth

limit is offset from CO3~ by 1000Inaf, g .

The two functions above are plotted versus the model-derived
crystal growth rate (cf. Watkins et al,, 2014) in Fig. 2 for arbitrary
choices of the kinetic fractionation factors. The equations recover
the equilibrium carbon and oxygen isotopic compositions in the
limit of extremely slow growth. At fast growth rates, the model-
derived isotopic compositions are dictated by the specified kinetic
fractionation factors. More specifically, “;fm—B] represents a kinetic
limit to the degree of isotopic fractionation between calcite and

CO%’ while a)t;tl—Bz represents a kinetic limit to the degree of iso-

topic fractionation between calcite and HCO; . This is most clearly
seen at pH values where only one of the two dissolved species is
participating in calcite growth. At pH values between 7 and 12,
both HCO; and CO%’ are involved and the isotopic composition
of calcite in the kinetic limit reflects the relative contributions of
HCO3 and CO%’ (and their respective kinetic fractionation factors)
to the isotopic composition of the mineral.

4. Ion-by-ion model for clumped isotopes
As is the case for carbon and oxygen isotopes, each DIC species

in aqueous solution has a unique equilibrium clumped isotope
composition (Hill et al., 2014). A potentially useful framework for
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constructing a process-based model for what governs bond or-
dering in carbonates is to consider the abundance of mass 63
isotopologues in HCO; and CO%‘ and the extent to which each
species contributes mass 63 molecules to the crystal. This is the
approach that is followed below. Before we begin, it is important
to emphasize that although the isotopic ion-by-ion growth model
is constructed on the basis of molecular building blocks of calcite,
it does not require that HCO; and CO%‘ be viewed as indestruc-
tible molecules throughout the steps involved in ion incorporation
into the growing mineral (Watkins et al., 2014).

4.1. Calculating the A%3

-1 of non-equilibrium calcite

4.1.1. Expression for 3
For the doubly-substituted isotopologue, we use Eq. (21) where
i=63:

63 ARSr G

Tl = =) , (24)
eq,63 60 60 AR 60
e (AR — DR )AR(53 + DR

which states that the non-equilibrium abundance of mass 63 iso-
topologues in calcite is a function of the specified equilibrium
composition and the relative rates of ion attachment versus de-
tachment. As is the case for oxygen and carbon isotopes, the
attachment-detachment kinetics for the heavier isotopologues dif-
fer slightly from those for the mass 60 isotopologue. The ratio of
isotopologue-specific attachment rates is folded into the ARS?/AR®3
term:

AR® 1+¢ (25)
63 ~ 63 _eq,63 f,63 _eq,63’
AR O, T8, T P%y_p,T,
where
qu,63
eq,63 __ _eq,63 1
rBl _rBl* ( -1000 + 1) (26)
and
Aeq,63
eq,63 _ _eq,63 By
"B, = TByx ( 1000 + 1) ’ 27)
By substitution we now have
eq,63
ARGOreqv*G3 Ath +1
xtl 1000
63 _
xtl — Aeq’63
eq,63 tl 60 60
Tl (1’(‘)?+1>(AR —DR%) (1 +¢)
60
eq,63 eq,63 +DR
f.63 eq,63 B f,63 _eq,63 B
i1 ~B, "By + (—10100 +1) + b g, s, (—10200 +1
(28)

eq,63 eq,63 eq,63
By ’ ABZ ’ Ath

(2014), so all that is needed to obtain a model-derived A% are
expressions for the stochastic ratios for B, By, equilibrium calcite
and non-equilibrium calcite.

Values for A can be taken from Hill et al.

4.1.2. Expressions for the equilibrium stochastic ratios

Computation of the stochastic ratio of mass 63 to mass 60 iso-
topologues in each of the dissolved species and/or calcite requires
knowledge of the 180/10 and 3C/12C ratios. Without 170, there
are three indistinguishable 13C'60'60'80 molecules of mass 63
(the 180 can be in any of the three sites), making the conversion
straightforward. The stochastic ratio is

o3 _ 3[°C][*0] [*°0][*#0]
* [12c] [160] [160] [160]

which can be calculated for a given T, pH, and growth rate from
the output of the ion-by-ion growth model for carbon and oxy-
gen isotopes. The stochastic ratio for each of the equilibrated DIC
species and equilibrium calcite can be written in terms of their
oxygen and carbon isotopic compositions, which in turn, can be
written in terms of the oxygen and carbon isotope compositions of
CO%‘ and conventional fractionation factors:

=3RCRO, (29)

eq,63 0 pC

TB _3RB1R31 (30)
eq,63 _ 0 pC .eq,0 eq,C

rBZ* _3RBlRB]aBsz1aBsz1 (31)
eq,63 _ ,p0 pC ., eq,0 _eq,C

Tt _3RB1RB1axtl—Blaxtl—B1 (32)

The equilibrium «’s in the above equations are known from ex-
periments (Beck et al., 2005; Zeebe, 2007; Wang et al., 2013) and
natural cave calcites (Coplen, 2007; Kluge et al., 2014).

