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ABSTRACT
Experimental Studies of Oxygen Isotope Fractionation in the Carbonic Acid System at
15°, 25° and 40°C. (August 2004)
William Cory Beck, B.S., University of Oklahoma

Co-Chairs of Advisory Committee: Dr. Ethan L. Grossman
Dr. John W. Morse

In light of recent studies that show oxygen isotope fractionation in carbonate
minerals to be a function of HCO; and CO;™ concentrations, the oxygen isotope
fractionation and exchange between water and components of the carbonic acid system

(HCO;, CO;: ™, and COygq) wWere investigated at 15°, 25°, and 40°C. To investigate

oxygen isotope exchange between HCO;, CO; , and H,O, NaHCOj; solutions were
prepared and the pH was adjusted over a range of 2 to 12 by the addition of small
amounts of HCl or NaOH. After thermal, chemical, and isotopic equilibrium was
attained, BaCl, was added to the NaHCOj; solutions. This resulted in immediate BaCO;
precipitation; thus, recording the isotopic composition of the dissolved inorganic carbon.
Data from experiments at 15°, 25°, and 40°C (1 atm) show that the oxygen isotope
fractionation between HCO; and H»O as a function of temperature is governed by the
equation:

1000 Ina. =2.66+0.05 (10°T ?) + 1.18+0.52

HCO3-H,0
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where a is the fractionation factor and T is in kelvins. The temperature dependence of

oxygen isotope fractionation between CO;  and H,O is

1000 Ina., . =228+0.03 (10°T ) - 1.50+0.29.

0%™-H,0
The oxygen isotope fractionation between COxq) and H,O was investigated by
acid stripping CO,,q) from low pH solutions; these data yield the following equation:

1000 Inor,, ,  =2.52+0.03 (10°T ) + 12.12£033.

2(aq)*Hzo
The kinetics of oxygen isotope exchange were also investigated. The half-times

for exchange between HCO; and H,O were 3.6, 1.4, and 0.25 h at 15°, 25°, and 40°C,

respectively. The half-times for exchange between CO>~ and H,O were 1200, 170, and

41 hat 15°, 25°, and 40°C, respectively.

These results show that the 8'°O of the total dissolved inorganic carbon species
can vary as much as 17%eo at a constant temperature. This could result in temperature
independent variations in the 3'°0 of precipitated carbonate minerals, especially in

systems that are not chemically buffered.
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1. INTRODUCTION

Analyses of stable oxygen isotopes have been central in understanding the
evolution the Earth’s past climate, oceans, and atmosphere. For instance, Urey (1947),
McCrea (1950), Epstein et al. (1953) and many others have shown that temperature and
the oxygen isotope composition of the water in which carbonate minerals precipitate
control the oxygen isotope composition of the mineral. The temperature dependant
fractionation of '*0 into carbonate minerals has been used by many investigators to
study ancient climate change (e.g., Emiliani, 1955; Popp et al., 1986; Veizer et al.,
1986). However, little work has been done to assess if there are other factors that control
oxygen isotope fractionation. A recent experimental study of slowly precipitated
synthetic carbonate minerals observed that the oxygen isotope composition (5'*0) of
calcite (CaCO3), witherite (BaCOs), and octavite (CdCOs) can also be a function of the
initial HCO; and metal ion concentration of the solution (Fig. 1a) (Kim and O’Neil,
1997). Spero et al. (1997) showed that the isotopic composition of foraminiferal calcite
can vary as a function of CO;~ concentration at a constant temperature (Fig. 1b). There

is clearly a need to understand not only the isotopic behavior of mineral-water systems,

but also the fractionation between dissolved inorganic carbon species (COyq), HCOJ,

and COZ") and water.

This thesis follows the style and format of Geochimica et Cosmochimica Acta.
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Fig. 1. A. Experimental data from slowly precipitated synthetic calcite showing

that the equilibrium fractionation between CaCOs and H,O is dependent upon the initial

(equal-molar) concentrations of HCO; and Ca’" (modified from Kim and O’Neil,
1997). B. 8'%0 of shell carbonate vs. [ CO: ] for the foraminifer Orbulina universa

grown at 22°C (modified from Spero et al., 1997).



