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ABSTRACT

‘Clumped isotope’ thermometry of carbonates in the carbonaceous chondrites (CM,
CI, CR and Tagish Lake) demonstrates that aqueous alteration of their parent bodies
occurred from -31 to 71°C and involved reaction with fluids having SISOVSMOW values of
-29.7%o to 11.8%0 and &'’Ovsmow of -14.9%o to 7.6%o. Estimated carbonate formation
temperatures decrease in the order: calcite > dolomite > breunnerite. Based on
independent constraints on the ages of these carbonates and models of the evolution of
the oxygen isotope compositions of parent body waters, I estimate that carbonate
precipitation during aqueous alteration of the carbonaceous chondrite parent bodies
started within 1-2 million years after the accretion of those parent bodies, and that the
alteration temperatures decreased from 34°C to 18°C in the first ~4 million years and
further to -20°C after a total of ~6.5 million years. Our results provide the first direct
measurements of the low-temperature cooling histories of Cl1 and C2 carbonaceous
chondrite parent bodies. Within the CM chondrite group itself, I observe a negative
correlation between the 8"°C values of CM carbonates and the 8'*0 of their formation
waters, suggesting formation and escape of *C-depleted CH, during aqueous alteration
on the CM chondrite parent bodies.

I apply ab initio transition state and statistical thermodynamics theory to study the
kinetic isotope fractionations of clumped isotopologues (i.e., multiply-substituted
isotopologues; I also consider singly-substituted isotopologues) associated with
phosphoric acid digestion of carbonate minerals and with the degassing of CO, from
aqueous solutions. Assuming that H,COs is the reaction intermediate during phosphoric

acid digestion of carbonate minerals, I predict at 25°C that CO, derived from acid
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digestion of carbonate minerals will be 10.72%0 and 0.220%. higher, respectively, in
180/'%0 ratios and *C-"*0 clumped isotope anomaly than the reactant carbonate. These
predicted kinetic isotope fractionations associated with phosphoric acid digestion and
their temperature dependences (for both oxygen isotope and clumped isotopologues)
compare favorably with independent experimental constraints for phosphoric acid
digestion of calcite. I evaluate the effect of carbonate cation compositions on phosphoric
acid digestion fractionations using cluster models in which disproportionating H,COs3
interacts with adjacent cations. These cluster models underestimate the magnitude of
isotope fractionations, but do successfully reproduce the general trend of variations and
temperature dependences of oxygen isotope acid digestion fractionations among different
carbonate minerals (suggesting I have correctly identified the basic mechanism
responsible for a dependence on cation chemistry, but not the exact structural model for
cation—H,COs clusters). I further integrate our acid digestion fractionation model with
previous theoretical evaluations of abundances of *C-"0 bonds in carbonate minerals,
and predict the relationship between A4; values for CO, extracted from carbonate
minerals and the growth temperatures of those carbonates, including witherite, calcite,
aragonite, dolomite and magnesite. 1 observe reasonable agreement between these
predictions and available experimental determinations (e.g., difference of less than

0.05%o over 0-50°C, for calcite).

Kinetic isotope fractionation associated with HCO;  dehydration and HCOj5
dehydroxylation reactions (the two pathways of CO, degassing from aqueous solutions)
are estimated with ab initio transition state theory calculations. Coupled with models of

isotopic fractionations accompanying carbonate precipitation, I predict that kinetic
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isotope fractionation associated with CO, degassing reactions will increase the 8'°C and
5'80 but decrease the relative proportion of *C-"*0 bonds in carbonate minerals that
precipitate from degassing solutions. Furthermore, these kinetic isotope effects are
correlated with each other. For example, I predict the >C/'*C ratio of carbonate increases
by 1.1-3.2%0 and its A4; value decreases by 0.017-0.026%0 for every 1%o kinetic
enrichment in its '*0/'°0 at 25°C, with the exact values depending on the pathway for
CO; degassing (i.e., HCO3;™ dehydration vs. HCO3™ dehydroxylation) and on the amount
of carbonate formation that accompanies CO, degassing. These predictions compare
favorably with the experimental constraints from laboratory synthesized cryogenic
carbonates and speleothem-like carbonates and with the isotopic compositions of natural

modern speleothems.
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INTRODUCTION

This thesis consists of two parts: I. Aqueous alteration of carbonaceous chondrite
parent bodies—insights from carbonate clumped isotope thermometry; and II. Kinetic
isotope fractionations of clumped isotopologues associated with chemical reaction—
implications for carbonate clumped isotope thermometry. Both parts consider a common
theme—carbonate clumped isotope thermometry, but focus on different problems. Part |
centers on the application of carbonate clumped isotope to novel geoscience problems,
and the development of analytical techniques to deal with particularly challenging
samples; Part II attempts to develop a quantitative understanding of the physiochemical
principles behind carbonate clumped isotope thermometry, particularly for carbonate
systems that show signs of isotopic disequilibrium. In Part II, I use both theoretical
techniques from ab initio chemical theory, transition state theory and statistical
thermodynamics and experimental measurements of natural and lab-synthesized materials.

BC and "0 in thermodynamically equilibrated carbonate minerals preferentially
group or ‘clump’ together into the same carbonate ion group to form *C'"*0'°0'°0* as
opposed to being randomly dispersed. This effect leads to abundances of *C'*0'°0'°0*
higher than that expected for a random distribution of isotopes. This preferential
clumping of heavy rare isotopes results from the fact that the doubly-substituted
isotopologue of the carbonate ion, *C'*0'°0'°0O%, has a lower zero point energy than its
normal and singly-substituted relatives (*C'°0'°0'°0*, *C'°0'°0'°0* and
2¢c0'°0'°0%), and can be expressed through the equilibrium constant for the exchange

reaction (Ghosh et al., 2006; Schauble et al., 2006):



M13C”’O”’O”’O+M12C180160160(K—>LM13C180"’0”’0+MIZC”’O”’O”’O q))
The equilibrium constant, K.q, for this reaction varies as a function of the temperature of
carbonate growth or equilibration and forms the basis of carbonate clumped isotope
thermometry (Ghosh et al., 2006; Schauble et al., 2006). This K¢, can be determined
through the measurements of anomalous enrichment of mass 47 CO, (mainly C'*0'°0)
in the CO, derived from phosphoric acid digestion of carbonate minerals (Ghosh et al.,
2006). The mass 47 anomaly, A47, 1s defined as the difference between the measured
value of R*” (=[mass 47]/[mass 44]) and the value of R* expected in that sample if its C

and O isotopes are randomly distributed among all isotopologues:

47

R47
A, = [“jw—dl) %1000 (Eiler and Schauble, 2004).

random

Unlike conventional stable isotope thermometry thermometry (e.g., the classic
carbonate-water oxygen isotope thermometry), which is based on a heterogeneous
thermodynamic equilibrium between two different phases (e.g., carbonate and water), the
carbonate clumped-isotope thermometer is based on a homogeneous thermodynamic
equilibrium that orders *C and 'O into bonds with each other within the carbonate
lattice (i.e., reaction I). Therefore, it is independent of the isotopic composition of any co-
existing phases, and lets one determine carbonate formation temperatures based on only
the isotopic compositions of carbonate minerals. This provides great advantage for
quantitative estimations of carbonate formation temperatures, especially when the oxygen
isotope composition of the fluid from which carbonate grew can not be reliably
constrained. Furthermore, this temperature information, combined with the known

temperature-dependence of carbonate-water oxygen isotope fractionation, allows one to



determine the oxygen isotope compositions of waters from which these carbonates grew.
Since its development (Ghosh et al., 2006; Schauble et al., 2006), carbonate clumped
isotope thermometry has been successfully applied to a number of geoscience problems,
e.g., to reconstruct the uplift history of the Altiplano (Ghosh et al., 2006) and the global
surface temperature during the Palaeozoic era (Came et al., 2007).

In Chapter 1 and Chapter 2 I apply carbonate clumped isotope thermometry to
carbonates in carbonaceous chondrites (CM chondrite, Chapter 1; CI chondrite, CR
chondrite and Tagish Lake, Chapter 2), in order to estimate the temperatures of aqueous
alterations on their parent bodies.

Aqueous alteration of primitive meteorites is one of the earliest and most widespread
geological processes in the solar system, occurring within the first tens of million of years
of solar system history and producing abundant secondary minerals (including carbonates)
in the matrix of carbonaceous chondrites (Brearley, 2006). Understanding of these
alteration processes, including precise reconstructions of alteration temperatures, will
help us constrain the early conditions of the solar system and test models of thermal and
chemical evolution of planetesimals. Previous estimates of the alteration temperatures,
based on stabilities of constituent phases (e.g., tochilinite; Zolenksy, 1984) or the oxygen
isotope fractionation between carbonate and phyllosilicate in the matrix (Clayton and
Mayeda, 1984), are inconclusive and range from <20°C to <300°C for different types of
carbonaceous chondrites (Keil, 2000). Both of these approaches are compromised in
certain ways: the first approach provides only upper limits for the alteration temperature;
the second requires the assumption that matrix carbonate and phyllosilicate reached

isotopic equilibrium with one another. In contrast, carbonate clumped isotope



thermometry is independent of the isotopic composition of any coexisting phases, can
provide a precise determination of the carbonate precipitation temperature, and has the
added benefit of constraining the oxygen isotope composition of the alteration fluid.

Based on carbonate clumped isotope thermometry, I estimate that the aqueous
alteration temperatures on parent bodies of the carbonaceous chondrites ranged from
-31°C to 70°C and decreased during the course of aqueous alteration. I further estimate
the oxygen isotopic compositions of the alteration fluid and interpret them in the context
of aqueous alteration models (Clayton and Mayeda, 1999). 1 observe a negative
correlation between 8'°Cppg values of CM carbonates and the 8'*0 of their formation
water, and suggest this as evidence of formation and escape of *C-depleted CH, during
aqueous alteration on the CM chondrite parent bodies. CI chondrites and Tagish Lake
contain several generations of distinct carbonate phases (e.g., calcite, dolomite and
breunnerite) that grew at different times. I use techniques of stepped acid digestion to
separately determine the clumped isotope formation temperatures of these different
carbonates, thereby constraining the thermal evolution of carbonaceous chondrite parent
bodies. These results provide the first direct experimental constraints on the low-
temperature thermal evolution histories of C1 and C2 carbonaceous chondrite parent
bodies.

In Chapters 3 and 4, I employ ab initio transition state statistical thermodynamic
theory to study kinetic fractionations of clumped isotopologues associated with two
chemical reactions, i.e., the phosphoric acid digestion of carbonate mineral and the

degassing of CO, from aqueous solutions.



Phosphoric acid digestion has been adopted as a routine analytical technique for
oxygen- and carbon-isotope measurements of carbonate minerals since 1950, and was
recently extended for use as a method for carbonate ‘clumped isotope’ analysis. The CO,
derived from phosphoric acid digestion differs significantly in its oxygen isotope
composition and clumped isotope composition from reactant carbonate, by an amount
that varies with the temperature of digestion and carbonate chemistry. However, so far a
quantitative understanding of this fractionation process has been missing. Based on
structural arguments, [ assume H,CO; as the intermediate during phosphoric acid
digestion of carbonate minerals and predict from ab initio transitions state theory the
kinetic isotope fractionations between the product CO, and reactant carbonate. For
example, at 25°C we predict that CO, derived from acid digestion of carbonate minerals
will be 10.72%o and 0.220%o higher, respectively, in '*0/'°O ratios and *C-"*0 clumped
isotope anomaly than the reactant carbonate. The predicted kinetic isotope fractionations
associated with phosphoric acid digestion and their temperature dependence (for both
oxygen isotope and clumped isotopologues) agree reasonably well with independent
experimental constraints for phosphoric acid digestion of calcite, including my new
experimental data for fractionations of "“C-'"*O bonds (the measured change in
A47=0.23%o0) during phosphoric acid digestion of calcite at 25°C. I evaluate the effect of
carbonate cation compositions on phosphoric acid digestion fractionations using cluster
models in which disproportionating H,CO3 interacts with adjacent cations. These cluster
models underestimate the magnitude of isotope fractionations, but do successfully
reproduce the general trend of variations and temperature dependences of oxygen isotope

acid digestion fractionations among different carbonate minerals (suggesting I have



correctly identified the basic mechanism responsible for a dependence on cation
chemistry, but not the exact structural model for cation—H,COs clusters). 1 further
integrate our acid digestion fractionation model with previous theoretical evaluations of
BC-"0 clumping effects in carbonate minerals, and predict the temperature calibration
relationship for different carbonate clumped isotope thermometers (witherite, calcite,
aragonite, dolomite and magnesite). I observe reasonable agreement between these
predictions and the available experimental determinations (e.g., difference of less than

0.05%o over 0-50°C, for calcite).

CO, degassing from aqueous solution occurs in most aqueous environments that
contain dissolved inorganic carbon, and is involved in a number of important geologic
processes, including speleothem deposition, cryogenic carbonate formation, air-sea CO,
exchange, etc. Significant kinetic fractionations accompany this process, influencing the
isotopic compositions of both the degassed CO, and the carbonate minerals that might
grow from degassing solutions. In Chapter 4, I focus on quantitatively understanding the
influence of these kinetic fractionations on the clumped isotope anomaly in the carbonate
minerals grown from degassing solutions, e.g., speleothems. I estimate the kinetic isotope
fractionation factors associated with HCO;3™ dehydration and dehydroxylation reactions in
aqueous solution (the two pathways of CO, degassing), using first principle transition
state theory calculations. Combining these predicted isotope fractionation factors with
models of isotopic fractionations accompanying carbonate formation, I predict kinetic
isotope fractionation associated with CO, degassing reactions will increase the 8'°C and
8'%0 but decrease the relative proportion of *C-"*0 bonds in the carbonate precipitating

from the degassing solution. Furthermore, these kinetic isotope effects are correlated with



each other. I test these predictions against the experimental measurements of the lab-
synthesized cryogenic carbonates and the available isotopic data of both natural modern
speleothems and speleothem-like carbonates synthesized in the laboratory, and observe
reasonable agreement. I also predict, based on the ab initio calculations, that CO,
degassed from aqueous solution will be depleted in the C-""O clumped isotope
distribution relative to that expected from thermodynamic equilibrium, an effect that
might therefore explain the low A47 observed in terrestrial respiration CO, and human

breath.

REFERENCE

Brearley A. J. (2006). The action of water. In Meteorites and the Early Solar System II,
Arizona University Press. 587-624.

Came R. E., Eiler J. M., Veizer J.,, Azmy K., Brand U. and Weidman C. R. (2007).
Coupling of surface temperatures and atmospheric CO; concentrations during the
Palaeozoic era. Nature. 449: 198-201.

Clayton R. N. and Mayeda T. K. (1984). The oxygen isotope record in Murchison and
other carbonaceous chondrites. Earth Planet. Sci. Lett. 67: 151-161.

Clayton R. N. and Mayeda T. K. (1999). Oxygen isotope studies of carbonaceous
chondrites. Geochim. Cosmochim. Acta 63: 2089-2104.

Eiler J. M. and Schauble E. A. (2004). '*0"C'°O in Earth's atmosphere. Geochim.
Cosmochim. Acta 68: 4767-4777.

Ghosh P., Adkins J., Affek H., Balta B., Guo W., Schauble E. A., Schrag D. and Eiler J.
M. (2006). *C-"*0 bonds in carbonate minerals: A new kind of paleothermometer.
Geochim. Cosmochim. Acta 70: 1439-1456.

Ghosh P., Garzione C. N. and Eiler J. M. (2006). Rapid uplift of the Altiplano revealed
through >C-"*0 bonds in paleosol carbonates. Science. 311: 511-515.

Keil K. (2000). Thermal alteration of asteroids: evidence from meteorites. Planet. Space

Sci. 48: 887-903.



Schauble E. A., Ghosh P. and Eiler J. M. (2006). Preferential formation of *C-'*0 bonds
in carbonate minerals, estimated using first-principles lattice dynamics. Geochim.

Cosmochim. Acta. 70: 2510-2529.



PART I

AQUEOUS ALTERATION OF CARBONACEOUS CHONDRITE
PARENT BODIES — INSIGHTS FROM CARBONATE CLUMPED

ISOTOPE THEMOMETRY



10

Chapter 1

TEMPERATURES OF AQUEOUS ALTERATION AND EVIDENCE
FOR METHANE GENERATION ON THE PARENT BODIES OF

THE CM CHONDRITES

Weifu Guo and John M. Eiler

Division of Geological and Planetary Sciences,

California Institute of Technology, Pasadena, CA 91125

(Published in Geochimica et Cosmochimica Acta, 71, 5565-5575, 2007)



11

ABSTRACT

Aqueous alteration of primitive meteorites was among the earliest geological
process during the evolution of our solar system. ‘Clumped-isotope’ thermometry of
carbonates in the CM chondrites Cold Bokkeveld, Murray, and Murchison, demonstrates
that they underwent aqueous alteration at 20-71°C from a fluid with SlgOVSMOW of 1.8 to

7.8%o0 and 617OV3M0W of -0.2 to 2.9%o. The 8"°Cppg values of these carbonates exhibit a

negative correlation with the 8'°O of their formation waters, consistent with formation
and escape of C-depleted CHy4 during aqueous alteration. Methane generation under
these conditions implies that the alteration fluid was characterized by an Eh<-0.67 and

pH>12.5 (or lower at the highest alteration temperatures). Our findings suggest that that

methane generation may have been a widespread consequence of planetesimal and
planetary aqueous alteration, perhaps explaining the occurrence of methane on Titan,

Triton, Pluto and Kuiper-belt objects.

1. INTRODUCTION

Aqueous alteration occurred on the parent bodies of the carbonaceous chondrites
within the first tens of million of years of solar system history (Endress et al., 1996). The
conditions of these processes are poorly constrained, both because direct samples of
reactant fluids are rarely, if ever, preserved (Zolensky et al., 2004), and because the
altered solids consist of complex, fine-grained mixtures of phases that presents challenges
to equilibrium thermodynamic approaches to calculating temperature, oxygen fugacity
and other relevant variables. Previous estimates of the temperatures of CM chondrite

alteration range from <20°C to <170°C (Keil, 2000), based on the stabilities of
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constituent phases (e.g. tochilinite; Zolenksy, 1984) or oxygen isotope fractionations
between carbonate and phyllosilicate in the matrix (Clayton and Mayeda, 1984). This
first approach yields only upper temperature limits; the second is only valid if matrix
carbonate and phyllosilicate achieved oxygen-isotope exchange equilibrium. Differences
in A0 between carbonate and matrix in these samples (Benedix et al., 2003) indicate
this assumption is not valid. In any event, uncertainties regarding the reduced partition
coefficient ratios of the relevant phyllosilicate phases (Sheppard and Gilg, 1996)
engender large uncertainties in apparent temperatures based on this approach. Baker et al.
(2002) recently determined the oxygen isotopic composition of the structurally bound
water released from phyllosilicates in Murchison and suggested an alteration temperature
of ~80°C for the CM chondrites based on the oxygen isotopic fractionation between this
water and matrix carbonate. However, this estimation also assumes mutual isotopic
equilibrium between these two reservoirs of oxygen.

We used the ‘carbonate clumped-isotope thermometer’ (Ghosh et al., 2006;
Schauble et al., 2006) to determine the temperatures of carbonate precipitation in the CM
chondrites. The carbonate clumped-isotope thermometer is based on a thermodynamic
equilibrium that orders BC and 'O into bonds with each other within the carbonate
lattice, and is independent of the isotopic composition of any co-existing phase.
Moreover, this temperature information, combined with the known temperature-
dependence of carbonate-water oxygen isotope fractionation (Kim and O'Neil, 1997),
allows us to determine the oxygen isotope compositions of waters from which these

carbonates grew.
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2. SAMPLES AND METHOD

2.1. Samples

Carbonate in the CM chondrites is mostly calcite— the basis of previous calibrations
of the carbonate clumped isotope thermometer (Ghosh et al., 2006; Ghosh et al., 2007) —
and is relatively homogeneous in composition and texture (Brearley and Jones, 1998).
We analyzed carbonates from 7 splits of three different CM chondrites: Cold Bokkeveld
(3 splits), Murray (1 split) and Murchison (3 splits). Each split was prepared from a
separate fragment of a whole rock meteorite sample and ground individually. These
samples represent near-extremes to the range of extent of aqueous alteration of CM
chondrites: Murchison and Murray retain ca. ~93% and ~87%, respectively, of their
original coarse, anhydrous silicate (chondrules and CAls), whereas Cold Bokkeveld
retains only ~45% of this original coarse anhydrous material (i.e., its texture more closely

approaches that of the CI chondrites) (Browning et al., 1996).

2.2. Carbonate clumped isotope thermometry

BC and "0 in thermodynamically equilibrated carbonate minerals preferentially
group or ‘clump’ together into the same carbonate ion group to form *C'"*0'°0'°0* as
opposed to being randomly dispersed. This preferential clumping can be expressed
through the equilibrium constant for the exchange reaction, “C'°0'°0'°0* +
2clo00* = Pc"®0'0'0* + *C'°0'°0'°0*. Because the doubly-substituted
isotopologue of the carbonate ion (?C'*0'°0'°0*) has a lower zero point energy than its
normal and singly-substituted relatives (*C'°0'°0'°0*, *C'°0'°0'°0* and

12¢80'°0'%0%), the above reaction is thermodynamically driven to the right, producing
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abundances of *C'®0'°0'°0% higher than that expected for a random distribution of
isotopes. This abundance excess varies as a function of the temperature of carbonate
growth or equilibration and forms the basis of a geothermometer (Ghosh et al., 2006;
Schauble et al., 2006). The extent of “C-'®O clumping in a carbonate mineral is
determined through the measurements of anomalous enrichment of mass 47 CO, (mainly
BC0'0) in the CO, derived from phosphoric acid digestion of that mineral (Ghosh et
al., 2006). We define the mass 47 anomaly, A47, as the difference between the measured
value of R*” (=[mass 47]/[mass 44]) and the value of R* expected in that sample if its C

and O isotopes are randomly distributed among all isotopologues:

47
stochastic

47
A, = [w-llx 1000 (Eiler and Schauble, 2004; Affek and Eiler, 2006).

2.3. Analytical method
2.3.1 Sample Digestion

Each sample split consisted of a whole rock fragment weighing between 40 and 250
mg. Each split was ground to a grain size of <500 pum with an agate mortar and pestle
into unsieved particles and then reacted with anhydrous phosphoric acid at 25°C for 18-
24 hours to extract CO; from calcite. Carbonates other than calcite (e.g., dolomite) are
rare in CM chondrites (Brearley and Jones, 1998) and do not react actively with
phosphoric acid at 25°C (less than 20% reaction of dolomite within 24 hours, compared
to 100% reaction of calcite; e.g., Al-Aasm et al., 1990). Therefore cross-contamination
from other carbonate components in CM chondrite should be negligible during our

extraction.
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We examined the contribution of CO, from oxidation of organic matter by
conducting stepped acid extractions at 25°C (i.e., anticipating that early steps would be
dominated by carbonate and later steps by oxidation of organics). CO; evolved at an
average rate of ~76.2 nmol/mg/day during the first 24 hours, and after that at an average
rate of ~0.9 nmol/mg/day, suggesting to us that CO, extracted for the first 24 hours
contained a negligible contribution from the oxidation of organic matter. We did not
attempt to characterize the isotopic compositions of CO; fractions collected after the first

24 hrs in this study because their sizes were too small for A47 analysis and their 5t C,

580 and A'70 values are well known from previous stepped-extraction studies (Grady et
al., 1988; Benedix et al., 2003).

The yield of CO; from each split varied between 39.3 ymol/g and 127.6 umol/g. We

observe that smaller splits consistently produce higher yields of CO; than larger splits

(95.5-127.6 pmol/g for 40.5-60.6 mg splits vs. 39.3-61.8 umol/g for 195.3-253.4 mg splits;

Table 1). A similar correlation between CO; yield and split size was observed in a
previous study of CM chondrites (Murchison splits in Grady et al, 1988), and could be
due to either heterogeneity among sample splits (i.e., if carbonate is generally present as
widely-separated ‘nuggets’, smaller splits will produce greater maximum CO; yields) or
that phosphoric acid digestion more effectively attacks carbonate in smaller samples (e.g.,

if large amounts of ground sample are relatively impermeable).
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Because of the relatively low abundances of carbonates in CM chondrites and the
precious nature of the samples, we generally obtained less CO, from our samples (~5 to

~12 pmol) than analyzed in previous studies of the A47 of CO, produced by acid digestion

of carbonate (~50umol; e.g., Ghosh et al., 2006).

2.3.2 Purification of sample CO;

CO; produced by phosphoric acid digestion of CM chondrites is exceptionally rich
in sulfur and organic contaminants that must be removed prior to isotopic analysis.
Therefore, each sample of extracted CO, was purified by exposure to dry AgszPOs (to
remove sulfur contaminants, e.g., H,S), passage through a series of glass traps cooled
with ethanol slush (-78°C) and pentane slush (—130°C), and passage through a Supelco
Q-Plot GC column held at —20°C (mainly to remove hydrocarbon contaminants; Affek
and Eiler, 2006). Samples sized before and after dry Ag;PO4 treatment suggest that sulfur
contaminants constitute 19-62% of the sample gas derived from phosphoric acid
digestion of CM chondrite splits (38-62% for 3 Murchison splits, 58% for 1 Murray split
and 19-29% for 3 Cold Bokkeveld splits). The potential for remaining contaminants was
monitored by analyses of masses 48 and 49 in the purified CO, gas, because these ion
beams are less intense than that for mass 47 and can be strongly elevated in gases
containing volatile organic contaminants. Previous studies have shown that such
contaminants can lead to correlations between relatively small mass 47 excesses and
proportionately greater excesses in masses 48 and 49 (Eiler and Schauble, 2004). While
we never succeeded in completely removing masses 48 and 49 contaminants from these

samples, no such correlations between A47 values and either mass 48 or 49 excesses were
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observed in these purified samples, suggesting that, in this case, the remaining
contaminants are not associated with a mass-47 isobar. Consequently, no correction on
measured A47 was made to account for masses 48 and 49 enrichments.

Although the sample purification procedures used in this study resemble those used
in previous studies involving A4; measurements (e.g., Eiler and Schauble, 2004; Affek
and Eiler, 2006; Ghosh et al., 2006), we apply them to considerably smaller samples.
Therefore, we examined the effect of sample size on analytical fractionations associated
with cryogenic purification, sulfide removal on silver phosphate, gas chromatography and
mass spectrometric measurements. We observe a systematic effect of sample size on
measured A4; value only for the gas chromatography step. In particular, A4; values of
small samples (less than ca. 15 pmoles) are systematically higher (by up to 0.2%o) in A47
value as compared to large (i.e., larger than 15 pumole) samples of that same gas subjected
to the same gas chromatographic purification procedure. The magnitude of this A4
increase in small samples is independent of the isotopic compositions of the CO, gas and
varies only with the size of the gas (i.e., the smaller the size of CO, gas, the bigger is its
A47 increase after GC purification). It is possible that this sample-size effect reflects
interaction between CO; and adsorbed water in the GC column (although the column is
routinely heated to 150°C between samples and the observed A4; increases are
independent of the starting A47; value—inconsistent with the effects of CO,-H,O
exchange). It is unlikely that the effect reflects fractionation associated with partial loss
of the sample because we routinely achieved >95% sample recovery of COs,.
Nevertheless, despite the fact that the cause of this effect is unclear, it is a consistently

and clearly observed artifact of GC purification. Therefore, we routinely standardized
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analyses of samples smaller than 15 pmoles by comparison with standard CO, gases of
the same size that had been heated them to 1000°C to achieve the stochastic distribution.
We tested the validity of this standardization method by measuring ~5 pmole samples of
CO; prepared by acid digestion of small aliquots of carbonate standards having known
A47 values (NBS-19 and Sigma carbonate; Ghosh et al., 2006). Values of A47 determined
for these small aliquots of NBS-19 (n=4) and Sigma carbonate (n=4), standardized to
heated gas of the same size, average 0.36+0.03 (1o, one standard error) and 0.56+0.06
(1o), respectively, consistent with their established values (0.35+0.02, 0.55+0.03; Ghosh
et al., 2006). Therefore, we believe that small samples can be analyzed with no
systematic error provided they are compared to reference gases of the same size
processed in the same way. Note, however, that while developing these methods of small
sample analyses, some initial tests of NBS19 yielded CO, having A4; values consistent
with room-temperature equilibrium of CO, gas (~0.98%o0). We believe this reflects the
great susceptibility of small samples to exchange with water adsorbed on surfaces in the
gas-handling apparatus, necessitating unusually aggressive measures to dry the apparatus
between samples (i.e., relatively long baking).

It is possible that exposure of CO, gas to dry AgzPO4 may also influence the A47 of
CO; samples. To evaluate this possibility, we prepared clean CO, gas and divided it into
2 splits of approximately equal size. We passed one split only through the GC column
and the other split was first exposed to dry Agi;PO, and then passed through the GC

column. Values of A47 for these two splits were within 2 standard errors of each other,

suggesting that exposure to dry Ag;PO4 does not influence the A47 value. Purifications on
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meteorite samples were performed only after such tests showed that a given batch of

Ag3;PO, had negligible influences on A47 values.

2.3.3 Mass spectrometric analysis

Mass spectrometric analyses of purified CO, were performed in dual inlet mode on a
Finnigan-MAT 253 gas source isotope ratio mass spectrometer, configured to
simultaneously measure masses 44, 45, 46, 47, 48, and 49. Detailed descriptions of the
mass spectrometer configuration are given by Eiler and Schauble (2004) and Ghosh et al.
(2006). Two types of dual inlet measurements were employed in the present study: 1) the
3 analyses made in 2005 were performed at signal intensities of 2V for mass 44 in regular
dual inlet mode; 2) the 4 analyses made in 2006 were performed at signal intensities of
3.4-7.4V for mass 44 in microvolume dual inlet mode (i.e., purified sample CO, was
cryogenically concentrated in a small volume during measurements, instead of being
expanded to the sample bellow). Measurements of each sample gas consist of 6-10
analyses, each of which involves 10 cycles of sample-standard comparison with an ion
integration time of 8 seconds per cycle. Pressure balance was maintained at mass 44
between sample gas and reference gas for all analyses. Values of A4; for each sample
were established by comparison with same type of analyses of CO, gases of similar size
and bulk composition that had been heated to 1000°C (establishing the A47=0%o reference
scale for that sample size and purification procedure; Ghosh et al., 2006).

It has been previously shown that CO, derived from acid digestion of CM chondrite
carbonates differs in oxygen isotope composition from the terrestrial mass fractionation

line (Clayton and Mayeda, 1984; Benedix et al., 2003). We must consider this fact when
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performing ion correction calculations associated with our measurements. To compute
the 5"°C and 8'%0 values for these samples from their measured masses 44 45 and 46
abundances, we assumed the average carbonate A0 (recalculated from Benedix et al.,
2003) for samples from the same CM chondrite and a value of A=0.5164 for the terrestrial
mass fractionation line (Santrock et al., 1985). Values of 8"°C and §'®0 were standardized
by comparison with CO, generated by phosphoric acid digestion of NBS-19 and are
reported vs. VPDB and VSMOW, respectively.

Carbonate formation temperatures were estimated from the A47-T calibration line for

~0.0592x10°
2

calcite and aragonite determined in Ghosh et al. (2006): A,, = -0.02, where

T is in Kelvin. Note that A'7O values also affect calculated A47 values since the A4 value
depends on 513 C, 570 and 8'%0 values, and thus one must know or assume a A'’O value
when calculating A4; (Affek and Eiler, 2006). For example, a 1%o decrease in A0, if
unrecognized or unaccounted for, would lead to a systematic error of 0.034%o in A47. The
A0 values of carbonates in any given CM chondrite vary by 0.1-0.8%o (Murchison, n=5;
Murray, n=2; Clayton and Mayeda, 1984; Benedix et al., 2003), thus introducing ~1 to
~5°C uncertainty in our temperature estimation.

Because our measurements were made on relatively small samples and required
extensive purifications of CO, produced by phosphoric acid digestion, they are less
precise than previously reported temperatures based on carbonate clumped isotope
thermometry (ca. £10°C 1o vs. £2 to 3°C lo). External precisions of individual
measurements of &' C, 5'%0 and A4 were estimated based on analyses of ~5 pmole

samples of CO, prepared from small aliquots of carbonate standards and purified as for
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gases derived from samples. External precisions for these standard analyses averaged
0.14%o for 8°C, 0.21%o for "0 and 0.041%o for A47 (all 1o; see section 2.3.2). Similarly,
analyses of clean ~5 pmole CO, gases exposed to dry Ag;PO4 and/or GC purification
demonstrated external precisions averaging 0.05%o, 0.12%o and 0.039%., respectively (all
1c). We assume the larger of these two sets of external errors (those for small aliquots of

carbonate standards) apply to our measurements of CM chondrite carbonates.

3. RESULTS AND DISCUSSION

3.1. Temperatures of aqueous alteration and isotopic compositions of the alteration
fluid

Six out of the seven temperatures of carbonate formation determined using the
carbonate clumped isotope thermometer are within the range 20 to 35°C—
indistinguishable from each other given our analytical precision (Table 1-1). The
exception is a split from Cold Bokkeveld, which yielded a significantly higher
temperature of 71°C. The similarity in temperatures of aqueous alteration among most
splits of Cold Bokkeveld, Murray, and Murchison suggests that they reacted with water at
similar depths in and stages of evolution of their respective parent bodies. This result is
broadly consistent with previous thermal models for the parent bodies of the
carbonaceous chondrites, which suggest that aqueous alteration occurred within a
relatively narrow range of locations within their host parent bodies (Young, 2001;
McSween et al., 2002). Note, however, that the higher temperature we observe for one
split of Cold Bokkeveld indicates that aqueous alteration occurred over a range of

temperatures in at least one sample.
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If we interpret our results in the context of the model of Young (2001) that describes
the thermal evolution of small planetesimals, water-rock reaction could have occurred
within a ~250m thick zone, 1.8km from the surface of an assumed 9km radius parent
body, although the higher temperature observed in one split requires that alteration
occurred in a region, perhaps somewhat deeper, that was heated to well above the melting
point of water ice. This compares with the estimate of an alteration zone 100-m-thick,
lkm from the surface previously inferred based on oxygen isotope geochemistry and the
mineralogical alteration index (Benedix et al., 2003).

Our measurements of the 8°C and 8'®0 values of CM chondrite carbonates (in
particular the calcite fraction extracted by our acid digestion methods) vary from 37.77%o
to 68.88%o and from 28.21%o to 34.61%o, respectively (Table 1). This variation is similar
to that previously observed for calcites in CM chondrites (8"°C=23.7%o to 67.8%o;
8'%0=20.0%o to 37.2%o; Clayton and Mayeda, 1984; Grady et al., 1988; Brearley et al.,
1999; Benedix et al., 2003). Note, however, that the §13C values of our samples of
Murchison carbonates differ markedly from those in Grady et al. (1988) (60.09-68.88%o
vs. 31.6%o to 45.1%o, respectively). An inverse correlation exists between 8'°C and 5'°0
of carbonates considered in this study, in contrast to the weak positive correlation
observed for eleven splits of Murchison in Grady et al. (1988). We suspect this difference
reflects the fact that CM chondrites are highly heterogeneous breccias and contain
alteration phases that may have formed over a range of conditions; thus, it is unsurprising
that repeated sampling of small aliquots of such materials can produce divergent results.

Given the temperatures of carbonate growth summarized above and previous

experimental calibration of the oxygen isotope fractionation between calcite and water
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(Kim and O'Neil, 1997), we can estimate the oxygen isotope compositions of waters from
which the carbonates we analyzed grew. These waters varied in &'*Osmow between
values of 1.8%o0 and 7.8%o (2%, 15). If we assume that the carbonates we analyzed have
A0 values equal to the averages previously determined by Bendix et al. (2003), our
results also indicate that the 8'’O values of waters from which carbonates grew varied
between -0.2%o and 2.9%o. These 3'°0 and 8'’0 values of carbonate formation water are
significantly lower than those estimated for the primary source of water that altered the
CM chondrites (8180 ca. >15.9%o, 8'’0 ca. >9.2%o; Clayton and Mayeda, 1999). This
difference in isotopic composition between model reactant water and the water from
which carbonates grew suggests that water evolves toward lower 5'°0, 8’0 and A'O as
a result of reaction with host rock (Clayton and Mayeda, 1984; Clayton and Mayeda,
1999) (Figure 1-1).

We interpret our results in the context of a quantitative model for the aqueous
alteration of CM chondrites. This model simplifies many aspects of this process, but
provides a framework for testing the internal consistency of our interpretations. First, we
assume, following Clayton and Mayeda (1999) and Eiler and Kitchen (2004), that the
most volumetrically important alteration reactions (i.e., silicate hydration) can be
represented by:

Mg,SiO, +MgSiO, +2H,0 — Mg,Si,0,(OH),  (I)

We define the reaction progress parameter (Clayton and Mayeda, 1999), p, as p =L,
X

where f is the fraction of initial olivine and pyroxene that has been converted to

serpentine (on a molar oxygen basis) and x is the ratio of moles of O in reactant water to
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moles of O in reactant olivine and pyroxene (thus p denotes the ratio of moles of oxygen
in the reacted rock to moles of oxygen in initial water). We assume that the initial oxygen
isotopic composition of reactant water (i.e., prior to any reaction with anhydrous silicate)
was 8'%0y, i =28.1%o, 8'’Oy, i =17.7%o, and that the oxygen isotope composition of

reactant silicate was 8'°Oy. ;=-4.2%o, 8' 'Oy, ; =-7.4%o (Clayton and Mayeda, 1999).

18 71 @ |Initial water
164 W Mean anhydrous solids
14 1 A Water for CM Carbonate formation

1 (this study)
12 7 Water evolution line
10 - (28°C model)
84 Water evolution line

(71°C model)

17
4 0vsmow (%)
‘?

v — 77
5 0 5 10 15 20 25 30
80, smow (%00

Figure 1-1 Oxygen isotope compositions (all values reported vs. VSMOW) of water in equilibrium
with CM chondrite carbonates at their known growth temperatures (triangles) and water calculated by
the forward model of aqueous alteration described in the text (circle and dashed lines; note models for
two different assumed temperatures of water-rock reaction are shown). The terrestrial mass
fractionation line ('TMF') and carbonaceous chondrite anhydrous mineral line ('CCAM') are shown
for reference. The inverted triangle shows the location of typical anhydrous solids in CM chondrites.

Data are from this study (Table 1-1) and Clayton and Mayeda (1999) (see figure legend for details).
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Most of our model calculations adopt a serpentine-water oxygen isotope
fractionation of A'*04.4=12.5%0 (Wenner and Taylor, 1971), appropriate for equilibration
at 28°C. This corresponds to a ''O/'°O fractionation between serpentine and water of
A"04.4=6.4%o (assuming a normal mass-dependent fractionation between serpentine and
water). We selected a model temperature of 28°C because it is a reasonable
approximation of the temperatures of carbonate growth for most of our samples (though
silicate hydration need not occur at the same temperatures as carbonate precipitation) and
it is similar to temperatures of aqueous alteration assumed by previous models of this
kind (e.g., Clayton and Mayeda, 1999). While we are aware of no definitive reports of
serpentinization occurring at 28°C in terrestrial rocks, both lab experiments and field
observations have been used to suggest that serpentinization (and, important for our
further discussion of this model in section 3.2 of this paper, concurrent H, generation)
occurs at earth-surface temperatures (Neal and Stanger, 1983; Stevens and McKinley,
1995; Stevens and McKinley, 2000). The lowest measured temperature of a
serpentinization reaction is 45°C, in the Lost City hydrothermal field, determined using a
hydrogen isotope geothermometer (Proskurowski et al., 2006). However, the authors of
that study suggested that this low temperature reflects re-equilibration of hydrogen
isotopes after serpentinization at 110-150°C. Experimental studies suggest that hydration
reactions are generally geologically fast (e.g., at 245°C with a rock/water ratio of 2.5/1,
~28% enstatite converts to serpentine within 6 days; Martin and Fyfe, 1970) and, in most
circumstances, the rate limiting step is transport of water to the reaction site rather than
the temperature-dependent kinetics of the reaction itself (Martin and Fyfe, 1970). We

conclude that it is plausible to imagine silicate hydration on the CM parent bodies
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occurring at temperatures as low as 28°C, although a more definitive understanding of
this problem will require further experimental studies of the kinetics of silicate hydration
at such low temperatures. We also present a version of this model that assumes
serpentine-water oxygen isotope fractionations more appropriate for a higher temperature
of 71°C — the highest carbonate precipitation temperature observed in this study (A'*Os.
w=8.5%o, and A'’Oy.,=4.4%0; Wenner and Taylor, 1971) (Figure 1-1).