4.1.3. Non-stochastic ratio for non-equilibrium calcite
We can now substitute the equations from the previous section
into Eq. (28) to obtain:

63 _
Txa =

Aeq.63
609R0 RC ,€d.0 eq.C xtl
AR"3Rg Rg o, g &g, ( 1000 +1)

eq,63
3RO RC 8940 yeaC (Axt]
B

60 60
1+ Re, @ —g, -8, | 7000 ‘H) (AR®® — DR®) (1 + ¢)

+DR®0

eq,63 eq,63
f,63 0 pC By f,63 0 pC .eq,0 eq,C By
@5 3RY RS, ( <000 +1> + gy 3R RS apt %y gty ( 1000 +1)

(33)
where 3Rg] Rg] cancels out of the denominator, leaving:
Aeq,63
609p0 pC €40 eq,C tl
AR”3Rp Rp a5 0’ 5, ( 1600 +1>
63 _
Txdl = %963
eq,0 eq,C tl 60 60
axtlfBlathfBl ( 1)600 + 1) (AR —DR )(1 +9)
60
eq,63 eq,63 +DR
f,63 B f,63 eq.0 eq,C B;
Oytl—B, ( 10100 ‘H> + 0 p, O, 5, ¥, 5, ( 10200 +1
(34)

4.1.4. Stochastic ratio for non-equilibrium calcite

The stochastic ratio for non-equilibrium calcite can be obtained
by using Eq. (29) and the definitions of conventional fractionation
factors to obtain:

63 _ 2pC pO A C 0
Tyt = 3RE, Ry, Oy _p, Oyt - (35)

Further substitution of Eq. (22) and (23) into Eq. (35) leads to:

+ DRGO)

(36)

63 _
Txtls =

0 pC ,ed.C eq0 60)2
3Rg, Rg, Xy, Ayl (AR®)

(aig,CBl (ARGO _ DRGO) (1+¢) . DRBO) (O[ESIDB] (ARGO _ DRGO) 1+¢)

f,C f,C eq,C f,0 f,0 eq,0
Ayii_p, + g, %, B, i, T D%, %B, B,

This general expression links directly, for the first time, the
stochastic ratio in calcite to physical quantities that describe the
growth of calcite under non-equilibrium conditions. Validation of
this expression is provided in Appendix A.2.
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4.1.5. Generate final Axtl
We can now combine the non-stochastic ratio (Eq. (34
stochastic ratio (Eq. (36)) to get the final AS3:

r63l
t]
A8 =1000 (2L 1], (37)

)) and the

xtl*

where

63
xtl

T,

63
Txtls

eq,C 60 60 o0 60 60
‘)‘xn B (AR — DR%) (1 + ¢) + DRSO oy, (AR —DR®) (1+¢) .
a.C o0 3.0
oy g, Py g, 0, o g, + B0 g, Oy,

o0, AH]I& AR®® — DRS?) (1
%xi-8, *xi-8; | 7000 1) ( - ) +¢)

Aeq 63 eq,63
£,63 163 eq0 _eqC B
Ayl ( 1000 +1) + P "B, OB, 8, ¥B, -8, (710100 +1>

AR®® | DRSO 4

(38)

Most of the symbols in Eq. (38) can be treated as known quanti-
ties; if the equilibrium and kinetic fractionation factors for carbon
and oxygen isotopes are known or specified, then the only two free
parameters are the kinetic fractionation factors for the mass 63
isotopologue. As we show in the next section, however, the kinetic
parameters for the mass 63 isotopologue are in fact constrained
by the kinetic fractionation factors for the mass 62 and mass 61
isotopologues.

It should be noted that the equilibrium condition is recovered
when the attachment rate is equal to the detachment rate. Mathe-
matically, AR — DR, so AR — DR — 0 and AR/DR — 1, leading to:

63 eq,63
rxtl Axtl
= 1. 39
%~ 1000 © 9

In the kinetic limit, DR — 0 and AR cancels out, leading to:

c 0 £63 A o6 AR
eq,C _eq, 1
r)?tgl 1+9¢) (“Bz B, %8, B, ¥xti_p, ? (1000 ) + a1, (1000 + ]>>

63 eq.C eq.0
T q, q.,
xtl (aBz By th Bz¢+ax'f1 Bl) (aBz By xtl Bz¢+axtl Bl)

(40)

Although this expression does not lend itself to a simple interpre-
tation, its behavior is remarkably straightforward to interpret once
the kinetic fractionation factors for the mass 63 isotopologue are
properly constrained.

5. What are the kinetic fractionation factors for clumped
isotopes?

The fractionation factors for the mass 63 isotopologue are not
independent of the fractionation factors for the mass 62 and 61
isotopologues. To see why this must be the case, we consider here
the fractionation factors in the equilibrium limit and then apply
the insights gained to the treatment of kinetic fractionation factors.