Chemical interactions among dissolved inorganic carbon species (carbonic acid)

are described by the following relationships (Morse and Mackenzie, 1990):

CO, > CO, (1)
COxaq) + H20 <> H,CO; ()
H,CO; <> HCO; +H' 3)
and  HCO; <> COI +H". (4)

The relative distribution of these species can be described in terms of pH (Fig. 2). At low
pH, COy(aq is most abundant, and at high pH CO?" is dominate. Each of these species is
known to have a different equilibrium oxygen isotope fractionation with water (McCrea,
1950; Usdowski et al., 1991). Thus, pH influences the isotopic distribution in the
carbonic acid system.

There have been many studies to understand the carbon isotope fractionation in
the carbonic acid system (e.g., Vogel et al., 1970; Mook et al., 1974; Zhang et al., 1995),
and oxygen isotope fractionation in the sulfate-water and phosphate-water systems
(Hoering and Kennedy, 1957; Lloyd, 1968; O’Neil et al., 2003). In contrast, there are
relatively few studies of oxygen isotope fractionation in the carbonic acid system (Halas
and Wolacewicz, 1982; Usdowski et al., 1991; Usdowski and Hoefs, 1993), and the

latter two studies have been limited to 19° and 25°C. This paper presents experimentally
derived fractionation versus temperature relationships between COy,q, HCO;, CO3,

and H,O at 15°, 25°, and 40°C, as well as kinetics of oxygen isotope exchange.
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Fig. 2. Bjerrum diagram showing relative proportions of carbonic acid species as
a function of pH at 25°C for total ion activity coefficients equal to unity (modified from

Morse and Mackenzie, 1990).



2. MATERIALS AND METHODS

2.1. Overview

Oxygen isotope fractionation was investigated by equilibrating NaHCO3
solutions at a constant temperature. Small amounts of NaOH or HCI were added to
adjust pH. Total alkalinity (Ay), total dissolved inorganic carbon (TCO;), and pH
measurements were made so the carbonic acid speciation could be calculated for each
experiment. Once the solutions thermally and isotopically equilibrated, a small amount
of the NaHCOs3 solution was mixed with BaCl, and NaOH. Quantitative precipitation of
BaCOj; occurred immediately. Because the isotopic composition of rapidly precipitated
carbonates records the value of the dissolved carbonate in the system (McCrea 1950),
the 3'°0 of the BaCO; recorded the isotopic value of the dissolved carbonic acid species.
Mass balance was used to assess the oxygen isotope fractionation factors for each
carbonic acid species.

The BaCOs precipitation method worked well for characterizing isotope
fractionation between water and CO;~ and HCOj7, but gave ambiguous results for

COyaq-water fractionation. The isotope fractionation between COy(.q) and H,O was
investigated by adding HCI to NaHCOj; solutions (pH <4.0), such that CO(,q
represented greater than 99% of carbonic acid species. Small aliquots of solution were
removed and acid stripped; thus, the CO,,q) can be directly analyzed as COy,) without
an intermediate step. Additionally, BaCOs precipitation experiments were run in time
series to assess the kinetics of oxygen isotope exchange between carbonic acid species

and water.



2.2. Equilibration Experiments with BaCOj; Precipitation
2.2.1. Solution Preparation and Handling

NaHCO:s solutions were prepared to ~0.015 M by adding reagent grade NaHCO3
powder (8" Cppg = -20.38 % 0.07%o; 5 *Ospmow = 6.64 + 0.09%o) to distilled deionized
(DDI) water that was sparged of CO»(,) by bubbling an inert gas (e.g., N»/Ar). A small

amount of 12 N HCl or 1 M NaOH was added to adjust pH. One NaHCOs solution was
prepared to 0.030 M to increase the proportion of NaCOj relative to CO; ™. BaCl,

solutions were prepared to ~0.15 M by adding reagent grade BaCl,-2H,O powder (Fisher
lot 027926) to CO,(g) sparged DDI water. Similarly, ~1 M NaOH solutions were
prepared by adding reagent grade low-carbonate NaOH pellets to COx ) sparged DDI
water. All above solutions were mixed in a N»/Ar atmosphere glove bag. These solutions
were stored in 25 mL serum bottles with no head space and equilibrated at the
experimental temperature (15°, 25°, or 40° + 0.1°C). Small aliquots of the DDI H,O used
to make each NaHCOj; solution were saved for isotopic analyses.