Given the parameters summarized above, the oxygen isotope composition of

aqueous fluid after reaction is given by Clayton and Mayeda (1999):

8180W’i + (8]801,’1 _ gAISOS_W) p
30, = L (1)
’ l1+p
17 17 9 17
0'0,;,+(©®°0,;--A"0,)p
870, = L @)
) 1 + p

Ao = { 1+5"0,, /1000
w,f

-1 [x1000 3
(14—8180‘,V’f/1000)0'5164 Jx ®

Note that A'’O,, s values are independent of alteration temperature and vary only as a
function of p once the initial isotopic compositions of water and rock (i.e., A”Ow,i and
A”Or,i) are specified. Therefore A”Ow,f( 1e., A”Ocarbonate, assuming carbonate formed in
isotopic equilibrium with its formation water) can be used as an indicator for the extent of
alteration. In contrast, the slope of the correlation between 8Oy and 87Oy is
influenced by the alteration temperature (the higher the alteration temperature, the steeper
is the line of 80y vs. 8'"Oy.y).

Our results imply that the water that precipitated carbonate in Cold Bokkeveld

varied significantly in oxygen isotope composition over the course of that rock’s
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alteration history (Table 1-1). In the context of the model trend depicting the expected
isotopic evolution of reactant water illustrated in Figure 1-1 (i.e., the higher extent of
alteration the lower 8'°O of the water), this water had experienced less previous reaction
when the precipitation temperature was high and more previous reaction when the
precipitation temperature was low; i.e., the rock was cooling as alteration proceeded.
Previous studies of the minor and trace element (Riciputi et al., 1994) and stable isotope
geochemistry (Grady et al., 1988) of carbonates in CM chondrites have also suggested

that their parental waters varied in composition both spatially and temporally.

3.2. Correlation between 8°C of the carbonates and 5'°O of their formation waters:
evidence for methane generation

The 8"C values of carbonates in the CM chondrites exhibit a negative correlation
with the oxygen isotope compositions of the waters from which they grew (Figure 1-2). If
we interpret this correlation in the context of the model water evolution trend marked in
Figure 1-1, it suggests that the pool of dissolved inorganic carbon from which carbonate
grew evolved from lower 8'"°C to higher §"°C as alteration proceeded. This interpretation
is supported by weak correlations previously observed between the alteration index and
both oxygen and carbon isotope compositions of CM chondrite carbonates (Grady et al.,
1988), which was interpreted by the authors as possible indications that isotopically
distinct components were altered and added to the fluid phase over the course of aqueous

alteration.



29

12 N
1 B Murchison
10 - ¥ ® Murray
i . A Cold Bokkeveld
84 . A\ Cold Bokkeveld (71°C)

;g‘ ]
va_’ 4_
o 2
s i
04
2. It
4 — 77—
30 40 50 60 70 80
813Ccarbonate (%0)

Figure 1-2. Comparison of 613CVpDB values of carbonates in the CM chondrites to the 8ISOVSMOW
values of the waters from which they grew (based on the known 880 values and growth temperatures
of those carbonates and the temperature-dependent carbonate-water fractionation given by Kim and
O'Neil, 1997). Curves indicate trends predicted by our model of coupled serpentinization and
reduction of dissolved inorganic carbon to form methane. Values of 'K' for each model trend indicate
the relative rates of methane production to silicate hydration (see text for details). Error bars indicate
internal standard errors of each analysis; external errors, including contributions from all sources,

average ca. 2 %o in 8'80 and ca. 0.2 %o in 8'"°C. See Table 1-1 for further details.

It is possible that the trend in Figure 1-2 reflects oxidation and dissolution of "*C-
enriched carbon in the reactant assemblage. Carbon reservoirs, other than carbonates, in
CM chondrites include organics (8"°Cppp of ca. -36 to 41%o for the major constituents;
Sephton and Gilmour, 2001) and presolar grains (8'*Cppg of bulk measurements on some

presolar phases vary up to ca. 1500%o; Yang and Epstein, 1984). Organic constituents are



30

lower in 8"°C than the highest values observed in CM chondrite carbonates and so they
cannot be the sole contributors to observed carbon isotope variations of those carbonates.
Most presolar phases are highly resistant to chemical oxidation and dissolution (Yang and
Epstein, 1984) and so should have been inert under the relatively mild conditions at
which CM chondrites underwent aqueous alteration. Presolar diamond and graphite
might be more vulnerable to aqueous alteration, but their average 5'"°C is also lower than
that of CM chondrite carbonates (Hoppe et al., 1995). Thus, this hypothesis seems
implausible.

Alternatively, °C enrichment could have accompanied aqueous alteration if it
occurred in an open system (Wilson et al., 1999) from which CO, vapor was lost by a
mechanism that involved a kinetic isotope fractionation. Such processes lead to *C
enrichment of dissolved inorganic carbon in evaporating Dead Sea brines (Stiller et al.,
1985), caliches (Knauth et al., 2003) and cryogenic weathering products (Clark and
Lauriol, 1992). However, significant CO, degassing in evaporating Dead Sea brines is
caused by low pH of those brines (3.7-6.0; Stiller et al., 1985). Alteration fluids that
reacted with the CM chondrites are inferred to have had far higher pH values (10-12;
Zolensky, 1984) and are not expected to have evolved a substantial fraction of their
dissolved inorganic carbon as CO,. More importantly, kinetic isotope effects associated
with evaporation of carbonate-bearing aqueous solutions typically also lead to increases
in the 8'°0 value of the residual solution (Stiller et al., 1985; Knauth et al., 2003). There
is no evidence for such '*O enrichment in the solutions that altered the CM chondrites—
in fact, the opposite trend is observed in Figure 1-2. Therefore, this process also seems

like a poor explanation of our observations.
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Finally, aqueous alteration of the CM parent body could have led to an increase in
8"°C of dissolved inorganic carbon in the pore waters of that body if alteration was
accompanied by production and escape of low-8"C CHy4. A terrestrial analogue for this
process is serpentinization of ultramafic rocks, during which dissolved inorganic carbon
species are converted to CHy by the reaction (Horita and Berndt, 1999) :

HCO; +4H, - CH, + OH" +2H,0 (ID)

Palmer and Drummond (1986) and Shock (1988) suggest that reactions like reaction (II)
require a condensed phase catalyst to be geologically significant. Chromite, Fe-Ni alloys,
and magnetite have been shown to catalyze this reaction (Horita and Berndt, 1999;
Foustoukos and Seyfried, 2004) and these and similar phases are abundant constituents of
the CM chondrites (Brearley and Jones, 1998). At 200°C (a temperature at which this
reaction occurs over laboratory time scales), the CH4 produced by this reaction is ca.
60%o lower in 8'°C than the residual inorganic carbon (Horita and Berndt, 1999). Based
on the temperature dependence of similar reactions (Horita, 2001), we suggest the
fractionation at 28°C (assuming the reaction could proceed over geological timescales at
such low temperatures) could be as large as 90%o. In this case, the observed range in 8"°C
values for CM chondrite carbonates could be produced by ca. 38% loss of the dissolved
inorganic carbon pool through reduction to and loss of CH4. If we instead assume the
experimentally measured high-temperature fractionation of 60%o, then 51% loss would be
required.

The carbon isotope composition of dissolved inorganic carbon varies with the

progress of reaction (II), by the relation:

13

a’c -1
=1000In(at, , F ) (4)

HCO3, f HCO3, i

8°C, . . =1000lna

HCO;3,
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where F is the fraction of reactant HCO; that remains and a'c_ is the kinetic

4~HCO3

carbon isotope fractionation associated with reaction (II) (i.e., 90 %o).
We prescribed that the progress of reaction (II) is a function of the progress of
reaction (I), which is reasonable because H, is a reactant in reaction I and is produced in
Fe-bearing systems as a result of reactions like reaction I (e.g., through olivine oxidation;

Oze and Sharma, 2005, or Fe metal oxidation; Zolotov and Shock, 2004). This leads to:

o_[HCOy), _ [dHCO_ [-K[HCO:Ipdp -
[HCO;]. [HCO; ], [HCO;]. ’

where [HCO;]is the concentration of HCO; and K is the ratio of the progress of

_Kp?

reactions (I) and (I). Equation 5 simplifies to: F=e 2 . Thus, both the 8'°0 of water
and the 8"°C of inorganic carbon are functions of p, and the position of a sample along
the trend in Figure 1-2 depends only on p and K. If we assume that the initial 8"°C value
of dissolved inorganic carbon was 22.8%o, the lowest 8'°C value observed for carbonates
in the CM chondrites (23.7%o; Grady et al., 1988) minus the carbon isotope fractionation

between dissolved inorganic carbon and calcite (~0.9%o0; Rubinson and Clayton 1969),

2InF

2

p

then the trend in Figure 1-2 is best fit by a value for K = of 0.66, with p varying

from 0.72 to 1.19 among samples. Because p denotes the ratio of moles of oxygen in the
reacted rock to moles of oxygen in initial water, this variation of p among samples
indicates that water in some samples underwent ~1.6 times reaction with silicates than

water in other samples.
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Figure 1-3. Predicted inverse correlation between A”OVSMOW of the formation water and 613CVPDB of
the carbonate during aqueous alteration of the CM chondrite parent body at 28°C. Also shown for
comparison are reported ranges of 8°C and A'’O values of carbonate (calcite portion) in CM
chondrites (Clayton and Mayeda 1984; Grady et al. 1988; Benedix et al. 2004; this study). ‘K’ is the
same as in Figure 1-2. Note that reported 5"°C and A'7O values are not from the same aliquots of

samples.

Our model also predicts an inverse correlation between 8'’O and A'’O of the
formation water on one hand and 8'°C of the carbonate on the other (Figure 1-3). Most of
the available measurements of 8'°C (Grady et al., 1988) and A'’O (Clayton and Mayeda,
1984; Benedix et al., 2003) in carbonates from the CM chondrites were made on separate
sample aliquots and thus do not clearly test this prediction (although the ranges of their

variations are broadly consistent with our predicted trend; Figure 1-3). The only
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exception is a recent study on paired Antarctic CM chondrites (Tyra et al., 2007), which
observed an inverse correlations between 8°C and A'’0, as predicted. However, this
study also observed that both 8"°C and A'’O correlate with '*C content in the carbonates,
and thus the correlation between 8'"°C and A'’O could be caused or modified by terrestrial
weathering (i.e., mixing or replacement of primary carbonate with lower 8'"°C, higher
A0 and 'C terrestrial carbonates) (Tyra et al., 2007).

The correlation between A'7Oyuer and 613Ccarb0nate predicted by our model (Figure 1-
3) implies that carbonates should vary in A'’O between different splits of the same
meteorite for both Murchison and Cold Bokkeveld (i.e., because they vary in 8"°C; Table
1-1).  Therefore, if our model is correct, then our assumption that A'’O values of
carbonates from a given meteorite are uniform and equal to the previously measured
average for carbonate from that meteorite introduced errors in A47 (which is calculated
based on a known or assumed A!’O value) and 880 water (which depends, in part, on Ayg7).
These errors might potentially influence the correlation in Figure 1-2, which is the
primary justification of our methane generation model. A sensitivity analysis suggests
that this factor is unlikely to lead to large changes: based on observed 8"Carbonate Values
and our model trend in Figure 1-3, values of A'’O in carbonates are expected to vary by
0.3%0 or less among different splits from the same meteorite; this would result in
variations of only 0.01%o in ion-corrected A4; values. These variations would be within
our nominal analytical uncertainties. It is possible to calculate an alternate version of
Figure 1-2 that assumes the model trend in Figure 1-3 is correct. However, this is an
essentially circular exercise (i.e., because the model trend in Figure 1-3 depends, in part,

on the fit to data in Figure 1-2) and cannot clarify the issue. We suggest that future
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studies should attempt to apply both A4; and A'’O analyses to aliquots of CO, produced

by acid digestion of carbonates in each CM chondrite.

3.3. Eh, pH of the alteration fluid estimated through the GEM-Selektor program

Reaction (II) will proceed to the right only under specific Eh conditions. We
estimated these conditions using the GEM-Selektor program (Kulik et al. 1997; Kulik et
al. 2000), which determines the equilibrium species distribution in a system through
Gibbs Energy minimization (Bethke, 1996). This method does not depend on the pre-
alteration mineralogy (an uncertainty in previous models of this kind; Zolensky et al.,
1989; Rosenberg et al., 2001).

Our model of the chemistry of fluids in equilibrium with the alteration assemblage
in the CM chondrites considers Si, Fe, Mg, S and Ca and neglects Al, Cr, K, Ni and other
minor elements. Calculations were performed for 28°C, 1 atm, unless stated otherwise,
with a bulk chemical composition as estimated by Browning and Bourcier (1998),
assuming that aqueous alteration occurred without gain or loss of major cations (Table 1-
2). During the simulation, we monitored the redox condition of the system by adding
variable amounts of H, (0-1 grams) into the system (which typically consisted of ~100
grams of rock and 36 grams of water, and thus corresponds to p=1.023) and observed the
concurrent changes of carbon speciation.

Controls were imposed on the final (post-alteration) mineral products to suppress the
precipitation of mineral phases that generally do not form at these low temperatures (e.g.,
andradite, tremolite and troilite etc.) or are kinetically inhibited (e.g., quartz). Chrysotile

is the only Mg-phyllosilicate allowed to form in the simulation, consistent with the fact
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that it is the dominant Mg-rich alteration phase observed in carbonaceous chondrites

(Brearley and Jones, 1998; Rosenberg et al., 2001). A typical product assemblage in our
simulation included: chrysotile, greenalite, pyrite, pyrrhotite and CH4 (more reducing

conditions); chrysotile, greenalite, pyrite, goethite, gypsum and calcite (less reducing
conditions). All the thermodynamic data employed in the calculations are from the
Nagra/PSI Chemical Thermodynamic Data Base 01/01 (Hummel et al., 2002) and an
updated version of thermodynamic database (slop98.dat) for SUPCRT92 (Johnson et al.,
1992), as implemented in the GEM-Selektor Program (Kulik et al., 2000).

Given these constraints, we found that the coexistence of carbonate and CHy4
requires an Eh of -0.67 and pH of 12.5. Both Eh and pH are inversely correlated with the
assumed temperature (decreasing to -0.73 and 11.7 at 71°C), but neither of them is
strongly dependent on reasonable variations of other model parameters (e.g. water/rock
ratios, alteration pressures, and initial CO, concentrations etc., Table 2). For a given set
of independent constraints, pH of the alteration fluid is inversely correlated with Eh.
Note that this calculation (as for similar previous calculations; Zolensky et al., 1989;
Rosenberg et al., 2001) assumes equilibrium with respect to redox reactions in the

alteration assemblage, which might not apply (Bethke, 1996).

4. IMPLICATIONS

The temperatures of carbonate precipitation in representative CM chondrites, as
constrained by carbonate clumped isotope thermometry, are within the range of (though
more specific than) previous estimates based on mineral stability and oxygen isotope

fractionation between different matrix phases. We observe a negative correlation between
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8°Cppg of carbonates and 8'®*0gmow of the water from which those carbonates grew.

This correlation can be explained if carbonate growth was accompanied by the formation
and escape of *C-depleted methane during aqueous alteration on the CM chondrite
parent bodies.

Our conclusion that aqueous alteration of the CM chondrites was accompanied by
formation and loss of methane implies that methane generation in the interiors of planets
and planetessimals may have been a widespread phenomenon in the evolutionary history
of the solar system. Several recent studies (Formisano et al. 2004; Lyons et al. 2005; Oze
and Sharma 2005) invoked serpentinization and hydrothermal alteration sources of
atmospheric methane detected on Mars, and analogous processes could be considered to
explain methane found on other solar system objects, such as Titan (Niemann et al.,
2005), Triton (Cruikshank et al., 1993), Pluto (Owen et al., 1993) and Kuiper belt objects
(Brown et al. 1997; Barucci et al. 2005; Brown et al. 2005; Licandro et al. 2006). It is
unclear whether the details of the alteration model we propose (i.e., reactants,
temperatures, Eh, pH, stoichiometries) could have any direct relevance for Mars, which
has undergone extensive magmatic differentiation and thus consists of relatively volatile-
poor igneous rocks that differ in many respects from the carbonaceous chondrites.
However, the model we suggest for methane generation in the CM chondrite parent
bodies plausibly applies to at least some portions of the interiors of Titan and other outer
solar system bodies, especially early during their histories. For example, it is possible that
the sub-surface of Titan contains abundant liquid water-ammonia solution with
temperatures up to 0°C (Grasset and Pargamin, 2005) and possibly higher early in Titan’s

history (Atreya et al., 2006; Tobie et al., 2006). This reduced, water-rich interior provides
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an environment where silicate alteration reactions such as those we consider in our model
could take place. Currently, methane in the atmosphere of Titan is destroyed through
photochemical reactions at a rate of 2.5x10™* mol ecm™s™ (Yung et al., 1984). If Titan’s
atmosphere is in steady state, this loss could be supported by methane produced by
serpentinization of silicates in the presence of carbonate-bearing fluids at a rate of
~3.2x10" kg of silicate consumed per year. If this rate is typical of the history of Titan, it
would lead to time-integrated hydration of a ~39 km-thick layer of reactant rock.
Similarly, the methane on Pluto is hydro-dynamically escaping with a flux of
2.2~10.1x10"* mol cm™ s (Trafton et al., 1997). This flux could have been supported
throughout the history of Pluto by gradual aqueous alteration of a 34 to 157 km-thick
global layer of reactant silicate rock. In both cases, the layer of reactant rock could be
several times thinner if it is rich in metallic iron (because metallic iron is a more efficient
source of H, during aqueous alteration than Fe!"-silicates; Zolotov and Shock, 2004; Oze

and Sharma, 2005).
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ABSTRACT

Application of stepped phosphoric acid digestion and carbonate clumped isotope
thermometry to carbonates in carbonaceous chondrites — GRO 95577 (CR1), Orgueil
(CI) and Tagish Lake (ungrouped C2) — indicates that aqueous alterations on
carbonaceous chondrite parent bodies occurred from -31 to 65°C from fluids with
§8"*Ovsmow values of -29.7%0 to 11.8%0 and 8''Ovsmow of -14.9%0 to 7.6%.. The
estimated carbonate formation temperatures decrease in the order: calcite > dolomite >
breunnerite. Based on independent constraints on the ages of these carbonates and models
of the evolution of the oxygen isotope compositions of parent body waters, this trend
indicates that the parent bodies were cooling as the aqueous alteration proceeded. We
estimate that aqueous alteration on the carbonaceous chondrite parent bodies started
within 1-2 million years after the accretion of those parent bodies, and that the alteration
temperatures decreased from 34°C to 18°C in the first ~4 million years and further to -
20°C after a total of ~6.5 million years. Our results provide the first direct measurements
of the low-temperature cooling histories of C1 and C2 carbonaceous chondrite parent

bodies.

1. INTRODUCTION

Aqueous alteration of primitive meteorites is among the earliest and most
widespread geological processes in the solar system, occurring within the first tens of
million of years of solar system history (Brearley, 2006). A better understanding of these

processes, including precise reconstructions of alteration temperatures, would help us
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constrain the early conditions of the solar system and test models of thermal and chemical
evolution of planetesimals.

Previous estimates of the alteration temperatures on the carbonaceous chondrite
parent bodies, mostly based on the maximum thermal stabilities of matrix phases and
oxygen isotope fractionations between the constituent phases in the matrix, range from
<20°C to <300°C (Keil 2000 and references therein). As discussed before (Guo and Eiler,
2007), these two approaches either yield only upper temperature limits or require the
assumption that phases in the matrix achieved mutual oxygen isotope equilibrium. In a
recent study, we apply carbonate clumped isotope thermometry (Ghosh et al., 2006;
Schauble et al., 2006) to carbonates in CM chondrties, showing that the aqueous
alteration temperatures on the CM chondrite parent body (or bodies) ranged between 20
and 71°C (Guo and Eiler, 2007). Carbonate clumped isotope thermometry is based on a
thermodynamic homogeneous equilibrium within the carbonate lattice that orders '*C and
0 into the same carbonate ion. This thermometer is independent of the isotopic
compositions of any coexisting phases and makes no assumptions regarding equilibration
of carbonates with other phases. Therefore, our approach circumvents some assumption
made by previous studies and provides precise (+=10°C) constraints on the temperature of
aqueous alteration of the carbonaceous chondrite parent bodies.

In this study, we extended our previous work on CM chondrites by further applying
carbonate clumped isotope thermometry to carbonates in other types of carbonaceous
chondrites, including the CR1 chondrite, GRO 95577, the CI chondrite, Orgueil; and the
ungrouped C2 chondrite, Tagish Lake. These samples contain two or more generations of

distinct carbonate phases, which previous studies have established grew at different times
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and possibly under different conditions and from waters of different isotopic
compositions. We used techniques of stepped acid digestion to separately determine the
clumped isotope formation temperatures of these diverse carbonates, thereby constraining

multiple points on the temperature-time path followed by each of these rocks.

2. SAMPLES AND METHOD

2.1 Samples

We analyzed carbonates from 4 splits of 3 different carbonaceous chondrites: GRO
95577 (CR1, 2 splits), Orgueil (CI, 1 split) and Tagish Lake (ungrouped C2, 1 split).
Each sample split (weighing between 26 and 96 mg) was prepared from a separate
fragment of a whole rock meteorite sample and ground individually into unsieved
particles (grain size of <500 um) with an agate mortar and pestle (Table 2-1).

Each of the three analyzed meteorites is a representative and well-studied member of
their respective groups. All experienced extensive aqueous alterations as evidenced by
the occurrence of abundant secondary minerals (such as phyllosilicates, carbonates, and
magnetite) in their matrix, though Tagish Lake (petrologic type 2) is less altered than
GRO 95577 and Orgueil (both petrologic type 1) (Weisberg and Prinz, 2000; Zolensky et
al., 2002; Weisberg et al., 2006). Carbonate minerals are abundant in all three of these
carbonaceous chondrites (average modal abundances of 5 vol% and 6.4 vol% in Orgueil
and GRO95577 respectively, and 7-8 wt% in Tagish Lake), occurring mostly in the form
of veins and isolated grains or fragments in the matrix (Endress and Bischoff, 1996;
Leshin et al., 2001; Zolensky et al., 2002; Perronnet et al., 2007). However, carbonate

mineralogies are significantly different among these three samples: carbonates in GRO
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95577 are almost exclusively calcite [CaCO3] (Perronnet et al., 2007); carbonates in
Orgueil and Tagish Lake vary in compositions from calcite to dolomite [CaMg(COs3),]
(or siderite [FeCOs]) and to breunnerite [Mg(Fe,Mn)(COs),], with their abundances
decreasing in the order of dolomite > breunnerite > calcite (very rare) in Orgueil

(Brearley and Jones, 1998; Brown et al., 2000; Zolensky et al., 2002).

2.2 Phosphoric acid digestion

Depending on their respective carbonate mineralogy, each ground meteorite sample
was either reacted with anhydrous phosphoric acid at 25°C for 18-24 hours (for GRO
95577) or subjected to a stepped phosphoric acid digestion procedure (for Orgueil and
Tagish Lake) to separately measure the isotopic compositions of their constituent
carbonate mineral phases — calcite, dolomite and brunnerite. Stepped phosphoric acid
digestion is an experimental technique, widely applied in studies of terrestrial carbonate
samples, to separately extract and determine the isotopic compositions of two or more
carbonate constituents in mixtures that are too finely intermixed to physically separate. It
is based on the fact that different carbonate minerals react with anhydrous phosphoric
acid at different rates at any given temperature, decreasing in the order of calcite,
dolomite and breunnerite/magnesite (Al-Aasm et al., 1990). These techniques have also
been previously applied to meteoritic carbonates (Grady et al., 1988; Leshin et al., 2001;
Benedix et al., 2003). In this study, we employed a 3-step stepped phosphoric acid
digestion and extraction method, designed to release CO, from calcite, dolomite and
breunnerite/magnesite during steps 1, 2 and 3 respectively: Step 1) the ground sample

was first reacted with anhydrous phosphoric acid at 50°C, and the CO, released during
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the first 3 minutes was collected and assumed to represent the calcite contained in the
sample; Step 2) the sample was left reacting further at 50°C, and the CO, released
between 3 minutes and 24 hours was collected and assumed to represent the dolomite
contained in the sample; and Step 3) the reaction vessel was then transferred to a oil bath
with a set temperature of 80°C for 2-3 days. The CO, released during the third step was
collected and assumed to represent the breunnerite/magnesite contained in the sample.
The temperatures of phosphoric acid digestions at each step were controlled within £2°C
of the desired temperatures.

The stepped phosphoric acid digestion and extraction method described above was
established by experiments on synthetic mixtures of calcite and dolomite and of dolomite
and magnesite (magnesite here is assumed to simulate brunnertie in the carbonaceous
chondrites; both siderite and magnesite, the two composition-end-members of breunnerite,
react with phosphoric acid orders of magnitude much more slowly than dolomite at given
temperature, with magnesite being the slowest; Al-Aasm et al., 1990). In both cases we
prepared physical mixtures having carbon equivalent molar ratios of ~1:1 between the
two constituent phases (Table 2-2). The isotopic compositions of carbonate end members
(calcite and dolomite) used in the test were also determined separately by complete
reaction of pure end members to compare with those derived from the stepped phosphoric
acid digestion. Calcite used in the synthetic mixture was purchased from Sigma-Aldrich
Co. as powder; dolomite and magnesite were obtained from the mineral collection of the
Division of Geological and Planetary Sciences at Caltech and then ground into powders.
The phase identity of each mineral was verified using X-ray diffraction. The results of

these methodological tests are presented in section 3.1.
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The total yield of CO, from each meteorite sample split varied from 136.1 pumol/g to
618.9 umol/g, increasing in the order of Orgueil > GRO 95577 (split 2006) > Tagish
Lake > GRO 95577 (split 2007) (Table 1). The difference in CO, yields between the two
splits of GRO 95577 samples (229.1 pmol/g vs. 618.9 umol/g) reflects the heterogeneous
distribution of carbonates inside the sample. All of these CO; yields are higher than those
observed from phosphoric acid digestion of CM chondrites (39.3-127.6umol/g; Guo and
Eiler 2007), and generally agree with the estimations of carbonate abundances from
petrographic observations of the samples we’ve studied (Endress and Bischoff, 1996;
Brearley and Jones, 1998; Zolensky et al., 2002; Perronnet et al., 2007) and a previous
phosphoric acid digestion study (Leshin et al., 2001). The yields of CO, from different
steps of our stepped extractions (of Orgueil and Tagish Lake) are also consistent with
dolomite being the most abundant carbonate phase in both Orgueil and Tagish Lake,
followed by breunnerite and then calcite. Note, no CO, was evolved during the calcite
extraction step for Orgueil, consistent with the rare occurrence of calcite in the Orgueil

matrix (Brearley and Jones, 1998).

2.3 Purification of sample CO; and mass spectrometric analysis

CO; derived from phosphoric acid digestion of carbonaceous chondrites is rich in
sulfur and organic contaminants and requires careful purification before isotopic analyses
(Clayton and Mayeda, 1984; Grady et al., 1988; Benedix et al., 2003; Guo and Eiler,
2007). Following the procedures outlined in Guo and Eiler (2007), we exposed the CO,
produced by acid digestion of chondritic samples to dry Agi;PO., passed it through a

series of glass traps cooled with an ethanol slush (=78°C) and a pentane slush (—130°C)
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and through a Supelco Q-Plot GC column held at —20°C. CO; released from GRO 95577,
Orgueil and Tagish Lake were generally poor in contaminants (0.6-2.9% for all sample

extractions, except the 80°C extraction for breunnerite in Tagish Lake—30.2%), based on

the sample sizes before and after dry Ag;PO4 treatment. This contrasts with the
consistently high (19-62%) abundances of sulfur and other contaminants in the CO,
derived from phosphoric acid digestion of CM chondrites (Guo and Eiler, 2007).

The purified CO, was then analyzed in micro-volume dual inlet mode on a
Finnigan-MAT 253 gas source isotope ratio mass spectrometer, at signal intensities of
2.2-9.5V for mass 44. Note that the CO; yields from different sample extractions and
extraction steps ranged from 3.9umol to 28.1umol. To ensure that all sample CO, was
processed and analyzed under similar conditions (e.g., similar gas sizes and mass 44
voltages), we divided the extracted CO, on the vacuum line for extractions yielding CO,
gases more than 6 pmol, and used only a portion of the extracted CO, (3.8umol to
5.7umol) in the sample purification and mass spectrometric analyses. The rest of the
extracted sample CO, was sealed in pre-evacuated Pyrex tubes for future analyses. One
exception is for CO, derived from dolomite extraction of Orgueil, which we divided into
two splits after exposure to dry Ag;POs. Both of these two splits of CO, were then
further purified and analyzed on the mass spectrometer (Table 1). A more detailed
description on the sample purification and mass spectrometric analysis can be found in
our recent study of carbonates in CM chondrites (Guo and Eiler, 2007).

The isotopic compositions of the purified sample CO, (8"°C, 3'°0 and A47) obtained
from the mass spectrometric analyses were corrected for their A'’O values (Guo and Eiler,

2007). We assume average carbonate A'’O of Orgueil and Tagish Lake (recalculated
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from Leshin et al. 2001) and average matrix A'’O of CR chondrites (recalculated from
Clayton and Mayeda 1999) in our corrections for samples from the respective
carbonaceous chondrites (Table 1). 1%o decrease in A'’O, if unrecognized or unaccounted

for, would lead to a systematic error of ~0.034%o in sample A4; (Eiler and Schauble,
2004).

The oxygen isotope fractionation factors (o values) associated with phosphoric acid
digestion were assumed to be 1.01025, 1.00930, 1.01038 and 1.00976 (Beukes et al.,
1990; Das Sharma et al., 2002) for, respectively, CO, derived from 25°C calcite
extraction, 50°C calcite extraction, 50°C dolomite extraction and 80°C breunnerite
extraction. All reported oxygen isotope compositions of carbonates have been corrected
for these analytical fractionations.

Values of 8"°C and §'*0 were standardized by comparison with CO, generated by
phosphoric acid digestion of NBS-19 and are reported vs. VPDB and VSMOW,
respectively. The external precision of our isotope analyses are estimated to be 0.14%o,
0.21%o, 0.04%0 (1c) for &7C. 8'"0 and A4, respectively, based on measurements of
carbonate standards with the same experimental procedures (Guo and Eiler, 2007). Note
that these errors are larger than typical of carbonate clumped isotope analyses and reflect
the smaller sizes and greater contamination of the samples examined in this study.

During the mass spectrometric analyses, we observed negative correlations between
the raw A47 value of sample CO, (relative to the reference CO, gas) and the mass 44
voltages at which the raw As; was obtained (Fig. 1). Similar correlations were also
observed in the mass spectrometric analyses of heated CO, gases that accompany the

analyses of sample CO, (all made within 1-2 days of the analyses of sample CO; for
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Figure 2-1 Negative correlations between raw A4; of analyte CO, (both meteoritic sample CO, and
their accompanying heated CO, gases) and their mass 44 voltages during the mass spectrometric
analyses: (a) GRO 95577 split 2006 extraction; (b) GRO 95577 split 2007 extraction; (c) Orgueil
dolomite extraction (gas split 1); (d) Orgueil dolomite extraction (gas split 2); (e) Tagish Lake calcite
and breunnerite extractions; (f) Tagish Lake breunnerite extraction. These negative correlations were
suspected to be related to a drift in the linearity of the mass spectrometer, and were corrected through
a voltage correction procedure before deriving the sample A4; (section 2.3). Each data point in the
figures represents one acquisition (consisting of 10 cycles of sample-standarad comparisons) of the

mass spectrometric analyses.

which that heated gas was used as a standard). These heated CO, gases are used to
standardize measurements of the A47 value of sample CO;; they were prepared by heating
CO; gas of bulk isotopic compositions similar to sample CO, at 1000°C to achieve
stochastic distribution of all isotopes among all isotopologues (i.e., A47=0%o) (see Eiler
and Schauble 2004 and Ghosh et al. 2006 for more details). These correlations were not
observed in our previous study of carbonates in CM chondrites (Guo and Eiler, 2007),

and we suspect they reflect an instrument non-linearity (the appearance of this artifact
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coincides with related phenomena, like a dependence of measured A4; values on the
difference in &% between sample and standard). To correct for these effects, we
normalized the raw A4; of analyte CO, to a heated gas standard run at the same sample
voltage. The normalization was achieved by first least-squares fitting the observed ‘raw
A47’~‘voltage’ correlations with linear functions, and then deriving the normalized A47 (at
5V) based on the obtained linear functions. We chose 5V as the normalization voltage in
our correction because the statistical errors from the least-squares fitting of the “raw
A47”~“voltage” correlations near their minimum at this voltage (i.e., because 5V lies in
the middle of the voltage range of our analyses, 2.2-9.5V). We evaluated the effects of
this voltage correction on the accuracy and precision of our results in section 3.2.

It is also noted that even after our most stringent purification procedures, all samples
of CO, extracted from the chondrite samples contained detectable levels of contaminants,

as monitored by the intensity of the mass-48 ion beam during mass spectrometric analysis.

48

R
Values of A4g for sample gases, defined as A, = {M—IJXIOOO , varied up to

48
stochastic

4000%o. Past studies of the clumped isotope composition of CO, have shown that
isobaric interferences at masses 48 and/or 49 can be correlated with isobaric interferences
at mass 47, and therefore provide a basis for recognizing samples that are too
contaminated for accurate analysis (Eiler and Schauble, 2004). However, we did not
observe any consistent correlations between A47 and Asg among different samples of CO,
extracted from carbonaceous chondrites (Fig. 2-2). This suggests that the particular
contaminants that are present in these samples are not associated with a significant

isobaric interference at masses 44 through 47 and thus do not affect our determination of
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sample A47. While this conclusion seems supported from our results to-date (figure 2),
future measurements of this kind should explore additional methods of sample

purification to remove the remaining trace contaminants.
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Figure 2-2 Absence of correlations between A4; and Asg of meteoritic sample CO,. Ayg here is an
index for the amount of contaminants remaining in the sample CO, after extensive purification. The
absence of correlation indicates negligible influences of the remaining contaminants on the sample A4;

(see texts for details). Also shown are the A47 and A4g of CO, derived from phosphoric acid digestion

of carbonates in CM chondrites (Guo and Eiler 2007).

2.4 Estimation of carbonate formation temperatures

Determinations of A47; values of CO, derived from phosphoric acid digestion of
carbonaceous chondrites enable us to use carbonate clumped isotope thermometry
(Ghosh et al., 2006) to estimate the formation temperatures of the carbonate minerals

contained within them, and thus the temperatures of at least one stage of the aqueous
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alteration of their respective parent bodies (Guo and Eiler, 2007). This approach requires
that we know the temperature calibration of the clumped isotope thermometer for each
carbonate mineral. This calibration is constrained by experiments and measurements of
natural and synthetic materials only for biogenic and inorganic calcite and biogenic
aragonite between temperatures of 0 and 50°C (Ghosh et al., 2006; Came et al., 2007;
Ghosh et al.,, 2007). In a recent theoretical study, Guo et al. (2008) predict the
temperature dependence of the clumped isotope thermometer for a variety of carbonate
minerals (calcite, aragonite, dolomite, magnesite and witherite), by combining previously
published theoretical estimations of the "“C-'*0O and '"0-'"0O clumping effects
(representing the two most abundant isotopologues responsible for A4; anomaly,
Bc0'00% and *C®*0'0'°0%) in the carbonate minerals (Schauble et al., 2006)
with the estimated fractionations of multiply-substituted isotopologues associated with
phosphoric acid digestion of each of these carbonate minerals. The theoretically predicted
calibration for calcite exhibits weaker temperature dependence than the experimentally
determined calibration, but intersects the experimental calibration line at ~30°C and
approximates the trend of experimental data (there is a less than 0.03%. difference
between the two over the temperature range of 10-50°C; Fig. 2-3). This level of
disagreement is to be expected when considering the approximations one must make in a
purely theoretical treatment, and suggests that the model of Guo et al. (2008) provides a
good first-order reference frame for the behavior of isotopic clumping in CO, extracted
from carbonates by phosphoric acid digestion. Guo et al. (2008) predict that the
calibration lines for the calcite, dolomite and magnesite clumped isotope thermometers

(i.e., the relationships between A4;7 of CO, extracted from these minerals and their growth
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Figure 2-3 Comparison between the experimentally determined A47-T calibration line for calcite
(Ghosh et al., 2006) and the theoretically predicted A4;-T calibration lines for calcite, dolomite and
magnesite (Guo et al., 2008). Also shown for comparison are the preliminary dolomite A4;-T
calibration data from samples grown and synthesized at known temperatures (triangles; Eiler et al.
2008 and J. Ferry, personal communications).

temperatures) should be similar to each other, with differences less than 0.025%0 among
the three at any given temperature. This variation is significant compared to the most
precise measurements of Ay47 values of CO; from carbonates (e.g., Came et al., 2007), but
is smaller than the estimated external precision of our measurements of carbonates in
carbonaceous chondrites (0.04%o). This predicted similarity among different carbonate
minerals is supported by the preliminary data from a recent attempt to experimentally

determine the A4;-T calibration line for dolomite (Eiler et al. 2008 and J. Ferry personal

communication). The A47 derived from inorganic dolomite grown at known temperatures
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(45°C, 40°C and 25°C) is almost indistinguishable from the experimentally determined
calcite calibration line (Fig. 2-3). Based on these theoretical models and empirical

evidence, we therefore adopt the experimentally determined A47-T calcite calibration line,

A -0.02 (T in Kelvin, Ghosh et al. 2006), to estimate the formation

47

_ 0.0592x10°
2

temperatures for all the carbonate minerals (calcite, dolomite and breunnerite) in the
carbonaceous chondrites. Nevertheless, we recognize that future refinements of
calibrations for these materials could lead to modest (~5-10°C) changes in the inferred
temperatures of dolomite and magnesite growth.

According to the above A47-T calibration line, the analytical precision from our A4y
analyses (0.04%o, lo; section 2.3) translates to about +10°C (lc) precision in our
estimated carbonate formation temperatures. This is significantly worse than the external
precision and calibration accuracy for large, pure samples of calcite and aragonite, but is
sufficient for improving our understanding of the thermal histories of charbonaceous

chondrites.

3. RESULTS AND DISCUSSION

3.1 Test of the stepped phosphoric acid digestion procedure

Tests of our method of stepped phosphoric acid digestion were conducted on
synthetic mixtures of known proportions of calcite and dolomite and of dolomite and
magnesite (Table 2-2). The results of these analyses show that this method successfully
reproduced the isotopic compositions (including 613C, 880 and A4 values) of the end

members, as independently constrained through analyses of pure aliquots of them. In
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particular, the differences in A47 between the calcite and dolomite portions extracted from
stepped digestion and their corresponding pure end members are less than 0.02%o (Table
2-2).

We further evaluate the effectiveness of our stepped extraction method in separating
different carbonate end members by calculating the contributions of undesired end
members in the stepped-extraction products. For example, the fraction of dolomite that
reacted with phosphoric acid during our intended stepped-extraction of calcite from a

mixture of calcite and dolomite, fsicpcar-not, can be computed as:

_ 8 Copea8"Cou _ (A154)(4237)
StepCal-Dol 13 13 o Y
8°Cp, 8°Cp,  (-0.18)-(-42.37)

where 813C3tepc31, 8'3Cca and 8'°Cpy are the carbon isotopic compositions of the nominal
calcite portion of our stepped-extraction, of the pure calcite end member, and of the pure
dolomite end member, respectively. Similarly, we can estimate the fraction of calcite that
remained in the sample after the ‘calcite’ step and reacted during our intended stepped-
extraction of dolomite in a calcite-dolomite mixture mixture (fsieppoti-cal), Or the fraction
of magnesite reacted during our intended stepped-extraction of dolomite from a mixture

of dolomite and magnesite mixture, fsippol2-Mag:

f _ 8 Cogon87Cry _ (2.38)(0.18)
StepDol1-Cal 813CCa1 _SISCDol (-42.37)-(-0.18) .

613CSIepDolZ -613CD01 ('0 10)‘(‘0 1 8)
fStepDolZ—Mag = 13 13 = :004
8Cp-0"Cpy  (1.60)-(-0.18)

b

where 813C5tepD011 and 8" Csieppol2 are the carbon isotopic compositions of the nominal
dolomite portion from our stepped-extraction of a mixture of calcite and dolomite, and of

the nominal dolomite portion from our stepped-extraction of a mixture of dolomite and
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magnesite, respectively. 813CMag is the carbon isotopic compositions of the pure
magnesite end member; this is assumed to be the same as the carbon isotopic composition
of nomimal magnesite portion from our stepped-extraction of the mixture of dolomite and
magnesite since we didn’t determine the isotopic composition of the pure magnesite end
member directly due to limited available amounts of magnesite powders. This is an
obvious weakness in our tests of the stepped extraction methodology, and should be
addressed by repeating the stepped extraction procedure on synthetic mixtures that
include well characterized magnesite. Nevertheless, the results of these experiments on
synthetic mixtures of carbonates are consistent with the conclusion that our stepped-
extraction method is >295% efficient at isolating each target carbonate phase.

Finally, one more constraint on the effectiveness of our stepped-extraction method
comes from the yields of CO, at each extraction step. For example, the first step of our
stepped-extraction of the calcite-dolomite mixture yielded 1.08 times the amount of CO,
as the second step. This difference is very nearly equal to the ratio of the amounts of
calcite and dolomite present within the mixture (7.06 mg of calcite vs. 6.94 mg of

dolomite, corresponding to a carbon equivalent molar ratio of 1.07).