5.1. Relationship between doubly- and singly-substituted fractionation
factors in the equilibrium limit

The equilibrium constant for the clumped isotope exchange re-
action (Eq. (1)) is

[13@801605—] [12(:160%—] [63CO§—] [socog—]
Keg = = .
2 2 2 2
[13cl603 ] [12cl801602 ] [61co3 ] [62co3 ]
Dividing all terms on the right-hand side of Eq. (41) by 5°C03~ we

can write the above expression in terms of ‘conventional’ isotopo-
logue ratios:

(41)

ACa63
DR6® xtl 1
) ( 1000 +

(mcog_—)
60co%-
L 3 1/ xa
eq,xtl = 51 r 0 ’
([61c03 ) ( 62(:03 ]
GOCOZ*_ _GOCOZ*
[ 30/ xa \L 773 ] xtl
where the denominator now corresponds to the equilibrium car-
bon isotope composition multiplied by the equilibrium oxygen iso-

tope composition of the crystal. Using the definition of equilibrium
fractionation factors between calcite and dissolved CO%‘, Eq. (42)

can be recast as
63 2—
o0 (M
xtl—Bq [GQCOZ—]
3
By

K53

K63 , (43)
ot = O[eq.(i] [Glcog_] aeq,62 [ezcog—]
xtl—Bq [Egcog—] b xtl—Bq [socog—] 5
1 1
which is the same as
eql,63
xtl—Bq
KEQ xtl — Keq B1 eq,61 _eq62 ° (44)

xtl—Bq " xtl—Bq

eq,63

Rearranging, we arrive at an expression for o,

known quantities:

,asa function of

K63

eq,63 _ 'eqxtl eq,61 eq,62 . eq,61 _eq,62

xtl—-B; — K63 xtl—B; ¥xtl—B; "~ ¥xtl—B; ¥xtl—B, - (45)
eq,Bq

From the definitions of Kgg,xtl (Eq. (42)) and Agg « (Ed. (39)) we
can write

A63 |
63 eq,xt
I<Eq,th = ( 1000 + 1) 4 (46)
which allows us to recast Eq. (45) in terms of A3 values:

63
eq,63 __ (Aeq JXtl + 1000) eq,61 aeq,62
xtl-B; 63 xtl—Bq " xtl—Bjp "
t\ A%, +1000 ' !

(47)

~1+10-5

A similar expression exists for the equilibrium calcite-B, fractiona-
tion factor:

63
eq,63 __ (Aeq JXtl + 1000) eq,61 _eq,62

xtl-B, — Aga B, +1000 xtl—By “xtl—B; *

o (48)

~1+107°

Eqs. (47) and (48) show how the fractionation factor for the mass
63 isotopologue is very nearly equal to the product of the frac-
tionation factors for the mass 61 and mass 62 isotopologues.
Physically, this reflects the fact that the '80 in the mass 63 iso-
topologue should fractionate from 60 in nearly the exact same
manner as the 80 in the mass 62 isotopologue. That is, during
ion transport to the mineral surface, the oxygen isotopes of the
doubly-substituted mass 63 isotopologue will be fractionated by
an amount given approximately by aig‘fé] while the carbon iso-
topes will be fractionated by an amount given approximately by

eq,61 . P . .
Cy)p, - The relationship is approximate because secondary isotope

effects (e.g., 13C affects the bonding behavior of 130 and vice versa)
may create deviations from the approximation. The prefactors in
Egs. (47) and (48), which are nearly equal to unity, are important
for ensuring that the equilibrium clumped isotope composition is
recovered in the equilibrium (slow growth) limit.
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5.2. Relationship between doubly- and singly-substituted fractionation
factors in the kinetic limit

Using the expressions for the equilibrium fractionation factors
as a guide, we propose the following form for the kinetic fraction-
ation factors:

£63 _ 61 _f62
ath—B1 - ath—B1 ath—Bl + 6]31 (49)
and

£63 _ 61 _f62
Oyt1—B, = ¥xtl—B, ¥xtl—B, + €B,, (50)

where the ep, and €p, are expected to be small, on the order of
10~>, and could plausibly be positive, negative, or zero. We treat
€, = €, = 0 as the reference case before demonstrating that even
small values of €p, and ep, have a large influence on the modeled
kinetic clumped isotope effects.