2.2.2. One-Step Equilibration Experiments (Closed System)

All NaHCOs solutions were thermally equilibrated for a period of one week to
many months. After equilibration, a small amount (5-10 mL) of NaHCOj solution was
withdrawn from a stock 25 mL aliquot. The solution was injected into an empty 25 mL
Ar-atmosphere serum bottle. An equal molar volume of BaCl, solution was then added,
followed immediately by a small volume (equal to the volume of BaCl,) of NaOH to
facilitate the BaCOj precipitation such that the reaction was essentially instantaneous.

Throughout the course of a single experiment, at least four unique BaCOs precipitations



were conducted on NaHCOj stock solutions from at least two different 25 mL stock
aliquots. The mass of the BaCO3; was 95 + 5% of the expected mass except in a few
experiments run at low pH where yields were greater than 70% (see Table 1). In a few
experiments, SrCl, was also used in the precipitations. The isotopic values of the
precipitated carbonates (BaCO; and SrCOs) were essentially identical within precision
of the experiment and the differences in acid fractionation factors.

The precipitates were immediately vacuum filtered onto 0.22 um polycarbonate
membranes and rinsed in methanol. The filtration procedure was performed in a N»/Ar-
atmosphere glove bag. The powders were dried overnight in a vacuum desiccator,
weighed, removed from the filter membrane with a rubber policeman, and stored in
airtight vessels.

The above closed-system procedure was repeated in time series over a period of
many months on select high-pH solutions, because of slow exchange rates (see section
3.1.2).

2.2.3. Time-Series Experiments (Open System)

To quantitatively assess the kinetics of oxygen isotope exchange between HCO,

and H,O and to explicitly demonstrate isotopic equilibrium, time-series experiments

were run. NaHCOj solutions were prepared as above (not in a glove bag) ina 1 L

RePipet®. Nothing was added to adjust the pH (the solutions were greater than 96%
HCOj; see Table 1). At predetermined time intervals, NaHCO3, BaCl,, and NaOH

solutions were injected into Ar-atmopshere 25 mL serum bottles. The resulting BaCO;

precipitate was filtered as above in open atmosphere.
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2.3. Calculation of Speciation and Fractionation Factors

The distribution of carbonic acid species in each NaHCO; solution was
calculated using the EQPITZER program developed by He and Morse (1993). This
program was used so the results could be extended to solutions of high ionic strength
(i.e. seawater). The PHREEQC version 2.6.0.1 computer program (Parkhurst, 1995) was
also used. The calculated species distributions using these two programs are identical
within precision of the analyses.

Fractionation factors are reported as “1000 Ina” values where:

_("0/*0), 1000+8"0,
~(*0/0), 1000+8"0,

)

OaB

Individual fractionation factors for the carbonic acid species are found by manipulation
of the following equations:

1000 Inotg,co, 41,0 = X 1000 Ina +X 1000 Ina +

co¥ C0% -H,0 HCO;3 HCO;-H,0

X oy 1000001500 4,0 (low pH)

€Oy

(6)

and

1000 It p,co, 0 (low pH) =21000 Inotey 4y 0 +51000I0 o (7)

where X; is the mole fraction of the carbonic acid species. Equation 6 was solved
simultaneously for each fractionation factor at each temperature using at least eight
unique experiments over a pH range of 2-12 and the multiple regression feature (no
intercept model) of the StatView® software package. The A and TCO, were used to

calculate speciation in all experiments except those at very low pH (< 5), where the A,
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was below the calibration of the titration. At low pH, TCO, and pH were used for
speciation calculations.
2.4. Analytical Procedures
2.4.1 Isotopic Analyses

Isotopic analyses of the BaCO; were conducted by reacting the powder with
“100%” H3POy in a Finnigan Kiel II automated reaction system at 70°C. The resultant

CO, gas was analyzed on a Finnigan MAT 251 isotope ratio mass spectrometer (IRMS).