3.2 Temperature of carbonate growth in the carbonaceous chondrites

The apparent temperatures of carbonate formation (x10°C, lo) implied by our
measurements of carbonaceous chondrites are: 8 to 43°C for calcite in GRO 95577; 18°C
for dolomite and —20°C for breunnerite in Orgueil; 65°C for calcite, 39°C for dolomite
and -31°C for breunnerite in Tagish Lake (Table 2-1). Our estimated formation

temperatures for breunnerite in Orgueil and calcite and breunnerite in Tagish Lake are
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beyond the temperature range of experimental calibration of the carbonate clumped
isotope thermometer (0-50°C; Gosh et al., 2006). However, theoretical calculations (as
those employed in Schauble et al. 2006) indicate the temperature dependences of A47 in
carbonate systems remain almost the same over the temperature range of our interest, -30
to 70°C; therefore, we estimate that extrapolation of the experimentally determined
predicted relationship between "“C-'0O clumping effects in carbonate minerals and
temperature from the constrained range of 0-50°C to the wider range of -30°C and 70°C
leads to less than 0.02%eo errors in A47 (E. Schauble, personal communications). Therefore
our extrapolation of experimentally determined A47-T calibration line does not introduce
a significant additional error in our temperature estimates.

Our estimated alteration temperatures, though consistent with previous estimations
of alteration temperatures on the parent bodies of CR chondrite (<150°C, Zolensky et al.
1993), CI chondrite (<50°C, Leshin et al. 1997; 50-150°C, Zolensky et al. 1993; 150°C,
Clayton and Mayeda 1984, 1999) and Tagish Lake (50-100°C, Leshin et al., 2001), lie
mostly at the low temperature ends of previous estimations. We suspect this reflects the
inaccuracy of some of the assumptions made in previous studies,. For example, Clayton
and Mayeda (1984) extrapolated their aqueous alteration model for CM chondrites to CI
chondrites, assuming the anhydrous minerals (olivines and pyroxenes, precursor to
aqueous alteration) in CI chondrites have the same oxygen isotope compositions as those
in CM chondrite, and suggested that CI chondrite parent bodies have experienced
aqueous alterations of higher temperatures than CM chondrite parent bodies (150°C vs.
<20°C; Clayton and Mayeda 1984, 1999). However, later ion microprobe analyses of

oxygen isotopes in single olivine and pyroxene grains separated from CI chondrites
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(Orgueil and Ivuna) demonstrated the above assumption was invalid; the anhydrous
minerals in CI chondrites are instead more '°O-depleted than those in CM chondirtes
(Murchison) (Leshin et al., 1997). With the newly determined oxygen isotope
compositions of anhydrous minerals in CI chondrites, Leshin et al. (1997) revised the
Clayton and Mayeda (1984)’s aqueous alteration model, and estimated the alteration
temperature on CI chondrite parent bodies to be less than 50°C. This revised estimation
on alteration temperatures for CI chondrites agrees well with our estimated formation
temperatures for dolomite in Orgueil (18£10°C, 10).

Overall, our estimated alteration temperatures for GRO 95577, Orgueil and Tagish
Lake, are within or below those estimated for CM chondrites (20 to 71°C, also based on
carbonate clumped isotope thermometry; Guo and Eiler 2007). The similarity of
alteration temperatures among different groups of carbonaceous chondrites precludes
alteration temperature variations as the principle cause of differences in their extents of
alteration, and suggests instead other factors such as water/rock ratio and/or duration of
aqueous alteration exerting greater control. This suggestion is consistent with results from
recent aqueous alteration model on carbonaceous chodrite parent bodies (Young, 2001; J.
Palguta, 2007), where regions with high flux of fluid flow on the carbonaceous parent
bodies demonstrate most intense alterations.

One surprising finding from this study is the sub-zero formation temperatures (-20°C
and -31°C respectively, £10°C, 1c) we estimated for breunnerite in Orgueil and Tagish
Lake. This is in contrast with the common belief that all carbonates in carbonaceous
chondrites precipitated from liquid water at temperatures above 0°C, and suggests the

existence of low temperature brines on the parent bodies of the carbonaceous chondrites.
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The eutectic temperatures for the NaCl-H,O, NaCl-KCI-H,0, NaCl-MgCl,-H,O and
NaCl-CaCl,-H,0 systems are -21.2°C, -22.9°C, -35°C, and -52°C, respectively (Spencer
et al. 1990) or ammonia—water mixtures (eutectic temperatures of -97°C; Gaspatrik 2003).
Thus, our data suggest that the pore fluids present during the very last stages of aqueous
alteration of the carbonaceous chondrites were rich in salt and/or ammonia. Note that,
although increases of pressures (e.g., through impact) could also permit the existence of
pure liquid water at these low temperatures (as low as -22°C at pressure of 209.9MPa;
IAPWS 1993), the sustained presence of water in the liquid form as required by the
formation of breunnerite make this a less likely possibility.

Formation of brine-like fluid on carbonaceous chondrite parent bodies has
previously been proposed, based on the very high Na/Ca ratios (and possibly high
absolute concentrations of Na) inferred for the carbonate-forming fluid (Riciputi et al.,
1994). Recent discoveries of fluid inclusions bearing halite [NaCl] and sylvite [KCl] in
Monahans 1998 and Zag regolith breccias (two metamorphosed H5 chondrites; Zolensky
et al. 1999, Rubin et al. 2002) provides more direct evidence for the presence of brines on
chondrite parent bodies. These halides are found in highly metamorphosed meteorites,
but are thought to have formed on other bodies at low temperature (<100°C and <70°C
respectively) and became incorporated into these HS chondrite parent bodies as part of
petrographically distinct clasts, e.g., the CI clast in Zag (Zolensky et al., 1999; Bridges et
al., 2004; Zolensky et al., 2008). Furthermore, Zolenky et al. (1999) demonstrated that
the fluid inclusions in Monahans 1998 have eutectic temperatures of ~ -40°C, indicating
they may contain divalent cations such as Fe*", Ca®", Mg*", in addition to Na” and K.

This is consistent with our above proposal that the parent fluid from which the last
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generations carbonates in carbonaceous chondrite precipitated was a brine. Detailed
examination of CI clasts in Zag (the potential sources of halite) did reveal the presence of
aggregates of Ca-Mn-Mg-Na carbonates inside the clast, along with other secondary
minerals such as magnetite, pyrrhotite and phyllosilicates (Zolensky et al., 2003). Future
studies should aim to characterize the isotopic and trace element compositions of these
carbonates and test them further against our hypothesis of that breuunerite in these
meteorites formed from low temperature brines.

The fact that breunnerite in the carbonaceous chondrites formed at temperatures as
low as -31°C doesn’t necessarily imply the aqueous alteration of silicate minerals on the
carbonaceous chondrite parent bodies was active at these temperatures. It is also possible
(and perhaps more likely) that breunnerites precipitated from brines after the silicate-
alteration reaction had already ceased (due to the slow kinetics under such low
temperatures).

As discussion in section 2.3, the sample A4; used in the above temperature
estimations were derived after a voltage correction, to account for the observed negative
correlations between the raw A4; of sample CO, and the mass 44 voltages at which the
raw A47; was obtained during our mass spectrometric analyses. Here, we evaluate the
effects of the voltage correction on our results by recalculating the carbonate formation
temperatures, 1) without any voltage correction (i.e., using the average raw A47 of analyte
CO; in the standardization of the A47 of sample CO,); 2) with voltage correction at the
mass 44 voltage of 7V (Table 2-3). For all the meteorite samples we analyzed, the above

two approaches yielded carbonate formation temperatures only 2-26°C different from our
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preferred approach (i.e., voltage normalization at 5V). The difference is the biggest for
calcite in Tagish Lake: its formation temperature estimated without any voltage
correction is 26°C lower than what estimated from our preferred approach (39°C v.s.
65°C). For all the other samples, the differences in estimated formation temperatures
from different approaches are less than 16°C without any systematic trends. These
differences in temperature estimations are within or close to the external errors typical of

our analyses (+10°C, 10).

3.3 Isotopic compositions of the alteration fluid

8" Cyppp and 8'*0Ovsmow values of carbonates in the carbonaceous chondrites we
examined vary from 40.42%o to 73.37%o and 17.82%o to 36.70%o respectively (Table 2-1),
and fall within or close to the values from previous isotopic studies of carbonates in
Orgueil and Tagish Lake (phosphoric acid digestion, Grady et al., 1998 and Leshin et al.,
2001; ion microprobe, Zito et al., 1998, Engrand et al., 2001a and Engrand et al., 2001Db).
Our results are consistent with previous ion microprobe observations by Zito et al. (1998),
which revealed that isotopic compositions (both 8"*Cypps and 8"*Ovsmow) of carbonates
in Orgueil decrease in the order of dolomite and breunnerite (67.52%o0 vs. 40.42%o in
813CVPDB, and 28.95%o vs. 21.08%o in SISOVSMOW). This study constitutes the first isotopic
study of carbonates in GRO 95577, showing 8Cvpps of 69.91%0 and 70.91%o and
8" Ovsmow of 17.82%0 and 19.62%o, respectively for the two GRO 95577 splits we
analyzed. Note that 613CVPDB values of most carbonates studied here cluster around 70%o
(ranging from 67.52%0 to 73.37%o), except for the breunnerite in Orgueil which has a

significantly lower 51 Cvppg of 40.42%e.
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Figure 2-4 Oxygen isotope compositions (all values reported vs. VSMOW) of water in equilibrium
with carbonaceous chondrite carbonates at their known growth temperatures (Guo and Eiler 2007 and
this study). Also shown for comparison are the oxygen isotope compositions of the water in
equilibrium with magnetites in CM and CI chondrites and in Tagish Lake (TL) (squares, estimated
from SISOVSMOW of magnetites reported in Rowe et al. 1994 and Engrand et al. 2001b, with an
equilibrium fractionation factor of -13%o. between magnetite and water). The terrestrial mass
fractionation line ('TMF'") and carbonaceous chondrite anhydrous mineral line ('(CCAM') are shown

for reference.

We estimated SISOVSMOW values of the fluids from which these carbonates grew by
combining the carbonate formation temperatures established by clumped isotope
thermometry with the temperature-dependent carbonate-water oxygen isotope
fractionations established by previous studies— either experimental (for calcite, Kim and

O’Neil 1997; and dolomite, Vasconcelos et al. 2005) or theoretical (for magnesite,
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Rosenbaum 1997 and Schauble et al. 2006). These data and experiments constrain the
water from which carbonates grew to have 5" 0smow values of: -12.3%o to -7.1%o for
calcite in GRO 95577; -4.0%o for dolomite and -29.7%o for breunnerite in Orgueil; and
11.8%o for calcite, 5.8%o for dolomite and -18.6%o for breunnerite in Tagish Lake (£2%.o,
lo; Table 2-1, Fig. 2-4). Assuming that the carbonates we analyzed have A'’O values
equal to the averages previously determined by Leshin et al. (2001) and Clayton and
Mayeda (1999), our results indicate that the 5'’O values of waters from which carbonates
grew varied between —14.9%o and 7.6%eo.

Again, our estimated formation temperatures for breunnerite in Orgueil and Tagish
Lake (-20°C and -31°C, respectively) is beyond the temperature range of theoretically
estimated magnesite-water oxygen isotope fractionation relationship (valid >0°C;
Rosenbaum 1997 and Schauble et al., 2006), forcing us to extrapolate that trend to arrive
at an estimated 3'°0 value for water. This extrapolation is justified by the general
invariance of temperature-dependence of oxygen isotope fractionations over this
temperature range. In addition, our suggestion that breunnerite precipitated from low
temperature brines containing divalent cations such as Ca*" and Mg”" (section 3.2), raises
the possibility of an oxygen isotope °‘salt effect’ (Horita, 2005) during carbonate
precipitation (that is, a dependence of the carbonate-water oxygen isotope fractionation
on the salinity of the solution). Consideration of these isotope salt effects would tend to
increase our estimated oxygen isotope compositions of alteration fluids (Horita, 2005).
The exact magnitude of the effect depends on the cation compositions of the brine
(especially concentrations of Ca®" and Mg*"), and could be as much as several per mil

(Horita, 2005). For example, for brines with the same cation composition as the eutectic
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point of NaCl-MgCl,-H,O system (1.10mol NaCl and 2.48mol MgCl, per kg H,O;
Spencer et al., 1990), an oxygen isotope salt effect of -2.7%o is expected at 25°C (Horita,
2005).

The matrices of carbonaceous chondrites are also rich in a variety of secondary
phases (i.e., aqueous alteration products) other than carbonates, such as magnetite and
phyllosilicates (Brearley and Jones, 1998). The oxygen isotope compositions of these
phases must also reflect the conditions of aqueous alterations and the 8'*O values of
alteration fluid, though they may have grown at temperatures different from those of
carbonate precipitation, and these phases are less likely than carbonates to fully
equilibrate with co-existing fluid. Nevertheless, we can examine the plausibility of the
fluid 5'®0 values we established through carbonate clumped isotope measurements by
estimating the oxygen isotope compositions of alteration fluids from which magnetite
formed. We adopt previously measured oxygen isotope compositions of magnetites in CI
and CM chondrites (Rowe et al., 1994) and in Tagish Lake (Engrand et al., 2001b), and
assume an oxygen isotope fractionation of -13%o between magnetite and water (Rowe et
al.,, 1994). We didn’t include in our discussion the oxygen isotope compositions of
meteorite matrix water (extracted through stepped pyrolysis of bulk meteorite samples),
due to the large uncertainties associated with the nature of the extracted water and thus
with the quantitative interpretations of their isotopic compositions (Baker et al., 2002).

Over all, these estimated 80 and 8'’0 for the alteration fluids within each
carbonaceous chondrite group are all significantly lower than those estimated for their
respective primary water (Clayton and Mayeda, 1999), and decrease in the order of

magnetite > calcite > dolomite > breunnerite in CI and CM chondrites and in the order of
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calcite > dolomite ~magnetite > breunnerite in Tagish Lake (Fig. 4). The differences in
isotopic composition between the model reactant water and that water from which
secondary mineral phases grew are consistent with the expectation that water evolves
toward lower 80, §'70, and A'’0 as a result of reaction with host rock (Clayton and

Mayeda, 1999; Guo and Eiler, 2007).

3.4 Implications for the chemical and thermal evolution of the carbonaceous
chondrite parent bodies

In this section, we develop a general interpretation of our results in the context of a
quantitative model for the aqueous alteration of carbonaceous chondrites that was
previously developed for CM chondrites (Guo and Eiler, 2007). This model approximates
aqueous alteration of the carbonaceous chondrite parent bodies as a serpentinization
reaction (Clayton and Mayeda, 1999; Eiler and Kitchen, 2004; Guo and Eiler, 2007):

Mg,SiO, + MgSiO, +2H,0 - Mg,Si,0,(OH), (D)

The oxygen isotopic composition of the alteration fluid is influenced by the progress of
this reaction, evolving toward lower 8'*0 and 8'’O as the reaction proceeds. The isotopic

evolution of alteration fluid can be evaluated through the relations (Clayton and Mayeda,

1999; Guo and Eiler, 2007):

6180Wvi + (SISOrWi _ 2A1805_W) p
80, ; = L (1)
i) 1 + p
817ow,i + (617Or’i _ 2A17OS_W) p
870, = L @)

I1+p
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ATO = ( 1+5"70,, /1000
w,f

1[x1000 (3
(1+570,, ,/1000)"™ jx ©)

where SISOW,f, 817OW,f and A”Ow’f denote the oxygen isotopic composition of the aqueous
fluid; 80y, 870y and 80, 870, denote the initial (i.e., before the aqueous
alteration) oxygen isotopic compositions of the aqueous fluid and the anhydrous reactant
minerals; Algos_w and A”OS_W are the oxygen isotope fractionations between serpentine
and water at the temperatures of alteration (Wenner and Taylor, 1971); ‘p’ is the reaction
progress parameter (Clayton and Mayeda, 1999; Guo and Eiler, 2007), denoting the ratio
of moles of oxygen in the reacted rock to moles of oxygen in initial water. ‘p’ ranges
from 0 to 3.5; a value of 0 corresponds to the absence of alteration reaction, and a value
of 3.5 corresponds to the maximum extent of alteration (i.e., all water has been consumed
in the alteration reaction I).

The initial oxygen isotope compositions of the anhydrous minerals in the evolution
models (i.e., SISOr,i and 817Or,i) were taken as the averages determined from previous
studies (CM chondrite, Clayton and Mayeda 1999; CR chondrite, Clayton and Mayeda
1999; CI chondrite, Leshin 1997). The initial oxygen isotope compositions of the
alteration fluid (i.e., SISOWJ, 817Ow,i), for CM, CI and CR chondrites were adopted from
the values estimated in Clayton and Mayeda (1999) following a two-stage exchange
model (Clayton and Mayeda, 1984). Note that, there are no available estimations of the
initial oxygen isotope compositions of the alteration fluid for Tagish Lake. Our attempts
to derive the value ourselves, following the same aqueous alteration model as in Clayton
and Mayeda (1984, 1999) and using the experimentally determined isotopic compositions

of different phases in Tagish Lake (anhydrous minerals, Leshin et al., 2001, Engrand et
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al., 2001a; matrix, Engrand et al., 2001a; carbonate formation water, this study), yielded a
water/rock ratio that exceeds the limit of Clayton and Mayeda (1984) model (4.64 v.s.
limit of 3.76). We suspect two factors might have contributed to this complication: (1) the
experimental uncertainties associated with the oxygen isotope compositions of anhydrous
minerals and matrix in Tagish Lake, both of which were determined with ion microprobe
with 1~2%o uncertainties in 8'’O and 8'%0; and, (2) the complex lithologies present in
Tagish Lake — the dominant carbonate poor lithology vs. the less abundant carbonate-
rich lithology (Zolensky et al., 2002). It is not certain whether these two lithologies are
genetically related to each other (Zolensky et al., 2002) and whether they went through
aqueous alterations from the same water reservoirs (Baker et al., 2002). Therefore, an
accurate modeling of the alteration reaction on Tagish Lake parent body should make
sure the isotopic compositions of the anhydrous minerals, of matrix and carbonate
formation water employed in the model come all from the same lithology. This however
seems impossible at this moment due to absence of such complete dataset for Tagish
Lake. We therefore focus on the discussion of forward models for CM CR and CI
chondrite parent bodies in this study.

The temperatures of aqueous alteration on the carbonaceous chondrite parent bodies
changed over the course of alterations, as evidenced by the variations of carbonate
formation temperatures within the same chondrite sample (section 3.2). Ideally, we
should quantitatively incorporate these temperature changes into our model (e.g., as
functions of reaction progress). However, given the absence of any independent
quantitative constraints on the co-variations of alteration temperature and reaction

progress, such a treatment is out of the range of this study. Instead, in our current model
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we assume the alteration temperature to be the average of our estimated carbonate
formation temperatures for each chondrite (or chondrite group), and remain constant
throughout the aqueous alteration. For the purpose of comparison, we also ran our models
at different alteration temperatures, covering the full range of carbonate formation
temperatures observed in each chondrite group (dotted lines in Fig. 2-5). Fortunately, the
general evolution trends of oxygen isotope composition of the alteration fluid are not
sensitive to alteration temperatures (Fig. 2-5), and thus our model results are not
systematically biased by the above simplification. We summarize all the parameters
employed in our model in Table 2-4.

We observe good agreement between most of experimentally estimated isotopic
compositions of alteration fluids (including those estimated based on magnetite 8'°O,
carbonate 8'°0 and growth temperature) and those predicted by the forward models (Fig.
2-5): the experimentally estimated oxygen isotopic compositions of alteration fluids lie
on or very close to the predicted trend of evolving water oxygen isotope composition.
However, our estimated oxygen isotopic compositions of alteration fluids for calcite
formation in one split of GRO9557 (split 2006) and breunnerite formation in Orgueil fall
beyond the total range of 8'°0 expected from the forward model of aqueous alteration
(i.e., requiring p>3.5). This implies that the aqueous alteration had reached the maximum
extent on the parent bodies of GRO 95577 and Orgueil, consistent with previous
petrographic studies on these two meteorites and their classification as petrographic type
1 carbonaceous chondrites (Brearley and Jones, 1998; Weisberg and Prinz, 2000). At the
same time, this observation also suggests processes other than alteration reactions

affected the oxygen isotopic compositions of the alteration fluids. Given that the



79

‘(S[rejop  10J 1X9) 99S) S[QPOW UONN[OAY PIemIo} JIno woy suondpaad oy} Jo no ey pmnjj uopeiye oy jo suonisodwoo odojosr
Uo3AX0 pauIuIdp A[[eIuowddxd o) 2I0UyM SASED S0UdP /N, ‘SPIN[J uonerdle Surpuodsariod ayj jo suonisodwod 9dojost udoSAXo paurudlop
A[reryudwiiodxd WOy pajewnsd “XLIBU ALIPUOYD SNOIILUOGIEd Ay} Ul saseyd AIepuoods JUaIoJIp JO UOILWLIO) AU} Je SUOIIdeal uoned[e Jo ssarsold oy, .
(Aprus sy pue

‘LO0T 1911 pUE 0ND) SOILIPUOYD SNOIILUOGIED UT S[RISUII 9)EUOGIED JO SINEIddWo) UONBULIO) 9FLIOAR ) 9q 0) PAWNSSE oI saINjeIodwd) uoneNy
(IL61 I0[A®], pUB IOUUD A\ ) WOIJ PIALIDP I soInjerodus) UOneId)[e PJId[ds AU} Ik 19JeM Pue dUNUIdIos UooM)dq SUOTIBUONORI)

odojost uagAxo oyJ, (sqrejop 1oy xipuaddy pue 1x9) 23S (Apmis SIY) pue 1007 [ 30 UIYSdT ‘B[Q0Z TE 30 PueISUT ‘L661TR 10 UIYSAT ‘6661 BPOACIN

pue uojAe[)) SAIIPUOYD SNOIDLUOQILD JO SIIPMYS SNOIASId WOIY PIALIP dIe SPIJOS snoIpAyue pue Iojem [enut oy jo suonisduwoo adojost uagAxo oy,

d
VN $T T0 '€ V/N 96°0 7’0 %mewem Nssomom
[EEEEND) L00T Mds 900z Mds | (oSe10AR)
Spoutnatg nwoed amoude L1619 21161159 910[8) dmusey pIN[J UonNeIdN| vy
[1on310 [ensi0 ‘ : : : 199ssq B :
10 LLSS6 O¥D  LLSS6 0D WO
08 99 v'9 (%% “*0,,V Suoneuonoey
SSI 8°CI STl (9%) “*0g,V Torem/ounuadiog
S ST Y4 O.) %HESQQEO L UoneIdNy
L0- € Ts- (°%)""*"0,,V 5SPIOS
81 8- 'L- (9%)°""0g,Q snoIpAyuy
8y I- TP (9%)°""0g,Q UBIN
6'l Te Te (9%)™""0,,V
6'€l L'LT L'L1 (%)™ 0g,Q 1OV [ENTU]
€T 18T 18T (0%)°""0g,Q
LIPUOYD [D QIIPUOYD YD dAUIpUOYd D

"sa1poq Juared 9)LIPUOYD SNOJDBUOQIED [D PUR YD ‘D U0 pinjJ uones)fe ay) Jo suonisodwos adojost uaSAxo oy J0J S[OPOW UOIIN[0AS PIBMIO] H-T [qEL



80

0 Initial water (CV) 0 Initial water (Cl)
¥ Mean anhydrous solids (OM) ¥ Mean anhydrous solids (Cl)
B Water for CM Magnetite fometion 204 ® Wéter for Cl Magnetite formation
204 A Water for CM Calcite fomation <& Water for Orgueil Dolorite formation
- = = Water evolution line (28°C rmoddl) % Water for Orgueil Breunnerite fomation
- = Water evolution line (5°C model)
—_ _ 104
4 3
] 2
o o O
w w
-104
) Ll L) L L) Ll L
-30 -20 -10 0 10 20 30
8"O\gyen (49 80 gyon (%

o Initial weter (CR)
¥ Mean anhydrous solids (CR)

A Water for GRO 95577 Caldite forrmation Y§§
204 - - - Water evolution line (25°C rmodel) &

811ovsu|ow (%o)

— r T T
-20 -10 0 10 20 30

5°0 (%9

Figure 2-5 Comparison between the experimentally estimated oxygen isotope compositions of
alteration water with those calculated by the forward model of aqueous alteration: (a) CM chondrite;
(b) CI chondrite; (c) CR chondrite. The temperatures of water-rock reaction are assumed to be the
average formation temperatures of carbonate minerals in carbonaceous chondrites. The open squares
and inverted triangles shows the location of estimated initial water and typical anhydrous solids for
each group of carbonaceous chondrites (Table 2-4). Dotted lines represent the model results with
temperatures of water-rock reactions set at the lowest (upper dotted line) and highest (lower dotted
line) formation temperatures observed for carbonates in each chondrite group. Model results with
different alteration temperatures (dashed lines and dotted lines) closely resemble each other,
suggesting the general evolution trend of oxygen isotope compositions of the alteration fluid is not
very sensitive to the alteration temperatures. The terrestrial mass fractionation line ('TMEF")

and carbonaceous chondrite anhydrous mineral line (CCAM') are shown for reference.
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estimated formation temperatures for calcite in GRO 95577 (split 2006) and breunnerite
in Orgueil (6£10°C and -20£10°C, 1o, respectively) are either very close to or below the
freezing point of water, we propose partial freezing of the alteration fluids during late
stages of aqueous alteration lead to further depletion in their §'*0. For example, with
Rayleigh distillation isotope fractionation during ice formation (i.e., gradual freezing with
isotopic equilibrium maintained between the newly formed ice and residual water at all
times), depletions as much as 7.1%o in the 5'°0 of the residual water can be expected
when 90% of water freezes into water ice (O’Neil, 1968). The freezing induced reduction
in the 8'"0 value of alteration fluids is also consistent with the observation that the
relatively large changes in 8'°O at the end of the alteration process (i.e., at low T and
8'%0 of water) were accompanied by smaller changes in fluid A'’O than those expected to
result from reactions with host rock, e.g., 0.05%o and 0.22%. variations in A'’O vs. 26%o
and 24.4%o variations in 8'*0 between dolomite and breunnerite in Orgueil and Tagish
Lake respectively (Leshin et al. 2001 and this study).

In the context of the aqueous alteration model we presented above (i.e., higher
extents of alteration correspond to lower 8'°0 values of the fluid), our results imply that
magnetite and carbonates formed in the order of magnetite > calcite > dolomite >
breunnerite during aqueous alteration of carbonaceous chondrites parent bodies. This is
consistent with previous studies of A'’O for magnetite and carbonates in carbonaceous
chondrites (magnetites have higher A'’O than carbonates inside CM and CI chondrites;
Rowe et al., 1994 and Engrand et al. 2001b), and with the formation sequences
determined for magnetite and different types of carbonates in CM chondrites (carbonate

Mn/Cr chronometry, Brearley and Hutcheon 2000, Brearley et al. 2001) and CI
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chondrites (magnetite Xe-I chronometry, Pravdivtseva et al. 2003; carbonate cation
chemistry, Endress and Bischoff 1996; carbonate Mn/Cr chronometry, Hoppe et al. 2007;
carbonate Rb/Sr chronometry, Macdougall 2000). In addition, based on Xe-I
chronometry halites in Monahans 1998 and Zag regolith breccias were estimated to
formed at ~4559Ma (i.e., 8.2 Myrs after formation of CAls in CV chondrites; Busfield et
al. 2004). These halite formation ages are significantly older than most secondary mineral
phases in carbonaceous chondrite (Fig. 2-7), consistent with our proposition that they
formed at late stages of aqueous alteration from aqueous brines.

The reaction progress (‘p’) corresponding to different alteration fluids range from
0.2 to 3.4, respectively for magnetite and carbonate formation in different carbonaceous
chondrites (Table 2-4). In particular, the reaction progresses estimated for calcite in GRO
95577 (p=3.4) lies almost at the maximum value plausible for p in our model (p=3.5).
This suggests, calcite in GR0O95577 formed at the very last stages of the aqueous
alteration on its parent body.

Combined with our estimated carbonate formation temperatures (Guo and Eiler
2007 and this study), these observations suggest that the carbonaceous chondrite parent
bodies were cooling as aqueous alteration proceeded (Fig. 2-6). This conclusion is
consistent with Guo and Eiler (2007)’s previous inference based on the variations of
carbonate formation temperatures and 8'°O of the alteration fluid among different splits
of Cold Bokkeveld. We quantify the rate of cooling on the carbonaceous chondrite parent
bodies by combining our estimated carbonate formation temperatures with their
formation ages determined in previous Mn-Cr chronometry studies (Brearley et al., 2001;

Krot et al., 2006; Hoppe et al., 2007). All the Mn-Cr chronometric ages were
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(re)normalized with the angrite Lewis Cliff (LEW) 86010 as the time anchor (**Mn/>’Mn
ratio of 1.25+0.07x10° and absolute Pb-Pb age of 4557.8+0.5Ma; Lugmair and Galer
1992), following conventions from previous studies (Lugmair and Shukolyukov, 1998;

Krot et al., 2006; Hoppe et al., 2007). A half-life time of 3.7Myr has been assumed for
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Figure 2-6 Negative correlation between the carbonate formation temperatures and the oxygen
isotope compositions of alteration fluid from which the carbonates grew. This negative correlation
indicates the carbonaceous chondrite parent bodies were cooling as the aqueous alterations proceeded.

Error bars denote 1 standard error (106).

Figure 2-7 Estimated thermal evolution of carbonaceous chondrite parent bodies, based on the
formation temperatures of carbonates in different carbonaceous chondrite (Guo and Eiler 2007 and
this study) and the corresponding formation ages of these carbonates (Brearley et al. 2001; Krot et al.
2006; Hoppe et al. 2007). The absolute ages of CAls from CV chondrites, ages of angrite LEW 86010
and ages calculated with initial »Mn/>*Mn ratio of 1.4x10 are shown for reference (Krot et al. 2003).
Also shown for comparison (at the bottom) are the formation ages of magnetite in CI chondrite, of
dolomite in CM chondrite and halite in Monahans 1998 and Zag (H6 chondrite) (Brearley and
Hutcheon, 2000; Pravdivtseva et al., 2003; Busfield et al., 2004). The estimated formation age for
magnetite in Tagish Lake (at least 50 Myrs later than the ages of CI magnetite; Busfield et al. 2001)

falls outside the range of this plot. Error bars denote 1 standard error (10).
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>Mn decay (McKeegan and Davis, 2003). Combination of these data (available for CM
calcite, CI dolomite and CI breunnerite) implies aqueous alteration on the carbonaceous
chondrite parent bodies started within 1-2 million years after formation of the CAls in
CV chondrites (4567.2+0.6Ma) (Krot et al., 2006), with the alteration temperatures
decreasing from 34°C to 18°C in the first 4 million years and further to -20°C after ~6.5
million years (Fig. 2-7).

Several theoretical studies have attempted to model the thermal evolution of small
planetesimals similar in size to the carbonaceous chondrite parent bodies (Grimm and
McSween, 1989; Cohen and Coker, 2000; Young, 2001; Travis and Schubert, 2005).
Unfortunately, these studies either didn’t document in detail the thermal evolutions at
different depths inside the parent bodies (Grimm and McSween, 1989; Cohen and Coker,
2000), assumed a relative late accretion of the parent bodies (i.e., relatively low initial
26Al/27Al; Grim and McSween 1989, Young 2001, Travis and Schubert, 2005), and/or
focused on only a very short time span of the thermal evolution of the parent body (e.g.,
the first million year after parent body accretion; Young 2001). These gaps in previous
modeling studies preclude a detailed comparison between our experimental results and
the predictions from available thermal models (Fig 2-8). However, if we assume the first
chondritic carbonate (i.e., CM calcite) formed shortly after the accretion of the
carbonaceous chondrite parent body (e.g., within 1 million years) while the formation age
differences between different chondritic carbonates are unchanged (in other words,
shifting the formation ages of all chondritic carbonates behind by the same amount of
~4.8 Myrs), our experimentally estimated alteration temperatures agree almost perfectly

with the thermal evolution of a layer 10km from the surface of a 50km radius parent
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bodies as modeled by Travis and Schubert (2005) (Fig. 2-9). The exact implication of this
agreement needs to be investigated further in the future with more thorough and detailed
thermal modeling (e.g., models with earlier accretion of carbonaceous chondrite parent

bodies, and variable sizes of parent bodies).
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Figure 2-8 Comparison of our estimated thermal evolution of carbonaceous chondrite parent bodies
with the predictions from available thermal models. The model predictions, for the 9km radius parent
body and 50km radius parent body, are reproduced from Young et al. (2001) and Travis and Schubert
(2005) respectively. Different lines represent layers with different distances (‘d.”) from the center of
the modeled parent bodies. The start time for each model was calibrated relative to the formation age
of CAIs in CV chondrites (*°Al/’Al ratio of 4.5x10” and absolute Pb-Pb age of 4567.2+0.6Ma;
Amelin et al. 2002, McKeegan and Davis 2003), based on their initial A1 Al ratios (1x10” and
3x10°° respectively) assumed in the modeled parent bodies. The decay of *°Al has a half-life time of

0.7Myr (McKeegan and Davis, 2003). Error bars denote 1 standard error (10).

Figure 2-9 Agreement of our estimated thermal evolution of carbonaceous chondrite parent bodies
with the modeled thermal evolution for a layer 10km from the surface of a 50km radius parent body
(Travis and Schubert 2005), when constraints on carbonate formation ages are relaxed (see text for
details). The implication of this agreement needs to be investigated further by future modeling studies.
Different lines represent layers with different distances (‘d.”) from the center of the modeled parent

bodies. Error bars denote 1 standard error (106).
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4. SUMMARY

Despite their differences in the extent of aqueous alteration, we show that
temperatures of aqueous alteration on different carbonaceous chondrite parent bodies
were all relatively low (=31 to 71°C; £10°C, 1o) and varied significantly (as much as
96°C; Tagish Lake) during the course of alteration. This similarity in alteration
temperatures among different groups of carbonaceous chondrites implies factors other
than alteration temperature (e.g., water/rock ratio or duration of aqueous alteration) as the
primary causes for their differences in the extents of aqueous alteration. The sub-zero
formation temperatures (-20°C£10°C and -31°C+10°C respectively, 16) we estimated for
breunnerite in Orgueil and Tagish Lake, indicate formation of the low temperatures
brines or ammonia—water mixtures during the late stages of aqueous alteration on the
carbonaceous chondrite parent bodies. The formation of water ice at these sub-zero
temperatures is suspected to have led to further reductions in 8'*0 of the alteration fluid.

Different types of carbonates within the carbonaceous chondrites formed at different
stages of the aqueous alteration on their parent bodies, with calcite earlier than dolomite
than breunnerite. Our determination of the respective formation temperatures for different
carbonates (through stepped phosphoric acid digestions) demonstrates the carbonaceous
chondrite parent bodies were cooling as the aqueous alteration proceeded, and
furthermore enables us to quantitatively constrain the cooling rate. To the best of our
knowledge, this study provides the first quantitative experimental constraints on the
thermal evolution of small planetesimals typical of petrology type 1 and 2 carbonaceous

chondrite parent bodies.
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ABSTRACT

Phosphoric acid digestion has been used for oxygen- and carbon-isotope analysis of
carbonate minerals since 1950, and was recently established as a method for carbonate
‘clumped isotope’ analysis. The CO; recovered from this reaction has an oxygen isotope
composition substantially different from reactant carbonate, by an amount that varies
with temperature of reaction and carbonate chemistry. Here, we present a theoretical
model of the kinetic isotope effects associated with phosphoric acid digestion of
carbonates, based on structural arguments that the key step in the reaction is
disproportionation of H,COj reaction intermediary. We test that model against previous
experimental constraints on the magnitudes and temperature dependences of these
oxygen isotope fractionations, and against new experimental determinations of the
fractionation of *C-'*0-containing isotopologues. Our model predicts that the isotope
fractionations associated with phosphoric acid digestion of carbonates at 25°C are
10.72%o, 0.220%o, 0.137%o, 0.593%o for, respectively, "*0/'°0 ratios (1000Ina’) and three
indices that measure proportions of multiply-substituted isotopologues (A47 , Aug > Ago ).
We also predict that oxygen isotope fractionations follow the mass dependence exponent,

A of 0.5281 (where a170=algo)‘). These predictions compare favorably to independent

experimental constraints for phosphoric acid digestion of calcite, including our new data
for fractionations of C-"O bonds (the measured change in A47=0.23%0) during
phosphoric acid digestion of calcite at 25°C.

We have also attempted to evaluate the effect of carbonate cation compositions on
phosphoric acid digestion fractionations using cluster models in which disproportionating

H,CO; interacts with adjacent cations. These models underestimate the magnitude of
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isotope fractionations (suggesting we have not identified an appropriate structural model
for cation—H,COs clusters), but they do successfully reproduce the general trend of
variations and temperature dependences of oxygen isotope acid digestion fractionations
among different carbonate minerals (suggesting we have correctly identified the basic
mechanism responsible for a dependence on cation chemistry). Examinations of these
theoretical predictions and available experimental data suggest cation radius is the most
important factor governing the variations of isotope fractionation among different
carbonate minerals. Moreover, we predict a negative correlation between acid digestion
fractionation of oxygen isotopes and of *C-'®0 doubly-substituted isotopologues, and
estimate the acid digestion fractionation of A4 for different carbonate minerals.
Combined with previous theoretical evaluations of °C-'*0 clumping effects in carbonate
minerals, this enables us to predict the temperature calibration relationship for different
carbonate clumped isotope thermometers (witherite, calcite, aragonite, dolomite and
magnesite), and to compare these predictions with available experimental determinations.
The general success of our models in capturing the major features of isotope fractionation
during acid digestion suggests that phosphoric acid digestion of carbonate minerals

involves disproportionation of transition state structures containing H,COs.

1. INTRODUCTION

Analysis of the stable oxygen and carbon isotope composition of carbonate minerals
is among the most common and useful measurements in isotope geochemistry. For
example, much of paleoclimatology is based on carbonate-water oxygen isotope

thermometry (Urey, 1947) and most records of the global carbon cycle through time
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depend on measuring the carbon isotope compositions of sedimentary carbonates. More
recently, Ghosh et al. (2006) and Schauble et al. (2006) developed a carbonate ‘clumped
isotope’ thermometer based on the ordering of *C and 'O into bonds with each other
within the carbonate mineral lattice.

In practice, stable isotope measurements of carbonates are generally performed
indirectly by reacting the sample carbonate with anhydrous phosphoric acid and then
analyzing the product CO;, on a gas source isotope ratio mass spectrometer (McCrea,
1950). This method is relatively straightforward to perform, is applicable to a wide range
of sample sizes, has been automated in several different ways, and is exceptionally
precise; these features make this approach preferable to alternative methods for most
applications (e.g., fluorination, Sharma and Clayton, 1965; secondary ion mass
spectrometry, Rollion-Bard et al., 2007; laser ablation, Sharp and Cerling, 1996).
However because only two out of three oxygen atoms in carbonate are released as CO;
during phosphoric acid digestion, this method involves an oxygen isotope fractionation;
i.e., product CO; is ~10%o higher in 8'*0 than reactant carbonate (Gilg et al., 2003 and
reference therein). The exact magnitude of this fractionation varies with acid digestion
temperature and differs among different carbonate minerals (Sharma and Clayton, 1965;
Kim and O'Neil, 1997; Gilg et al., 2003). Similarly, preliminary evidence suggests that

values of A47 (a measure of the abundance anomaly of B0 bonds in CO,; defined as

47
stochastic

47
A, = (M. 1} « 1000 ; Eiler and Schauble, 2004) are enriched in CO, produced by acid

digestion of calcite and aragonite relative to values one expects in the absence of any

associated fractionation (Ghosh et al., 2006). Below, we present new data that confirm
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and precisely quantify this effect. These analytical fractionations must be corrected for in
any study of the oxygen isotope or ‘clumped isotope’ compositions of carbonate minerals.

The oxygen isotope fractionations associated with phosphoric acid digestion of
different carbonate minerals have been experimentally studied over a range of
temperatures (Sharma and Clayton, 1965; Sharma and Sharma, 1969a; Sharma and
Sharma, 1969b; Rosenbaum and Sheppard, 1986; Swart et al., 1991; Bottcher, 1996; Kim
and O'Neil, 1997; Gilg et al., 2003; Kim et al., 2007). However, there are significant
discrepancies among acid digestion fractionations of oxygen isotopes determined in
different studies (Kim et al., 2007 and reference therein). For example, reported acid
digestion fractionations at 25°C range from 10.10%o (Das Sharma et al., 2002) to 10.52%o
(Land, 1980) for calcite, and from 10.29%o (Sharma and Clayton, 1965) to 11.01%o (Kim
and O'Neil, 1997) for aragonite. Even within a single study, the measured acid digestion
fractionation factors for the same type of carbonate minerals can vary depending on the
exact carbonate materials used (as much as ~2%o for octavite, ~0.6%o0 for witherite, and
~0.5%o for calcite at 25°C; Kim and O’Neil, 1997). More generally, our understanding of
this phenomenon is entirely empirical, and thus provides little basis for extrapolation to
new materials or conditions of acid digestion.