6. Results and discussion
6.1. What is the true equilibrium clumped isotope composition?

The first step in performing calculations based on Eq. (38) is
to specify the equilibrium carbon and oxygen isotope composi-
tion of calcite relative to dissolved CO%‘ as well as the equilib-
rium clumped isotope composition of calcite. A conclusion drawn
from recent laboratory experiments is that most biogenic and
laboratory-grown carbonates form in a regime where their sta-
ble isotope compositions are not representative of true equilibrium
(Dietzel et al.,, 2009; Watkins et al., 2013). In natural settings, it
is possible for inorganic calcite to grow slowly enough for equilib-
rium to be achieved, and one such example appears to be inorganic
calcite from Devils Hole cave, Nevada, which formed under condi-
tions of very low supersaturation at 33.7°C (Coplen, 2007). The
clumped isotope composition of Devils Hole calcite determined
by Kluge et al. (2014) is in agreement with the most recent,
experimentally-produced inorganic calibration curve of Zaarur et
al. (2013), suggesting that (1) the slowly-grown calcites from Dev-
ils Hole are the best natural laboratory for anchoring the true
equilibrium composition at their formation temperature of 33.7 °C,
and (2) it is possible to obtain near-equilibrium clumped isotope
compositions in the laboratory.

However, there are now several conflicting clumped isotope cal-
ibration curves that have been proposed, some of which are shown
in Fig. 4. The Zaarur et al. (2013) calibration is similar to the Ghosh
et al. (2006a) calibration whereas the Hill et al. (2014) calibration
is similar to the Dennis and Schrag (2010) and Kluge et al. (2015)
calibrations (see Fig. 4 and Hill et al., 2014 for comparisons). The
curves for these different calibrations intersect at about 34 °C, such
that the Devils Hole cave cannot be used to argue in favor of one
calibration over the others. Therefore, until other natural calcites
can be identified as having formed under conditions that approach
true thermodynamic equilibrium, assumptions must be made re-
garding the temperature dependence of the equilibrium A2/ . . In
the absence of available experimental data, calculated temperature
dependencies of DIC species and calcite can be used (Hill et al.,
2014). The following equations are fits to the calculated data of Hill
et al. (2014) between 0 and 100 °C for calcite, CO%‘. and HCO3:

1000
AZS 1 =37.55—— — 0.0296, (51a)
K
1000
63
A% g = 36.36W —0.0397, (51b)
and
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Fig. 3. Experimental constraints on kinetic oxygen and carbon isotope fractionation
factors. For both isotopic systems, the equilibrium isotopic composition is inferred
from slowly-grown calcites at Devils Hole cave, Nevada (Coplen, 2007). Top: Re-
sults from experiments at T = 25°C and pH = 8.3 where inorganic calcite was
precipitated in the presence of carbonic anhydrase (Watkins et al., 2014). Bottom:
Results from experiments at T =25°C and pH = 6.6 to 7.3 where inorganic cal-
cite was precipitated in the presence of a DIC pool with known §'3C (Romanek et
al., 1992). The kinetic fractionation factors used to construct the model curves are

ags 5 =0.9980, ayf 5 =0.9964, aryy_p = 1.0000, and erfy p = 1.0000.

xtl—By xtl—By xtl—By
1000
63
Aeqb:=3835—¥g———00291. (51c)

We use these equations for self-consistency while recognizing that
the Hill et al. (2014) results may in fact underestimate the differ-
ence between the clumped isotope composition of dissolved HCO3

2— : ; 63 _ A63
and CO3™. The Hill et al. (2014) study predicts AHco; Aco%*

0.033%0, which is considerably less than the value of 0.063 +
0.006%0 deduced from recent witherite experiments (Tripati et al.,
2015).

6.2. Kinetic fractionation factors

Once the equilibrium fractionation factors are specified, one
must then input the kinetic fractionation factors for carbon and
oxygen isotopes. For oxygen isotopes, the kinetic fractionation fac-
tors have been inferred from the pH-dependence of a)c()tlfw mea-
sured from calcites precipitated in the presence of an isotopically
equilibrated DIC pool (Watkins et al., 2014). For carbon isotopes,
the existing data are restricted to pH < 7.8 (Romanek et al., 1992)
from which the kinetic fractionation factors are inferred to be close
to unity (Fig. 3). Although it is not immediately obvious, the choice
of kinetic fractionation factors for oxygen and carbon isotopes is
actually not important when it comes to modeling the clumped
isotope composition of non-equilibrium calcite because the kinetic
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Fig. 4. Four different calibrations of the clumped isotope thermometer with 95%
confidence intervals, presented in the absolute reference frame (Dennis et al., 2011)
and normalized to a 25°C acid digestion temperature. The agreement between
slowly-grown Devils Hole calcite with the calibration curves has been used to ar-
gue that Devils Hole represents the best natural laboratory for measuring the true
equilibrium composition (Kluge et al., 2014). Because the curves intersect at the
approximate temperature of the Devils Hole samples, however, Devils Hole calcite
cannot be used to argue in favor one calibration over the others.

fractionation factor for the mass 63 isotopologue is written as the
product of the kinetic fractionation factors for carbon and oxygen
isotopes (Egs. (49) and (50)). An outcome of this relationship is
that the results for clumped isotopes have an extremely weak de-
pendence on the input values for the carbon and oxygen kinetic
fractionation factors because of how clumped isotope compositions
depend upon the carbon and oxygen isotope composition of calcite
via the stochastic distribution. For any reasonable range of carbon
and oxygen kinetic fractionation factors, the results for clumped
isotopes are essentially independent of those factors. As shown
in the model outputs presented below, the important parameters
dictating the rate- and pH-dependence of kinetic A% effects in
non-equilibrium calcite are the small € values in Egs. (49) and (50).