Isotopic results are reported versus SMOW for 5'°0. The 818OBaCO3 value was corrected

using an “acid fractionation factor” of 10001n oo _c,co, = 8.12, and normalized to the

laboratory carbonate standard, which had a 5'*0 value of -0.14 % 0.09%o vs. PDB. No
correction was made for the difference in acid fractionation factor between CaCOj; and
BaCO;, which is shown to be small (Kim and O’Neil, 1997). Precision for 'O of
replicate BaCO3 samples taken during each experiment averaged +0.11%o (the average
of the standard deviations in Table 1).

The isotopic composition of CO»q Was found by the “acid-stripping” method,
where 1 to 5 mL of the low-pH solution prepared in experiment 11 (see Table 1) was
reacted with “100%” H3POy in vacuo. The resulting CO, gas was dried with a dry ice-
isopropanol slurry and trapped with liquid nitrogen (see Hassan, 1982). The COx) was
analyzed on the MAT 251 mass spectrometer. CO,) from the headspace of the serum
bottles was also isotopically analyzed.

H,O was analyzed isotopically by equilibration with COx () overnight at 40° or

50°C. The COyg was analyzed on the MAT 251. The §'°0 value of the water was
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calculated using the COy)-H,O fractionation equation of O’Neil and Adami (1969). A

slight mass correction for the small amount of CO, used in the equilibration was applied.

Samples of VSMOW were analyzed in the same manner. The experiment 818OH20 values

were normalized to the 8'°0 of the VSMOW values. Precision for replicate water
analyses averaged +0.09%o.
2.4.2. Other Analyses

Measurements of pH were made using an Orion Model 290A pH meter
calibrated to NBS buffers at values of 4, 7, and 10. The pH measurements had an
average precision of +£0.07. Total dissolved inorganic carbon (TCO;) measurements
were made using a UIC Model 5011 CO; coulometer (DOE, 1994). Total alkalinity (A)
titrations were made in a open cell water-jacketed vessel with HCI titrant following the
method of Gran (1952) using a Metrohm 655 Dosimat and an Orion 720A pH meter
(equipped with a Corning semi-micro electrode calibrated to NBS buffers at pH values
of 4 and 7) that were interfaced with a computer. Titrations were calibrated against
Na,COs solutions with known alkalinity. Precision for A; measurements was better than
+3%, and precision for TCO, measurements was better than £7%. Final mineralogy was
checked on selected samples using XRD and SEM analyses. No hydrous and/or

amorphous BaCOj3; phases were detected.
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3. RESULTS AND DISCUSSION

3.1. Oxygen Isotope Exchange Kinetics

3.1.1. Oxygen isotope exchange between HCO, and H,O

The kinetics of oxygen isotope exchange between HCO; and H,O were
investigated using the open system time-series method described in section 2.2.3. The
experimental parameters are given in Table 1. The [ HCO; ] in the solutions used for

these experiments was greater than 95% of the TCO,. The “fraction of exchange”, F, is

calculated using the following equation:

B Slgot_slg OO

=2 20 Mo 8
61806_61800 ( )

where 8'*0y is the isotopic value of the BaCOj; at time t, 8'°Oy is the initial 5'°O of the
NaHCOs3, and 8'°0, is the isotopic value of the BaCOs after isotopic equilibrium is
reached (8'°0, is calculated from the “plateau” of the curves in Figure 3). When F = 0,
no exchange has occurred, and when F = 1, exchange is complete. If first order exchange
kinetics are assumed, then

In (1-F) = -Kay,t 9)
where k,y, 1s the rate constant (Criss, 1999), which encompasses many forward and
backward reactions. Figure 4 shows a plot of —In (1-F) versus time. The slopes of the

lines are the rate constants at each temperature (Table 2). They are 0.0032, 0.0086, and

0.045 min™ at 15°, 25°, and 40°C, respectively.
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The apparent activation energy (E,) can be calculated using the Arrhenius law:

_E,RT

k,.=A.e

ave (10)
where R is the ideal gas constant and T is the experimental temperature in kelvins.
Figure 5 shows a plot of In k versus 1000/RT. The apparent E, is found to be 81.6 + 3.6
kJ/mol.