Our understanding of acid digestion fractionations is particularly poor in relation to
the carbonate ‘clumped isotope’ thermometer (Ghosh et al., 2006). It has been shown that
the abundance anomaly of °C-'*0 bonds in CO, produced by acid digestion of carbonate
differs from that in reactant carbonate (Ghosh et al., 2006), but the exact magnitude of
this fractionation was poorly constrained and its variation among different carbonate

minerals is unexplored. These gaps in our understanding limit the use of the carbonate
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clumped isotope thermometer for minerals other than calcite and aragonite, e.g., dolomite
or magnesite. Because these carbonates are difficult to synthesize in isotopic equilibrium,
theoretical understandings of both *C-"*0 clumping within minerals and clumped isotope
fractionations during acid digestion are important guides to interpreting observations on
natural samples.

Schauble et al. (2006) previously presented theoretical models of equilibrium *C-
80 clumping in carbonate minerals other than calcite and aragonite. However, to the best
of our knowledge, no detailed theoretical model has been proposed to explain the isotope
fractionations that accompany phosphoric acid digestion of carbonate minerals. Sharma
and Sharma (1969b) determined the oxygen isotope acid digestion fractionation factors
for several different carbonate minerals, and explained them as a result of two factors: a
temperature-dependent factor and a temperature-independent factor, with the latter
varying as a function of the atomic mass of the cations in carbonate minerals. Sharma
and Sharma’s data suggest that temperature-independent factors can be explained by their
proposed structure for the transition state through which the acid digestion reaction
proceeds (Fig 3-la). However; their model does not quantitatively describe the
temperature-dependent factor, and subsequent experimental results (Bottcher, 1996; Gilg
et al., 2003) are inconsistent with their model.

In this study, we present a quantitative model of the phosphoric acid digestion
reaction based on transition sate theory and statistical thermodynamics. We use this
model to predict isotopic fractionations among all isotopologues (including multiply
substituted isotopologues) of reactant carbonate ions, and thus the isotopic composition

(including ‘clumped isotope’ composition; i.e., abundances of multiply-substituted
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isotopologues) of CO, produced by phosphoric acid digestion of carbonate minerals.
Finally, we test the accuracy of our model by comparison with previous data
documenting the oxygen isotope fractionation associated with this reaction, and with new
data we have generated documenting the fractionation of *C-'"*0 bearing isotopologues
during acid digestion (which controls the A4; value of product CO,). We observe
quantitative agreements between our model predictions and available experimental data
on the magnitude and temperature dependence of isotope fractionations associated with
phosphoric acid digestion for calcite, and on the general trend of variations of oxygen
isotope fractionations among different carbonate minerals.

This study provides a framework for understanding fractionations accompanying
acid digestion, and applying them to conditions or materials that are not yet understood
through experimental work. Furthermore, this study demonstrates a technique of first-
principles modeling of kinetic isotope effects associated with irreversible reactions, and
illustrates the utility of this technique by application to one of the more extensively
studied inorganic reactions in stable isotope geochemistry, taking advantage of new
constraints provided by clumped isotope measurements. This approach therefore serves
as a model for future work of similar but less well known kinetically-controlled

fractionations.

2. THEORETICAL AND COMPUTATIONAL METHODS

2.1 Transition state theory of reaction rates
Transition state theory is long established as a tool for studying chemical kinetics

(Eyring, 1935a; Eyring, 1935b) and has been used previously to understand irreversible
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reactions in geoscience problems (Lasaga 1998; Felipe et al., 2001). Classical transition
state theory is based on two key assumptions (Felipe et al., 2001): 1) instead of
transforming directly into products, reactants in a chemical reaction first proceed through
an unstable chemical state called the ‘transition state’, which has a higher chemical
potential energy than reactants or products; 2) the transition state may only form from the
reactants (i.e., the conversion of the transition state to products is irreversible), and any
transition state that proceeds in the reaction coordinate past its potential energy maximum

must eventually form products. This second assumption is also called the “non-recrossing

29

rule”. For example, transition state theory would describe 4+ B——>C+D as

proceeding through two steps: reversible transformation of reactants A and B into a
transition state, M, after which M transforms irreversibly into products C and D (i.e.
A+ B<—1>_M "—25C+D). The rate of the overall reaction (i.e. the production rate of

C and D), R, equals the decomposition rate of the transition state, M and can be

described through the relation:

M)

R =vi|IM'] (1)

where [M']is the concentration of transition state M', 7 is the average lifetime of
transition state M, and v] is the ‘decomposition frequency’ (defined as the reciprocal

of the average life time) of M " (Melander and Saunders 1987; Felipe et al., 2001). The

concentration of the transition state, [M '], can be estimated by assuming that the

reversible reaction, 4+ B ﬁM ", is at equilibrium (Melander and Saunders, 1987):

[M']=K[4][B] 2
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where [A] and [B] are the concentrations of reactant A and B respectively, and K is the
equilibrium constant for reaction 1 and can be evaluated using statistical thermodynamics

(Urey, 1947):
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where QF,0,,0, are the partition functions of transition state M' and reactants A and B,

respectively; wf,ij,ij are the vibration frequencies, in wave numbers, for the

transition state M and reactants A and B, respectively (one such term is required for

each mode of vibration of each species); sts >y are the symmetry numbers for
transition state M ' and reactants A and B respectively; N "N >N are the numbers of

atoms within transition state M and reactants A and B respectively; 4 is Plank’s
constant; cis the velocity of light; & is the Boltzmann constant; and 7" is the reaction
temperature in Kelvin.

When one is interested in kinetic isotope effects, relative reaction rates (i.e., the
ratios of reaction rates of different isotopologues) are of greatest importance:
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where subscript, (1) and (2) denote different isotopologues of the transition state.
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2.2 Application of transition state theory to phosphoric acid digestion of carbonate
minerals
2.2.1 Structure of the transition state relevant to phosphoric acid digestion of carbonate
minerals

In order to calculate the partition function of the transition state, we must first
determine or assume the transition state structure. This is commonly done by initially
guessing the structure of transition state and then refining on that guess using ab inito
calculations (Felipe et al., 2001). Sharma and Sharma (1969b) suggested an intuitively
appealing structure for the transition state during phosphoric acid digestion of carbonate
minerals (Figure 3-1a), but there is no evidence to date that supports it. Instead, recent
spectroscopic studies of calcium carbonate undergoing reactions with anhydrous acidic
gases (e.g., HNOs3;, SO,, HCOOH and CH3COOH) suggest that carbonic acid is the
important intermediate species (Al-Hosney and Grassian 2004; Al-Hosney and Grassian
2005). We suggest that these experiments are analogous to the local environment at the
surface of a carbonate mineral during reaction with anhydrous phosphoric acid (i.e., the
105% concentrated phosphoric acid used in stable isotope analyses of carbonates; Coplen
et al., 1983).

We therefore propose that H,CO; is also an intermediate during phosphoric acid

digestion of carbonate minerals, i.e. this reaction

XCO,+H,PO, — XHPO,+CO,+H,0
proceeds through two steps:

XCO,+H,PO, —— XHPO,+H,CO,

H,CO,—->CO0,+H,0
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where X is a cation, such as Ca, contained in the carbonate mineral. There are two
reasons why we infer that the first of these two reaction steps should be associated with
little or no net isotopic fractionation: (1) in practice, phosphoric acid digestion is always
driven to completion before collecting and analyzing product CO,. Because COs> ionic
units in the reactant carbonate are quantitatively converted into H,CO3 during step 1, it is
not possible to express a net isotopic fractionation of C or O isotopes during that step,
even if that reaction has some intrinsic kinetic isotope effect. (2) any kinetic isotope
effect that might accompany step 1 could only be expressed if the site at which the
reaction occurs (i.e., a mineral surface) can undergo isotopic exchange with the unreacted
mineral interior, which we consider unlikely at the low temperatures and anhydrous
conditions of phosphoric acid digestion. That is, we infer that step 1 is analogous to
sublimation of ice, which generally fails to express a vapor pressure isotope effect
because the reaction effectively ‘peels’ away layers of the solid without leaving an
isotopically modified residue. For these reasons, we focus on step 2 — the dissociation of
carbonic acid in this study. We do so by first assuming a previously determined
transition state structure for carbonic acid decomposition (Loerting et al., 2000) as our
‘initial guess’ (Figure 3-1c), and then optimizing that structure through further ab initio

calculations.
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Figure 3-1: Transition state structures during phosphoric acid digestion of carbonate minerals (H,COs
model): (a) The transition state structure proposed by Sharma and Sharma, 1969b; (b) an optimized
stable structure of carbonic acid (i.e., the stable species, not the transition state structure we employ in
our models); (c¢) the optimized transition state structure employed in the ab initio calculations of this
study (see also Loerting et al., 2000). Numbers refer to atomic positions within the structure. Oxygen
atom 4 is the one that is abstracted from the reactant carbonate ion during acid digestion (i.e., oxygen
atoms 2 and 3 remain bound to carbon atom 1); (d) the only transition state structure isotopologue
during the phosphoric acid digestion of 12C10'0"° 0. Numbers refer to the isotopic mass, in AMU,
of the atom; (e-g) three possible transition state structure isotopomers during the phosphoric acid

digestion of 2¢00'"0*. Numbers again refer to isotopic mass of the atom.
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2.2 Fractionation of CO3” isotopologues during dissociation of carbonic acid

Carbonic acid, H,COs, has 20 naturally occurring isotopologues, not counting those
containing D or '*C, which can dissociate to produce 12 different isotopologues of
product CO; (Table 3-1). Furthermore, many of the isotopologues of H,COs have more
than one isotopomer because the various O sites are not structurally equivalent to one
another (see Fig. 3-1). Isotopic fractionations during the dissociation of carbonic acid
arise for two reasons: (1) the various isotopologues of carbonic acid differ from one
another in their rates of dissociation; and (2) when an isotopologue has more than one
isotopomer (e.g., Fig. 3-1), the relative rates of dissociation of those isotopomers differ
from one another. However, since phosphoric acid digestion is always driven to
completion before collecting and analyzing product CO, (i.e., all isotopologues of
carbonic acid eventually decompose) the first type of isotope effects (e.g., the rate of
dissociation of H2]2C1603 is faster than the weighted average dissociation rate of the three
isotopomers of H,'2C'*0'°0,; Fig. 3-1d, 3-1e, 3-1f and 3-1g) will not be expressed in the
final isotopic composition of product CO,, though they might influence the temporal
evolution of the isotopic composition of product CO,. Only the second type of isotope
effects contributes to the fact that final product CO; is expected to be lower in '*0/'°O
ratio than the reactant H,COs. For example, differences between the rates of dissociation
of the three isotopomers of H,"?C®0'%0, promote 2C1%010 relative to 2C'*0'0 (i.e.,
those isotopomers that must break a '>C-'*0O bond in order to dissociate [Fig. 3-1e] do so

more slowly than those isotopomers that must break a '*C-'°0 bond [Fig. 3-1f and 3-1g]).
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Table 3-1 Evolution of different CO5> isotopologues during phosphoric acid digestion of carbonate

minerals.
Isoto;:)(;logue . Abundance® Isotopologue  Isotopologue .
C 032- Mass* of CO32' of H2C93 : of CO, Mass*  Fraction*
Reactant Isotopologues Intermediate Product
121000 60 0.981845503 H,’Cc'0'0%0  '’c'°0'0 44 1
Bel%o00 61 0.011033194  H,"’C'®0"0!%0  "c'®0'°0 45 1
H,’c0"0*0  "*c"0'"0 45  0.3345939
2¢c0'%0"0 61 0.000373003 H,’c*0"0%0  "c'*0'0 45  0.3358595
H,’c’00"0  "c'*0'*0 44 0.3295466
H,’c®00*0  "c’0'®0 46  0.3357121
2cB0*0%0 62 0.001968797  H,"”c'®0"00  >c'0"0 46  0.3381400
H,’C’00%0  "c'*0'*0 44 0.3261479
H,"c0"%0*0  “c'0'0 46 0.3345930
Bcl’0%0%0 62 4.19151E-06  H,"c'*0'0%0  "c'0'0 46  0.3359415
H,"c’0*00  “c'®0'*0 45  0.3359415
H,’c0"0"%0  "*c"0"0 46  0.3371440
2c700%0 62 1.41704E-07  H,'’)c'’0"0"0  '>c"0'%0 45 0.3308090
H,’c'0"0"0  '*c'%0"0 45  0.3320470
H,Bc®00®0  Bc®o'®o 47  0.3357094
Bcko00 63 2.21238E-05 H,"c0®0%0  Bc'*0™o 47  0.3382969
H,"c’00®0  Bc'®0'®0 45  0.3259937
H,”c®00%0  "c®0'"0 47  0.1691418
H,”c®00"0  "“c"0'0 46 0.1659645
12181716 H,”c0"%0%0  "“c'0"0 47  0.1697232
c0070 63 7AT946E-07 H,”c0"%0®0  "“c'0'0 45  0.1637057
H,”c0"®0"0  "“c'*0'"0 46  0.1671522
H,”c0"0%0  “c'®0'0 47  0.1643126
H,"c0"0"%0  "*c"0"0 47  0.3372255
Balglgitg 63 192BED reaigiegly  Be0%0 46 0.3307273
H,"c0"0%0  Bc'*0'0 46 0.3320472
2c00"0 63 5.38333E-11 H,”c0"0"0  "c"0"0 46 1
H,”c®0®0®0  "c"®o0'"0 48  0.3406058
2cBo®0'%0 64 3.94783E-06  H,'’Cc'®0'0"0  >c'0'%0 46  0.3285328
H,”c0"®0®0  "“c'®0'"0 46  0.3308614
H,"c®0'0%0  “c®o0'0 48  0.1691819
H,"c®00"0  “c'®0'®0 47 0.1659230
3181716 H,"c0"%0%0  “c'0"0 48  0.1698016
C07070 64 8.40482E-09 H,"c0%0®0  “c'0'0 46 0.1636285
H,"c0®00  “c'*0'™o 47  0.1671893
H,"c0'0%0  “c'*0'0 46 0.1642757
81T 17 H,'’c*®0"0"0  "c'®0"0 47 0.3344749
CO070 gy 28UBEI0 recigaly 20080 47 0.3356125
H,"”c0"0%0  "“c"0"0 46  0.3299126
Bc70"0"0 64 6.04936E-13 H,"c0"0"0  “c'0"0 47 1
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Isotopologue

of . Abundanz?e§ Isotopologue  Isotopologue . ‘
2- Mass* of CO; of H,CO3; of CO, Mass*  Fraction
CO3 . £
Reactant Isotopologues Intermediate Product

BEBokol0 Hzicizoioiz_o icizoio 49  0.3407615
65 4.43626E-08 H,"*c"®0'0"%0 c®0'0 47 0.3283773
H,"c0™0®0  “c'0™0 47  0.3308612
2EBotolo H,"c"®0"0"0 '"*c"®0"™0 48 0.3367737
65 1.49978E-09 H,’c®0"0"®0 "“c"™00 47 0.3310555
H,’c0"®0®%0 "c"0"0 47 0.3321708
5e600 Hzicijogoz_o Bc®070 48 0.3344739
65 3.19299E-12 H,"c’0"0"0  "c0"%0 48 0.3356870
H,”Cc70"70%0  Bc070 47  0.3298391

2cB0B0%0 66 7.91619E-09 H,’C®0%0®0  "“c'0"™0 48 1
BelioBo10 Hzicizoijog_o icizoijo 49  0.3368476
66 1.68533E-11 H,"c®*0'"0"%0 c®00 48 0.3309813
H,"c0%0®0  Bc0®0 48  0.3321711

Bc®o®0o 67 8.89558E-11 H,"C®0"0"%0  “c®0™0 49 1

* Nominal cardinal mass in amu.

¥ Stochastic abundances, i.e., the abundances when all the isotopes are stochastically distributed within

the reactant carbonate, with a bulk isotopic composition of 813CVPDB:0%O and 8180V5M0W=0%o.

£ Oxygen atoms in H,COj intermediate are expressed in the order of atom 2, 3, 4 in Fig. 3-1, and the

underlined atoms (atom 4) are the ones to be abstracted during phosphoric acid digestion.

¥ Predicted respective fractions of different product CO, isotopologues from the reactant CO5™

isotopologues at 25°C, based on our HCO; model.

We calculate the proportions of CO, isotopologues produced by dissociation of each

H,COs3 isotopologue based on a formulation that is exemplified as follows for the case of

H,"?C'"®0'°0,. This isotopologue of carbonic acid can dissociate to form two

isotopologues of CO,, *C'*0'°0 and '*C'°0,. The relative abundance of each of these

products is calculated through the functions:
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12 16 16 1218 16 416

C 070-H, "C"0"0"0
n12C1501507H2 2E18G165160 - R R R XnHz 20185160160
12C|<»0|<)07H2 2E18G166160 + IZCMOH,O*HZ 2EBH16G160 + IZC“‘OIXO*HZ RE1H165160
_ R12C180I607H2 2E18G165160 +R12C|00|807H2 2E18G160160
nuC“O“’O*HZ RE1G160160 - XnHz 120185160160

IZCl60l607H2 20185160160 +R]2C“O“O*H2 26185160160 + RQCMO‘XOfHE 26180160160

where n,, c and n, C denote the total numbers of

160160_H2]2C180160160 180160_H2]2C180160160

molecules of 2C'°0'°0 and C'0'"0 produced from dissociation of H,'?C'*0'%0,;

n is the number of molecules of reactant H212C1801602 (which we take to

H,"*c®0"0"0
equal the abundance of X'“C'*0'°0, in the carbonate undergoing phosphoric acid
digestion; i.e., we ignore, for the time being, any isotopic discrimination associated with
step 1 of the overall reaction, as defined above); and

R

12(:160160717,z 12C180160160 >

R and R denote the

IZCISO 16071_12 12C 1801()0160 IZCI()O 18071_12 12Cl80160160
dissociation rates of the three isotopomers of H,*C'*0'°0'°0O (Fig. 3-1e, 3-1f, 3-1g).
These R values are calculated based on statistical thermodynamic principles, as described

in section 2.1 and exemplified below:

+
H, IZCMOMOE

Q
x X[H212C160160180];

H, 20160

T

R =|v
IZCIASOIASO_HZIROI(VOMO | L|H2IZC”‘0”‘0I87(7
160120

¥
Q H.2CB01010 1218 16 16

|H 12018516516 X;X[Hz cC°0°0 O],

: T QHQIZC‘ROMOH’O

+
H, IZCMOISOE

Rl’ 18 16

;
=V
*c®0'"%0-H,"%0"0"0 | L

Rl’ 16

20 0180_[_12 851601009

t 2 8
o L PR x[H,"”C"0"0"0],
2 —

12 16

",%c"0"o0"o0

where the underscores in the subscripts denote the structural site of the O whose bond
with C is broken during dissociation (e.g., H,'2C'°0'°0'™®0 refers to the situation

illustrated in Figure le, H,"2C®0"0%0 refers to Figure 1f, and H,"2 %000 refers to



110

Fig. 3-1g); and [H,"C'°0'0"0], [H,"C'0'0'°0], [H,"’C'°0'"0'°0] are the
abundances of the different isotopomers of H,"?C"®0'%0,. Because the lifetime of
carbonic acid is relatively long under anhydrous conditions (Loerting et al., 2000), we
assume the concentrations of these various carbonic acid isotopomers are in equilibrium

(presumably through the exchanges of protons):

[H2 12C160160180] _ [H2 12cl80160160] _ [H2 12cl60180160]

QHZ 12C160160180 QHZ 12C180160160 QH2 ]2C160180]60
therefore,

R R R

]2C]601607H212CIXO]60160 : 12C180]607H212C180]60160 : 12C1601307H2 12C180160]60

= (| VE |><QT)H2I2C1601601370 : (| V[t |XQ+)H212CIBOI601670 : (| V]t |><QT)H2I2CI6OIBOI670

The relations given above for the case of H,'’C'0'°0, are applied to all the
isotopologues of H>COj; that are capable of producing more than one CO, isotopologue
(for H,COs isotopologues capable of producing only one CO; isotopologue, n; values for
that CO, isotopologue produced from that H,COj3 isotopologue equal n; of that H,COs
isotopologue, e.g., for isotopologue H,'*C'°Os, n

). The

IZCIGOI(’O*HZ 12C160160160 =n

1_12 12C160160]60
summation of all »; values for the various isotopologues of CO, produced from all

isotopologues of H,COs allow us to calculate the net isotopic fractionations associated

with acid digestion (Table 3-1).

2.3.3 Exploration of cation effects during phosphoric acid digestion through cluster

models
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The cation compositions of carbonate minerals apparently exert a second-order, but
measurable influence on the oxygen isotope fractionation associated with phosphoric acid
digestion (e.g., Gilg et al., 2003). The H,COs-dissociation model we described above
cannot account for such effects because it considers isotopic fractionation only after
separation of carbonate ion units from the metals to which they were bonded in the
crystal lattice. Thus, while our approach has the advantage of allowing for a relatively
rigorous treatment of part of the acid digestion process, it is an over-simplification that
will not permit full understanding of differences in fractionations between various types
of carbonate minerals. We have tried to develop an understanding of these second-order
effects by constructing a cluster model that describes the dissociation of H,COj5 attached
to XCOs clusters, which simulates the situation where H,COj is influenced by bonds on
the surface of adjacent, un-reacted carbonate. Similar ab initio cluster models have been
used previously to investigate local properties and reactions of carbonate surfaces, such
as hydration (Mao and Siders, 1997) and adsorption (Ruuska et al., 1999). In this study,
we limit our model to small clusters comprising only two XCO; units, i.e.,

3)2° 1) 3, WNETe A= ,La ,Mn ,re ,4Zn ,or , , ba .
XCOs),'H,CO3, where X= Mg**, Ca>", Mn*™", Fe**, Zn*™", Sr**, Pb*", Ba™

Following the same method outlined in previous sections, we obtain the structures of
the transition states for these clusters (Fig. 3-2) and derive the isotope fractionations
during phosphoric acid digestion of different carbonate minerals. Note, we will confine
our discussion on this cluster model to section 4.4. In other parts of the text, “model”

refers to the H,CO3 —only model described in section 2.2.1, unless stated otherwise.
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.
®

(a) (b) (c)

Figure 3-2: Representative transition state structures during phosphoric acid digestion of carbonate
minerals, as in our ‘cluster models’ that attempt to describe interactions between disassociating H,COs
and adjacent mineral surfaces. Individual structures are: (a) (CaCOs),'H,COs; (b) (MgCO;),-H,COs;
and (c) (BaCO;),'H,COs. Letters identify the chemical identity of each atom.

2.3 Computational methods

Molecular geometries were optimized and bond frequencies were calculated for the
transition state isotopologues using the Jaguar program (Ringnalda et al., 2005), on a
workstation cluster with 79 Dell PowerEdge-2650 server nodes (Xeno, 2.2-2.4GHz,
512K) in the Materials and Process Simulation Center at Caltech. The singlet state
electron wave functions of the molecular configurations were built using a density
functional theory with hybrid functionals, B3LYP, and extended basis sets 6-31G* (for
the H,CO3 model) and LACV3P (for the cluster model). These were selected based on
their previous success in similar ab initio models (Foresman and Frisch, 1993; Scott and
Radom, 1996; Ringnalda et al., 2005).

Ab initio calculations tend to overestimate vibration frequencies, mostly because
they neglect the effects of anharmonicity (Scott and Radom, 1996). Therefore, a scaling
factor based on the comparison between the calculated bond vibration frequencies and
experimentally measured frequencies usually need to be applied to harmonic frequencies

derived from ab initio models. No experimentally-measured frequencies of the transition
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state are available for comparison with our ab initio model. Therefore, we have used a
universal frequency scaling factor of 0.9614, previously shown to be appropriate for
B3LYP/6-31G* calculations (Scott and Radom, 1996). To test the effectiveness of this
assumed frequency scaling factor, we computed the vibration frequencies for the carbonic
acid molecule using the B3LYP/6-31G* method, applied the 0.9614 scaling factor, and
compared the scaled bond-vibration frequencies to the previously published results
(Tossell, 2006) from more sophisticated, higher level calculations (CCSD/6-311+G(2d,p)
level) and anharmonicity corrections (B3LYP/CBSB7 level). Results from these two
independent models are generally consistent with each other (Fig. 3-3), suggesting that
our scaling of the B3LYP/6-31G* model adequately accounts for systematic errors due to
anharmonicity and related effects. No frequency scaling was employed for the cluster
model calculations, due to the absence of a universal scaling factor for the LACV3P basis
set. However, we show below that any influence of the scaling factor is likely to be

negligible for the general conclusions we reach based on our cluster model.

4000

Figure 3-3: Comparison of vibration
3500 frequencies of gas-phase carbonic acid
30004 (H,CO;) obtained in this study using

2500 B3LYP/6-31G* ab initio models with a

scaling factor of 0.9614 vs. those obtained
2000
through more sophisticated higher level

15004 . . )
calculations and anharmonicity corrections

1000 4 (CCSD/6-311+G(2d,p) with B3LYP/CBSB7

B3LYP/6-31G* (cm™)

500 based anharmonic calculations and

< corrections; Tossell, 2006). The solid line
0 500 1000 1500 2000 2500 3000 3500 4000

4 indicates a 1:1 correlation.
CCSD/B-311+G(2d,p) (cm™)
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3. EXPERIMENTAL METHODS

Starting materials for the experiments consisted of three different calcite materials:
NBSI19 carbonate standard distributed from IAEA (1 aliquot); MZ carbonate preheated at
1100°C from Ghosh et al. 2006 (1 aliquot); and Sigma-carb purchased from Sigma-
Aldrich Co. (2 aliquots). The materials were loaded into Pt capsules, which were then
sealed by welding and inserted into CaF, cell assemblies. The experiments were
conducted in a piston-cylinder apparatus at 1550 or 1650°C and either 2 or 3 GPa for 24
hours. Temperature was monitored using type C thermocouples, uncorrected for the
effect of pressure on emf. The temperature and pressure conditions were chosen to be
close to or above the melting point of CaCOs (Suito et al., 2001) to ensure complete
stochastic distributions of isotopes (which might not occur over laboratory timescales due
to solid-state recrystallization alone; Ghosh et al., 2006). Experimental charges were
quenched rapidly by turning off the power to the furnace, resulting in cooling to below
200°C in less than 20 seconds and to room temperature within 1 minute. Carbonate
crystals were recovered by carefully stripping off the Pt capsule. The phase of each
sample was verified using X-ray diffraction, and the aliquots were then reacted with

anhydrous phosphoric acid (p=l.91g/cm3) at 25°C for 18-24 hrs. The A4; values of

released CO, were analyzed on a gas source mass spectrometer configured to
simultaneously measure masses 44 to 49. A detailed description of the mass spectrometer

configuration and analysis procedures is given by Ghosh et al (2006).

4. RESULTS AND DISCUSSION

4.1 Experimentally determined acid-digestion fractionation of A4,
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We assume that heating CaCO; to temperatures and pressures above its melting
point should drive its °C and 'O toward a stochastic distribution. Thus, we anticipate
that the A47 value of the CO,; extracted from CaCO; that has been quenched from melt
should equal O (the stochastic value) plus any fractionation associated with phosphoric
acid digestion. There is no simple way for us prove that the stochastic distribution in
carbonate is preserved during rapid quenching from a melt, but this seems like a
reasonable inference given previous evidence that isotopic redistribution in crystalline
calcite is inefficient at laboratory timescales, even at high temperature (Ghosh et al.,
2006). X-ray diffraction analyses confirmed that CaCO3 samples quenched from heating
experiments are all of the calcite structure. The A47; values of CO, gases derived from
these CaCO; samples average 0.232+0.015%o (15), and show no systematic difference
between the experiments at 1550°C/2Gpa and at 1650°C/3Gpa, nor any correlation with
the A47 values of the CO, extracted from these samples before recrystalization (Table 2;
note such a correlation was observed by Ghosh et al., 2006, in the products of solid-state
recrystallization experiments, leading them to conclude that such treatment led to only
partial approach to the stochastic distribution). These results support our inference that
our heating experiments succeeded at driving these samples to a stochastic distribution,
and thus imply that the ‘clumped isotope’ fractionation of *C-'*0O bonds during

phosphoric acid digestion of calcite corresponds to an increase in A47 of 0.23%o at 25°C.
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Table 3-2 Fractionation of multiply-substituted isotopologues, A47 (see text for the definition), during
phosphoric acid digestion of CaCOj; at 25°C determined through phosphoric acid digestion of high

temperature and pressure equilibrated CaCOj; (calcite) samples.

Before re- Re-crystallization o
N . After re-crystallization
crystallization experiments
Sample 13 18 13 18,
p Asr 6°C 5°0 T P ¢ As ot 6°C 5°0
(1) VPDB VSMOW o P h 0, VPDB VSMOW
(4)0) (%0) (%0) ( C) (G a) ( I’S) (/’0) (%0) (%0)
Re-
crystallized 0.267 -13.66  34.61 1550 2 24 0.234  0.025(3) -17.03 34.11
MZ
NBSI9 0.334 2.01 39.28 1550 2 24 0.210  0.012(2) -4.82 38.64
standard
. 1550 2 24 0.243  0.015(3) -33.96 2044
Sigma
0.468 -42.28  20.55
carbonate

1650 3 24 0.239  0.0092) -25.82  20.78

* 1o denotes the external standard deviation. Numbers in the bracket indicate the numbers of

independent replicate extraction and isotopic analyses of the carbonate samples after re-crystallization.

4.2 Model results for the oxygen-isotope and clumped-isotope fractionations
associated with carbonic acid dissociation

Table 3-3 summarizes the vibration frequencies we calculate for the various
isotopologues of H,COs. The negative frequencies, m,, correspond to the decomposition

frequencies v} in section 3.1. Following procedures outlined in section 3, these

frequencies are used in our transition-state-based predictions of the proportions of
different CO, isotopologues that are produced by dissociation of the H,COj; intermediate,
and the temperature dependence of those proportions. Unless stated otherwise, all of our
calculations assume that reactant carbonate has a 8°Cyppg value of 0%o, a 5" Ovsmow
value of 0%o and a stochastic distribution of multiply-substituted isotopologues (Table 1),

and that the H,COj intermediate is identical in isotopic composition to reactant carbonate.
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We define the fractionations of oxygen isotope (1000Ina’) and multiply substituted
species (A47*, A4g*, A49*) during acid digestion as the differences between 8'%0, A47, Aus,
A4 in the product CO, and 6180, Ag3, Asa, Ags in the reactant carbonates, respectively:

5%0,, 11000 +1
18 - ’A47
5"0,0p. /1000 +1

XCO,

1000In " =10001In T=AL NG AL AL AL AL = A — A

where Asg, A4, As3, Asa and Ags are defined, similar to A47, following the same principle

as in Eiler and Schauble (2004):

12 18 18 13 18 17

[ C O O]+ C O 0]
I [12C160160]
actual
Agg = T 1> 1000 = | = s 5 s 17 L |x1000
Rstochastic [ ¢o O]s L co O]s
12 16 16
[ C O O]S
13 18 18
[ C O 0]
rY [12C160160]
actual
A49: 70 -1 [x1000 = 3 18 18 -1 | x 1000
Rstachastic [ €o O]s
12 16 16
[ C O O]x
13 18 16 16 12 18 17 16 13 17 17 16 12 17 17 17
[ C O O O]+ C O O O]+[ C O O O]+ C O O O]
R63 [12C160160160]
actual
A63 = 63 -1 > 1000 = 13 18 16 16 12 18 17 16 13 17 17 16 12 17 17 17 -1 1000
R . ["C O 0 0] +[ C O 0 0].+[ C 0 0 0] +[ Cc 0 O 0]
stochastic s s s s
12 16 16 16
[ C O O O]x
12 18 18 16 13 18 17 16 12 18 18 17 13 17 17 17
[COOO]+[COOO][COOO]+[COOO]
R64 [12C160160160]
actual
A64 = 64 -1 ]x 1000 = 12 18 18 16 13 18 17 16 12 18 18 17 13 17 17 17 -1 |x 1000
R . [C000]+[C000]+[C000]+[C000]
stochastic s s
12 16 16 16
[ C O O O]S
12 18 18 17 13 18 18 16 13 18 17 17
[COOO]+[COOO][COOO]
R65 [12C160160160]
actual
865 =| "es L1000 = TR 1 13 18 18 16 318 17 17 L |x1000 ’
. [C000]+[C000]+[C000]
stochastic s s
12 16 16 16

[ c o oo

where ‘s’ in the subscript denotes the abundance of an isotopologue when all the isotopes

are stochastically distributed.
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Fig. 3-4 and Table 3-4 present the oxygen isotope fractionations that accompany
phosphoric acid digestion over a range of relevant temperatures, as predicted by our
transition-state theory model. The predicted oxygen isotope fractionation and its
temperature dependence are broadly similar to those determined for different carbonate
minerals in previous laboratory studies. At 25°C, our model predicted oxygen isotope
fractionation of 10.72%o, is in the middle of the range of observed fractionations among
different carbonate minerals (from 10.06%o0 for MnCOs to 11.92%0 for MgCO3), and is
very close to the experimental determined fractionation for calcite (10.20%o). The
temperature sensitivity of our predicted oxygen isotope fractionation during phosphoric
acid digestion (-0.055%0/°C at 25°C) is also only slightly above the range of temperature
sensitivities experimentally determined for different carbonate minerals (MnCOj; appears
to possess the highest temperature sensitivity of oxygen isotope aid digestion
fractionation, -0.052%0/°C at 25°C).

3-4: isotope
fractionations (1000lna*, where
o* is the '*0/'°O ratio of product
CO, divided by that for reactant
carbonate) plotted vs. 10°T? in K
(the  upper
indicates T in °C, for reference).
The dashed line is the predicted
dependent

Figure Oxygen

Temperature in °C
150 100 80 50
| I [ I T

horizontal  edge

temperature
fractionation based on our model
of H,CO; Labled
solid measured
experimental values for various
metal carbonates (Table 4). The
structurally simple transition-state

dissociation.
lines are

1000Ina* (%o)
©
1

structure model we

propose

B —— Experimental line
. - ---H,CO, model prediction

T — T
06 0.7 0.8 0.9 1.0 1.1

10°/T?[T in Kelvin]

captures the first-order magnitude
and temperature dependence of
observed  fractionations, and
mostly closely approaches the

best-determined value for calcite
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Our transition-state-theory model of phosphoric acid digestion predicts that CO,
produced by dissociation of an H,CO; intermediate has abundances of BcBo bonds, as
reflected by the A47* value, +0.220%o higher than the Ag; value of reactant carbonate at
25°C, with a temperature sensitivity of -0.0010%0/°C over the temperature range of 25°C
to 80°C (Fig. 3-5). The predicted fractionation at 25°C is indistinguishable from this

study’s experimentally determined value of 0.232%o for calcite (Table 3-2), and the

Temperature in °C

150 100 80 50 25 20
I 1 T T 1197

0.7

Acid digestion fractionations (%o)

0.1+ - 0.1

0.0

05 06 07 08 09 10 11

10%/T* [T in Kelvin]
Figure 3-5: Fractionations of multiply-substituted species (Ag7, Asg A49*) during
phosphoric acid digestion predicted by our H,COs dissociation model, plotted as a
function of IOST'z, in K. The solid circle is the average value of A47*
experimentally determined during phosphoric acid digestion of calcite at 25°C
(Table 3-2; this study). The bar is 1 standard deviation (15) of multiple replicate

extractions of this calcite (the standard error of the average is approximately the

size of the symbol).

temperature dependence is close to the experimentally measured value of ca.

-0.0016%0/°C (Ghosh et al, 2006). There are no experimental data documenting
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fractionations of 'C'*0, and "*C'®0, isotopologues during acid digestion of carbonates,
but for future reference we note here that our transition state theory model predicts A4g* to
be 0.137%o at 25°C with a temperature dependence of -0.0011%0/°C, and A4 to be
0.593%o at 25°C with a temperature dependence of -0.0033%0/°C (Fig. 3-5).

The most obvious weakness of our transition state theory model is the need to
choose a frequency scaling factor (which presumably reflects the effects of
anharmonicity; see section 2.3, above). We tested the potential effects of this assumption
by repeating our calculations with no scaling factors. In this case, the predicted acid
digestion fractionations at 25°C are 11.32%o for 6180*, 0.235%o for A47*, 0.156%o for A4g*,
and 0.642%o for A4 . These results are sufficiently similar to the results of our preferred
model that we do not regard the frequency scaling factors as plausible sources of large
systematic error.

Our transition state theory model also predicts the mass dependency of the oxygen
isotope fractionation that accompanies phosphoric acid digestion. This is relevant for
analyses of the bulk isotopic compositions of reactant carbonates because one must
assume the mass dependence of the acid digestion fractionation in order to ion-correct the
measured mass spectrum of product CO,. Generally speaking, measurements of the
carbon and oxygen isotope compositions of CO, on a gas source isotope ratio mass
spectrometer examine CO; isotopologue ions having nominal molecular masses of 44, 45
and 46 amu. Because the instruments commonly used for this purpose cannot mass
resolve °C'°0, from '>C'70'°0O, one must make some assumption to correct for the

contribution of "*C'70'°O to the mass 45 amu ion beam. This is generally accomplished
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17 185 \*
by assuming a relationship between '’O and '®O abundance of the form: 17RA = (%}
B B

(Assonov and Brenninkmeijer, 2003; Miller et al., 2007), where the value A must be
assumed or determined by independent experiments (such as fluorination of reactant
carbonate and product CO, followed by isotopic analyses of the resulting O, gases). To
the best of our knowledge, there are no experimental determinations of A associated with
phosphoric acid digestion of carbonate minerals; a value 0.528 has been suggested
(Assonov and Brenninkmeijer, 2003; Miller et al., 2007). This value of A characterizes
the isotopic variations of natural waters (Li and Meijer, 1998; Barkan and Luz, 2005),
and presumably is inherited by carbonate minerals that form in isotopic equilibrium with
natural waters, although there is no reason to suppose it also is characteristic of the acid
digestion reaction process by which carbonates are measured. Our transition state theory
of phosphoric acid digestion predicts that the value of A associated with its isotopic
fractionations is 0.5281. Thus, our model agrees with and provides an independent
theoretical justification for the suggested value of 0.528 for CO, extracted from carbonate
samples (Miller et al., 2007) and standards (e.g., PDB and NBS-19; Assonov and

Brenninkmeijer, 2003).

4.3 Dependence of acid digestion fractionations on the isotopic compositions of
reactant carbonate minerals?

A striking peculiarity of Kim and O’Neil’s (1997) experimental determinations of
oxygen isotope fractionations associated with phosphoric acid digestion is the apparent
variations of the fractionation factors even within the same type of carbonate minerals at

the same digestion temperature (25°C). Apparent fractionation factors at 25°C were



125

observed to vary by up to 0.5%o for calcite (CaCO3), 0.6%0 for witherite (BaCO3), and
2.5%o for octavite (CdCO3). We are not aware of any detailed explanation that has been
put forward for the observed variations. Kim and O’Neil (1997) suggested these effects
might be related to differences in the preparation conditions of those carbonates.

We performed a statistical analysis of the experimental data presented in Kim and
O’Neil (1997), and observed statistically significant correlations between the oxygen
isotope acid digestion fractionations and the oxygen isotope compositions of the reactant
carbonates, with proportionalities of: 0.03%o. change in fractionation per permil in
reactant '°O for calcite; 0.036%o per permil for octavite; and 0.06%o per permil for
witherite (Fig. 3-6). Interestingly, we find these observed correlations might help explain
discrepancies between independent determinations of acid digestion fractionation factors.
For example, the oxygen isotope acid digestion fractionation for octavite determined by
Sharma and Clayton (1965) (11.9%0 at 25°C), falls on the trend of fractionation vs.
reactant 8'°0 determined for octavite by Kim and O’Neil (1997) (Fig. 3-6). The relatively
small acid digestion fractionation determined for calcite by Sharma and Clayton (1965)
might also be consistent with such a trend (Fig. 3-6). On the other hand, the discrepancy
between these two studies in the acid digestion fractionation for witherite can not be
explained in this way. The possibility that acid digestion fractionations depend on
reactant 8'°0 is generally neglected in studies of carbonate stable isotope composition,
despite the fact that the existence of such an effect could lead to significant systematic

errors for some materials.
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Figure 3-6: Empirically observed correlations between the oxygen isotope fractionations
associated with phosphoric acid digestion and the oxygen isotopic composition of reactant
carbonates. Experimental data are from Kim and O’Neil (1997) and the solid lines are the
least square regressions to the experimental data:

Caclite,  1000Inc =(9.82209+0.29103)+(0.02725+0.01262)x8" *Ox o3, R=0.66124;
Octavite, 1000Ino."=(5.54713+1.50518)+(0.36680+0.08406)x5'*Oxc03, R=0.79615;
Witherite, 1000Ina. =(9.48846+0.54236)+(0.05612+0.02784)x8" Oxco3, R=0.70985,
where R is the respective correlation coefficient.