6.3. Model behavior

Although Eq. (38) is a complicated algebraic expression, the be-
havior that emerges is relatively straightforward to interpret. The
modeled rate-dependence of Aifl is presented in Fig. 5 (top) for
the reference case where €, and €g, are equal to zero. The curves
have a similar to shape to those for oxygen isotopes and carbon
isotopes; in the limit of extremely slow growth, the clumped iso-
tope composition is equal to the specified equilibrium composition,
and with increasing growth rate, there is an asymptotic approach
to a kinetic limit on Afifl. The pH-dependence for both the slow-
and fast-growth limits is shown in Fig. 5 (bottom). When the g,
and €p, parameters are equal to zero, calcite acquires the clumped
isotope composition of DIC in the limit of fast growth. This is
analogous to the case for oxygen (or carbon) isotopes where the
forward fractionation factors are equal to one.

There is no reason to believe a priori that the ep, and €, pa-
rameters should be exactly equal to zero based on Egs. (47)-(50).
Fig. 6 shows the pH-dependence at two different (relatively fast)
growth rates for additional scenarios where eg, and eg, # 0.
Also shown are the corresponding curves for carbon and oxygen
isotopes for arbitrary choices of the kinetic fractionation factors.
A positive value of ep, or €p, describes an increase in bond order-
ing at the mineral surface relative to the dissolved species (curves
labeled “1”). Conversely, a negative €g, or €p, corresponds to a de-
crease in bond ordering relative to the dissolved species (curves
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Fig. 5. Modeled rate- and pH-dependence of the clumped isotope composition of
non-equilibrium calcite. Top: The rate-dependence behaves in much the same way
as for carbon and oxygen isotopes (see Fig. 2) insofar as the clumped isotope com-
position in the fast-growth limit depends on the weighted sum of the clumped
isotope compositions of DIC species participating in calcite growth. Bottom: The pH-
dependence for the two limiting cases of slow growth and fast growth. If the e,
and ep, =0, fast-grown calcite acquires the clumped isotope composition of DIC,
regardless of the kinetic fractionation factors for oxygen and carbon isotopes (see
text). Although this figure only depicts processes at 25 °C, the second y-axis shows
the apparent equivalent temperatures for several chosen A?3 values using the Hill et
al. (2014) equilibrium calcite calibration. Note that since calcite dissolves at low pH,
the model only applies at pH above about 7.

labeled “3”). It is also possible for €p, and ep, to have opposite
signs but these scenarios are not shown to retain clarity in the
figure. As illustrated in these figures, the same general principles
that apply to oxygen and carbon isotope discrimination also apply
to clumped isotopes: the isotopic composition of non-equilibrium
calcite depends on (1) the clumped isotope compositions of HCO3
and CO%‘ dissolved in solution, (2) the relative proportions of
HCO3 and CO%’ participating in calcite growth, and (3) any in-
crease or decrease in bond ordering that arises during all of the
steps involved in ion transport into the mineral lattice, as quanti-
fied by the signs and magnitudes of €g, and eg,.

6.4. Implications

6.4.1. Inorganic calibrations of the clumped isotope thermometer

It is possible that many of the calcites grown experimentally
have isotopic compositions that are offset from the true equilib-
rium value due to some combination of isotopic disequilibrium
among DIC species, isotopic distillation of the DIC pool, pH effects,
and growth rate effects. Two recent studies have made progress to-
ward assessing the influence of one or more of these factors. Tang
et al. (2014) grew inorganic calcite in an environment where pH
and growth rate were controlled. They observed a relatively wide
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Fig. 6. Modeled pH-dependence of the non-equilibrium isotopic composition of calcite. Left: Composition of non-equilibrium calcite in the limit of extremely rapid crys-
tallization. Right: Composition of non-equilibrium calcite at 10-64 molm~2s~!, which is representative of experimentally precipitated calcites (Dietzel et al., 2009;
Tang et al, 2014). For carbon and oxygen isotopes, we use the following kinetic fractionation factors for illustrative purposes: af(’t?iB] = 0.9980, a)f('t(llh = 0.9964,

f,C _ f,.C
g, =0.9995, g
range in A% at a given temperature of about 0.006%o, compara-

ble to other experimental studies that lacked such controls (e.g.,
Ghosh et al., 2006a; Dennis and Schrag, 2010; Zaarur et al., 2013;
Defliese et al., 2015). This observation, in combination with the
fact that the time required to achieve clumped isotope equilib-
rium among DIC species is about 10 h at 25°C (cf. Affek, 2013;
Clog et al., 2015; Tang et al., 2014), suggests that an out-of-
equilibrium DIC pool may be contributing to the scatter in the
data from many previous studies in ways that are not well un-
derstood. According to our model, the data from Tang et al. (2014)
would be unable to resolve the expected pH- or rate-dependence

=0.9990. For clumped isotopes, the carbon and oxygen fractionation factors are arbitrary for reasons discussed in the main text.

on A%, consistent with their findings. More recently, Tripati et al.
(2015) grew calcite in the presence of the enzyme carbonic an-
hydrase, which promotes isotopic equilibration among DIC species,
but since their experiments controlled neither pH nor growth rate,
these results are also not directly comparable to model outputs.
We anticipate that ongoing experiments designed to measure the
pH- and rate-dependence of A%’ of calcite grown from an iso-
topically equilibrated DIC pool will be useful for constraining the
kinetic fractionation factors and interpreting data from previous
inorganic calcite precipitation experiments. Meanwhile, the calcu-
lations presented thus far offer a semi-quantitative explanation for
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why the various calibrations of the clumped isotope thermometer
are broadly similar despite the lack of experimental control of pH,
growth rate, and the isotopic composition of the DIC pool; surface

reaction controlled kinetic effects restrict A% to a range of values

63 63 ; _
between Aeq,Hcog and Aeq,co; (assuming e, and €p, = 0) that
differ from the Agg « by only a few 0.001%.. Larger differences,

where observed, would require that €p, and €g, # 0, which could
be a manifestation of isotopic disequilibrium among DIC species,
as discussed further below.

6.4.2. Kinetic effects in forams, coccoliths, and deep-sea corals

An observation that has warranted considerable discussion is
that planktic foraminifera, coccoliths, benthic foraminifera, and
deep-sea corals exhibit large ‘vital effects’ with respect to §13C
and 8'80 but little to no vital effect with respect to clumped
isotopes (Tripati et al., 2010; Thiagarajan et al., 2011). A number
of hypotheses have been considered to explain this observation,
including isotopic mixing of samples with different bulk isotopic
compositions, incomplete exchange of carbon and oxygen isotopes
among DIC species, diffusive transport of DIC species, and di-
rect inheritance of isotopes from bulk DIC (Tripati et al., 2010;
Thiagarajan et al, 2011). The latter hypothesis has perhaps re-
ceived the most support since it can explain (a) why so many
different types of carbonates fall on the same A%3 versus T cal-
ibration line (Tripati et al., 2010; Affek, 2012; Henkes et al., 2013;
Hill et al., 2014), (b) why there is no evidence for species-specific

offsets in A%, and (c) why 8§'3C and 8§80 are more sensitive to

pH than A%. While this hypothesis may be approximately correct,
there are clear instances where carbon and oxygen isotopes in car-
bonates are offset from the isotopic composition of DIC (Spero et
al.,, 1997; Watkins et al., 2014), which precludes the conceptual
model wherein carbonates quantitatively precipitate DIC from a fi-
nite reservoir near the site of calcification (Tripati et al., 2010). Our
calculations show that quantitative precipitation is not required for
a carbonate mineral to have the same clumped isotope composi-
tion as that of DIC. Instead, we propose that carbonate minerals
may acquire a clumped isotope composition similar to that of DIC
as a consequence of mass balance and the fact that clumped iso-
tope compositions are calculated relative to a stochastic distribu-
tion based on the actual §13C and §'80 values.

6.4.3. Kinetic effects in surface corals

The above conclusion does not directly address why some mol-
lusks and brachiopods, surface corals, and speleothems are dis-
placed from the main calibration line shared by other types of
carbonates (Daéron et al., 2011; Saenger et al., 2012; Henkes
et al., 2013; Eiler et al., 2014). Focusing on surface corals, for
which pH and growth rate are known (Saenger et al., 2012),
Fig. 7 shows the difference between the measured clumped iso-
tope composition (A‘r‘rzeas) and the expected clumped isotope com-
position (A},). Here, the calculated AS3 were converted to A%/
values using an AFF of 0.28 (acid digestion at 25°C; Tripati et
al,, 2015) for the comparison to experimental data. The obser-
vation that has been made previously is that surface corals are
shifted systematically to higher A%’ values, and therefore lower
apparent temperatures, than would be expected from several cali-
brations of the A%’ —temperature relationship (Saenger et al., 2012;
Eiler et al, 2014). The current explanation for this shift is that
hydration of excess CO; near the calcification site leads to a higher-
than-equilibrium A%’ of HCO; which is then inherited by the
organism. This conceptual model is quantified by the best-fit € val-
ues being greater than 0, which means that the HCO; molecules
(and also perhaps the CO%‘) adsorbed on the mineral surface are
less isotopically scrambled than their counterparts in the bulk so-
lution. The ion-by-ion model cannot distinguish whether a positive
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Fig. 7. Measured versus modeled oxygen and clumped isotope compositions of coral

calcites from Saenger et al. (2012). The surface corals are displaced to higher A%

values (or lower apparent temperatures) than expected based on numerous calibra-
tions of the clumped isotope thermometer (cf. Eiler et al., 2014). These deviations
can be fit with positive €g, and ep, values, which represent a net increase in bond
ordering within dissolved HCO; and CO%’ as a result of all transport processes,
including possible disequilibrium among DIC species, that ultimately lead to ion in-
corporation into the mineral.