Also shown for comparison (star symbols) are the data from Sharma and Clayton (1965).
Neither our H,COj; dissociation model nor our more complex ‘cluster’ models predict a

correlation between these two variables.
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We examined this issue by recalculating our transition state theory model for a range
of bulk isotopic compositions and initial multiply-substituted isotopologue proportions
(i.e., values of Ag;, Ags, etc.) in the reactant carbonate (assumed identical to H,CO;
intermediate) at a constant assumed acid digestion temperature of 25°C (Table 3-5). We
observe no dependence of the oxygen isotope acid digestion fractionation (1000lna’) on
the 8'0 value of the reactant carbonate, and thus our model does not provide an
explanation of such trends in the experimental data of Kim and O’Neil (1997). Given the
general success of our model in describing the magnitude and temperature dependence of
1000Ina (Fig. 3-4), this discrepancy likely indicates that the trends observed by Kim and
O’Neil (Fig. 3-6) are not an intrinsic feature of the kinetic isotope effect that accompanies
phosphoric acid digestion of carbonate. Such trends might reflect systematic errors in the
fluorination measurements that were used to determine the bulk 8O of reactant
carbonates (e.g., as might result from an unrecognized analytical blank or contaminant),
or, as suggested by Kim and O’Neil (1997), some cryptic artifact particular to the
synthesis of the carbonate standards they studied.

The transition-state-theory models summarized in Table 3-5 show an unexpected
dependence of the fractionations of multiply-substituted isotopologues (i.e., values of
As7°, A4 and Ag) on proportions of multiply substituted isotopologues of reactant
carbonates (i.e., values of Ag3, Ass, and Ags). Most importantly, A47*, the fractionation
that directly influences the results of carbonate clumped isotope thermometry, is
predicted to increase by ~0.035%o for every 1%o increase in the Aqs value of reactant
carbonate. The proportions of multiply substituted isotopologues inside reactant

carbonate are calculated based on the equilibrium constants of isotope exchange reactions
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between different carbonate ion isotopologues, following the similar algorithm as
presented in Wang et al. (2004) (see Appendix for details). This non-ideality in the
clumped isotope fractionations (i.e., a dependence of fractionation factor on reactant
isotopic composition) is real, but arises from a peculiarity in the way the A; values are
defined. The A; values for any particular isotopologue is independent of reactant

composition. That is, Avs isgig of product CO, differs from A of reactant

ISCIROIGOI(JO
carbonate by an amount that varies with temperature but is independent of the

Ay csgisgisg of reactant carbonate. However, for the fractionation of total mass 47

isotopologues,
*
A47 =A, - Aﬁ}
z (f” c®o'o x AI3c”‘o”‘0 + 200 x Alzc“‘o”o + f”c”o”o x AI"c”o”o ) - ,
(ﬁ‘ c®0'*0"o x A”C‘Xo'“o“o + f‘zc"‘o”o‘ﬁo X A”c”‘o”o’“o + ﬁ‘c”o”o’“o x A”c”0”0”0 + f“ c"0"0"0 x A”c”o”o”o)

where S asgogr S isgigs Jis gy T€ the relative abundance fractions of isotopologues

Bc0'0, *¢'®0'70 and PC'0"0 in all the mass 47 isotopologues of product CO»,

S csgogogs S sgrongs Jisgngrgigs Jeangngn, are  the relative  abundance fractions of

isotopologues *C'*0'°0'°0, *C'*0"0'%0, *C'"0"0'"0 and *C"70"70'’0 in all the
mass 63 isotopologues of reactant carbonate CO3”".

We define

* * *

1602 2805170 = ALZ oo - ALZ C\x()w()m(); B0 = AHCHOHU - AHCHOHUMU

13 180160 = Ancwx()mo - AH 00

as the fractionations of specific isotopologue during phosphoric acid digestion.

Substituting these definitions in the equation above, we obtain
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*

* * *
A47 & (ﬁzclxolbo X A”C'S()If’() + ﬁz %00 X AIZCIXOHO + ﬁzcwowo X A”C”()”())
+ (ﬁz o' - ﬁl 3000 ) X Alz %0050 + (ﬁz oo - ﬁz %0700 ) X A12 30700 + (ﬁ1 00 - ﬁl 70700 ) X A13C17017O|60

_ﬁZ C”O”O”O X A]Z C”O”O”O
In carbonates of natural isotopic compositions,
(ﬁx o0 - f;z 000 ) = (ﬁz oo - ﬁz 000 ) >> = (f;z 00 - ﬁz 000 ) >> f;z 000

A

and 13 C180160160 >> A

2cto0 o (e.g., for calcite A =0.406%0 and

]3C180160160

A =0.071%o at 300K; Schauble et al. 2006 ), the above equation can therefore be

12C180170160

further approximated as

#

12 C180170 + ﬁ3 C17017O

s

13 C17017O ) + (ﬁ} 0180160 - ﬁ] CIXOIGOIGO )XAU CIBOI()OI()O

* *
A47 =~ (ﬁ}clxolﬁo XADCISOMO +ﬁ2C180170 XA XA

= Constant + (ﬁ3C180160 - ﬁ3C180160160 ) X A(,}

As mentioned above, the Ai* values are independent of A; of the reactant carbonate and

are a function of only acid digestion temperature, and thus can be regarded as constant at

*

13C180]60

*

12 C180170

given temperature. At 25°C, A =0.225%0, A =0.070%0 and

*

A, Foo =0.277%o, respectively.
For carbonates with 8°C=0% and &'°0=0%., as assumed in our model,
S grgogeg = 0-9671 and £, g = 0:9366 . Therefore, we expect the dependence of As7" on

Ag3 of the reactant carbonate to have a slope of ~0.0305, based on the above analyses.
This agrees well with our quantitative H,CO3 model prediction, ~0.035%o increase in A47*
for every 1%o increase in Agz. The small discrepancy is believed to arise from the
approximations adopted in the derivation of the above equations. Note that this slope for
the dependence of A47* on Ag; varies little for carbonates of different bulk isotopic
are insensitive to the changes in the bulk

compositions, since both S engg and 7, o

"o
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isotopic compositions. The slope increases by only ~0.002 for 50%o increase in 8"°C, and
decrease by ~0.0005 for 50%o increase in 5'°O.

The available experimental data do not directly test our predicted dependence of Ag;"
on Ag3 of reactant carbonate (and it would be difficult to make such a direct test without
independently knowing the temperature dependence of Ag;). However, the predicted
effect does offer a partial explanation why the experimentally determined relationship
between the Ay; of CO, produced by acid digestion of calcite and calcite growth
temperature (Ghosh et al., 2006) is more sensitive to temperature than the theoretically

predicted temperature dependence for Ag; (including contributions from both A sgisgrin

and A ) in carbonates (Schauble et al., 2006). For example, over the temperature

12¢¥070'%0
range of 0-50°C, Schauble et al. (2006) predicts Ag; in thermodynamically equilibrated
calcite solids decreases by 0.00279%. for every degree increase of its growth temperature;
Assuming calcite has the same dependence of A47* on Ag as predicted by our above
H,CO3 model, we predict the A47 of CO; produced by acid digestion of calcite will have a
temperature sensitivity of -0.00289%0/°C, which is closer to the -0.00453%0/°C

determined experimentally by Ghosh et al. (2006).

4.4 Cation effects on acid digestion fractionations

The transition-state model we present in preceding sections simultaneously explains
a variety of features of the kinetic isotope effects associated with phosphoric acid
digestion of carbonates, including the magnitude and temperature dependence of
1000Ina” and A47* fractionations. Given that all of these predictions are strictly

independent of the experimental data to which they are compared, we contend that our
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model closely captures the most important mechanistic details of this reaction. However,
phosphoric acid digestion of carbonates is also known to exhibit a dependence of
1000Ina.” on the cation chemistry (and possibly crystal structure) of reactant carbonate
(Table 3-4; Fig. 3-4). At 25°C, the observed oxygen isotope fractionations among
different carbonate minerals vary from 10.06%o0 (MnCOs3) to 11.92%0 (MgCOs), and the
temperature sensitivity of oxygen isotope fractionations during phosphoric acid digestion
vary from -0.027%0/°C (BaCO3) to -0.041%0/°C (MnCOs) over the temperature range of
25°C to 80°C (Table 3-4; Fig. 3-4). Nothing in our model of H,CO; dissociation can
explain such observations. In this section, we use a cluster model of the reacting
carbonate surface (Section 2.2.3 and Fig. 3-2) to explore the possible causes of these

effects.

4.4.1 Cluster model results on the oxygen isotope fractionation among different
carbonate minerals

Table 3-6 and Fig. 3-7 present the predictions of our cluster model on the variations
of oxygen isotope fractionation among different carbonate minerals, and the comparisons
between these cluster model predictions and the results determined from previous
experimental studies. Our cluster model of the carbonate surface, in which the H,CO;
intermediate interacts with adjacent metal-carbonate groups, succeeds in capturing the
experimentally-observed dependence of 1000lno’ on cation composition, but fails to
exhibit the excellent agreement with the absolute values and absolute temperature

dependences of 1000Ina” (and A47*) characteristic of our simpler H,CO3 dissociation
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model (above). In particular, our cluster model predicts values of 1000Ina.” at 25°C from
1.771%0 (PbCO3) to 3.652%0 (FeCOs) for the eight different carbonate minerals studied.
Except for PbCO;3, these predicted oxygen isotope fractionations are approximately one-
third the experimentally observed values — a large discrepancy. Nevertheless, the
predicted differences in oxygen isotope fractionation between different minerals
generally reproduce those observed in previous experimental studies (Fig 3-7a). The
oxygen isotope fractionation predicted by our cluster model for PbCOj; is an exception,
falling far below the trend defined by other carbonate minerals. This might be related to
the spin-orbit effects and the basis set superposition error in ab initio calculations of Pb-
containing complexes with effective core potential basis sets (Ramirez et al., 2006). We

evaluate the temperature sensitivity of oxygen isotope acid digestion fractionation
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Figure 3-7: Comparison of the isotope fractionations associated with phosphoric acid digestion
predicted by our ‘cluster models’ with experimentally observed fractionations for various metal
carbonates. Panel (a) depicts the oxygen isotope fractionation at 25°C; (b) depicts the temperature
sensitivity of the oxygen isotope fractionation, as measured by the ratio of oxygen isotope
fractionations at 80°C and 25°C. Experimental data were based on equations in Table 3-4. The dashed

line in Figure (b) indicates a 1:1 correlation.
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predicted by our cluster model as the ratio of predicted oxygen isotope fractionation
between 80°C and 25°C, and compare them with the experimental observations (Fig. 3-
7b). The model prediction and experimental data fall close to 1:1 correlation, indicating
our cluster model also correctly predicts the variations of the temperature sensitivity of
oxygen isotope acid digestion fractionation among different carbonate minerals
(including PbCOs; Fig 3-7b).

We conclude that our cluster model captures the essence of cation effects during
phosphoric acid digestion (i.e., they result from interactions between the dissociating
H,CO; intermediate and metals and carbonate ions on the surface of the reactant
carbonate), but is quantitatively inaccurate because it fails to describe the structural
relationship between H,COs and the crystal surface. This deficiency is likely due to the
small size and simple geometry of the clusters we have modeled. It should be possible to
refine this model so that it simultaneously describes the absolute values and temperature
dependencies of the acid digestion fractionations and their dependence on reactant
composition and structure, although we suspect this would require a sophisticated
treatment of the extended structures of surfaces that is beyond the scope of this study.
Nevertheless, the fact our cluster model reproduces the observed size and temperature
sensitivity differences in oxygen isotope fractionations among several carbonate minerals,
combined with the substantial success of our simpler model in describing the systematics
of phosphoric acid fractionations generally suggests that the conceptual framework we

have followed is broadly correct.
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4.4.2 Controls on the variations of acid digestion isotope fractionations among different
carbonate minerals

Previous attempts (e.g., Bottcher 1996 and Gilg et al., 2003) to understand the
variations of acid digestion fractionation among different carbonate minerals examined
empirical correlations between the intercept in a plot of 1000Ina’ vs. 1/T* and the radius
or mass of the cation in the reactant carbonate (following the suggestion of Sharma and
Sharma; 1969b). These efforts failed to reveal any simple correlation shared by all
minerals. (Note that, O’Neil (1986) made an alternate suggestion that 1000Ino” values
for phosphoric acid digestion reactions might also be controlled by reaction rate; Kim and
O’Nei, 1997) However, it is not clear what physiochemical meaning should be attached
to the intercept in a plot of acid digestion fractionation vs. 1/T>.  We focus on the
differences of 1000lna” among different carbonate minerals at a given temperature (e.g.,
25°C) and its temperature dependencies separately, which we think are more likely to
reflect differences in kinetic isotope effects associated with phosphoric acid digestion.

We compare values of 1000Ine” at 25°C and the temperature dependencies of
1000Ina” (from both model prediction and experimental determination) for different
carbonate minerals against their respective cation radius (Fig. 3-8). The theoretically
predicted values of 1000Ina at 25°C positively correlate with the reciprocal of cation
radius (Fig. 3-8a). The theoretically predicted, as opposed to experimentally determined,
1000Ino” at 25°C show better correlations in this comparison, because significant
uncertainties are associated with experimental determinations of 1000lno’ (more
specifically, associated with the determination of total oxygen isotopic compositions of

reactant carbonates through the fluorination methods; Kim et. al., 2007). In contrast, both
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theoretically predicted and the experimentally determined temperature dependencies of

1000Ina” exhibit positive correlations with the reciprocal of cation radius (Fig 3-8c, 3-8d).
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Figure 3-8: Correlations between fractionations of oxygen isotopes associated with acid digestion and
the ionic radius of the cation in the reactant carbonate. Panel (a) depicts the predicted fractionations of
our ‘cluster model’ for phosphoric acid digestion at 25°C; (b) experimentally determined acid
digestion fractionation at 25°C; (c) shows ‘cluster model’ predicted temperature dependence factor B
for oxygen isotope acid digestion fractionation (as expressed in the form of 1000Ina =A+Bx10°/T?;
Table 3-4); (d) experimentally determined temperature dependence factor B for oxygen isotope acid

digestion fractionation, against cation radius. These observed correlations indicate cation radius is the
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predominant factor controlling the variations of acid digestion fractionations among different

carbonate minerals. Data on the cation radii are from Golyshev et al. (1981).

The experimental determinations of the temperature dependencies of the oxygen isotope
acid fractionation have much smaller uncertainties (since the uncertainties associated
with fluorination methods cancel out in the determination of temperature dependence),
and therefore show better correlation in the above comparison. The existence of these
correlations suggests that cation radius is the most important mineral-specific factor
controlling acid digestion fractionations.

To examine the possible effects of cation mass on the acid digestion fractionation,
we adopt a similar strategy to that employed by Schauble et al. (2006) in their discussion
of equilibrium carbon and oxygen isotope fractionations among different carbonate
minerals, and create two hypothetical isotopic carbonates, **MgCO; and *°BaCO;. In
these cluster models, all the optimization and calculation were performed as outlined
above for their isotopically normal equivalents, except the atomic masses of Mg and Ba
were both assigned as 40 amu instead of their normal masses (24.3 amu and 137.3 amu,
respectively). If cation mass controls the acid digestion fractionation, we would expect
the model predicted fractionation for these two hypothetical carbonates to closely
resemble the predicted fractionation for CaCOs;, which has a cation mass of 40.1 amu.
Instead, we observe negligible differences in predicted acid digestion fractionations
between these hypothetical carbonates and their isotopically normal equivalents (within
0.03%0 for MgCOs3 and 0.01%o for BaCOs; Table 3-6). Thus, the cation effect on acid
digestion fractionation reflects cation size, not mass.

Besides cation radius and mass, crystal structure has been invoked by previous

studies as another potential factor that might place important controls on the acid
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digestion fractionation (Gilg et al., 2003). The CaCOj; polymorphs calcite and aragonite
are ideal for testing this proposition, since the two share the same cation composition but
differ in their crystal structures. Sharma and Clayton (1965) first determined the oxygen
isotope acid digestion fractionation for calcite and aragonite at 25°C, and observed only a
0.09%0 difference between the two (10.20%o for calcite vs. 10.29%0 for aragonite).
Recently, Kim et al. (2007) re-determined the acid digestion fractionation for calcite and
aragonite between 25°C and 75°C with much higher experimental precision, and
indicated instead a significantly bigger difference, 0.32%o at 25°C (10.25%0 £ 0.07 for
calcite vs. 10.57%o0+ 0.10 for aragonite; 1se). However, our re-examination of the data
from Kim et al. (2007) suggests a possible systematic bias during their determination of
total oxygen isotopic composition of reactant aragonite — an inverse correlation appears
to exist between the total oxygen isotopic composition of reactant aragonite and the total

oxygen yield from decarbonation and fluorination steps

(5180

ragonire = ~0-1362 % Yield% +38.642). Kim et al. (2007) didn’t discuss this correlation,
and averaged the data as the best estimation of total oxygen isotopic composition of their
reactant aragonite. But, in view of existence of this correlation, we suggest that a more
accurate estimate of the total oxygen isotopic composition of the reactant aragonite is the
total oxygen isotopic composition at 100% oxygen yield. Following the observed
correlation, this approach yields a total oxygen isotopic composition for the reactant
aragonite 0.19%o higher than what was originally reported in Kim et al. (2007) (25.02%o
vs. 24.83%o). This leads to an oxygen isotopic acid digestion fractionation for aragonite

of 10.38%o0% 0.10 (1se) at 25°C based on data in Kim et al. (2007), consistent with the

value of 10.29%o0 determined by Sharma and Clayton (1965). Consequently, the acid
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digestion fractionation difference between calcite and aragonite is 0.13%o, also much
consistent with the 0.09%o difference determined in Sharma and Clayton (1965). Based
on the above analyses, we conclude the acid digestion fractionation difference between
calcite and aragonite is very small, around 0.1%o. This suggests that the crystal structure,
like cation mass, exerts only very weak control on the acid digestion fractionation. The
fact that our cluster model, which did not consider the effects of crystal structure,
managed to semi-quantitatively reproduce the general trend of variations of acid
digestion fractionations among different carbonate minerals (Fig. 3-7) also supports this

argument.

4.4.3 Cluster model results on the fractionation of *C-"*0O doubly substituted
isotopologues during phosphoric acid digestion

Our cluster model predicts that the A4; values associated with phosphoric acid
digestion at 25°C range from 0.0375%0 (MnCOs3) to 0.0761%0 (BaCO3) among the eight
carbonates mineral studied (Table 3-6). As for oxygen isotope acid digestion
fractionations, our cluster model appears to underestimate the absolute values of As7°
fractionations associated with phosphoric acid digestion. Most of the predicted values of
A4 are approximately 1/3 to 1/4 of experimental observed A4; for calcite (0.23%o,
section 4.1).

We observe that values of A4 predicted by our cluster model correlate negatively
with their respective predicted 1000Ina” fractionations during phosphoric acid digestion

(Fig. 3-9). If this correlation is general to all carbonate minerals, one could predict the
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A7 during acid digestion of any carbonate mineral, XCO; (where X is a cation), at

temperature T:

1000 " (H,CO,,T)
1000In & (XCO,,T)

A, (XCO,,T) = xA,,(H,CO,,T) (5)

where 1000Ino’ (XCO3;, T) is the experimentally determined oxygen isotope acid
fractionation at temperature T, and 1000Ina” (H,COs, T) and A47*(H2CO3, T) are the
predicted oxygen isotope and A4; acid digestion fractionation at temperature T from our
transition-state-theory H,CO;3 dissociation model. Note that the choice of above
functionality is mostly for simplicity and somewhat arbitrary; the relationship present in

Fig. 3-9 is apparently more complex.
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Figure 3-9: Inverse correlation between the oxygen isotope fractionation and A4 fractionation

during phosphoric acid digestion of different carbonate minerals, predicted from our cluster

model.
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10.72
10001n & (XCO,,25°C)

At 25°C, this gives A}, = x0.220 . This relationship predicts that

the acid digestion fractionation, A47*, for different carbonates ranges from 0.198%o
(MgCO3) to 0.234%0 (MnCOs3) at 25°C (Table 3-4). More specifically, it predicts that the
acid digestion fractionation, A47*, for calcite is 0.231%o at 25°C — in excellent agreement
with our experimentally determined value of 0.23240.015%eo.

The method outlined above of estimating A47* for different carbonate minerals
requires experimental data on their oxygen isotope acid digestion fractionation (i.e.,
1000Ina. (XCOs, T) in the above equation), and is thus influenced by the significant
uncertainties associated with the experimental determinations of 1000Ina". To circumvent
this issue, we consider an alternative way to estimate A47*, that is based on the cluster
model predicted A47* for different carbonate minerals and the experimentally determined
A4; for calcite. Given the success of our cluster model in capturing the general trend of
variations of oxygen isotope acid digestion fractionation among different carbonate
minerals (Fig. 3-7, section 4.3), we assume the cluster model predicted A4; also represent
the actual trend of A4, variation among different carbonate minerals despite the apparent
underestimation. We therefore predict the actual A4; expected for different carbonate

minerals:

A47 (XCO3 9T)cluster XA:7 (CaCO3 aT)experimental b} (6)

AL, (XCO,,T)=—
o (XCO,.T) A, (CaCO,,T)

cluster

where A47*(XC03, T)etuster and A47*(CaCO3, T)euster are our cluster model predicted A47*
for XCO; and CaCOs, respectively, at temperature T; and A47*(CaC03, T)experimental 18 the
experimentally determined A4 acid fractionation for CaCOs (here, calcite; section 4.1) at

temperature T. At 25°C, this relationship predicts that the acid digestion fractionation,
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A4, for different carbonates ranges from 0.12%o (MnCO3) to 0.25 %o (BaCOs3) among
the eight different carbonate minerals studied.

For most of the carbonate minerals, the differences in A47* predicted from the above
two methods are relatively small, within 0.03%o (Table 3-4). FeCO3; and MnCOj are the
two exceptions, where the predicted A4, from the first method are bigger than those from
the second method by 0.05%0 and 0.11%., respectively. Studies are underway to
experimentally determine the A47* for MnCOj3 at 25°C, and thus to distinguish the more
accurate of the above two estimation methods. For the moment, we will adopt the A47*
estimated from the first method in the following discussion.

We combine previous theoretical estimations on the temperature dependence of *C-
0 and "*0-""0 clumping in various carbonate minerals (Schauble et al., 2006) with our
predicted acid digestion fractionations, A4, to predict the temperature calibration lines
for the clumped isotope thermometer in various carbonates (i.e., Ag7 of CO, derived from
the phosphoric acid digestion vs. temperature; Fig. 3-10). Note that, '*0-'"O clumping
was reported only for calcite in Schauble et al. (2006). At our request, E. A. Schauble
(personal communication) adapted the lattice dynamics models originally published in
Schauble et al. (2006) to estimate ''O-'O clumping effects for aragonite, dolomite,
magnesite and witherite, and found little variation (less than 0.008%. at 25°C) among
different carbonate minerals. On this basis, we have used in our estimation the same '*O-
"0 clumping as in calcite for all carbonate minerals. The combination of these two
theoretical approaches suggests that the A47 value of CO,; extracted at a given temperature

from carbonates minerals grown at a given temperature can vary by as much as 0.05%eo,
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decreasing in the order: CaCOs(aragonite) > CaCOs(calcite) > BaCOj(witherite) >

CaMgCO;(dolomite) ~ MgCO;(magnesite).

Temperature in °C

e o e
0.75 - Predicted temperaturecalibration line (from top down): 0.75
CaCO, (Aragonite)
| CaCo, (Calcite)
BaCO, (Witherite)
0.70 4 CaMg(CO,), (Dolomite) 0.70
MgCO, (Magnesite)
£ 065 4065
B
<
0.60 - 0.60
0.55 - 0.55

Figure 3-10: Predicted temperature calibration lines for different carbonate clumped
isotope thermometers, by combining predicted equilibrium Bc-%0 and "0-"0
clumping effects inside the carbonate minerals (Schauble et al., 2006) and predicted
A4 kinetic fractionations during phosphoric acid digestion of carbonate minerals (this
study; see text for details). Phosphoric acid digestions of carbonate minerals are
assumed to be at 25°C. CaCOj; (aragonite), A47:0.2104+0.0392><106/T2; CaCO; (calcite),
A47=0.2097+0.0379x10%/T?;BaCO5(witherite),A47=0.1862+0.0387x10%/T%; CaMg(CO3),
(dolomite),A4,=0.1959+0.0372x10%/T*;MgCO; (magnesite), A4s7=0.1936+0.0371x10%/T>.

The temperature calibration line predicted in this way for calcite and aragonite
closely approach the available experimental calibrations (Ghosh et al., 2006, 2007; Came
et al,, 2007; Fig. 3-11). However, the slope of our theoretical calibration line is
significantly shallower than that of the experimental calibration line, with a temperature

sensitivity of -0.00289%0/°C over the temperature range 0-50°C, as compared to the -
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0.00453%0/°C sensitivity determined experimentally. This discrepancy, as discussed in
section 4.3, is suspected to result from the uncertainties in both experimental and
theoretical estimations, and should be resolved by more detailed and accurate studies in

the future.

Temperature in °C
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Figure 3-11: Comparison between predicted temperature calibration lines for CaCO; (calcite and
aragonite) clumped isotope thermometer (this study) and the experimental temperature calibration data

(Ghosh et al., 2006; Ghosh et al., 2007; Came et al., 2007). Phosphoric acid digestions of carbonate

minerals are performed at 25°C.

Finally, for future reference, our predicted calibration line for calcite, dolomite, and

magnesite can be represented over the temperature range 260-1500K by

_ _3.33040x10°  2.32415x107 2.91282x10° _5.54042

A= T T T?

+0.23252 Calcite

A _3:43068x10° 2.35766x107 _8.06003x10° _6.90300

47 T T T +0.22893  Aragonite
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331647x10” | 229414x10" 238375x10° 5.71692

T = T +0.21502 Dolomite

A47=

_331658x10°  2.19871x10" _2.83346x10° _8.39513

T T ~; +0.19897 Magnesite

Ay=

where T is the temperature in Kelvin.

5. SUMMARY

We present the first quantitative theoretical models of the isotope fractionations
during phosphoric acid digestion of carbonate minerals by using classical transition state
theory and ab initio calculations to predict the relative rates of reaction of all the
isotopologues of reactant carbonate species. These models assume that the critical
reaction intermediate is H,COs, and thus that isotope fractionations during acid digestion
are controlled by kinetic isotope effects during dissociation of H,CO3, The simplest form
of this model (which considers only H,COs dissociation as a fractionating step) predicts
the isotope fractionations between product CO, and reactant carbonate to be:

1000In0."=2.58+7.25x10/T2,

Ag7 =0.0242+0.189x10°/ T,

Ags =-0.0825+0.213x10°/ T,

Ao =-0.0308+0.602x10°/T?,
where T is the temperature of acid digestion and in the unit of Kelvin. Both the
magnitudes (10.72%o, 0.220%o, 0.137%o, 0.592%. for 1000lna’, A4, Asg, Aso
respectively, at 25°C) and the temperature-dependences of the these predicted isotope

fractionations agree well with available experimental data on oxygen isotope
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fractionations and our newly determined A4; fractionation of 0.232+0.015%o for calcite
during phosphoric acid digestion.

A subset of our models attempt to take into account also the influence of cation
composition by permitting the H,COj; reaction intermediate to interact with an adjacent
metal carbonate group. These ‘cluster models’ underestimate the magnitude of isotope
fractionations associated with phosphoric acid digestion by a factor of ~3, presumably
because we have incorrectly described the structure of nearest-neighbor interactions
between H,COj5 reaction intermediate and the reacting mineral surface. Nevertheless, our
cluster models reproduce the general trend of variations (in both size and temperature
sensitivity) of oxygen isotope acid digestion fractionation among different carbonate
minerals, which suggests the general concept framework we followed in our models is

broadly correct.
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APPENDIX

Estimation on the distributions of multiply-substituted isotopologues inside reactant
carbonate mineral at hypothetical equilibration temperatures and bulk isotopic
compositions

We calculate the distributions of multiply-substituted isotopologues (and all other
isotopologues) inside reactant carbonate mineral at hypothetical equilibration
temperatures, following the similar methodology and algorithm as presented by Wang et
al. (2004) in their theoretical estimations of abundances of multiply-substituted
isotopologues of molecular gases. COs> has a total of 20 isotopologues. To determine
the abundances of all isotopologues, we select the abundances of non-substituted
(*C'0'"0'"0*) and singly-substituted isotopologues (*C'°0'°0'°0*, *C'*0'*0'°0*
and ?C"70'"°0'°0%) as the fundamental unknowns, and express the abundances of the
other 16 multiply-substituted isotopologues as functions of these fundamental unknowns
and the equilibrium constants of the related isotope exchange reactions:

_ [13cl601601602- ] x [12cl801601602- ]

[13C1801601602-] [12C160160“’02’] X K3866 (al)
o [13C1601601602-]X[12C1701601602-]
[13C1701601602 = [12C1601601602'] X K 66 (a2)
12(~17 16 (16~ 2- 12
[]2Cl701701602-]:[ C O O O ] (33)

[12cl601601602-] X K2776
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]2C17O]601602-]X[12C1801601602-]
[12CI6O]601602-]

[12Cl701801602-]=[ X K66 (ad)

[13cl601601602— ] % [12cl701601602— ]2

[*C"0"0"0* = [2C°0"0" 0> X Ksres (@)
] 12C1701601602- 3

[*C"0"70"0° ]waKﬂﬂ (a6)
12 ~18 16 16 2- 12

g0 M0 00 @

[12cl601601602—] X 2886

[13C16016O]602-]x |:]2C]7()]6016()2-]>< []2C]801601602-]

BOOBOYO> 1=
[ ] [IZC1601601602-]2

XKy (a8)

_ [12cl701601602— ]2 x [12cl801601602—]

[12C1701701802f] [12C1601501602’ ]2 X Ky (a9)
13C1601601602-]X[12Cl70160]602-]3
13CI7OI701702- =[ x K al0
[ ] [IZC16016OIGO2-]3 3777 ( )
7 [13cl601601602—] ><|:12(~:1801601602—]2
[*C*0"0"0* = [2C190° 00> T * Kgss (all)
12C170160]602-]X[12C180160]602-]2
12Cl701801802- =[ x K al2
[ ] [12C]601601602-]2 2788 ( )
: [13cl601601602—]><[12cl701601602—]X[lZc1801601602—]2
[3C70"0" 0> = PCORO O] x Ky (al3)
. [12C18O]601602- ]3
[2C*0"*0"0? ]_WXK2888 (al4)
o [13cl601601602— ] % [12cl701601602—] x [12cl801601602—]2
[*C70"0" 0> = PCORO O] x Ky (ald)
13 16 16 16 ~2- 12 ~18 16 16 ~2- 73
[13C1801801802—]:[ C"070 07 |x[C070707] « K (al6)

[12C1601601602-]3 3888

3

where K denote the equilibrium constants for the related isotope exchange reactions at

the specified equilibration temperature, e.g.,

13Cl601601602-+ 12C1801601602- ——s 13C18016Ol602-+ 12C1601601602-
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K Q”CIXOI(’O‘(’OP XQIZCMOMOI()O}

3866

Q13 Cl(volbol()OZf X QIZ CIROI()OI(VOF

13C1601601602- + IZC1701601602-+12C1801601602- —— 13(:«17()1801602—+2>< 12C16016OI602-

Q13 CI70180]6027 X (Q]Z C]()OI(VOIGO% )2

Ky =

Ql} %0500 X le 7000 X le 30506 0*

Q here refer to the partition functions of different COs> isotopologues, and can be
evaluated with their respective scaled vibration frequencies through principles of
statistical thermodynamics (Urey 1947).

However, a full-scale calculation of these 16 equilibrium constants for multiply-
substituted isotopologues in carbonate lattices, as Schauble et al. (2006) did for K3s6¢ and
Kog76, demands significant computation power and is out of the scope of this study.
Instead we calculate the corresponding equilibrium constants for an isolated COs> ion in
the gas phase, and use them to approximate the equilibrium constants in carbonate lattice.
The distribution of multiply-substituted isotopologues inside the two are remarkably
similar (e.g., at equilibration temperature of 300K, Kigse= 1.0004034 in isolated CO5>,
this study; vs. Kig6=1.0004066 in calcite lattice, Schauble et al. 2006), and therefore this
approximation will not introduce any significant systematic errors on our model results.
The geometry optimization and frequency calculation for the isolated COs* ion are
performed at DFT-B3LYP/6-31G* level, and the frequencies are scaled with the

universal scaling factor of 0.9614 as discussed in section 2.3 (Table 3-Al).

Table 3-A1 Scaled vibration frequencies (unit: cm™) for different CO5> isotopologues (isolated CO5>

in the gas phase, DFT-B3LYP/6-31G* with a frequency scaling factor of 0.9614).

Isotopologue W (073 w3 Wy @s We
12~16~16~16

€’07070 638.23 638.23 837.82 975.97 1396.24 1396.24
a0

631.11 633.21 836.17 966.25 1389.37 1396.21
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Table 3-A1 (Continued)

Isotopologue W, @, @3 wy s (03
12~18~16~16
707070 624.53 628.54 834.70 957.47 1383.83 1395.88
2CT76T0160

625.24 627.02 834.52 956.49 1385.68 1392.85
2CT7 6B

618.74 622.36 833.05 947.66 1380.84 1391.67
]2C180180160

612.66 617.32 831.58 938.83 1376.69 1389.69
]2C17017Ol70

620.13 620.13 832.86 946.71 1385.66 1385.66
]2C170170180

612.81 616.30 831.39 937.86 1380.24 1384.94
]2C170180180

607.32 610.76 829.91 928.96 1376.98 1381.94
IZCISOISOISO

603.55 603.55 828.44 920.03 1376.28 1376.28
BRG0G0

636.73 636.73 811.56 975.97 1355.65 1355.65
13C170160160

629.55 631.86 809.86 966.22 1348.54 1355.62
13C180160160

622.91 627.33 808.34 957.36 1342.81 1355.30
BETOT0%0

623.72 625.72 808.15 956.46 1344.69 1352.15
13C170180160

617.19 621.16 806.63 947.59 1339.67 1350.95
13C180180160

611.13 616.17 805.11 938.73 1335.35 1348.93
BETo700

618.75 618.75 806.44 946.71 1344.67 1344.67
13C170170180

611.38 615.06 804.92 937.84 1339.01 1343.97
13C170180180

605.94 609.54 803.40 928.94 1335.62 1340.86
BEBOBOR0

602.28 602.28 801.87 920.03 1334.94 1334.94

We combine the above equations with the constraints from the bulk isotopic
composition of the CO5” ion,
[13C1601601602-]+[13C1701601602-]+[13C1801601602-]+[13C1701701602—]+[13C1701801602-]+[13C1801801602-]

+[13Cl701701702-]+[13C]701701802-]"’[]3C1701801802-]+[13C1801801802-]:[13C] (317)
[12C18016Ol602-]+[12c1701801602-]+[12C1701701802-]+[13C1801601602-]+[13C17Ol801602-]+[13C17Ol701802-]

+2><[IZCISO1801602']+2><[12C17O1801802']+2><[13C1801801602']+2><[13C1701801802']+3><[12C1801801802']

+3x[*C!*0"*0"*0*1=3x ['*0] (al8)
3><[]2C1601601602-]+2X[12C1701601602-]+2[]2C1801601602-]+[12C1701701602-]+[12C17O]801602-]+[12C1801801602-]
+3X[13C1601601602—]+2X[13C1701601602—]+2X[13C1801601602—]+[l3C1701701602—]+[13C1701801602—]

+[13C1801801602-]:3X[IGO] (al9)
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[*C'*0"°0"°0*1+[*C"0"°0"°0* 1+ *C*0'°0"*0* 1+ *C "0 00" 1+ *C 000> 1+ *C'*0 0 0™ ]
+[12C1701701702-]+[12C1701701802-]+[12C1701801802-]+[12C1801801802-]+[13C1601601602-]+[13C1701601602-]
+[13C1801601602_]+[13C1701701602_]+[13C1701801602_]+[13C1801801602_]+[13C1701701702_]+[13C1701701802_]
+[Bc"o"o o+ P o007 =1 (a20)

where [°C], ['*0O], ['°O] refer to the bulk °C , '*O and '°O abundances in the COs>

respectively an can be calculated from its given bulk isotopic composition. By

simultaneously solving these 20 equations (using fsolve function in MATLAB program,
version 7.04), we obtain the abundances of all 20 isotopologues at specified bulk isotopic

composition and equilibration temperature (Table 3-A2).
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ABSTRACT

Degassing of CO; from aqueous solutions occurs through bicarbonate dehydration
(H"+ HCO5'(aq) — H,CO3; — CO, + H,0) and bicarbonate dehydroxylation (HCO3 (aq)
— CO;,+ OH). Kinetic isotope fractionations occur during this process, influencing the
isotopic compositions not only of the degassed CO,, but also of the carbonate minerals
that precipitate from partially degassed solutions. We present here models of isotopic
fractionations associated with HCO;  dehydration and dehydroxylation in aqueous
solution, calculated using techniques from ab initio transition state theory, and tests of
these models based on measurements of synthetic cryogenic carbonates and natural
modern speleothems and laboratory synthesized speleothem-like carbonates, all of which
grow from solutions that actively degas COs.

Our model predicts the kinetic isotopic fractionations associated with bicarbonate
dehydration and dehydroxylation for *C/**C, '"0/'°O ratios, as well as abundance
anomalies (i.e., relative to a stochastic distribution) of *C-"*0 and "*0-""0 multiply-
substituted species; these fractionations are, respectively, -29.7%o, -9.0%o, -0.05%o0, —
0.0002%0 and —0.004%o for HCO;3 dehydration; and -22.5%o, -16.7%0, 0.10%0 and —
0.06%o for HCO;3” dehydroxylation, both at 25°C. These fractionations increase the 8"°C
and 8'%0 but decrease the relative proportion of *C-"*0 bonds in the residual HCO;", and
thus potentially in the carbonate minerals that precipitate from that HCOs;". We combine
the estimated isotope fractionations that accompany CO, degassing with models of
isotopic fractionations accompanying carbonate precipitation to predict that at 25°C the
BC/2C ratio of carbonate increases by 1.1-3.2%0 and its As7; value decrease by 0.017-

0.026%o for every 1%o kinetic enrichment in its '*0/'°0, with the exact values depending
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on the pathway for CO, degassing (i.e., HCO3™ dehydration vs. HCOj3;™ dehydroxylation)
and on the amount of carbonate formation accompanying the degassing. If one does not
account for the kinetically controlled reductions of A47 values of carbonate minerals that
grow from partially degassed solutions, one would overestimate the carbonate growth
temperature (i.e., using carbonate clumped isotope thermometry) by 3~6°C for every 1%o
kinetic enrichment in carbonate '*0/'°O. These predictions compare favorably with the
experimental constraints from our lab synthesized cryogenic carbonates and with the
available isotopic data of both natural modern speleothems and speleothem-like
carbonates synthesized in the laboratory, though some discrepancies between model and
data are observed. These discrepancies could arise from the kinetic isotope fractionations
associated with rapid precipitation of the carbonate minerals, or might reflect errors in
our models.

CO; produced from HCOs;™ dehydration and HCOs3™ dehydroxylation reactions are
predicted to be depleted in "C-""O clumped isotope anomalies relative to CO, in
thermodynamic equilibrium, by ~0.40%0 for HCO;  dehydration and by ~0.12%0 for
HCOs™ dehydroxylation at 25°C. This effect might explain why CO; produced by
respiration appears to be depleted in "“C-"O bonds relative to thermodynamic

equilibrium (Affek et al., 2007).

1. INTRODUCTION

Isotopic compositions of carbon dioxide and carbonate minerals are among the most
important proxies in geochemistry research, with applications to the global carbon cycle

and paleoclimate reconstruction (among many others). However, the isotopic
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compositions of these materials can be interpreted only in light of a detailed
understanding of the various equilibrium and kinetic isotopic fractionation processes that
have influenced them; this is particularly true of ancient materials preserved in the
geological record. While our understanding of the equilibrium isotope fractionation
processes involving CO, and carbonates are relatively well understood, the understanding
of kinetic isotope fractionations is rather limited and semi-quantitative. In this study, we
focus on the kinetic isotope fractionations associated with degassing of CO, from
aqueous solutions.