€ is due to processes near the mineral surface such as desolvation,
or whether it reflects an elevated A%’ of HCO; due to kinet-
ics of (de-)hydroxylation and (de-)hydration reactions in the bulk
solution. Like the kinetic fractionation factors for carbon and oxy-
gen isotopes, the € parameters are macroscopic in the sense that
their values describe the net result of all processes contributing
to mass fractionation during isotope exchange and mass transport
to the growing mineral, including bond reordering at the mineral-
solution interface (Tripati et al., 2015).

7. Summary

We modified an existing ion-by-ion calcite growth model,
which describes steady-state calcite growth through the attach-
ment-detachment of Ca®t, HCO3 and CO%’ ions to the crystal

surface, to include the isotopologues of HCO; and CO%‘. The
reference scenario for the model is calcite precipitation from an
equilibrated DIC pool, wherein the isotopic compositions of dis-
solved HCO; and CO%’ are treated as known quantities. Carbon
and oxygen isotopic fractionation between calcite and aqueous
solution arises through the isotopologue-specific attachment and
detachment rates. The clumped isotope composition of calcite is
calculated from the carbon and oxygen isotope composition and
the mass fractionation behavior of the doubly-substituted isotopo-
logue. Although the model is constructed on the basis of molecular
building blocks of calcite, this does not imply that the isotopo-
logues of HCO; and CO%’ are indestructible molecules that main-
tain their isotopic identity throughout the steps (e.g., aqueous dif-
fusion, ion desolvation, surface diffusion and isotope exchange/re-
ordering reactions at the aqueous-mineral interface) involved in
ion incorporation into the growing mineral. The equations repre-
sent a self-consistent framework for calculating the carbon, oxygen,
and clumped isotope composition of calcite as a function of tem-
perature, crystal growth rate, and solution pH. The derivations and
several example outputs presented herein lead to the following key
points:

1. The equilibrium fractionation factor for the mass 63 isotopo-
logue can be written as a function of the equilibrium fraction-
ation factors for the mass 62 and mass 61 isotopologues.

2. We propose that the kinetic fractionation factor for the mass
63 isotopologue is equal to the product of the kinetic fraction-
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ation factors for the mass 62 and mass 61 isotopologues plus
or minus some small deviation, denoted with the symbol €,
that is on the order of 107>,

3. The € parameters describe the extent to which the clumped
isotope composition of HCO3 and CO%’ become scrambled or
unscrambled during the many steps involved in ion transport
to and from the mineral surface. Like the kinetic fractionation
factors for oxygen and carbon isotopes, the € parameters are
macro-scale parameters that describe the net result of all pro-
cesses contributing to isotopic fractionation or re-ordering.

4, If the € parameters are equal to zero, the clumped isotope
composition of a rapidly-grown carbonate mineral is nearly
equal to that of DIC. This may or may not be a common
situation. Nevertheless, at the normal pH of seawater, the
clumped isotope composition of DIC and equilibrium calcite
differ by only 0.01%c. Further, calcites grown at typical growth
rates will have a clumped isotope composition between that
of rapidly-grown carbonates and equilibrium calcite. This re-
sult offers a quantitative rationalization for how foraminifera,
coccoliths, and deep sea corals can have near-equilibrium
clumped isotope compositions but far-from-equilibrium car-
bon and oxygen isotope compositions (Tripati et al., 2010;
Thiagarajan et al., 2011). It may also help explain why so many
different organisms (including those that precipitate arago-
nite instead of calcite) fall on the same clumped isotope-
temperature curve(s).

5. In cases where the € parameters are non-zero, the clumped
isotope composition of a rapidly-grown carbonate mineral may
deviate significantly from that of DIC. Such deviations may be
the simple result of an unequilibrated DIC pool, but it is also
conceivable that the € parameters could be non-zero due to
processes involved in the transport of HCO; and CO%’ to and
from the mineral surface; i.e., surface reaction-controlled ki-
netic effects such as those described by the Tripati et al. (2015)
conceptual model.

6. It is possible to match the rate-dependence observed in sur-
face corals with positive € parameters. This result does not
conflict with previous proposals that kinetic clumped isotope
effects in surface corals may be due to rapid hydration of ex-
cess CO;, (Saenger et al., 2012; Eiler et al., 2014).