Degassing of CO, from aqueous solutions proceeds through bicarbonate dehydration
(H"+ HCO5'(aq) — H,CO3; — CO,+ H,0) and bicarbonate dehydroxylation (HCO3 (aq)
— CO; + OH"). These reactions occur in all aqueous solutions that contain dissolved
inorganic carbon, and are involved in a number of important geologic processes,
including cryogenic carbonate formation (Clark and Lauriol, 1992), speleothem
deposition (Fairchild et al., 2007), air-sea CO, exchange (Siegenthaler and Munnich,
1981), and CO, degassing from hydrothermal fluids (Gaillardet and Galy, 2008). It has
been documented that, significant kinetic isotope fractionations occur during this process
(Marlier and O'Leary, 1984; Paneth and O'Leary, 1985; Clark and Lauriol, 1992; O'Leary
et al., 1992; Zeebe and Wolf-Gladrow, 2001). These kinetic isotope fractionations
influence the isotopic compositions of both the degassed CO, and carbonate minerals that
might grow from degassing solutions, and often lead to deviations of the isotopic
composition of carbonate minerals from their expected equilibrium values. Such kinetic

isotopic fractionations complicate the interpretation of isotopic signals in potential
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paleoclimate records such as speleothems (Fairchild et al., 2006) and cryogenic
carbonates (Lacelle, 2007).

To-date a complete quantitative understanding of the kinetic isotope fractionations
that accompany CO, degassing from aqueous solutions has not been presented. To the
best of our knowledge, Marlier and O’Leary (1984) and Paneth and O’Leary (1985) are
the only two studies that attempted to systematically characterize these isotope
fractionations. They experimentally determined the carbon isotope fractionations
between evolved CO; and residual dissolved inorganic carbon (‘DIC’) to be —21.8%o and
—19.8%o, respectively, for HCOs™ dehydration and dehydroxylation at 24°C (according to
O’Leary et al.,, 1992 and Zebee and Wolf-Gladrow, 2001). For comparison, kinetic
fractionations between evolved CO, and residual DIC of -31.2%o for carbon isotope and -
5.5%0 for oxygen isotopes have been inferred for HCOj; dehydration based on
experiments in which solutions that were saturated in Ca(HCOs), were quickly frozen to
synthesize cryogenic carbonates (Clark and Lauriol, 1992). These fractionations
presumably apply at 0 °C (though the exact temperature of carbonate growth is not well
defined in these experiments).

Recent evidence suggests that speleothem growth might be accompanied by a
kinetic isotopic fractionation that influences the proportions of C-'0O bonds in
carbonates (the basis of carbonate “clumped isotope” thermometer(Ghosh et al., 2006;
Schauble et al., 2006). Two recent studies, one of a modern speleothem from Soreq cave
in Israel (Affek et al., 2008), the other of modern speleothems from caves in France,
Austria and Patagonia and of speleothem-like carbonates synthesized in the laboratory

(Daeron et al., 2008), have found that the relative proportions of *C-'®O bonds in
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carbonates are lower than those expected for equilibrium at their respective carbonate
growth temperatures. These non-equilibrium effects would, if unaccounted for, lead to
overestimations of carbonate formation temperature of 4-22°C if the carbonate clumped
isotope thermometer were applied to these materials (Table 4-1). The presence of this
kinetic isotope fractionation of >C-"*0 bonds during speleothem deposition complicates
the application of carbonate clumped isotope thermometry to speleothem samples, adding
a new reason why we require a quantitative understanding of isotope fractionations that
accompany CO; degassing from aqueous solutions.

In this study we apply transition state theory (Eyring, 1935a; Eyring, 1935b) to
predict the isotopic fractionations (including fractionations of multiply-substituted
isotopologues) associated with HCO; dehydration and dehydroxylation reactions in
aqueous solution. We then integrate the results of this model with a model of the isotopic
fractionations associated with carbonate precipitation to quantitatively predict the
combined effects of kinetic and equilibrium isotopic fractionations on the isotopic
composition (including distribution of multiply-substituted isotopologues) of carbonate
minerals that grow from a partially degassed solution. Finally, we compare the
predictions of these models with isotopic measurements of cryogenic carbonates grown
from freezing, degassing solutions, natural modern speleothems, and synthetic carbonates
grown in a fashion resembling speleothems formation. Some of these data are newly
reported in this study and others are taken from recent studies (Affek et al., 2008; Daeron
et al., 2008). We observe a loose agreement between our model predictions and all of
these experimental and natural data sets. On this basis, we propose a quantitative

framework for understanding the isotopic compositions of speleothem carbonates,
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including carbon isotope, oxygen isotope and multiply-substituted isotopologues. This
scheme may provide a useful basis for quantitative paleotemperature reconstructions
from speleothem records. We also use this set of models to predict the isotopic
composition of CO, degassed from aqueous solution, and discuss the implications of this
prediction for understanding the abundances of *C-'*0 doubly-substituted isotopologues
in atmospheric COs.

To the best of our knowledge, this study constitutes the first systematic theoretical
study of kinetic isotope fractionations of multiply-substituted isotopologues arising from
irreversible chemical reactions in natural systems. Although we focus on the study of
dissolved inorganic carbonate (due to its relevance to carbonate clumped isotope
thermometry), the principles and methods we employ could be applied to other chemical

systems, including nitrates and sulfates.

2. THEORETICAL AND COMPUTATIONAL METHODS

2.1 Kinetics of HCO;3 dehydration and dehydroxylation reactions
Degassing of CO, from aqueous solutions may proceed through two different

reaction pathways— HCOj;" dehydration and HCO;™ dehydroxylation (Eigen et al. 1961):

H"+HCO;(aq)—— CO,+H,0 dehydration
HCO;(aq)—2—CO,+OH" dehydroxylation

where k; and k, are the rate constants for the respective reactions and vary with the
temperature and salinity of the aqueous solutions in which the reactions take place

(Schulz et al., 2006 and reference therein):
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"
1,246.98 - $1940° 183 0xIn (T)
e
k, = .
K,
42986x10° 52 + 5.75499x10° 5 - 2210683
499,002.24x e RT

k2

* s

Kl
where T is the temperature in Kelvin, S is the salinity in practical salinity unit (UNESCO,
1985), R is the universal gas constant, and K, is the first dissociation constant of
carbonic acid, which can be evaluate as (Roy et al., 1993):

2307.1266 4.0484
—1.5529413 x In(T) + (~0.20760841 —

T T

In(K ) = 2.83655 - )x 8" +0.0846834 x S — 0.00654208 x S .

The relative importance of the HCO;™ dehydration and dehydroxylation reactions
during CO; degassing processes varies with the pH of the aqueous solution, with HCOs’
dehydration dominating at low pH and HCOs™ dehydroxylation dominating at high pH
(Fig. 4-1a):

) _ k, x[HCO;]x[H']
dehydration kl % [HCO;] % [H+ ]+k2 X [HCO; ]
} ) k, x[HCO; ]
dehydroxylation kl % [HCO& ] % [H+ ]+k2 % [HCO&] .

fachydration  and faehydroxylation here denote the relative fractional contribution of HCO;
dehydration and dehydroxylation reactions to the degassing of CO, respectively; [HCOs]
and [H'] are the concentrations of dissolved HCO; and H' in the aqueous solution.
Besides pH, the relative rates of HCO;3; dehydration and dehydroxylation also depend
weakly on the solution temperature and salinity, with HCO;  dehydration reactions
contributing more to the degassing of CO; at lower temperature and lower salinity (Fig.

4-1b and 4-1c).



167

1.0 =
—— Dehydration PR
= = Dehydroxylation S0
/
0.8
I
)
06 /
S f
°
©
i 044 /
!
!
0.24 /
/
7
O-O‘I'I'T'I'I'I'I'I'
4 5 6 7 8 9 10 M1 12 13
pH
(a)
89
=4 ar] T=25C
838 B
8.6
8.7 8.5
. 84
T 86 =
oY I 83
(o}
8.5 8.2
8.1
84
8.0
83 T T T T T T T T 79 T T T T T T T T
0 10 20 30 40 0 10 20 30 40 5 60
Terrperature (°C) Sdlinity
(b) (©)

Figure 4-1: Dependence of relative importance of bicarbonate dehydration and dehydroxylation on
the solution (a) pH, (b) temperature and (c) salinity. (a) relative contributions of dehydration and
dehydroxylation reactions during degassing of CO, aqueous solutions (pure water) of different pH at
25°C; (b) Variation of pH;, with solution temperature in pure water; (c) Variation of pH;, with
solution salinity at 25°C. pH,, here denotes the pH value at which HCOj;™ dehydration and HCO5
dehydroxylation each contribute 50% of CO, degassing. Reaction kinetic data are from Schulz et al.

(2006).
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At conditions typical for speleothem deposition (solutions with pH<S8, T<30°C and
S~0), HCOj;™ dehydration is the dominant pathway for degassing of CO,. For example,
HCOs™ dehydration contributes 97.9% of CO, degassing at pH=7, T=25°C and S=0.
However, in typical seawater (i.e., pH=8.2, T=25°C, S=35), both HCO; dehydration and
dehydroxylation contribute significantly, 63.4% and 36.6% respectively, to the degassing

of CO, from aqueous solution, e.g. during air-sea CO, exchange.

2.2 Transition state theory and the reaction mechanisms of HCOj; dehydration and
HCOj dehydroxylation
2.2.1 Transition state theory

Transition state theory is long established as a tool for studies of chemical kinetics
(Eyring, 1935a; Eyring, 1935b) and has been applied to irreversible reactions in
geosciences problems (see Lasaga, 1998 and Felipe et al., 2001 for recent reviews).
Based on classical transition state theory, the kinetic isotope effect associated with an
irreversible chemical reaction, o, defined as the ratio of the reaction rate constants
( k values) for different reactant isotopologues or isotopomers, can be expressed as

(Melander and Saunders, 1987):

+
h: Vil Koy

k(2)

; (1

o = B
v, |(2) K,

where subscripts (1) and (2) denote different isotopic variants of the reactants and

transition states; v] is the ‘decomposition frequency’ (defined as the reciprocal of the

average life time) of transition state M ; K is the equilibrium constant between reactants
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(A, B) and transition state M ", and can be evaluated using statistical thermodynamics

(Urey, 1947):

N7 . 1 1
| [T x—x—0)
Q1 SA X SB ' €2u’ I-e 2
K= = t 3N,-6 3N,-6 ( )
0,x0, s 1 1 1 1
[T, < e p [T, < et )
Ja ezu/A -e Js ezu/g -e
. hew! hew . hew .
Z/L' — i ,Z/lA — J4 ’u‘ — ]B, (3)

' kr kr " kT

where 0,0 ., O, are the reduced partition functions of transition state M " and reactants

A and B, respectively; wf ,@; @, are the vibration frequencies, in wave numbers, for

the transition state M and reactants A and B, respectively (one such term is required for

each mode of vibration of each species); s',s,,s, are the symmetry numbers for
transition state M ' and reactants A and B, respectively; N "N ,» Ny are the numbers of

atoms within transition state M and reactants A and B, respectively; A is Plank’s
constant; cis the velocity of light; £ is the Boltzmann constant; and 7" is the reaction
temperature in Kelvin.

A more detailed description of transition state theory can be found in our recent
study (Guo et al., 2008b), where we have applied it to investigate the kinetic isotope

fractionations associated with phosphoric acid digestion of carbonate minerals.

2.2.2 Reaction mechanisms of HCOj; dehydration
HCOs5™ dehydration in aqueous solution is commonly thought to proceed through

intermediate H,CO; (Kern, 1960), i.e.,
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H'+HCO;(aq) —2—H,CO, —2—CO0,+H,0,

where kj; and k;; refer to the rate constants for the respective reaction steps; k; 1[H+] is up
to seven orders of magnitude greater than k;, (Kern, 1960; Johnson, 1982). Therefore, the
second step of the above reaction, the decomposition of carbonic acid, is the rate limiting
step during HCOs™ dehydration, and thus the one controlling the kinetic isotope
fractionations associated with HCOj3™ dehydration in aqueous solution. Since the first step
of the reaction (and its reverse) proceeds so fast (Kern, 1960; Johnson, 1982), we assume
H,COs is always in isotopic equilibrium with HCOs', i.e.,

H'+HCO; (aq) == H,CO, —>CO, +H,0.

Thus, any kinetic isotope effects that arise from decomposition of H,CO; will be
quantitatively transferred to HCO;5™ (i.e., H,CO; and HCO;  will maintain a constant
isotopic offset equal to their equilibrium partitioning). Therefore, we focus on the kinetic
isotope fractionations associated with decomposition of H,CO3 in aqueous solution.
Previous theoretical studies, using also transition state theory, suggest that H,CO;
decomposition in aqueous solution involves a transition state structure that is
significantly influenced by interactions with adjacent water molecules (Nguyen et al.,
1997; Loerting et al., 2000; Tautermann et al., 2002). The participation of water
molecules in the reaction stabilizes the transition state structure, lowers the activation
energy required for the reaction, and thus facilitates the decomposition of H,COj; in
aqueous solution. In particular, Nguyen et al. (1997) examined the possible transition
state structures for hydration of CO, in aqueous solution (the reverse reaction of H,CO;
decomposition) with different numbers of participating water molecules, and suggested

that it involves formation of a bridge-complex consisting one CO, and three H,O
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molecules. In turn, this suggests H,CO3 decomposition in aqueous solution may proceed
with the aid of two water molecules. In this study, we adopt this conclusion from Nguyen
et al. (1997), and use the corresponding structures of reactant and transition state as our

initial guesses for further geometry optimizations (Fig. 4-2a).

1
1

‘\ ) 2
"r”f» . @
% 2°

N\

(a) Reactant Transition State

°

(b) Reactant Transition State

Figure 4-2: Optimized reactant and transition state structures for HCO; dehydration and HCO;5
dehydroxylation reactions in aqueous solution. (a) HCOs™ dehydration with the aid of two water
molecules; (b) HCO;3™ dehydroxylation, both optimized with DFT-B3LYP/ cc-pvtz(-f) method and
with a continuum solvation model.

2.2.3 Reaction mechanisms of HCOj3 dehydroxylation

The reaction mechanism of HCOj;™ dehydroxylation in aqueous solution has received

much less attention than that for HCO;3™ dehydration. Previous theoretical studies have
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focused on determining the kinetics of its reverse reaction, CO, hydroxylation, and tried
to simulate and explain the energy barrier for this reaction in aqueous solution (Peng and
Merz, 1992; Peng and Merz, 1993; Davidson et al., 1994; Nemukhin et al., 2002; Iida et
al.,, 2007; Leung et al., 2007). In this study, we assume HCO; dehydroxylation in
aqueous solution proceeds with the similar transition state structure as determined for
CO; hydroxylation (Leung et al., 2007), i.e., adopted those transition state structures as

the initial guess in our calculation (Fig. 4-2b).

2.3 A model of isotopic fractionations associated with carbonate precipitation
induced from CO,; degassing

A solution containing Ca>" and dissolved inorganic carbon that undergoes degassing
of CO, will increase in pH, driving precipitation of calcium carbonate. In this section, we
outline a model to account for these isotopic effects in carbonate minerals induced by
CO, degassing. Later sections present theoretical calculations of isotopic fractionations
associated with individual steps in this overall process; integration of these steps into the
model we present here will lead to quantitative predictions of the isotopic compositions
of carbonates produced by degassing of CO, from aqueous solutions. Similar isotope
models have been proposed previously, but considered only carbon isotope and (in a few
cases) oxygen isotope fractionations (Clark and Lauriol, 1992; Mickler et al., 2004; Zak
et al., 2004; Mickler et al., 2006; Muehlinghaus et al., 2007; Romanov et al., 2008) . We
extend these models to consider fractionations of all isotopologues (*C/**C, '*0/'°0, and
multiply-substituted isotopologues); our model also makes several assumptions that differ

from those adopted by previous studies, as detailed below.
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The model on which we primarily focus assumes that kinetic isotope effects occur
by HCOs dehydration and dehydroxylation reactions, and that carbonate then precipitates
in equilibrium with the fractionated pool of residual HCOj5". In section 4.3, we examine
alternate models in which this relatively simple process is modified by other
fractionations, such as isotopic exchange between HCOj; and water, and/or kinetic

isotope fractionations between precipitated carbonate and HCOs™ (section 4.3).

2.3.1 Rayleigh distillation effects

Our model describes kinetic isotope fractionations associated with HCOj5
dehydration and dehydroxylation in aqueous solution that lead to changes in the isotopic
composition of residual HCO3, and thus in the compositions of carbonate minerals that
precipitation from that pool of HCOs'. If the pool of residual dissolved HCO;3™ does not
undergo isotopic re-equilibration with water, its isotopic composition will evolve as a

result of dehydration and dehydroxylation, following a Rayleigh distillation relationship:

R (=R

HCO; HCO;

(0)x F*, “4)
where R(0) and R(t) are the abundance ratios between any isotopically-substituted
isotopologue (including multiply-substituted isotopologues) and the isotopically-non-

substituted isotopologue — generally the most abundant isotopologue for the species we

consider — (i.e., R=[rare_isotopologue]/[most _abundant isotopologue]) at time zero and

:—[HCO3 ] denotes the fraction of HCO;  remaining in the

at time t, respectively; F =
[HCO; ],

leaving

aqueous solution at time t; o = is the isotope fractionation factor between the

residual

consumed HCO3™ pool and the residual HCO3™ pool (a different value will apply for each
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isotopologue). Note that, the consumed HCOs pool consists not only HCO3' that degas to
form CO; (i.e., through HCO3™ dehydration and HCO3™ dehydroxylation), but also those
incorporated into the carbonate minerals (if the degassing is accompanied by carbonate
precipitation). Accordingly, « here should be the weighted average of the respective
isotope fractionation factors associated with each sub-pool of consumed HCO;. We
discuss the choice of & under different scenarios in detail section 2.3.2.

If a carbonate mineral precipitates in isotopic equilibrium with the remaining HCOs’,

its isotopic composition can be expressed as:

___equil
Rcarbonate (t)_ acarb—HCOg X RHCOé (t)ﬁ (5)
where a““’ is an equilibrium isotope fractionation factor between the precipitated
carb-HCO;

carbonate mineral and dissolved HCOs', and is evaluated with data from previous
calibration studies, e.g., for carbon isotope (Deines, 1974) and oxygen isotopes (Kim and
O'Neil, 1997; Beck et al., 2005).

Substituting the Rayleigh distillation relationship (equation 4) into the above

equation, we obtain

Rcarbonate (t) = aequll X R (O) X Fa_l

carb-HCO; HCO; (6)

— chuil (0) % Fa-l .

carb

R equil (0)=R

equil . . . .
b sico; O)xa is the expected isotope composition in the carbonate

carb-HCO;

mineral if it formed in isotopic equilibrium with the initial HCOs™ pool (at time zero).
Therefore, the kinetic isotope fractionations for carbon isotope and oxygen isotope (i.e.,
for '*C singly-substituted isotopologue and 'O singly-substituted isotopologue) in the

carbonate minerals can be expressed as:
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M = Fo!
Requil (0)

carb

: (7)

where o, as defined above, is the isotope fractionation factor for the corresponding
isotopologue between the consumed HCO3™ pool and residual HCO3;™ pool.

Note, the equation 7 applies not only "C singly-substituted isotopologue and '*O
singly-substituted isotopologues, but all the isotopologues of HCO;3". Thus, for °C-"*0
bearing doubly-substituted isotopologue in the carbonate mineral which are most relevant

to carbonate clumped isotope thermometry, we have

R:,mbA(”ClgOl()Oz) :F‘Zn(.moml}z*]' (8)
R(?,equll(l3c1801602)

carb

We combine equation 8 with the similar relationships for ’C singly-substituted
isotopologue and '*O singly-substituted isotopologue, i.c.,

R;arbA(l3Cl603) — Fa13F]603 - (9)
Ré(?ﬂ,fzml(lfﬁchOS)
R;m,b(]ZCmO]éOz) _Fﬂtlzclx()lb{)zfl (10)
RO,equi1(12C180160 ) -

" 2

carb

and obtain
R, (°C"0"0,) A‘C;”cb“‘o“’oZ 0 1 . 4
R;ar;,(BCMO;)XRZw;, 12C1801602) _ 71000 _ F Belspleg, (1 1)
Rg;:jquil(lfsClSOwO ) A?;”blx 16 (0) O’l}(lb@’l a|zclxomozfl >
RO-equil 13C1(>b0 RO-eauil 122ClemO B B F xF
. ( DX R ( ) 1000

where A% is the abundance anomaly of the "*C-'*0 bearing doubly-substituted

13 CISO 1602

isotopologue in the carbonate mineral, the basis of carbonate clumped isotope

. 13 ~18 16
thermometry, and is expressed as po ~ _ R, (€0 0:) —1 |x1000;
Cc700, Rca,.b(]3C1603)XRm,.b(12C180]602)
Qs sy, » Aispis,, AN Aiis s, are the isotope fractionation factors for isotopologues
2 3 2



176

H13C1801602', H13C1603' and H12C1801602' respectively, between the consumed HCOj5

pool and the residual HCOs;™ pool.

Since Aff’cblg 0% (t)<<1, and Aff’cblg 00 (0)<<1, the effect of kinetic fractionations
2 2

associated with CO, degassing on the abundances of *C-'®0 bonds in carbonate that

precipitates from the residual HCOj;™ pool equals,

Ao, (1)

a3 18,16, ~1
cari cari F o 02
AB;SOMOZ (t) _AB;SOIGOZ (0) ~ Awr}}ooo 0 - a6, ~1 @ 18 16, ~1 (12)
13C1801602( )+1 F €703 x oo
1000

The method outlined above can also be applied to calculate the kinetic isotope

fractionations of clumped isotope anomalies of other multiply-substituted isotopologues,

e.g.,

Acarb t Acarb O Fa12(-'30'70'6071 13

lzc”‘o”o‘(’o() 12c“o”o”’a( )~ Fauzcuxaw}’l F“'%”n"w[l (13)
X
F”lz(lxolxoltv()’l

carb carb ~

AIZCIXOIXOIGO (t)_A”c“‘o“‘o“’o (0)~ % sy 6, 7! @ s, <1 (14)

3 ><F 700y

2.3.2 Changes in the Rayleigh distillation model arising from significant amounts of
carbonate precipitation

Previous studies have inferred that in natural environments in which carbonate
precipitation is driven by CO, degassing from aqueous solutions (e.g., cave deposits) one
mol of carbonate precipitates for every mol of CO, degassed from the solution (Fairchild

et al., 2007):

Ca*'+ 2 HCO;(aq)—— CaCO, { +CO, T +H,0
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If this is the case, the isotope fractionation factor, o, that describes the change in isotopic
composition of the residual HCO;  pool in the above equations should reflect the
combined effects of isotope fractionation factors resulting from both CO, degassing and

the carbonate formation:

equil
leaving cgassmg carb—HCO;

o= = 5 , (15)

initial

where o, and o are the isotopic fractionation factors associated with CO,

carb—HCO;
degassing, and the equilibrium isotope fractionation factor between carbonate and HCOs’
respectively, as defined above.

In order to apply the model scheme outlined above to isotope fractionations of

multiply substituted isotopologues we must estimate the relevant equilibrium

equil
carb—HCO3

fractionation factors between carbonate minerals and dissolved HCOs™ (i.e., & in
equation 15), which have not been previously studied. We have approached this problem
using statistical thermodynamics theory. This theory is applicable to all of the multiply
substituted isotopologues of carbonate minerals and DIC species, but we present only the
details relevant to isotopologues containing >C-'*0 bonds, which are most relevant to
carbonate clumped isotope thermometry.

The equilibrium isotope fractionations between two phases (e.g., between carbonate
and water) arise from differences among the related isotopologues in the two phases in

the vibrational energies of intramolecular bonds. These fractionations can be expressed as

functions of the reduced partition functions of the phases of interest (Urey, 1947), e.g.,

Q 1316 Q 1316 -
equil 13,16 _ =Ca"C70, H™>C " 0;
acarb-HCO_g ( c 03 ) - (1 6)

QCa'2C1603 QHIZCIGO;
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12~18 16 1218416 ~—
Qcctcoo2 QHcoo2

aequil _(12cl801602) — (1’7)
Carb_HCO} analzcvlﬁo3 QHIZCIGO;
. QC 13C180160 QH13C]801607
aeqlll/ (13cl801602) — a p) 2 , (18)

carb-HCO;
’ Qcalzcmo3 QH12C1603—

Where aequil (13C1603), aequil (12C1801602) and aequil (13C1801602) denote the

carb-HCO; carb-HCO; carb-HCO;
equilibrium isotope fractionation factors of '*C singly-substituted isotopologue (i.e.
carbon isotope), O singly-substituted isotopologue (i.c., oxygen isotope) and *C-"*0
doubly-substituted isotopologue of the carbonate ion between calcium carbonate mineral
and dissolved HCO;; Q are the reduced partition functions for the respective
isotopologues indicated in the subscript of each Q.

Rearranging equation 16-18, we obtain

X
QCa”CIXOI"OZ Qcalzcmo3

aequil (13C1801602)

carb-HCO;

aequil (13C1603)Xaequil (12C1801602)

carb-HCO; carb-HCO;

13 ~16 v 12 ~18 416
cac'o, ca?c™0'0,

QHISCHSOH»Oi X QHIZC”’O;

(19)

X
QH”C”OE QHIZCIX()M()Z

Kcegrulfl(ﬁc _ 180)
Kequil (13C _ 180) ’

HCO;

where chuil(l3c_ 180) _ QCa Bco'o, XQCa‘Zc‘“O;, and Kol (13C— 180) _ QH”C‘*O"‘O{ XQH”c“o; are the

carb HCO7

QCa BC”’O; XQCE‘ZC]ROWOZ QHHCMO; XQHDC\XOMOZ—
equilibrium constants for the C-'0 isotope ‘clumping’ reactions in the carbonate
mineral and the dissolved HCO;™ respectively:

equil (13~ 18
Cal3C1603+Ca12C1801602 K (Be-"%0) Cal3C1801602+Ca12C1603

B _ equil (13 18 _ _
1_113(111603 +H12C1801602 Kol (Be-10) Hlsclsomoz +H12C1603 .

Both K““'(“C-"0) and K*“" ("C-"0) have been theoretically estimated in

carb HCO;
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previous studies, using first principle lattice dynamics (Schauble et al., 2006) and

quantum mechanics (Guo et al., 2008a) respectively. Based on these theoretical

: . : equil (13 18 equil (13 18
estimations, at any given temperature K;7,'("C—"0) and K 7 03,( C-"0) are very

nearly identical to each other, e.g., K““/(”C-"°0)=1.000410 (Schauble et al. 2006)

carb

vs. K" (PC —""0)=1.000427 (Guo et al. 2008a) at 25°C. The difference between the

HCO;
two is within the uncertainties of theoretical estimations (e.g. 1-3x107, Schauble et al.,

equil (13~ 18
2006). We therefore assume in this study K“’"f.’l BC 180)
Keqm ( C _ 0)

HCOy

=1, and estimate equilibrium

isotope fractionation factor of *C-"*O doubly-substituted isotopologue of the carbonate

1on between calcium carbonate mineral and dissolved HCO;5 ™ :

] 1 1 1 ] 1 1 i
aequll ( 3C 80 602) :aequll ( 3C 603)Xaequ11

12,18 116
carb-HCO; carb-HCO; carb—HCOi( C 0 02) ' (20)
The same method outlined above can also be applied to calculate the equilibrium
isotope fractionation factor of other multiply-substituted isotopologues between calcium

carbonate mineral and dissolved HCOs', e.g.,

il 12 18 17 16 il 12 18 16 il
a™ (*C*070"0)=a™" (*C"0"0,)xa""

carb-HCO; carb-HCO; carb-HCO;

(12C1701602) (21)

aequil (IZCISOISOIGO) — aequil ) (12C1801602) x aequi[ , (12C1801602) , (22)

carb-HCO; carb-HCO; carb-HCO;

equil

(*c"0"0,) is the equilibrium isotope fractionation factor of '’O singly-
carb-HCO;

where o

substituted isotopologues of the carbonate ion between calcium carbonate mineral and

dissolved HCOj', and is estimated assuming a mass dependence exponent A=0.528

between aequil (12C17016O ) and aequil
carb-HCO;, 2 carb-HCO;

(*C"0"0,)(Barkan and Luz, 2005), i.e.,

0.528
o (12C1701602) _ {aeqm/ (12C1801602 )} (23)

carb-HCO; carb-HCO;
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It is noted that, the above 1:1 proportionality between CO, degassing and carbonate
formation holds true only if there are no independent limitations on the rate of carbonate
precipitation from the solution. If some kinetic barrier to carbonate precipitation causes it
to proceed slower than the rate of CO, degassing, of the solution will become
supersaturated. Cave waters are generally supersaturated with respect to calcium
carbonate (saturation index for calcite up to 0.5-0.6 or more; Fairchild et al., 2007),
perhaps suggesting that in cave waters CO, degassing outstrips carbonate precipitation
(i.e, the proportionality between CO, degassing and carbonate formation is bigger than
1:1). This disparity between CO, degassing and carbonate precipitation will affect the
isotopic compositions of dissolved HCO; and thus the isotopic compositions of the
speleothems deposited from this supersaturated solution.

The exact disparity between CO, degassing and carbonate precipitation may vary
among different cave waters, and might be difficult to evaluate or reconstruct. To account
for this disparity, we also model another extreme case, in which CO, degassing is the
only isotope fractionation process influencing the isotopic composition of HCOj; in
aqueous solution (i.e., no carbonate precipitation occurs). In this case (CO, degassing is
associated with negligible carbonate growth), the proportionality between CO, degassing
and carbonate formation equals infinity, and the fractionation factor between the

consumed HCO3 pool and the residual HCO3™ pool will be:

leaving

a= - adegassin g = f;lehydmti()n x adchydratian + f dehydroxylation X adehydmxylation 4

24)

initial
where @ iuion A9 Aoyt A€ the Kinetic isotope fractionation factors associated

with HCOj;  dehydration and HCO;™ dehydroxylation reaction in aqueous solution
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respectively; faehydration and fachydroxylation are relative contributions of dehydration and

dehydroxylation reactions to the degassing of CO,, as discussed in section 2.1.

2.4 Computational methods

Molecular geometries of reactants and transition states were optimized and bond
frequencies were calculated for different isotopologues using the Jaguar program
(Version 7.0, release 207; Ringnalda et al., 2007) on a workstation cluster with 79 Dell
PowerEdge-2650 server nodes (Xeno, 2.2-2.4GHz, 512K) in the Materials and Process
Simulation Center at Caltech. The singlet state electron wave functions of the molecular
configurations were built using a density functional theory with hybrid functionals,
B3LYP, and extended basis sets cc-pvtz(-f). We also perform an alternate set of these
transition state theory calculations for HCOj; dehydroxylation reaction using the
LMP2/cc-pvtz(-f) method (Ringnalda et al., 2007). We simulated the aqueous
environment in which modeled reactions take place using a self consistent reaction field
method, using the Poisson-Boltzmann solver imbedded in the Jaguar program (Ringnalda
et al., 2007). The dielectric constant for water was assumed to be 80.37.

A universal frequency scaling factor of 0.9614 was employed on the calculated
vibration frequencies for both reactants and transition states to correct for the general
overestimation of vibration frequencies by ab initio calculations (Scott and Radom, 1996).

We discuss the effects of scaling factor on our model results in section 4.2.

3. EXPERIMENTAL METHODS

3.1 Synthesis of cryogenic carbonates
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We synthesized six separate samples of cryogenic carbonates at Johnson Space
Center (Houston) by rapidly freezing saturated Ca(HCOs), solutions. The typical
preparation procedure is described as below, and details unique to each sample are listed
in Table 4-2.

0.6 grams of Ca(OH), powder were first added into 1500ml of de-ionized water.
Then, pure CO; gas (99.96%, Air Liquide) was bubbled through this Ca(OH), solution at
room temperature for 1-2hr. After complete dissolution of Ca(OH),, the solution (now
saturated regarding Ca(HCO3), ) was sealed in a glass jar and its headspace was flushed
with the pure CO; gas. The solution was either stored at room temperature (~20°C) or
equilibrated at temperatures of 1-7°C for hours to days before being frozen (Table 4-2).
Note that samples 0412-07 and 0418-07 were prepared from two aliquots of the same
bulk solution, as were samples 0611A-07 and 0611B-07.

At the beginning of each freezing experiment, the solution was transferred from
the glass jar into a large, flat tupperware container. We then measured the solution pH
using an Accumet 925 pH/Ion Meter and collected an aliquot of solution for later
determination of the 8°C of DIC and the 80 of the water. Then, the tupperware
container was sealed and placed in a freezer held at a constant temperature of
approximately -15°C + 4°C. The chilled solutions froze thoroughly, during which we
inferred that dissolved CO, degassed from the solution, increasing the pH of the solution
and driving carbonate precipitation. The whole solution typically froze completely within
3 hours. At the end of each experiment, we thawed the frozen solution either at room

temperature or at 1-3°C (in a refridgerator), and then filtered the carbonate precipitates

from the solution. The collected carbonates were dried at 50°C in a drying oven or freeze-
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dried before isotopic analyses. The yields of carbonate solids varied among different

experiments, and were estimated to average around 10% of calcium in the solution.

Table 4-2 Preparation conditions of cryogenic carbonates synthesized in this study.

Sﬁple 0412-07  0418-07  0504A-07  0611A-07  0611B-07  0920A-07
T 0 ~20 7.6 6 3.1 1-3
Solution (°O) ) ) )
equilibration {ﬁﬁ; 2-3 Days Days Days Days ~48
pH 5.7 5.7 5.5 5.5 5.5 5.5
8" Cpic (%o) -31.2 -31.2 31 -32.8 -32.6 273
#8"Cco; (%o) 219 219 21 218 227 -17.3
8" Owater (%o0) -2.5 -2.5 -2.5 2.4 2.2 -1.3
T e (°C) .15 .15 15 .15 15 15
T pereere (°C) ~20 ~20 ~20 ~20 ~20 1-3
Drying method Oven Oven Oven Oven Oven Freeze
dryer

e Heo; are estimated based on measured carbon isotopic composition of the total DIC, assuming

the carbon isotope equilibrium among different DIC species (see section 4.3 for details). All 5'"C and

8'%0 are reported vs. VPDB and VSMOW, respectively.

3.2 Mass spectrometric analysis

The 8'%0 of the water and 8"°C of DIC in the cryogenic carbonate experiments
were determined at Johnson Space Center, by analysis of solution aliquots on a Finnigan
MAT-253 gas source mass spectrometer that is equipped with a Gas Bench II apparatus
and operating in continuous flow mode. For 8'*0 measurements of the water samples, the
CO,—H;O0 equilibration method was employed (Epstein and Mayeda, 1953; Horita et al.,
1989). 0.7 ml of solution was equilibrated with helium gas—mixed with 0.3% CO,—
overnight, at constant temperature 30°C. The equilibrated gas was then analyzed by

flowing it into the MAT-253 mass spectrometer using the Gas Bench Il apparatus and a
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helium carrier gas. The 8'°C of the DIC was determined in a similar manner (Spotl, 2005).
Three drops of 100% phosphoric acid was added to a sealed glass exetainer. After
flushing the exetainer with pure helium gas, a 0.1 ml portion of the sample solution was
then added into the exetainer. The gas evolved from this mixture was then analyzed using
the Gas Bench II and MAT-253 mass spectrometer. Sample solutions were analyzed for
3'"0 alongside in-house water standards which have been calibrated through repeat
analyses of SMOW, SLAP, and GISP standards. The oxygen isotopic compositions of all
of the waters was obtained through plotting the data on a scale normalized to the values
of SMOW (0%0 VSMOW) and SLAP (-55.5% VSMOW). The 8"°C analyses of the
unknowns were also normalized in a similar manner using NBS-19 and NBS-18. The
precision (1o) of the water 0'*0 and DIC ¢"°C analyses, on the basis of replicate analyses
of the laboratory standards, was estimated at £0.1%o and £0.1%o, respectively.

Isotopic analyses of carbonate minerals — 513 C, 50 and A4 value — were
performed by reacting the carbonate anhydrous phosphoric acid (p=1.92g/cm®) at 25°C
for 18-24 hours and then analyzing the released CO, at Caltech on a Finnigan MAT-253
gas source spectrometer that was configured to simultaneously measure masses 44
through 49 AMU, inclusive. A47 is a measure of the relative proportion of B0 bonds
inside carbonate lattice, defined as the deviation of actual mass 47 abundance in the CO,

derived from phosphoric acid digestion of carbonate minerals relative to its expected

47
mass 47 abundance if all the isotopes were randomly distributed, A, = (ML”‘”[ 1} 1000

stochastic

(Eiler and Schauble, 2004; Ghosh et al., 2006). A more detailed description of the mass

spectrometer configuration and analysis procedure is given by Ghosh et al (2006). The
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external precision of our isotope analyses averages around 0.04%o, 0.01%o, 0.015%o0 (1
standard deviation) for 8"C_8"%0 and A4y, respectively, based on replicate measurements
of carbonate standards and sample materials. Values of "°C and 8'°0 were standardized
by comparison with CO, generated by phosphoric acid digestion of NBS-19 and are

reported vs. VPDB and VSMOW, respectively.

4. RESULTS AND DISCUSSION

4.1 Model results for the kinetic isotope fractionations associated with HCO;5
dehydration and HCO;™ dehydroxylation reactions

The calculated vibration frequencies (scaled with a universal scaling factor of
0.9614, section 2.4) for all the isotopologues (and isotopomers) of reactants and transition
states during HCO3™ dehydration and dehydroxylation reactions in aqueous solutions are
presented in Appendix (Tables 4-A1 to 4-A4).

Of all the studied species, experimentally determined vibration frequencies exist
only for dissolved HCOj3™ (all the other species are either transition state structures or
unstable in aqueous solutions). Fig. 4-3 presents the comparison between our model
predicted vibration frequencies for dissolved HCO;™ and the most recent experimentally
determined frequencies (Rudolph et al., 2006). For most modes of vibration, our model
calculation underestimates the frequencies by about 100cm™ relative to the
experimentally observed frequencies. The largest discrepancy was observed for the
highest mode of vibration (assigned as vCO-H vibration mode), with the model predicted
frequency ~1085cm™ higher than the experimentally determined frequency. Similar

discrepancies seem to be typical for the ab initio estimations of vibration frequencies for
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dissolved HCOs', and have been also reported in several previous theoretical studies
(Davidson et al., 1994; Rudolph et al., 2006). They are suspected to arise from the
insufficiency of the continuum solvation model to describe the aqueous environment, the
inability of the theoretical model (e.g., DFT method and LMP2 method) to fully
characterize the hydrogen bonds in aqueous solutions, and the experimental uncertainties
associated with determination of vibration frequencies for dissolved ions in aqueous

solutions (Rudolph et al., 2006).

500 1000 1500 2000 2500 3000 3500 4000
Bop. (o)

Figure 4-3: Comparison of our calculated vibration frequencies for dissolved HCO;™ (DFT-B3LYP/
cc-pvtz(-f) with a continuum solvation model, scaled with a universal frequency scaling factor 0.9614;
this study) with the experimentally determined vibration frequencies (Rudolph et al., 2006).

A full-scale theoretical investigation (e.g., by improving the theoretical method) to
resolve these discrepancies between model predicted frequencies and experimentally
observed frequencies are beyond the scope of this study. However, there are several

reasons why we think it unlikely that these discrepancies will lead to first-order errors in
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calculated isotopic fractionations: 1) when calculating isotope fractionations that arise
from statistical thermodynamic effects, the ratios of vibration frequencies among
different isotopologues tend to be more important than the absolute values of the
frequencies (Urey, 1947); 2) the “vCO-H” vibration mode of dissolved HCOj", the
vibration mode showing the largest frequency discrepancy between model prediction and
experimental observation, is not among the primary vibration modes involved in the
HCOj3" dehydroxylation reaction, and thus is not expected to introduce any substantial
systematic errors in our model predictions on the kinetic isotope fractionation factors; and
3) previous theoretical studies on CO;, hydroxylation (the reverse reaction of HCOj;
dehydroxylation) employed similar theoretical methods with similar discrepancies in
predicted bicarbonate vibrational frequencies of dissolved bicarbonate ion yet yielded
kinetic data agreeing reasonably with experimental values (Davidson et al., 1994;
Nemukhin et al., 2002).

We proceed by using our estimated frequencies to theoretically evaluate the
magnitude of expected kinetic isotope effects associated with HCOs™ dehydration and
dehydroxylation reactions and compare these calculated fractionations to the
experimentally determined kinetic isotope fractionation factors associated with CO;
degassing from aqueous solutions.

Following the procedures outlined in section 2.2.1, we calculate the kinetic isotope
fractionation factors for all isotopologues (and isotopomers) associated with HCOj5
dehydration and dehydroxylation reactions (see Tables 4-AS5 and 4-A6 in Appendix). For

the sake of simplicity, we present below the model results only for some representative
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isotopolouges (Table 4-3 and Fig. 4-4, 4-5), which are defined as (i.e., equation 1 in
section 2.2.1):

k

1316 ) . . . 13 16 -4
Aoy = i.e., the fractionation of H'°C °Oj  isotopologue
3
kHllcléo_;
kH'szOI{’Oi . . . 12~18~16 -
Aoy, = i.e., the fractionation of H “C O "O;" isotopologue
2 kHIZCIbO-
3
Ky g . : . 12174160 - :
Ao =k—2 1.e., the fractionation of H' “C 'O "O;" isotopologue
- H2C0;
kHISCISOIbO- . . . 13 ~18~16 -
Ay ing: :k—z 1.e., the fractionation of H"C "0 "O;" isotopologue
- H”C”’Og
Kyucnorone, . . . 12~18 71716 ~- :
&ynengrong = i.e., the fractionation of H“C O 'O "O" isotopologue.
HIZCIGO;

Follow the definitions of clumped isotope anomalies that are used in carbonate clumped

47

isotope thermometry (e.g., AM:[M_IJMOOO , Eiler and Schauble, 2004), we further

47
stochastic

define:

(aH Bo IXOMOE )

(aH”CIXOMOE )

a 1318 716 A~ k 1318 716 A~
13-18 H - C"070:. H C"070:

A _ actual __1 | 1000= 2 -11x1000 = 2 -1 {x1000

aH”c“’o; ><0‘1{”0”‘0“’0; kH”c“’o; XkH”c”‘o“’og

stochastic

Qs Ay 8,517,016 k12 18717 16
A= —( S -1 xlOOOz[ oo -1]x1000=[k oo -1}1000
0'°0,

a ) a, Xy, xk
( 2¢070'%0 ) stochastic ¢ ¢

180160z IZCIROIGOz 12CI70I60Z

A" and A" here have a physical meaning similar to the A47 value, and indicate the
clumped isotope anomaly (i.e., departure from the stochastic distribution) associated with

the kinetic reaction. That is, we calculate the difference between the composition of the
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reacted pool and the composition it would have if it conformed to the ‘the rule of
geometric mean’ (Bigeleisen, 1955).

Over the temperature range of 0-100°C, our calculated isotope fractionation factors
associated with HCO;™ dehydration in aqueous solution can be represented by (through
polynomial fitting of fractionation factors computed at a number of different
temperatures; Tables 4-A5 and 4-A6)

~0.1998x10°  7.964x10°

100010z, 1010 )= & ~0.707 (252)
10001 (@, e )=~ 0'016TSZX106 249107 4863 (25b)
10001 (@, v | == 000;; 10° 13305107 54 (25¢)
10001n(a,,mc130.50i ):_0.223T42x106 _10425x10° oo (25d)
100010, vy )= 0.025T72x106 _3.8096x10° (250)
A,3,18:_0.006ngx106 L 0.0289x10° 25
s 00018x10° 0.0109x10° (250)

TZ
Similarly, over the temperature range of 0-100°C, our calculated isotope fractionation
factors associated with HCO;™ dehydroxylation in aqueous solution can be represented by:

©0.7622x10°  4.0314x10°
TZ

10001 (@, 10, )= ~0.3008 . (26a)
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Figure 4-4: Model predicted kinetic isotope fractionation factors associated with HCO3;™ dehydration
reaction (0-100°C): (a) fractionation of H"“C'"%05, H"*C'®*0'°0, and H"C"0'°0, isotopologues; (b)
fractionation of H'*C'*0'°0,", H'*C'’0'°0,", and H'*C'*0''0'°0" isotopologues; (c) fractionation of
Bc-"*0 and "®0-""0 clumped isotopic anomalies. See section 4.1 for the definitions of the plotted
fractionation factors. Also shown for comparison are the available experimental estimations on these
kinetic isotope fractionations from previous studies (triangle, O’Leary et al. 1992; squares, Clark and

Laruriol, 1992).
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Figure 4-5: Model predicted kinetic isotope fractionation factors associated with HCOj;
dehydroxylation reaction (0-100°C): (a) fractionation of HC'°05", H*C'*0'°0, and H"”C'*0'°0,
isotopologues; (b) fractionation of H'*C'*0'°0,", H'*C'’0'°0,", and H"*C"*0'70'°0" isotopologues; (c)
fractionation of *C-'*0 and '*0-'"0 clumped isotopic anomalies. See section 4.1 for the definitions of
the plotted fractionation factors. Also shown for comparison are the available experimental

estimations on these kinetic isotope fractionations from previous study (triangle, O’Leary et al. 1992).
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100010(@, g, )=~ 0'866;2“06 L0705 407 (26b)
10001n(aHquOmO§ ):_0.450T42x106 _06007x10° (oo (26¢)
10001n(aH13C130160§ ):_1.644T52x106 _49746x10° o) (26d)
100010 (t gy )= - 1.321T12x106 _1.6039x10° . (26¢)
Al3_18:_0.011T72x106 L 00865x10° o (260
AT 0.0041x10° . 0.0265x10° 0,091, (26g)

T2
where T is the temperature in the unit of Kelvin.
At 25°C, our model predicted carbon isotope and oxygen isotope fractionations (i.e.,

fractionations of °C singly-substituted isotopologue @, 0, and 0 singly-substituted

,]60§

isotopologue «,, ) are —29.7%o0 and —9.0%o respectively for HCO;3™ dehydration, and

12¢ 180160,
—22.5%0 and —16.7%o respectively for HCO;™ dehydroxylation. These predictions agree
reasonably well with the available experimental data on the carbon isotope and oxygen
fractionation associate with HCO;3™ dehydration and dehydroxylation at 24°C and 0°C
(O’Leary et al., 1992 and Clark et al., 1992, Fig. 4-4, 4-5). We also predict the oxygen
isotope fractionations associate with HCO;™ dehydration and HCO;™ dehydroxylation in

aqueous solution follow the mass dependence exponent A = 0.5279 and A = 0.5261,

A
. . . . . 13,~ 18
respectively, where Q2 ngreg, :(“ch”omoé) . As for kinetic fractionations for “C-"0O,

18~ 1 . . . .
0-'70 clumped isotopic species (- and a, .. 01, )» OUr model predict —38.8%o,

-13.8%o respectively for HCO;™ dehydration, and -39.0%o, -25.5%o respectively for HCO5
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dehydroxylation at 25°C. In comparison, the kinetic fractionations for *C-'*0, '*0-'"0
clumped isotopic anomaly ( A"" and A™"), are predicted to be 0.05%o, —0.0002%o,
respectively for HCOs3™ dehydration, and 0.10%o0, —0.06%o0, respectively for HCOs
dehydroxylation at 25°C. (A" and A""7). Unfortunately, we cannot directly compare
these predictions with experimental data.

Note that different isotopomers of the same isotopologue differ significantly in their
predicted isotope fractionation factors, depending on the positions of isotopic substitution.
For example, at 25°C, our modeled transition state structures (Fig. 4-2) predict that the
oxygen isotope fractionations associated with HCOs™ dehydration and dehydroxylation
are —4.7%o, —9.3%o, —13.1%o and 12.7%o, —75.2%o0, 12.5%o respectively for 80 substitution
at positions 1, 2 and 3, (as labeled in Fig. 4-2); Similarly, the fractionation of *C-"*0
‘clumped isotope’ anomaly associated with HCO3™ dehydration and dehydroxylation are —
0.06%o, 0.24%o, -0.35%o and 0.39%o, —0.45%o, 0.35%o respectively for ®O substitution at
positions 1, 2 and 3, (Table 3, Fig. 4-6). These position-specific isotope fractionation
effects arise from the different bonding environments for different oxygen atoms inside
HCOs5™ and their different involvements in the dehydration and dehydroxylation reactions.
The isotope fractionation factors presented in the above equations (17a-g and 18a-g) are
the average of the fractionation factors of all the isotopomers of the relevant isotopologue

(Tables 4-A5 and 4-A6).
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Our model also makes predictions about the isotopic compositions of the CO,
produced by dehydration or dehydroxylation of DIC (Table 4-3 and Fig. 4-7, 4-8); this
should correspond to the isotopic composition of CO, degassed from super-saturated

solutions unless some other isotopically fractionating process modifies its composition:

for HCO3™ dehydration

10001n.a” (CO,-HCO;)=10001n ¢z, 1., )=~ 0'199T82X106 - 7'96‘;“03 ~0.707  (28a)
10001na‘8(coz-Hco;):—O'lstZZ“OG IS0 67 (28b)
1000Ina" (CO,-HCO; )=~ 0'066T32X 10° _0.989x10° § 1555 (28¢)
1000l (CO,-HCO; )=~ 0'328T22X106 976021074 1564 (28d)
10001na"*" (CO,-HCO; )=~ 0'190lex 10°_28317x10° ) g7¢ (28¢)
10001n A" (CO,-HCO; )= - 0'00(;32“06 00452107 1567 (281)
10001n A" (CO,-HCO; )= - 0.0045x10" _0.0012x10° 14 (28g)

T2
for HCO;3™ dehydroxylation

0.7622x10°  4.0314x10°

-0. 2
= 03008 (29a)

10001n " (CO,-HCO;)=1000In(a .., )=

6 3
10001na‘8(COZ-HCO;)=—O'57OT52X1O LOMOA0 414 (29b)
6 3
10001n "7 (coz-Hco;)=—O'2968XIO  3A066x10° ) 4796 (29¢)

T2

1.3428x10° N 2.6262x10°

1000In¢"**(CO,-HCO; )=~ = -3.1905 (29d)
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6 3
IOOOlna'g’”(COZ-HC05)=—0'858T72X10 +9'960;X10 —4.4739 (29¢)

0.0061x10° +0.116><103

= +0.0521 (29f)

A" (C0,-HCO; )=~

0.0087 x10° . 0.0124x10°

A*17(C0,-HCO; )=~ =

~0.0545 , (29¢g)
where ¢ (C0,-HCO;), &' (CO,-HCO;). @ (CO,-HCO;), «"*(CO,-HCO;), """ (C0,-HCO;),
A""(C0,-HCO;) and A™"(CO,-HCO;) refer to the kinetic fractionation factor for Bc

singly substituted isotopologue (i.e., carbon isotope), '*O singly substituted isotopologue
(i.e., oxygen isotope), 'O singly substituted isotopologue, *C-"*0 clumped isotopologue,
18~ 17 . 13~ 18 . 18~ 17

O-"'0O clumped isotopologue, “C-"O clumped isotope anomaly and "O- 'O clumped
isotope anomaly between product CO; and reactant HCOj', respectively, and are defined

13-18 13-18
as abOVC for aH”C”’Og ) aH'ECmO'f’Oi s aH”C”O”’Oi s aH”C”‘O“’Oé s aH”C”‘O”O”’O’ ) A and A .

However, instead of averaging the fractionation factors of all the relevant isotopomers of
each isotopologue (e.g., as we do for «

and o, see above), o' (CO,-HCO;)

H'ZCmO“’()i IJCIXoléoi ;

and o" " (CO2 -HCO;) are calculated by averaging only the kinetic isotope fractionation

factors from the isotopomers that are capable of producing '*O-substituted and *C-"*0
doubly substituted CO; (i.e., isotopomers with '*O substitution at oxygen atom position 1
or 2; Fig. 4-2). At 25°C, the kinetic oxygen isotope and *C-"*0 clumped isotope anomaly
fractionations between product CO, and reactant HCO;™ are predicted to be —7.0%o,
0.09%0 and +12.6%0, 0.37%o, for HCOs; dehydration and dehydroxylation reaction,

respectively.



198

154 L
o o 10 —— HOO; dehydration
CI? 201 (i) - = HOO; dehydroxylation
o o s
s} o °
:‘g 254 °_°g
S S 0]

o o
o o

-30-

5 \

BT T T T T V77T

7 8 9 10 M 12 13 14 7 8 9 10 M 12 13 1
10T (K) 10T (K)
Fig. 7(a) Fig. 7(b)

04- - —— HOO; dehycration .
= _---" 5 0104 - = HOO; dehydroxylation . ~
& S ) ,

i - —HOO; - 3 ’
8 034 H003_ dehydration 8 084 P 4
g - = HOO, dehydroxytation 2 v
o o .
Q o2 O 005 2%
o >4 7
2 & 7’
< < om{ 7
0.1 ///-
002
00 ¥ 1 ¥ T ¥ | % I & I % 1 & 1 * 1T ¢ 1 & 1T & 1 & 1
7 8 9 10 M 122 13 14 7 8 9 10 M 1 13 1
10T (K) 10T (K)
Fig. 7(c) Fig. 7(d)

Figure 4-7: Model predicted fractionations of (a) carbon isotope; (b) oxygen isotope; (c) Be-®o
clumped isotopic anomaly and (d) ®C-""O clumped isotopic anomaly between degassed CO, and

reactant HCO; ™ during HCOj;™ dehydration and HCO5™ dehydroxylation.

We investigated the influence of our choice of frequency scaling factor (i.e., the
proportionality between modeled vibrational frequencies and those measured for aqueous

HCO3") on our model results, by using 1) no scaling factor and 2) a scaling factor of
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1.0318 (determined by the comparison between our model predicted and the
experimentally determined vibration frequencies for dissolved HCOs', excluding the
vCO-H vibration mode). In both cases, our model predicted kinetic isotope fractionations
are sufficiently close to our model results that were calculated using the preferred scaling
factor of 0.9614 (e.g., differ by less than 2.5%o, 2.0%0 and 0.01%o, respectively for carbon
isotope, oxygen isotope and *C-"*0 clumped isotope fractionations at 25°C; Table 4-3).
We conclude that uncertainties regarding the frequency scaling factor contribute to the
absolute accuracy of our models, but are not a first-order systematic error; i.e., the
general features of our modeled fractionations are insensitive to this constant.

Similarly, our calculation of isotopic fractionations for HCO3; dehydration reaction
made with the transition-state structure based on the LMP2 method (with the same
frequency scaling factor of 0.9614) also predicts kinetic isotope fractionations close to
our standard model results based on the B3LYP method (e.g., —24.8%o0, —15.4%0 and
0.11%o for carbon isotope, oxygen isotope and *C-"*0 clumped isotope fractionations
respectively at 25°C; LMP2 method; Table 4-3). Therefore our choice of the B3LYP
calculation method does not seem to have dictated the general characteristics of our

model result.

4.2 Predicted influence of Kinetic isotope fractionations on carbonate minerals
grown from degassing aqueous solutions

Our models of the kinetic isotope fractionation factors associated with HCOj;
dehydration and dehydroxylation reaction make predictions regarding the evolution of

abundances of different HCO3 isotopologues in aqueous solution that is undergoing CO,
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degassing. In order to relate these model predictions to the expected isotopic
compositions of carbonates, we must consider isotopic fractionations between DIC and
solid carbonates and the relative rates of CO, degassing and carbonate growth (following
the procedures outlined in section 2.3). Fig. 4-8 illustrates predicted carbon isotope,

and A,

oxygen isotope, A g, g COMPpoOsitions in carbonate minerals that grow as

CO, degassing progresses (where the extent of degassing is expressed as the fraction of
dissolved HCOj;™ remaining in aqueous solution).

Four different scenarios are considered (as discussed in section 2.3.2):

1) HCOj5™ dehydration is the only isotope fractionation process that influences the
isotopic composition of HCOs™ in aqueous solution; 2) HCO;™ dehydroxylation is the only
isotope fractionation process that influences the isotopic composition of HCOs in
aqueous solution. These two cases would describe a system in which a negligible amount
of carbonate grows despite extensive degassing; 3) The HCO3™ dehydration reaction is
coupled with carbonate precipitation, at a molar ratio of 1:1; and 4) the HCOs
dehydroxylation reaction is coupled with carbonate precipitation, at a molar ratio of 1:1.
In all cases, we assume that solid carbonate grows in equilibrium with co-existing DIC.

The predicted kinetic fractionations of various isotopologues are correlated with
each other (Table 4-4); i.e., the kinetic mechanism we consider has a distinctive isotopic
‘fingerprint’, distinct from that for equilibrium fractionations and possibly other
processes, that might be used to identify carbonates grown from degassing aqueous
solutuions. For example, at 25°C,

1) If CO; degassing reactions (i.e., HCOs™ dehydration and HCOj;™ dehydroxylation)

are the only isotope fractionation processes that influence the isotopic composition of
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HCOs™ in aqueous solution, we predict for HCOs™ dehydration that every 1%o kinetic
increase in carbonate '*0/'°O will be accompanied by an increase in carbonate *C/"*C of

3.26%0, a decrease in A, of 0.0222%o, and a A , decrease of 0.004%o.

3 C]SO16O2 12 CIRO ]7OI(v

Similarly, for every 1 %o increase in carbonate d180 produced by HCOj;™ dehydroxylation,

carbonate °C/"?C will increase by 1.41%o, A will decrease by 0.0292%o, and

13 CISOIGOZ

A will increase by 0.0221%o.

2¢¥0170'%0

2) If the progress of CO, degassing reactions are coupled to carbonate growth at a
molar ratio of 1:1 (i.e., for every one CO, molecule degassed from the solution, one
formula unit of carbonate precipitates), then our model predicts for HCO3™ dehydration
that for every 1%o kinetic increase in carbonate '®0/'°0, carbonate *C/*C will increase

by 2.34%o, A will decrease by 0.0175%o0, A will decrease by 0.004%o0 and

13 CISOI()OZ 12 C]SO 17 OIOO

A g, Will decrease by 0.006%o. And for HCO;™ will increase by 2.38%o, A will

decrease by 0.0165%o, A will increase by 2.38%o, A will decrease by

12018017 glog Izclxomo2

0.0165%0, A will decrease by 0.003%o0 and A will decrease by 0.006%o.

IZCIXOHOI()O IZCIXOIKOIGO
- . . . . 18~ /16
And for HCO;3™ dehydroxylation, for every 1%o kinetic increase in carbonate O/ O,

carbonate *C/"C will increase by 1.10%0, A will decrease by 0.0245%o,

13 CIXOH)O2

A will increase by 0.0186%o and A, ,,

o 00 g g Wil Increase by 0.0352%o.

These co-variations of different kinetic isotope fractionations vary little with
temperature (Table 4-4).
The predicted effects of kinetic isotope fractionations on clumped isotope anomalies

in precipitated carbonate minerals are relatively large, despite the fact that fractionations

of multiply substituted isotopologues of the HCOs™ are relatively modest. For example,
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we predict that the HCO;™ dehydration reaction will lead to a 0.0234%o decrease in

A sging in the carbonate mineral for every 1%o kinetic enrichment in its 180/160, even
2

though the increase in A directly caused by kinetic fractionations of *C-'*0

HCWXOIF:O:
substituted isotopologues is only 0.005%o for every 1%o kinetic enrichment in its '*0/'°O
(Table 4-3, section 4.1). This somewhat counter-intuitive amplification of the change in

APC™0'%0, arises from the fact that A (and all other clumped isotope anomalies),

Bciioloo,
is not a conservative compositional parameter (Eiler and Schauble, 2004); in this respect,
it is unlike 8°C and 8'O values. That is, in any system undergoing irreversible
fractionations such as those we model, carbon and oxygen isotope changes must conform
to the mass balance relations:

n ><}3.13 _ Rl3 + XRI3

initial initial _nconsumed X consumed nresidual residual
18 _ 18 18
ninitial initial _nconsumcd consumed n residual X residual 9

where Ninitial, Neonsumed aNd Nyesiqual TEPresent the moles of HCO;' in the initial, consumed

and residual pools respectively. But for clumped isotope anomalies like A oo, this does

not hold true:

% Aconsumedl

residual
consumed 13 CmO“’OZ X A

residual 13 C'SO”'OZ N

n... . x Anil #n +n

initial =13 180160,

This characteristic of clumped isotope anomalies was first demonstrated by Eiler

and Schauble (2004) for the case of mixing two pools of CO,. If the two end members
differ significantly in 8'*0 and/or 8'"°C, their mixture may take on a A7 value that differs
from the weighted average of the A47 values of the end members. This ‘nonlinearity’ of
mixing ultimately reflects the fact that the abundances of multiply-substituted

isotoplogues expected for a stochastic distribution (the ‘0’ point on the A; scale) is a non-
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linear function of bulk isotopic composition. Similarly, mixing of two pools of HCOj5

with the same A but with different bulk isotopic compositions (i.e., “C/"*C,

13 CIBOI(:OZ

%0/'°0) will produce a mixed pool having a A different from that of the end

Bcioio,
members. The same principle also applies to separation, the reverse of mixing; i.e., if one
separates a portion of a HCOj3™ pool that differs in bulk isotopic composition from its
value of the residual

initial pool but is identical to that pool in A , the A

13CISOI0Oz 13 Clgoléoz

HCOs™ pool can change. The exact amount of this A change depends on the

13 8000,
difference in bulk isotopic composition between the separated pool and the initial pool; in
case the case we consider in our CO; degassing models, this difference corresponds to the
carbon and oxygen isotope fractionations between the consumed HCO3™ pool and residual
HCOs5  pool (i.e., o in equation 4).

and A, to

We combine our model predicted kinetic fractionations for A, .., o oo
1500, :

estimate the kinetic fractionation for A3 (the abundance anomaly of mass 63 of carbonate

M, Guo et al., 2008b) in the carbonate mineral:
[63] 60]

stochastic

ion, defined as A, =

stochastic /[
A, = xA + fu xA
63 ﬁ}clxolﬁoz 13800, ﬁhcmonomo 12 G186 17160 9

where 7, and f, are the relative abundance fractions of isotopologues

JCIBOI(:OZ CISOWOIGO

Bc®0'0, and *C'*0'0'°0* in all the mass 63 isotopologues of COs* in the
carbonate mineral (Table 4). For typical isotopic compositions of terrestrial carbonates
(e.g., 8"”Cyppp=-5%o and 8'*Ovsmow=30%0), /.

~93.5% and f, . ~0.5%. We

C]SOI()O2 CIROHOI(V

predict, at 25°C, for every 1%o kinetic increase in carbonate '*0/'°0, carbonate A,

decreases by 0.0222%. and 0.0259%0 respectively for HCO; dehydration and
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dehydroxylation when these CO, degassing reactions are the only processes influencing
the isotopic composition of the dissolved HCO5. If the HCO; dehydration and
dehydroxylation reactions are coupled with carbonate precipitation, the predicted Ags
decreases are 0.0166%0 and 0.0218%o respectively for every 1%o kinetic increase in
carbonate '*0/'°O (Table 4-4; assuming 1 mole of carbonate precipitates for every mole
of CO, evolved). The A47 value in the CO, derived from acid digestion of carbonate
minerals (the basis of carbonate clumped isotope thermometry) is proportional to the Ags
in that carbonate mineral (Guo et al., 2008b). Therefore, we will expect that the effects of
kinetic fractionations on the A47 in the CO, derived from acid digestion of carbonate

minerals will equal the calculated changes in Ag; for those carbonates (Fig. 4-9).
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O
T
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Figure 4-9: Correlations between kinetic carbon isotope, oxygen isotope and A4; clumped isotope
fractionations expected in the carbonate mineral, based on our predictions of the kinetic isotope
fractionation associated with HCO; dehydration and dehydroxylation reactions and our carbonate
precipitation model: (a) correlations between kinetic A4; clumped isotope and oxygen isotope
fractionations; (b) correlations between kinetic carbon isotope and oxygen isotope fractionations. Four

different scenarios are considered, as labeled in the legend (see text for details).
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4.3 Isotopic compositions of cryogenic carbonates

All of the synthetic cryogenic carbonates examined in this study are enriched in 8"°C
and in 8'°0O relative to the expected compositions for calcite in equilibrium with their
parent waters (except 0611B-07). These carbonates are also all lower in A4; than
expected values if they grew at equilibrium at 0°C (Table 4-5). The magnitudes of
departures from expected, equilibrium isotopic compositions vary among the different
samples, from 1.1%o to 6.4%o for 613C, from 0.4%o to 2.0%o for 6180, and from 0.043%o to
0.086%o for A47. The size of the departure from isotopic equilibrium does not exhibit any

obvious correlations with the sample preparation conditions (Tables 4-2 and 4-5).

Table 4-5 Isotopic compositions of cryogenic carbonates synthesized in this study.

Sample
N 0412-07 0418-07 0504A-07  0611A-07 0611B-07 0920A-07
0.
13
Expected 8 "Cec (%0) -19.8 -19.8 -18.9 -19.7 -20.6 -15.2

equil. 80w (%o)  31.8 31.8 318 31.9 32.1 33.1
valies A, (%) 0773 0773 0773 0773 0773 0973
8Cee (%)  -13.42  -15.83  -17.73 -15.1 -15.12 -12091
5%0. (%) 3371  32.19  32.84 3338 3143  34.66
Observed  “Ay (%)  0.692(4) 0.730(3) 0.715(2) 0.724(3) 0.687(3) 0.716(4)
values lo (%) 0014 0002 0006 0003 0007 0014

*
T Apparent

°C)

15.2 7.8 10.6 8.9 16.1 16.5

T Apparent denote the apparent formation temperatures estimated for cryogenic carbonates, based on
their observed A4; (if the cryogenic carbonates were formed in isotopic equilibrium).

% Number in the bracket indicates the number of replicate isotope analyses for that carbonate sample.
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The expected equilibrium isotope compositions of the cryogenic carbonates were
estimated based on the 8">C of the dissolved HCO5', 8'%0 of the solution water and the
known equilibrium isotope fractionation factors between carbonate and dissolved HCOj5
and water (carbon isotope, Deines et al., 1974; oxygen isotope, Kim and O’Neil, 1997,
Beck et al., 2005; A47, Ghosh et al., 2006). Note that, only 8"3C of the total dissolved
inorganic carbon (DIC) were determined in the cryogenic experiments. To derive the
initial 8"°C of the dissolved HCOs", we first determine the speciation of the dissolved
inorganic carbon in the solution based on the determined solution pH and known
dissociation constants of carbonic acid (Roy et al., 1993), and then combine this
speciation information with the experimentally determined 8'°C of the total DIC and with
the known equilibrium carbon isotope fractionation among different DIC species (Zhang
et al., 1995).

Both the solution pH and 8"C of the total DIC used in the above computation
were determined at the starting of the freezing experiments (i.e., at either room
temperature or 3-7°C; section 3.1), and do not necessarily represent the actual 8"°C of the
DIC at the beginning of CO, degassing (i.e., at 0°C, the temperature of cryogenic
carbonate formation). Although the temperature change itself is not expected to
significantly affect 8"°C of the total DIC or solution pH, the possibility of further
dissolution of headspace CO, in the container during the cooling might change both
51 Cpic and solution pH. Similarly, the 5'%0 values of water used in the above estimation
of expected equilibrium carbonate isotopic composition were also determined at the
starting of freezing experiments and were assumed to remain unchanged as the solution

: . . o 18
froze. However, previous studies on cryogenic carbonates indicate the 6 O of water
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might decrease significantly during ice formation due to the preferential incorporation of
0 into water ice (Zak et al., 2004). The errors introduced by these effects on our
estimation of expected equilibrium isotopic composition for carbonates are difficult to
quantified, but might partially explain the depletion (as opposed to enrichment) of the
oxygen isotopic compositions of sample 0611B-07 relative to its expected equilibrium
oxygen isotope value (i.e., because we failed to consider the effect of ice formation on the
80 of water and thus overestimated the expected equilibrium oxygen isotopic
composition of the carbonate). Future cryogenic experiments should be performed under
more controlled settings and conditions (e.g., like settings in Killawee et al., 1999), so
that the 8"°C of the total DIC and solution pH can be determined at 0°C and the 8'O of
water can be monitored as the solution freezes.

Our observed enrichments of 8"°C and 8'°0 and depletion of A4; in cryogenic
carbonates, relative to their expected equilibrium values at 0°C, are consistent with
previous carbon and oxygen isotope studies of cryogenic carbonates (Clark and Lauriol,
1992), and with our model predictions on the isotopic compositions of carbonates that
form from the degassing solution (section 4.2). Note that, both cryogenic carbonates
synthesized in this study and natural speleothems form from the same physiochemical
mechanism, i.e., degassing of CO, from aqueous solution. Therefore our observed
deviations of their isotopic compositions from expected equilibrium values are very
similar to those observed for speleothem carbonates (carbon and oxygen isotope, Mickler
et al., 2004 and 2006; clumped isotope, Affek et al., 2008, Daeron et al., 2008). In

particular, the depletions of A47 in our cryogenic carbonates, if unaccounted for, will lead

to apparent overestimation of their formation temperatures by 8-16°C as determined by
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carbonate clumped isotope thermometer (Table 4-5). This compares with the 8-22°C
overestimation of carbonate formation temperature when applying carbonate clumped

isotope thermometer to natural speleothem and speleothem-like carbonates synthesized in

the laboratory (Table 4-1; Affek et al., 2008 and Daeron et al., 2008).

4.4 Comparison between model predictions and isotopic compositions of natural and
synthetic carbonates
We compare our model predicted co-variations of kinetic fractionations in

carbonate *C/*C, '®0/'®0 and A, with the available experimental data on cryogenic

carbonates (this study) and on speleothem carbonates (both natural modern speleothems
and carbonates grown in the laboratory under conditions resembling natural speleothem
growth; Affek et al., 2008; Daeron et al., 2008). Fig. 4-10 and 4-11 plot the deviations of
isotopic compositions of these carbonates from their expected equilibrium isotopic
compositions. Note that we are unable to determine the expected equilibrium carbon
isotopic composition of any of the speleothem samples because we do not know the

8"C,.,. Values of the solutions from which they grew. Therefore, for these samples we

assume the lowest 8"°C and 8'0 value in a speleothem is the equilibrium value (Fig. 4-

11b).
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Figure 4-10: Comparison of our model predicted correlation between kinetic A4; clumped isotope
fractionation and kinetic oxygen isotope fractionation, with the observed isotopic compositions of (a)
cryogenic carbonates (formed at ~0°C, this study), and (b) natural modern speleothems (circles) and
speleothem-like carbonates synthesized in the laboratory (triangles) (Affek et al. 2008; Daeron et al.,
2008). Dotted lines in (b) indicate the variations of predicted correlations over the range of observed
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Figure 4-11: Comparison of our model predicted correlation between kinetic carbon isotope
fractionation and kinetic oxygen isotope fractionation, with the observed isotopic compositions of (a)
cryogenic carbonates (formed at ~0°C, this study), and (b) the observed isotopic variations among
different pieces of speleothem Vil-Gal (Daeron et al., 2008); see text for details. Plotted error bars

represent 2 standard error (20).
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If HCO;  dehydration and HCOs;™ dehydroxylation reactions, with or without
carbonate accompanying carbonate precipitation, are the only isotopically fractionating
processes (as we assumed in our standard model), we would expect the measured isotopic
compositions of natural and synthetic carbonate minerals considered by this study to lie
within the area confined by our model predictions for the four scenarios outlined above
(section 4.2; Fig. 4-9). Based on the known or estimated pH’s of the solutions from which
these carbonates grew (pH<8 for natural and lab synthesized speleothem, Daeron et al.,
2008; pH=5.5~5.7 for synthesized cryogenic carbonate, Table 4-2), HCOs™ dehydration
should be the dominant pathway for CO, degassing during both cryogenic carbonate
growth and speleothem deposition (section 2.1). Therefore, the observed isotopic
compositions of the carbonate minerals are expected to lie closer to the area confined by
the model predictions for the two scenarios where HCOs™ dehydration reactions are the
dominant fractionating step, i.e., the two red lines (HCO3™ dehydration only and HCOj3
dehydration coupled with carbonate formation, respectively) in Fig. 4-10 and Fig. 4-11.

The correlations between kinetic fractionations of A4; and oxygen isotopes
observed for all cryogenic carbonates and most of the speleothems define a trend parallel
to our model predictions, and lie below the model predictions for all four scenarios (Fig.
4-10). The observed correlations between carbon isotope and oxygen isotopes defined by
most the cryogenic carbonates and most of the speleothems lie within our range of model
predictions for the four scenarios, but differ noticeably from the HCO;s  dehydration
dominated scenarios, which we expected would best describe the data (Fig. 4-11).

The discrepancies between our model predictions and experimental data could

arise from kinetic isotope fractionations between the carbonate mineral and dissolved
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HCO;3" during carbonate growth (i.e., because we assumed that carbonates grow in
equilibrium with co-existing DIC). Most speleothems form from supersaturated solutions
and can grow quickly (Fairchild et al., 2007). The same could be true for growth
cryogenic carbonates because rapid degassing during freezing could result in high
supersaturation in the solution, driving rapid growth (though these experiments are not
sufficiently well controlled to tell definitively if this is the case). It is known that rapid
precipitation of carbonate from solution leads to kinetic isotope fractionations between
DIC and precipitating carbonate. These effects generally lead to depletions of both 8'°C
and 8'0 in the carbonate minerals relative to their values expected from equilibrium
with dissolved HCOs3" (e.g., ~2.3%o depletion in §13C at 25°C, Turner, 1982; and ~0.5%o
depletion in 8'°0 at 25°C, Kim et al., 2006). There are so far no systematic studies on the
kinetic fractionations of clumped isotope anomalies associated with fast precipitation of
carbonate minerals. However, in our preliminary experiments where we precipitated
aragonite by pumping and mixing concentrated seawater and sodium carbonate solution

together, we observed the depletion of A, and 8"0 in the aragonite precipitates as the

pumping rate (and thus precipitation rate) increases (Fig. 4-12; Eiler et al., 2008 and
Gabitov et al., 2006). These observations suggest that rapid precipitation of carbonate
minerals leads to depletion in carbon isotope, oxygen isotopes and A, values of
carbonates relative to equilibrium with co-existing DIC. The directions of these kinetic
depletions are consistent with the discrepancies observed between the predictions of our

CO; degassing models and the experimental data.
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Figure 4-12: Depletion of A,, and '80/'*0 in aragonite during its fast precipitation (samples from

Gabitov et al. 2006). R is the rate at which concentrated seawater and Na,COj3 solution were pumped
and mixed together, expressed as pmol of pumped COs” per minute. Circle represents the expected
isotopic composition of the aragonite if it formed in isotopic equilibrium with the solution at

experimental temperature (25°C).

Even if the non-equilibrium fractionations that occur during growth of some
carbonates are well described by the CO, degassing model we present, it is not obvious
what controls the extent of that dis-equibrium for a given sample; i.e., even if samples are
displaced from equilibrium along composition space vectors parallel to our model trends
in Fig. 4-9 and 4-10, we still must establish how far they are displaced along such a trend.
This question is particularly important for the interpretation of the stable isotope
compositions of speleothems. The following paragraphs review some of the factors that
likely control the extent of isotopic disequilibrium shown up in speleothem samples.

1) The proportion of HCO;™ degassed and precipitated from the solution (relative

to the initial HCO;3™ present in the solution), ‘1-F’ (where F is the fraction of HCOj5



215

remaining in the aqueous solution; see equation 2), must control the extent of isotopic
disequilibrium and sets an upper-limit of isotopic disequilibrium that can be exhibited in
the speleothem carbonates.

2) The pathway of CO, degassing — dehydration vs. dehydroxylation — and the
ratio between the progress of degassing reactions and carbonate precipitation (i.e., the
four different scenarios we discussed above) influence the kinetic isotope fractionation
factors (o values in equation 2) and thus also affect the upper-limit of isotopic
disequilibrium that could be exhibited in the speleothem carbonates. Even with the same
fractions of HCO3™ removed from the solution (i.e., the same F values, above), different
reaction pathways cause different extents of kinetic disequilibrium in the residual HCO5
and thus in any carbonate minerals that grow from that residual DIC (Fig. 4-7).

3) The kinetic isotope fractionation processes described by our model must
compete with isotope re-equilibration reactions — including isotope re-equilibration
among the DIC species and between the dissolved HCOs; and water. These re-
equilibration reactions will tend to reduce or completely remove the effects of kinetic
isotope fractionation, by an amount that is proportional to the relative rates of CO,
degassing reactions vs. re-equilibration reactions. Carbon isotope isotopic compositions
of dissolved inorganic carbonate species re-equilibrate with one another quickly (e.g.,
17.5s at 25°C, for a solution with a salinity of 35 and at pH 8.2; Zeebe et al., 1999). In
contrast, re-equilibration of their oxygen isotope compositions through exchange with
water requires that C-O bonds break and re-form and is much slower (e.g., half-times for
oxygen isotope exchange between HCO;3™ and H,O is ~1.4 hrs at 25°C, Beck et al., 2004).

There are so far no data available on the time required for the re-equilibration of the A4;
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clumped isotope anomaly in the DIC system. However, these values reflect isotopic
ordering among C-O bonds, so we suspect it should be of the same order of magnitude as
the time for oxygen isotope re-equilibration.

Isotope re-equilibration processes should most strongly influence the isotopic
compositions of speleothem carbonates that form under a relatively thick layer of water
(e.g., pool carbonates and some flowstones) because in such cases the rate of CO,
degassing is limited by diffusion (Buhmann and Dreybrodt, 1985). Therefore, we expect
that carbonate growth from sufficiently thick water layers will be accompanied by isotope
re-equilibrations reactions that out-compete kinetic isotope fractionation processes (i.e.,
CO; degassing). And, slower CO, degassing from thick water layers will also lead to
lower degrees of supersaturation in the solution, lower carbonate precipitation rates, and
thus diminished opportunity for any additional kinetic isotopic fractionations associated
with fast precipitation of carbonate minerals. As a result, we expect those carbonate
mineral formed under a sufficient thick water body/film will show oxygen isotope and
clumped isotope compositions (i.e., A47 values) that are in equilibrium with the isotopic
compositions of the cave water and cave temperatures. Evidence supporting this
hypothesis can be found in studies of carbon isotope compositions of DIC in cave water
(Bar-Matthews et al., 1996) and of the oxygen isotopic compositions of carbonates
synthesized in the lab through CO, degassing (Wiedner et al., 2008).

It will be helpful for paleo-climate reconstructions to find speleothem samples
that exhibit equilibrium isotope compositions, including clumped isotope compositions,
so that we can circumvent the complications resulted from kinetic isotope fractionation

processes. Based on the evidence presented above, we propose that pool carbonates are



217

promising candidates.

4.5 Implications for the isotopic studies in other natural systems
Besides cryogenic carbonates and speleothems, the model we present can also be
applied to other systems in which the degassing of CO, from aqueous solution is an

important process.

4.5.1 Other natural carbonate formations induced by the degassing of CO,

Soil carbonates, evaporative carbonate (e.g., caliches), tufas and travertine
deposits are carbonate formations that are often influenced by CO, degassing from
aqueous solutions. Despite the importance of their isotopic compositions as proxies for
paleoclimate and paleoelevation reconstruction, our quantitative understanding of the
mechanisms by which these types of carbonates form remains limited (Andrews, 2006;
Quade et al.,, 2007). One often observes that co-genetic suites of these classes of
carbonates exhibit co-variations of 8'°0 and §'*0 that resemble those observed in some
speleothem carbonates (Cerling and Quade, 1993; Knauth et al., 2003; Andrews, 2006).
This co-incidence is consistent with the notion that kinetic isotope effects associated with
CO, degassing contribute to isotopic diversity in diverse carbonate types. However, it is
important to note that these other carbonate types grown in complex, dynamic systems
and almost certainly also exhibit isotopic diversity due to evaporation of water (perhaps
combined with degassing; i.e., in the case of tufas; Andrew, 2006), the combined effects
from evaporation and microbial activity (i.e., in caliches; Knauth, 2003), or the combined

effects from precipitation and carbon cycling by plants (i.e., in soil carbonates, Cerling
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and Quade, 1993). A detailed discussion of isotope fractionations accompanying
formation of these diverse and complex carbonate types is beyond the scope of this study.
However, if the kinetic isotope fractionations associated with CO, degassing are among
the causes of "°O and §'*0 variations observed in these carbonate, we would expect an
accompanying depletion of their A47 relative to the expected equilibrium values, i.e., an
overestimation of their formation temperature as determined by carbonate clumped
isotope thermometry. A recent clumped isotope study of soil carbonates from Tibet
yielded apparent temperatures greater than plausible growth temperatures, consistent with
our expectation (M. Daeron, personal communications). Though this does not constitute
proof of a role of CO, degassing in soil carbonates, we conclude that the kinetic isotope
fractionations associated with CO, degassing should be considered in future stable
isotope studies (including clumped isotope studies) of carbonates formed in environments

that might contain aqueous solutions that are super-saturated in CO,.

4.5.2 Air-sea CO; exchange and isotopic composition of respiration CO;

Our model of kinetic isotope effects associated with degassing of aqueous
solutions predicts that the isotope composition of the outgassed CO, differs significantly
from that of the dissolved HCO3™ and from the expected values if the CO, was in isotopic
equilibrium with the solution water. Particularly, the >C-"*0 clumped isotope anomalies
in the degassed CO, are predicted to be ~0.09%0 and ~0.37%o (for CO, produced by
HCOs™ dehydration or HCO;3™ dehydroxylation, respectively) higher than that of the
dissolved HCOj;™ at 25°C, and therefore are ~0.40%o0 and ~0.12%o lower than their

expected equilibrium values (assuming equilibrium C-"*0 clumped isotope anomaly in
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dissolved HCOs™ and in gaseous CO; are 0.43%o0 [Guo et al., 2008a] and 0.92%0 [Wang et
al., 2004] respectively at 25°C). These isotope effects, if fully expressed, could greatly
influence the isotopic budget of atmospheric CO,, by way of both the air-sea exchange
flux and the respiration flux (if the respiration CO, first dissolves in aqueous solutions,
i.e., forms dissolved HCOj", before its emissions into atmosphere).