7. For the model curves presented herein, we have assumed
that the kinetic fractionation factors for carbon, oxygen, and
clumped isotopes do not depend temperature or other factors
such as pH or solution composition. This crude assumption
may need to be relaxed if warranted by new experimental
data.

8. A particularly useful set of experiments for comparison to pre-
vious inorganic calcite calibrations would involve monitoring
the pH and growth rate, using a water buffered system with
respect to oxygen isotopes, ensuring there is no isotopic dis-
tillation of the DIC pool, and ensuring that equilibrium among
DIC species is at least approximately maintained during calcite
growth.

9. While the model is built upon an existing framework that is
specific to the mineral calcite, the steps involved in adapt-
ing the model for clumped isotopes should be useful to future
developments of quantitative descriptions of non-equilibrium
clumped isotope effects in other systems.
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Appendix A
A.1. Derivation of the ARS?/AR! expression

The attachment-detachment kinetics for the higher mass iso-
topologues differ slightly from those for the mass 60 isotopologue.
The ratio of isotopologue-specific attachment frequencies can be
used to define two kinetic (forward) fractionation factors, one for
B and one for B; as (see Egs. 16a and 16b in Watkins et al., 2014):

i
f,i kB1

letl_Bl = kﬁ, (Al)
By

and

i
f,i sz

axtlfBz = kﬁ (AZ)
By

We can then start with the expression for the attachment rates of
each isotopologue:

AR kgeo [BO1PA + kgso [BS°1PA

— = - - (A.3)
AR’ kBi] [Ba]PA + kBé [BIZ]PA
Expanding the denominator we can write
60 60
AR50 _ kB?O [B] 1Pa + kBgo [B2 1P | (Ad)

i fi 607,41 fi 607,6dsip
AR axtl—slkB?O[Bl Irg, PA"‘O‘xn_szBgO[Bz Irg,” Pa

From the Wolthers et al. (2012) model, we use the following rela-
tionships:

ka];o = kBgO (A.5)
and

(8] =0 [52]. (A6)
which leads to

ARG.O = — (.l +9) - - (A7)
AR Gl T gl ri

A.2. Example calculation of the stochastic ratio

A.2.1. Process-based stochastic ratio

For simplicity we continue to assume that there is no 170. From
Eq. (36) we can compute the stochastic ratio using parameter val-
ues provided in Table A.1 for T =25°C, pH = 8.3 and Q = 7.4. This
yields 8. = 7.158820732177469 x 10~ (first two columns of Ta-
ble A.1).

A.2.2. Non-process-based stochastic ratio

With knowledge of the carbon and oxygen isotope composi-
tion of the crystal one can calculate the molar abundances (de-
noted with the symbol C) of isotopes and isotopologues (last
three columns of Table A.1). For the parameters listed (T =
25°C, pH =8.3 and Q = 7.4), the isotopic composition of non-
equilibrium calcite is 3C/12C = 0.011222843743774 and '80/160
= 0.006378793909653. Using this as an input and following the
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Table A1

Values used for the example calculation of the stochastic ratio from the ion-by-ion model using Eq. (36). The ARS?, DR®0, and ¢ parameters correspond to T = 25°C, pH = 8.3
and € =7.4. For these calculations, we use ry = 0.0020672 and rpjc = 0.0112372, which represent the oxygen and carbon isotopic composition of Pee Dee Belemnite.

Ion-by-ion model

Canonical approach

Parameter Value Isotope/isotopologue Mass Mole fraction

! 0.011216144632026 Cia 12 0.988901710623719

rg2 0.002122496022646 Ci3 13 0.011098289376281

AR 14.031689198469467 Cis 16 0.997878246772305

DRSO 1.904996407891161 Cis 18 0.002121753227695

gy, 1.004469000100333 Ca665 = C12C16C16C16 60 0.982620440610989

g, 1.003354613133830 Cae68 = C12C16C16C1s - 3 62 0.006267933282070

“f&inl 1.0000 Casss = C12C16C18C1s - 3 64 1.332728488192658 x 1075
af&f—sz 0.9980 Cass8 = C12C18C18C1s 66 9.445778181893845 x 1079
g, 0.9980 Cse66 = C13C16C16C16 61 0.011027795664416

ait(l)—Bz 0.9964 C3668 = C13C16C16C18 - 3 63 7.034403582107305 x 107
oS 1.001995685541594 C3688 = C13C16C18C1g - 3 65 1.495700357586258 x 1077
%, 1.005179546014960 Cssss = C13C18Ci5Crg 67 1.060084925737459 x 10~10

1.070823878831513 x 102 - - _
8. 7.158820732177469 x 1075 8. 7158820732177469 x 105

canonical approach for calculating the stochastic distribution, we
get 153, =7.158820732177469 x 107>, in perfect agreement with
the value calculation from Eq. (36). This example calculation is in-
tended to instill confidence in the expressions derived herein for
the clumped isotope composition of calcite.
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