A recent study of the clumped isotope composition of atmospheric CO, (Affek et
al., 2007) found that, A4; values of most air samples differ significantly from (mostly
lower than) that expected from based on thermodynamic equilibrium and exhibit
considerable seasonal and diurnal variations (as much as 0.25%o and 0.14%o respectively;
Affek et al., 2007). Both depletion in A4; relative to thermodynamic equilibrium and the
seasonal and diurnal variations have been largely attributed to the terrestrial respiration

flux, which is estimated to have A47; values of 0.7710.28%. (Affek et al., 2007).
Similarly, study of As; in human breath revealed a similar A4; value, 0.760.03%o

(Affek and Eiler, 2006). Both of these estimations of A47 in respiration CO, lie close to
our predicted A47 values for CO, degassed from HCOs™ dehydration and dehydroxylation
(0.52%0 and 0.80%o, respectively, at 25°C; see above), suggesting kinetic isotope
fractionations associated with HCOj;™ dehydration and HCOj3™ dehydroxylation reactions
as a possible explanation for the depletion of *C-'*0 bonds (relative to thermodynamic
equilibrium) in respiration COs.

It is however noted that, air samples collected from Cape Grim, Tasmania and
Barrow, Alaska (considered to likely reflect hemispheric background air and to be
affected by air-sea exchange) have A47 values close to those expected for thermodynamic

equilibrium at ambient temperatures (Affek et al., 2007). This result is consistent with
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previous studies of the carbon isotope budget of air-sea CO, exchange (Siegenthaler and
Munnich, 1981; Inoue and Sugimura, 1985), which show that the carbon isotope
fractionation during air-sea CO, exchange is dominated by diffusion (-1.8 to -2.3%o for
atmosphere-to-ocean transfer, and -9.7 to -10.2%0 for ocean-to-atmosphere transfer)
rather than a kinetic isotope effect associated with dehydration or dehydroxilation. The
relative unimportance of dehydration and dehydroxylation reactions (and their reverse)
presumably  reflects the slow  kinetics of  hydration/dehydration  and
hydroxylation/dehydroxylation reactions compared to the rapid renewal of CO, in the
surface layer through turbulence. For example, at 20°C, the CO, lifetime for hydration is
~50s (Kern, 1960) and is 25 times longer than for the typical time constant for surface
CO; renewal through turbulence (Siegenthaler and Munnich, 1981). Accordingly, the
kinetic isotope fractionations associated with these reactions will be diminished by a
factor by 25 during air-sea CO, exchange (Siegenthaler and Munnich, 1981). If our
model predicted kinetic fractionations associated with HCO;  dehydration and
dehydroxylation reactions are diminished by this factor, the total expected impact on the
isotopic composition of CO, exchanged with the ocean is ~1%o, ~0.4%0 and ~0.02%o for
80, 8'%0 and A4; respectively. It would be challenging to detect such small effects in
natural samples; in any event, it is consistent with findings from previous isotope studies

(Siegenthaler and Munnich, 1981; Inoue and Sugimura, 1985; Affek et al., 2007).
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5. SUMMARY

Based on ab initio models of molecular structures and transition state theory models
of irreversible reactions, we calculate the isotope fractionations (including “C/"C,
%0/'°0, and multiply-substituted isotopologues) associated with degassing of CO,
aqueous solutions, considering both CO; produced by HCOj3; dehydration and HCOs
dehydroxylation. When coupled with a model for the isotope fractionations associated
with carbonate precipitation, we predict that the isotope fractionations during CO,
degassing from aqueous solutions increase the 520, 8'°0 and deplete the distribution of
BC-"*0 clumped isotopologues of the residual DIC species and in carbonate minerals that
precipitate from the DIC pool. For example, our model predicts that at 25°C §"°C and A4
in carbonate will increase by 1.1-3.3%0 and decrease by 0.017-0.026%o respectively, for
every 1%o kinetic enrichment in its 'O, depending on the exact pathway for CO,
degassing and carbonate formation. The reduction in A47; in the carbonate minerals
accompanying these kinetic fractionations mostly arise from the non-linear relationship
between bulk isotope composition (i.e., 8'°0 and 8°C) and abundances of clumped
isotopic species, combined with a large difference in 8O and 8"C between the
consumed and residual HCO3™ pools. These predictions approximately agree with the
isotopic compositions (including carbon isotope, oxygen isotope and A47 clumped isotope)
of cryogenic carbonates observed in this study and modern natural speleothem and lab
synthesized speleothem-like carbonate samples from previous studies. This agreement
suggests that kinetic isotope fractionations associated with CO, degassing are among the
primary causes for the disequilibrium isotopic compositions observed in cryogenic

carbonates and speleothem samples. The discrepancies between A47 values observed in
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carbonate minerals and our model predictions might result from the additional kinetic
isotope fractionations associated with the fast precipitation of carbonate mineral from
supersaturated solutions.

The extents of isotopic disequilibrium found in natural carbonates are controlled not
only by the kinetic isotope fractionations described by our model, but also by isotope re-
equilibration reactions that tend to remove the isotopic disequilibrium effects. We
propose that speleothem samples formed under water films/bodies of sufficient thickness
(e.g., pool carbonates, flowstones, etc) are most likely to exhibit equilibrium oxygen
isotope and A47 compositions due to the suppression of CO, degassing processes relative
to isotope re-equilibration reactions. Such materials should be targeted in future applied
studies of the clumped isotope geochemistry of cave deposits.

This study constitutes the first systematic theoretical and experimental study of
kinetic isotope fractionations associated with HCO3™ dehydration and dehydroxylation
reactions (especially for multiply-substituted isotopologues). The method and principles
employed in this study can be applied to studies of other chemical reactions, e.g., CO;
hydration and hydroxylation reactions, which are also important in natural systems (e.g.,

in biogenic carbonates, plant photosynthesis and respiration, air-sea exchange, etc.).
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Table 4-A3 Scaled vibration frequencies (unit: cm'l) for all 54 isotopologues of our modeled reactant
during HCOj;™ dehydroxylation reaction in aqueous solution (Fig. 4-2c; DFT-B3LYP/cc-pvtz(-f) with a
frequency scaling factor of 0.9614; see sections 2.2 and 2.4 for details). The frequency set contains 9

modes of vibration frequencies for each isotopologue.

lsotopologue& (o] W, W3 Wy Ws (03 w7 Ws @y

H"C'®0'0'0 456.58 547.13 636.71 771.76 887.63 1170.90 1277.82 1637.48 3631.44
HC'®0'%0'0" 456.58 545.12 635.56 747.69 875.89 1170.35 1257.23 1592.93 3631.42
H"C"®0'"0'0 456.05 54039 625.06 76831 879.25 1163.14 1261.46 1626.75 3631.44
H"C'0"0'0 453.87 538.65 623.04 769.92 870.39 1162.86 1277.66 1636.62 3619.92
H?C'%0"0"%0" 45635 537.82 627.13 768.38 879.28 1169.80 1255.23 1626.72 3631.44
HBC"®0'0'0 456.04 538.50 623.79 744.13 868.66 1161.32 1240.75 1582.01 3631.42
HBC'®0"0'0 453.87 536.56 622.36 745.79 858.03 1162.43 1257.03 1592.02 3619.90
H"C'®0'"%0"0 456.35 53596 625.87 74420 868.71 1169.32 1233.12 1581.98 3631.42
H?C"0'0'0 456.30 543.70 630.54 769.93 883.35 1167.11 1268.92 1631.63 3631.44
H"C"®0"0'0 455.15 542.70 629.78 770.78 878.37 1166.61 1277.73 1637.02 3625.33
H"C'"®0"0"70 456.46 54234 631.66 769.97 883.34 1170.38 1265.90 1631.61 3631.44
H?C0"B0"%0" 45336 525.93 607.70 764.68 856.57 1158.52 1246.45 1619.27 3619.91
H?C"®0"0"0  454.40 527.02 608.29 76391 860.65 1158.59 1239.33 1614.30 3625.32
HC"®0"0"70 453.23 527.07 606.73 764.64 856.74 1155.12 1249.52 1619.29 3619.91
H"2C'*0"0"™0  453.62 529.17 614.04 766.53 861.26 1161.86 1255.14 1625.77 3619.91
H?CB0"0"®0" 455.83 531.68 614.66 764.90 870.50 1162.78 1239.52 1614.84 3631.43
H"C"®0"0'0 453.35 531.56 611.97 766.44 861.65 1155.29 1260.97 1625.84 3619.91
H"”C"®0"70"70 454.51 53129 613.07 765.51 865.10 1158.78 1249.70 1619.75 3625.32
H2C"0"®0"70" 453.47 530.38 612.16 766.27 861.10 1158.85 1256.96 1624.49 3619.91
H2C"0"0"0 454.64 530.11 614.04 765.55 865.03 1162.21 1246.54 1619.73 3625.32
H"C"®0"0"70 455.02 537.87 624.88 768.99 873.86 1166.11 1265.84 1631.12 3625.32
H"2C"0"0"70 456.18 539.08 625.27 768.13 878.95 1166.79 1257.19 1625.43 3631.44
H2C0"70'%0" 454.87 539.18 623.77 768.94 873.99 1162.86 1268.76 1631.16 3625.32
H"C"®0"0"0 45491 53330 620.50 767.40 869.61 1165.57 1255.18 1626.21 3625.32
H"2C'®0"0"70 453.74 533.78 618.28 768.12 865.69 1162.38 1265.79 1630.70 3619.92
H2C0"0"%0" 456.08 534.70 620.54 766.53 874.79 1166.44 1246.64 1620.26 3631.44
H"?C"0"0"0 453.60 535.05 617.17 768.07 86591 1159.15 1268.62 1630.74 3619.92
H"2C"®0'"0"70" 455.93 53592 619.58 766.50 874.76 1162.97 1249.92 1620.26 3631.43
H?C'800'%0" 454.63 535.78 61843 76731 869.81 1158.95 1261.19 1626.26 3625.32
HC"0"0"70 454.75 53453 618.63 767.14 869.38 1162.55 1257.07 1624.93 3625.32
HC"®0"0"0 453.12 522.77 602.06 763.03 852.12 1154.94 1239.17 1613.82 3619.91
H"C"0"0'0 456.30 541.75 629.33 745.81 872.20 1166.04 1248.15 1586.96 3631.42
H3C0"0'%0" 455.15 540.64 628.89 746.68 866.29 1166.12 1257.12 1592.44 3625.31
HBC%0'%0"70 456.46 540.41 630.44 745.84 87221 1169.88 1244.53 1586.93 3631.42
HCU0"0"0  453.36 524.06 606.83 74038 845.95 1157.83 1224.06 1574.26 3619.90
H3CB00%0" 454.40 52526 607.14 739.59 850.89 1157.17 1216.98 1569.18 3625.30
HBC®0"0"70" 453.23 525.19 605.86 740.34 846.09 1153.75 1227.84 1574.29 3619.90
HBC'®0"0"0 453.62 52724 613.25 74230 850.05 1161.45 1233.06 1580.97 3619.90
H"C"®0'"0"™0  455.83 529.95 613.26 740.61 861.11 1161.17 1217.26 1569.76 3631.42
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Isotopologue® w5

w,

w3

Wy

s

We

wy

g

Wy

H3CB0"®0%0" 453.35

529.60

611.18

742.20

850.37

1153.84

1240.01

1581.05

3619.90

H3C"®0"0"0" 454.50
H3C0"%0"0 453.47
H3C00B0 454.64

529.45
528.44
528.28

611.99
611.35
612.96

741.24
742.03
741.28

854.77
849.91
854.71

1157.26
1158.09
1161.45

1228.11
1235.31
1224.16

1574.77
1579.59
1574.75

3625.30
3619.90
3625.31

HC'*0"0"70" 455.02
H3C0"0"0" 456.18
H3C0Y0%0 454.87

535.89
537.21
537.19

623.93
623.98
622.81

744.83
743.95
744.78

862.39
868.43
862.49

1165.66
1165.83
1161.92

1244.47
1235.62
1247.92

1586.42
1580.59
1586.46

3625.31
3631.42
3625.31

H"C'*0"0"0 454.91
H"C'*0"0"0" 453.74
H"C"0"0"0  456.08
H"C"0"0"0 453.60
HC'0'0"70" 455.93
H"C"®0"0"0 454.62

531.40
531.78
53291
533.03
534.12
533.85

619.50
617.54
619.20
616.43
618.23
617.42

743.19
743.94
742.30
743.89
742.27
743.10

858.70
853.92
864.84
854.10
864.79
858.85

1165.12
1161.97
1165.58
1158.31
1161.25
1157.34

1233.09
1244.42
1224.28
1247.72
1228.45
1240.34

1581.44
1585.97
1575.31
1586.02
1575.32
1581.49

3625.31
3619.90
3631.42
3619.90
3631.42
3625.31

H3C70"00" 454.75

532.62

617.60

742.93

858.49

1161.70

1235.45

1580.06

3625.31

HB3CB0B0B0 453.12

520.97

601.14

738.68

842.04

1153.66

1216.75

1568.68

3619.89

& Oxygen atoms here are expressed in the order of atoms 1, 2, 3 as denoted in Fig. 4-2c. The

underlined oxygen atoms (atom 3) are the ones to be abstracted during HCOj5; dehydroxylation

reaction.

Table 4-A4 Scaled vibration frequencies (unit: cm™) for all 54 isotopologues of our modeled
transition state during HCO; dehydroxylation reaction in aqueous solution (Fig. 4-2d; DFT-

B3LYP/cc-pvtz(-f) with a frequency scaling factor of 0.9614; see sections 2.2 and 2.4 for details). The

frequency set contains 9 modes of vibration frequencies for each isotopologue.

Isotopologue® (0]

w3

Wy

(]

Wy

H2C'%0'0'%0" -236.49

183.29

232.84

390.20

593.56

634.20

1300.65

2225.08

3593.01

HB3C'0%0'%0 -233.16

183.33

232.36

389.76

584.06

615.95

1299.98

2161.68

3593.01

H'’C®0™0'%0" -236.29
H2C'*0"0'%0" -231.58
H2C'%0"0B0 -236.41

183.09
178.82
182.06

228.17
22991
229.13

388.10
381.54
387.96

588.52
592.45
589.15

629.74
634.19
629.76

1263.61
1300.62
1263.76

2208.60
2225.07
2208.74

3593.01
3581.27
3593.01

H3CB0"0'%0 -232.99
HB3C*0B0'%0" -228.25
HB3C0"%0B0 -233.10

183.12
178.85
182.09

227.74
229.42
228.67

387.57
381.13
387.45

579.02
582.94
579.67

611.36
615.93
611.38

1262.84
1299.95
1262.97

2144.75
2161.67
2144.90

3593.01
3581.27
3593.01

H2C0'%0'%0 -236.38
H'’C!'*0"0'%0" -233.93
H'2C'*0"00 -236.45

183.19
180.93
182.67

230.41
231.29
230.90

389.09
385.65
389.02

590.88
592.97
591.22

631.84
634.20
631.85

1281.34
1300.64
1281.41

2216.23
2225.07
2216.31

3593.01
3586.79
3593.01

H2C"0B0B0 -231.34
H2C80"030 -233.61
H’C®0"®0"0" -231.27

177.54
179.49
178.04

223.75
223.10
223.28

378.04
381.06
378.06

585.31
583.48
585.04

627.36
625.26
627.36

1244.73
1227.30
1244.66

2199.31
2191.17
2199.24

3581.27
3586.79
3581.27
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Table 4-A4 (Continued)

Isotopologue& (o) W, w3 Wy s (o3 W7 g Wy

H"C'*0"0"0 -231.47 177.65 226.07 37931 588.01 629.74 1263.72 2208.73 3581.27
H"?C"®0'"%0"®0 -236.21 181.79 224.77 385.66 584.09 62527 1227.31 2191.17 3593.01
H"C"®0"0'0 -231.33 178.66 225.13 37936 587.41 629.73 1263.58 2208.59 3581.27
H"2C"®0"0"70 -233.66 180.12 224.75 38222 58557 627.36 1244.67 2199.25 3586.79
H?C"0"®0"70" -231.39 178.14 225.51 379.15 587.40 629.46 1262.24 2207.15 3581.27
H2C"0"0"0 -233.72 179.61 225.23 382.18 585.85 627.37 1244.75 2199.31 3586.79
H"C'®0"70"70 -233.88 180.33 229.32 38447 590.62 631.84 1281.39 2216.30 3586.79
H"”C"0"0"70 -236.34 182.56 228.56 387.86 588.53 629.48 1262.27 2207.15 3593.01
H?C70"70'%0" -233.82 180.85 228.84 384.53 590.29 631.83 1281.32 2216.23 3586.79
HC'*0"70"0 -233.84 179.73 227.52 383.42 588.54 629.75 1263.74 2208.74 3586.79
H"C'*0"0"70  -231.52 17823 227.90 380.36 590.09 631.83 1281.38 2216.30 3581.27
H2C70"0"%0" -236.30 181.92 226.87 386.75 586.46 627.38 1244.77 2199.32 3593.01
H?C"0"0"0 -231.45 178.74 22743 38039 589.77 631.83 1281.31 2216.22 3581.27
H"2C"®0'"0"70 -236.25 182.44 22639 386.81 586.17 627.37 1244.69 2199.25 3593.01
H"”C"®0"0'0 -233.71 180.76 226.57 383.51 587.93 629.73 1263.59 2208.59 3586.79
H"C"0"70"70 -233.77 180.23 226.95 38329 587.93 629.47 1262.25 2207.15 3586.79
H2CBOBOBO -231.22 17742 221.60 37691 582.94 62525 1227.28 2191.16 3581.27
H"C"0'"0'0 -233.07 18323 229.96 388.61 581.38 613.52 1280.63 2152.58 3593.01
H3C'%00'%0" -230.61 180.97 230.81 38523 583.47 615.94 1299.97 2161.68 3586.78
H"C%0'%0"70 -233.13 182.71 230.43 388.54 581.73 613.53 1280.70 2152.66 3593.01
H"C"0"0"0 -228.06 177.57 223.31 377.52 575.81 608.90 1243.99 2135.15 3581.27
H"C"®0"0"0 -230.35 179.51 222.68 380.47 573.99 606.74 1226.56 2126.75 3586.78
H"C"®0"0"70" -228.00 178.07 222.86 377.53 575.53 608.90 1243.93 2135.08 3581.27
HBC'®0"0"0  -228.17 177.68 225.60 378.83 57851 611.35 1262.93 2144.90 3581.27
HBC"®0'"0"0  -232.94 181.81 22436 385.04 574.61 606.75 1226.58 2126.75 3593.01
H"C"®0"0'0 -228.04 178.69 224.70 378.87 577.89 611.33 1262.81 2144.74 3581.27
H"C"®0"0"70 -230.38 180.15 224.33 381.67 576.07 608.91 1243.94 2135.08 3586.78
H"C"0"0"70  -228.10 178.17 225.06 378.66 577.89 611.06 1261.54 2143.22 3581.27
H"C"0"0"0 -230.44 179.64 22479 381.64 576.36 608.92 1244.01 2135.16 3586.78
H"C"0"0"70" -230.57 180.37 228.85 384.01 581.12 613.52 1280.68 2152.66 3586.78
H"C"0'"0"70 -233.04 182.59 228.12 387.33 579.04 611.09 1261.57 2143.22 3593.01
H"C"0"0'0 -230.51 180.88 228.39 384.06 580.78 613.51 1280.62 2152.58 3586.78
H3C'%00%0" -230.54 179.77 227.05 382.92 579.06 611.36 1262.95 2144.90 3586.78
HBC'®0"0"70 -22821 17827 22742 379.92 580.59 613.50 1280.67 2152.66 3581.27
HBC"0"0"0  -233.02 181.96 22643 386.19 576.98 608.93 1244.03 2135.16 3593.01
H"C"0"0'0 -228.14 178.77 22697 379.94 580.25 613.50 1280.60 2152.57 3581.27
H3CB0"070" -232.97 18247 22597 38624 576.68 608.92 1243.96 2135.09 3593.01
H"C"®0"0'%0 -230.42 180.79 226.14 383.00 57842 611.35 1262.82 2144.74 3586.78
H"C"0"0"70 -230.47 180.26 226.51 382.78 57843 611.08 1261.55 2143.22 3586.78
H3CB0"®0"B0  -227.96 177.45 221.18 37634 573.45 606.73 1226.55 2126.75 3581.27

& Oxygen atoms here are expressed in the order of atoms 1, 2, 3 as denoted in Fig. 4-2(d). The

underlined oxygen atoms (atom 3) are the ones to be abstracted during HCO;™ dehydration reaction.
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Table 4-A5 Model predicted kinetic isotope fractionations (unit: %o) for all isotopologues during
HCOj5" dehydration reaction in aqueous solution at 25°C. For isotopologues comprising more than one

isotopomers, ‘Average’ denotes the average isotopic fractionation of its all comprising isotopomers.

Temperature
‘O
H212C16016016_O
H,"”C'0"0'"%0 -32.5 -31.9 -30.8 -29.7 -28.7 -27.7 -26.8 -26.0 -25.2 -24.5 -23.8 -23.5
H,'’C'®0'%0'%0  -53 52 49 47 -45 -43 -41 -40 -38 3.6 -35 -34
H,’c'*0"0'%0 -103 -10.1 -97 93 -89 -85 82 -79 -76 -74 -71 -7.0
H,'*)C'*0'"%0"¥0 -13.8 -13.7 -13.4 -13.1 -129 -12.6 -12.4 -12.1 -11.9 -11.7 -115 -114
Average 98 97 93 -90 -87 -85 -82 -80 -78 -76 -74 -73
H,*Cc®0'%0%0 -37.9 -372 -358 -344 -33.2 -32.1 -31.0 -30.0 -29.1 -282 -27.4 -27.0
H,’C'*0"0'%0 -42.6 -41.8 -40.2 -38.7 -37.3 -36.0 -348 -33.7 -32.7 -31.7 -30.8 -30.3
H,BC'0"%0"0 -46.8 -46.0 -44.5 -43.1 -41.8 -40.6 -39.5 -384 -37.4 -36.5 -35.6 -35.2

Average -42.4 -41.6 -40.1 -38.8 -37.5 -36.2 -35.1 -34.0 -33.1 -32.1 -31.2 -30.8
H,'*)c0%0*0 28 27 26 25 24 23 22 21 20 -19 -18 -1.8
H,’C*0"0'%0 55 54 -52 -49 47 -45 -44 42 41 -39 -38 3.7
H,”C'*0"%0"0 73 -72 70 -69 -67 -66 -65 -64 -62 -61 -60 -6.0

Average 52 51 49 -48 -46 -45 -43 -42 41 -40 -39 -38
H,'*)c0®0%0 -27.0 -26.5 -257 -249 -24.1 -23.4 -22.8 -22.1 -21.5 -21.0 -20.5 -20.2
H,'’)c®0"0%0 -24.7 -243 235 -22.8 -22.1 -21.5 -209 -203 -19.8 -19.3 -18.8 -18.6
H,’c®0"0"70 -22.9 -22.4 -21.6 -208 -20.1 -194 -18.8 -182 -17.6 -17.1 -16.6 -16.4

Average -24.8 -24.4 -23.6 -22.8 -22.1 -21.4 -20.8 -20.2 -19.7 -19.1 -18.6 -18.4
H,'*)Cc'0®0¥0 -24.2 -23.8 -23.1 -224 -21.8 -212 -206 -20.1 -19.6 -19.1 -18.6 -18.4
H,'’)c®0'"%0%0 -19.2 -189 -184 -17.9 -174 -169 -16.5 -16.1 -157 -154 -15.0 -14.9
H,’c®0"0'%0 -15.6 -152 -145 -13.9 -13.3 -12.8 -123 -11.8 -114 -11.0 -10.6 -10.4

Average -19.7 -19.3 -18.7 -18.1 -17.5 -17.0 -16.5 -16.0 -15.6 -15.1 -14.7 -14.6
H,”Cc"®0"0"0 -18.1 -17.7 -17.1 -16.5 -16.0 -155 -15.0 -14.5 -14.1 -13.7 -13.3 -13.1
H,”C"0"%070 -204 -20.0 -193 -18.6 -18.0 -17.4 -169 -16.3 -159 -154 -15.0 -14.8
H,'*)c0"0%0 -222 -21.8 -212 -20.6 -20.0 -19.4 -18.9 -184 -18.0 -17.6 -17.2 -17.0

Average -20.2 -19.9 -19.2 -18.6 -18.0 -17.4 -16.9 -164 -16.0 -15.6 -15.2 -15.0
H,'*)c'*0"0Y"0 -12.8 -12.6 -122 -11.8 -11.5 -112 -109 -10.6 -10.3 -10.1 -9.8 -9.7
H,”Cc"0"%"0 -101 99 96 94 91 -89 -87 -85 -83 81 -79 -78
H,'*)c"0"0%0 83 -81 -77 -74 -7.1 -68 -65 -63 -61 -58 -56 -55

Average -104 -102 -99 -95 -92 90 -87 -84 -82 -80 -78 -7.7
H,”C'*0"0"%0 -194 -19.1 -18.6 -18.1 -17.6 -17.2 -16.7 -164 -16.0 -15.6 -153 -15.1
H,”C'*0"%070 -17.6 -17.3 -16.7 -16.1 -15.6 -15.1 -147 -143 -13.9 -13.5 -13.2 -13.0
H,'*)c0"%0%0 -16.7 -16.4 -16.0 -15.6 -152 -149 -14.6 -142 -139 -13.6 -13.4 -13.2
H,’c0o"0'%0 -13.1 -12.8 -122 -11.7 -112 -10.8 -104 -100 -9.6 -93 -90 -8.8
H,”Cc"®0"%0"0 -12.6 -124 -12.0 -11.6 -11.3 -109 -10.6 -10.3 -10.1 -98 -95 -94
H,'*)c®0"0*0 -10.8 -10.5 -10.0 9.6 92 -88 -85 -81 -78 -76 -13 -72

Average -15.0 -14.8 -14.3 -13.8 -13.4 -13.0 -12.6 -12.2 -11.9 -11.6 -11.3 -11.1
H,"”Cc0"070 -15.6 -15.3 -14.8 -14.3 -13.8 -13.4 -13.0 -12.7 -12.3 -12.0 -11.7 -11.5
H,"”C"®*0"*0"0 -29.5 -29.0 -28.0 -27.1 -26.2 -25.4 -24.7 -24.0 -23.3 -22.7 -22.1 -21.8

0 5 15 25 35 45 55 65 75 85 95 100
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Table 4-A5 (Continued)

Temperature

°C) 0 5 15 25 35 45 55 65 75 85 95 100

H,*C0'%0'%0 -354 -347 -334 -322 -31.1 -30.0 -29.0 -28.1 -27.3 -264 -25.7 -25.3
H,*C*0"0'%0 -37.9 -372 -358 -345 -333 -32.1 -31.1 -30.1 -29.2 -283 -27.5 -27.1
H,®C'®0"0"70 -40.0 -39.3 -38.0 -36.7 -35.6 -345 -33.5 -32.5 -31.6 -30.8 -30.0 -29.6

Average -37.8 -37.1 -35.7 -34.5 -33.3 -32.2 -31.2 -30.2 -29.4 -28.5 -27.7 -27.4

H,*C0®0%0 -59.7 -58.6 -56.6 -54.7 -52.9 -513 -49.7 -483 -46.9 -45.6 -44.4 -43.8
H,”Cc®0"70"0 -57.5 -56.5 -54.6 -52.7 -51.0 -49.4 -47.9 -46.5 -452 -44.0 -42.8 -42.3
H,BC®0"®070 -55.4 -543 -52.3 -50.5 -48.8 -47.1 -45.6 -442 -429 -41.6 -40.5 -39.9

Average -57.5 -56.5 -54.5 -52.6 -50.9 -49.3 -47.8 -46.3 -45.0 -43.7 -42.6 -42.0

H,®C'0"%0"%0 -56.8 -55.8 -53.9 -522 -50.5 -49.0 -47.5 -46.1 -44.9 -437 -42.5 -42.0
H,*C®0'%0%0 -52.2 -51.3 -49.6 -47.9 -46.4 -45.0 -43.7 -42.5 -413 -40.2 -39.1 -38.7
H,C®0"0'%0 -47.9 -46.9 -45.1 -43.4 -41.8 -40.3 -39.0 -37.7 -36.5 -353 -343 -33.8

Average -52.3 -51.4 -49.5 -47.8 -46.3 -44.8 -43.4 -42.1 -40.9 -39.7 -38.7 -38.1

H,®C"®0"070 -50.7 -49.8 -48.0 -463 -44.7 -433 -419 -40.6 -39.4 -383 -372 -36.7
H,*C0®070 -52.9 -51.9 -50.0 -48.2 -46.6 -45.1 -43.7 -423 -41.1 -39.9 -38.8 -38.3
H,”C70"0"%0 -55.0 -54.0 -52.2 -50.5 -48.9 -47.4 -46.0 -44.7 -434 -423 -412 -40.6

Average -52.9 -51.9 -50.1 -48.3 -46.7 -45.2 -43.8 -42.5 -41.3 -40.2 -39.1 -38.5

H,BC'0"070 -454 -44.6 -43.0 -41.5 -40.2 -389 -37.7 -36.6 -35.6 -34.6 -33.7 -33.3
H,®C"0"%070 -47.8 -469 -452 -43.6 -422 -40.8 -39.5 -382 -37.1 -36.0 -35.0 -34.5
H,*Cc0"0!%0 -357 -35.1 -33.8 -32.6 -31.5 -30.5 -29.5 -28.6 -27.8 -27.0 -262 -25.9

Average -43.0 -42.2 -40.7 -39.3 -37.9 -36.7 -35.6 -34.5 -33.5 -32.5 -31.6 -31.2

H,BC'®0"0"%0  -52.1 -51.2 -49.5 -48.0 -46.5 -45.1 -43.8 -42.5 -41.4 -403 -393 -38.8
H,*C'0®0Y0 -50.1 -49.1 -474 -458 -442 -42.8 -41.5 -40.2 -39.1 -38.0 -36.9 -364
H,”C70"0"0 -49.6 -48.8 -472 -457 -443 -43.0 -41.7 -40.6 -39.5 -38.4 -37.5 -37.0
H,®C"0"%0'%0 -45.4 -445 -42.8 -412 -39.7 -383 -37.0 -35.8 -347 -33.6 -32.6 -32.1
H,®C"®0"%070 -454 -44.6 -43.0 -41.5 -40.1 -389 -37.7 -36.5 -35.5 -345 -33.5 -33.1
H,°C®0V0!%0 -432 -42.4 -40.7 -39.2 -37.8 -36.5 -352 -34.1 -33.0 -32.0 -31.1 -30.6

Average -44.7 -43.8 -42.2 -40.6 -39.2 -37.9 -36.6 -35.5 -34.4 -33.4 -32.4 -319

H,"C'"07070 -48.2 -47.3 -45.6 -44.1 -42.6 -41.2 -39.9 -38.7 -37.6 -36.6 -35.6 -35.1

H,"C"®0"00 -62.2 -61.1 -58.9 -56.9 -55.0 -53.3 -51.7 -50.1 -48.7 -47.3 -46.1 -45.5
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Table 4-A6 Model predicted kinetic isotope fractionations (unit: %o) for all isotopologues during
HCOs5" dehydroxylation reaction in aqueous solution at 25°C. For isotopologues comprising more than
one isotopomers, ‘Average’ denotes the average isotopic fractionation of its all comprising

isotopomers.

Temperature
‘O
H12C16016016_O-
H"C'"%0'"0'°0" -25.3 -24.7 -23.5 -22.5 -21.5 -20.5 -19.7 -18.9 -18.2 -17.5 -16.9 -16.6
H?)C®0"0%0 135 133 13.0 127 124 12.1 11.8 115 112 109 106 105
H”C'0"0'%0" -83.2 -81.5 -782 -752 -723 -69.7 -67.3 -65.1 -63.0 -61.0 -59.2 -58.3
H’C'%0"0"%0" 132 13.1 128 125 122 119 11.6 114 11.1 108 106 105
Average -18.8 -18.4 -17.5 -16.7 -15.9 -15.3 -14.6 -14.1 -13.6 -13.1 -12.7 -12.4
H"C"®0'%0%0" -114 -109 -10.1 -94 -87 -81 -76 -7.1 -66 -63 -59 -58
H"C'*0"0'0" -109.1 -106.7 -102.2 -98.1 -942 -90.7 -87.4 -844 -81.6 -789 -76.5 -75.3
HC'%0'0"%0" -11.7 -113 -104 96 -89 -83 -77 -72 -68 -64 -60 -59
Average -44.1 -43.0 -40.9 -39.0 -37.3 -35.7 -34.2 -32.9 -31.7 -30.5 -29.5 -29.0
H"?’c"0"0"0 7.1 70 68 67 65 63 62 60 59 57 56 55
H"”C'0"70'%0" -43.8 -42.9 -41.1 -39.5 -38.0 -36.7 -354 -342 -33.1 -32.1 -31.1 -30.6
H?C'%0"%0"0" 69 69 67 65 64 63 61 60 58 57 56 55
Average 99 97 92 -88 -84 -80 -7.7 -74 -7.1 -69 -6.6 -6.5
H"’C"0"0"®0 -632 -61.7 -58.9 -56.3 -53.9 -51.8 -49.8 -47.9 -463 -44.7 -433 -42.6
H2)C®0"0%0 -17.1 -165 -154 -145 -13.6 -12.8 -12.1 -11.5 -109 -104 -10.0 -9.8
H"”C"®0"0"70" -63.1 -61.6 -58.8 -56.2 -53.9 -51.7 -49.7 -47.9 -463 -44.7 -433 -42.6
Average -47.8 -46.6 -44.4 -42.3 -40.5 -38.8 -37.2 -35.8 -34.5 -33.3 -32.2 -31.7
H"’C'*0"0"0" -70.3 -68.7 -65.7 -62.9 -60.4 -38.0 -55.9 -53.9 -52.1 -50.3 -48.8 -48.0
H2CB®O"0B0" 269 266 260 253 247 241 235 229 224 218 213 2I.1
H"”C"®0"0'%0" -70.0 -68.5 -65.5 -62.8 -60.3 -58.0 -55.8 -53.9 -52.0 -50.4 -48.8 -48.1
Average -37.8 -36.8 -35.1 -33.4 -32.0 -30.6 -29.4 -28.3 -27.2 -26.3 -25.4 -25.0
H"’C"®0"0"70" -23.4 -22.8 -21.5 -204 -194 -18.5 -17.6 -169 -162 -15.6 -15.0 -14.7
H"?C"0"0"70" -69.4 -67.9 -649 -622 -59.7 -57.4 -552 -53.3 -51.5 -49.8 -482 -47.5
H”C"0"0"%0" -23.6 -229 -21.6 -20.5 -19.5 -185 -17.7 -169 -162 -15.6 -15.0 -14.7
Average -38.8 -37.8 -36.0 -34.3 -32.8 -31.4 -30.2 -29.0 -28.0 -27.0 -26.1 -25.7
H?C'%0"0"70" -36.9 -36.1 -34.5 -33.0 -31.7 -30.5 -29.3 -283 -273 -264 -25.6 -252
H?C70"0"70" 14.1 139 13.6 133 129 126 123 120 117 115 112 11.1
H"”C"0"0"%0" -36.8 -359 -344 -329 -31.6 -30.4 -29.3 -282 -273 -264 -25.6 -252
Average -19.9 -19.4 -18.4 -17.6 -16.8 -16.1 -15.4 -14.8 -14.3 -13.8 -13.3 -13.1
H?C'%0"0"%0" -30.7 -29.9 -28.5 -272 -26.0 -249 -23.8 -229 -22.1 -21.3 -20.6 -202
H"’C'*0"0"70" -76.4 -74.8 -71.6 -68.7 -66.1 -63.6 -613 -59.2 -57.2 -55.4 -53.7 -52.9
H"”C"0"%0"0" 204 202 19.7 192 188 183 179 175 170 166 162 16.0
H"”C"0"0"%0 -76.3 -74.6 -71.5 -68.6 -66.0 -63.5 -61.3 -59.2 -572 -554 -53.7 -52.9
H?)C®0'"%0"0" 20.6 203 19.8 193 188 184 179 175 17.1 167 163 16.1
H"”C"®0"0'%0" -304 -29.7 -283 -27.0 -25.8 -24.7 -23.8 -22.9 -22.0 -21.3 -20.6 -20.2
Average -28.8 -28.1 -26.7 -25.5 -24.4 -23.3 -22.4 -21.5 -20.7 -20.0 -19.4 -19.0
H'">C"0"0"0 -29.8 -29.1 -27.7 -26.4 -25.2 -24.2 -23.2 -22.3 -21.5 -20.7 -20.0 -19.7
H"?C"®*0"™0"0" -56.9 -55.4 -52.8 -50.3 -48.1 -46.1 -44.3 -42.6 -41.0 -39.6 -38.3 -37.7

0 5 15 25 35 45 55 65 75 85 95 100
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Table 4-A6 (Continued)

Temi’,,ecl’;‘t“re 0 5 15 25 35 45 55 65 75 8 95 100
H"C"0"0'"%0" -18.0 -17.5 -16.5 -15.6 -14.8 -14.0 -13.3 -12.7 -12.1 -11.6 -11.1 -10.9
HC%0"0"0 -69.4 -67.8 -649 -622 -59.7 -57.4 -553 -53.3 -51.5 -49.8 -48.2 -47.4
H3C'%0"%0V0" -182 -17.6 -16.6 -15.7 -149 -14.1 -134 -12.8 -122 -11.7 -11.2 -11.0

Average -35.2 -34.3 -32.7 -31.2 -29.8 -28.5 -27.3 -26.3 -25.3 -24.3 -23.5 -23.1
HBC0"0B0 -88.4 -86.3 -82.3 -78.6 -75.3 -722 -693 -66.7 -643 -62.1 -60.1 -59.1
HC®0"0"%0 -41.9 -40.7 -38.4 -36.4 -345 -32.8 -313 -29.9 -28.6 -27.5 -264 -26.0
H"C"®0"®0"0" -88.3 -86.2 -822 -78.5 -752 -72.1 -69.3 -66.7 -643 -62.1 -60.1 -59.1

Average -72.9 -71.1 -67.6 -64.5 -61.7 -59.0 -56.6 -54.4 -52.4 -50.6 -48.8 -48.0
H"C'0"0"%0" -95.7 -93.5 -89.3 -854 -81.9 -78.6 -75.6 -72.9 -703 -67.9 -65.7 -64.7
HC®0"%0"®0 24 27 32 36 40 43 45 47 49 50 50 5.1
H"C"®0"0'%0" -954 -932 -89.1 -85.3 -81.8 -78.5 -75.5 -72.8 -70.3 -67.9 -65.7 -64.7

Average -62.9 -61.3 -58.4 -55.7 -53.2 -51.0 -48.9 -47.0 -45.2 -43.6 -42.1 -41.5
HBC"®0"070" -484 -47.1 -447 -42.5 -40.5 -38.7 -37.0 -355 -34.1 -32.8 -31.6 -31.1
H2C"0"0"0" 948 -92.6 -88.5 -84.7 -81.2 -77.9 -75.0 -72.2 -69.7 -67.3 -65.2 -64.1
HC70"0"0 -48.5 -47.2 -448 -42.6 -40.6 -38.7 -37.1 -35.5 -341 -32.8 -31.6 -3l.1

Average -63.9 -62.3 -59.3 -56.6 -54.1 -51.8 -49.7 -47.7 -45.9 -44.3 -42.8 -42.1
H"C'0"070" -62.3 -60.8 -58.1 -55.5 -53.2 -51.0 -49.1 -47.2 -455 -440 -42.5 -41.8
H"C"0"%0"0" -10.8 -104 -96 -88 -81 -7.5 -70 -65 -61 -57 -54 -52
HC"0"0"%0" -62.1 -60.7 -57.9 -554 -53.1 -51.0 -49.0 -47.2 -455 -439 -42.5 -41.8

Average -45.1 -44.0 -41.8 -39.9 -38.1 -36.5 -35.0 -33.6 -32.4 -31.2 -30.1 -29.6
HBC'0"0"0" -55.9 -54.5 -51.9 -49.5 -473 -453 -434 -41.7 -402 -38.7 -374 -368
H3C'%0"®0Y0" -102.0 -99.7 -95.4 -91.4 -87.8 -844 -812 -783 -75.6 -73.2 -70.8 -69.7
Hc"0"%0"®0 43 39 33 27 22 -17 -13 -10 -07 -04 -02 -0.1
H"C"0"0'%0 -101.9 -99.6 -953 -91.3 -87.7 -843 -81.2 -783 -75.6 -73.1 -70.8 -69.7
H"C"0"%0"0" 42 -38 -31 26 -2.1 -16 -12 -09 -06 -04 -02 -0.1
HC®0"0'%0" -55.6 -542 -51.6 -493 -47.1 -45.1 -433 -41.6 -40.1 -38.6 -37.3 -36.7

Average -54.0 -52.6 -50.1 -47.8 -45.7 -43.7 -41.9 -40.3 -38.8 -37.4 -36.1 -35.5
H"”C"0"0"70 -55.0 -53.6 -51.0 -48.7 -46.5 -44.5 -42.7 -41.0 -39.5 -38.1 -36.8 -36.2
H"”C"®0"0"0" -81.9 -79.8 -76.0 -72.5 -69.3 -66.3 -63.7 -61.2 -58.9 -56.8 -54.9 -54.0
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