These results agree well with previous studies. Halas and Wolacewicz (1982)
estimate equilibration times to be 8.8 h at 25°C, 2 h at 35°C, and less than 1 h at 45°C. It
is precarious to extend these results much beyond the solutions used in this study,
because the kinetics of isotope exchange have been shown to be a function of ionic
strength (Fortier, 1994; Poulton and Baldwin, 1967). Nevertheless, these experiments

had a chemistry that was similar to many natural fresh waters, which could make the

results applicable to many natural systems.
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6 - 025°C (Exp. 14) R? =0.999 i
A40°C (Exp. 24) R? = 0.983
5 ©25°C Halas and Wolacewicz(1982) R?=10.988

O

0 100 200

Fig. 4. —In (1-F) vs.

300 400 500 600 700
Time (min)

time for HCO; -HO.

15
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40°C 25°C 15°C
_10 | 1 1
-9 "
O

&
=z
=

-8 - "

- T T I

0.38 0.39 0.40 0.41 0.42
1000 R-1T-1

Fig. 5. Arrhenius plot using average rate constants (kaye) for HCO; -H,O oxygen

isotope exchange (R” = 0.998).

Table 2. Results for HCO; -H,O exchange kinetics.

Temp. Kug (1 0>min™) tin t 9o (hr)

Exp (°C) (min)
33 15 32 216 24
14 25 8.6 81 8.9

24 40 45 15 1.7
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3.1.2. Oxygen isotope exchange between CO;~ and H>O
“Closed-system” time-series experiments (see section 2.2.2) were run at high pH,

such that CO; represented >98% of the carbonic acid species (Table 1; Figs. 6 and 7).
The average rate constants calculated for CO; -H,O 180 exchange using equation (9)

are at least two orders of magnitude less than those for HCO; -H,O exchange (Table 3).

The equilibration time for high pH (>12) experiments at 15°C is estimated to be 330 d,
beyond the range of this study. Consequently, 'O, at 15°C is calculated from
experiments run at lower pH where exchange was more rapid. An Arrhenius plot of the
kave values does not give a satisfactory fit (Fig. 8a). However, if the k,,, values are
normalized for the dco,,, and a,, :
k
k'=—2— (12)
aCOZ(aq) aOH’

a much better fit is achieved (Fig. 8b). This further substantiates the argument that
COxq) plays a major role in the oxygen isotope exchange kinetics between H,O and the

carbonic acid species (Mills and Urey, 1940).

Table 3. Results for CO§_ -H,O exchange kinetics.

Bp. o ke (10°min)  tp®) ()
37 15 9.7 1200 7900
38A 25 68 170 1100

42 40 280 41 270




1000 Inctg, o, 11,0

26

18

—o— 15°C (Exp. 37)
—0—25°C (Exp. 38A)
—A—40°C (Exp. 42)

I
40 60 80 100 120
Time (d)

Fig. 6. 1000 Inotp,c0 4,0 Vs. time for high pH experiments where COZ was

greater than 97% of the TCO,,

o 15°C (Exp. 37) R? =0.993
0 25°C (Exp. 38A) R2 = 0.992
A 40°C (Exp. 42) R2 =0.992

50 100 150
Time (103 min)

Fig. 7. —In (1-F) vs. time for exchange between CO;™ and H,O.



19

40°C 25°C 15°C
-16 | | |

-1
In kavg(s )

T T T
0.38 0.39 0.40 0.41 0.42
14 1 1 ]
B
= 13 1 B
(_;m
g
2
=
12 B
11 T T T
0.38 0.39 0.40 0.41 0.42

103 RIT!
Fig. 8. A. Arrhenius plot for average rate constants of CO3 -H,O exchange. B.
Arrhenius plot for rate constants normalized to the activities of CO,,q and OH’; better

linear fit indicates oxygen isotope exchange between CO;~ and H,O is dependent upon

COxag).
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3.2 Isotopic Fractionation Relations

3.2.1 HCO; -H,0 Fractionation

Oxygen isotope fractionation between HCO; and H,O is calculated from the
data in Table 1 and presented in Figure 9 and Table 4. The resulting equation is:

1000 Ina. =2.66+0.05 (10°T 2)+1.1840.52 (13).

HCO3;-H,0
SrCO; was precipitated in the same manner as BaCOs in some experiments run at 25°

and 40°C. The calculated 1000 In o values using SrCO; are 31.03 = 0.64 and

HCO3-H,0
28.62 £ 0.07 at 25° and 40°C, respectively. These values compare well with values
calculated using BaCO; (Table 4) of 31.01 + 0.18 and 28.29 + 0.19 at 25° and 40°C,
respectively. Over the temperature range studied, our 1000 Ina values were determined
to be about 1%o greater than those of Halas and Wolacewicz (1982), who used a similar
method of precipitating BaCO3; from NaHCOj solutions (Fig. 9). This discrepancy could
be due to a difference in acid-fractionation factors used. Halas and Wolacewicz (1982)

used 1000 Inot o p,co, = 10.91, which is 0.72 greater at 25°C than the value for

1000 In0cp, 00, (calcite) of 10.19 at 25°C (Sharma and Clayton, 1965). But as

mentioned earlier, studies have shown that the difference in acid-fractionation factors for
BaCOs and CaCOj; is small (about 0.13 at 25°C; Kim and O’Neil, 1997). Because the
current results are calculated using the CO,-calcite fractionation, there could be an offset
in the results—assuming the offset between the fractionation factors is temperature

independent. Furthermore, Halas and Wolacewicz (1982) assumed that their NaHCO;

solutions were 100% HCO; . Unfortunately, they did not provide sufficient data to
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calculate the speciation of their solutions, but their values are affected to some degree by
the small amount of CO; present.

McCrea (1950) rapidly precipitated calcite from Na,CO3/NaHCOj3 solutions;
thus, the 8'°0 of the precipitated calcite records the isotopic composition of the

carbonate in the system. 1000 Ino.c,cq, y o values for his data (Table 5) are calculated

using the 818OHZO vs. SMOW (corrected from the reported mean ocean water value) for

Lake Michigan water of -5.93%o (Epstein and Mayeda, 1953) and by assuming his
oxygen isotope values are reported against the PDB standard. We used the EQPITZER
program to calculate the speciation of McCrea’s solutions using A; = [NaHCOs] +
2[Na,COs] and assuming the TCO; is equal to the initial concentrations of Na,COs and
NaHCOs;. The results compare very well to the present results (Fig. 9; Table 4).
However, these data might also be affected by differences in acid-fractionation factors
used.

Similarly, the data from the 19°C “type B” experiments of Usdowski et al. (1991)
(Table 5), in which BaCOs was rapidly precipitated from 0.003M NaHCOj; solutions
(the pH was adjusted by addition of HCI or NaOH), were recalculated using the given
pH and by assuming the TCO; is equal to the initial NaHCO; concentration. The
recalculated data agree reasonably well with the present results (Fig. 9; Table 4). The
offset could also be due to a difference in acid-fractionation factors. It was not specified

what fractionation factor was used.



22

Table 4. Comparison of results for oxygen isotope fractionation
from this study with previous studies.

T
Srcnp 1000 lnchog—Hzo 1000 lnaco%*—Hzo 1000 Inaco, 1,0
5 33.19+0.16 25.93 +0.32 42.43 +0.09
19°  31.24+0.73 (33.77") 25.25+2.49 (18.2) -56.3
25° 31.01£0.18 24.17+0.31 40.49 + 0.14
25¢ 30.86 £ 0.20 24.58 + 0.34
25¢ 30.16
25¢ 34 -18.1
35¢ 28.13
40° 2829+ .19 2174+ .17 37.80 £ 0.03
45¢ 26.14

(a) This Study

(b) Recalculated from Usdowski et al. (1991); reported values in parentheses
(c) Recalculated from McCrea (1950)

(d) Halas and Wolacewicz (1982); reported values

(e) Usdowski and Hoefs (1993); reported values

(f) After Zeebe (1999)

Table 5. Experimental parameters and isotopic data from previous studies.

s s 1000Inc:
Exp. T(erg;) ' pH (m?nco(l;lz(g) (meﬁ?kg) (n];g;s) Xeosz: Xucos Xeoxan (21\4%\2)3) (631\?8%\)/3) X]S%}'
B-1° 19 7.67 3.0 2.9 34 000 095  0.05 -8.50 24.0 32.25
B-2° 19 832 3.0 3.0 0.8 001 098 001 8.50 23.5 31.74
B-3° 19 9.60 3.0 35 0 0.17 083 0.0 8.50 215 29.78
B-4* 19 10.00 3.0 4.1 0 034 066  0.00 8.50 211 29.43
b 25 7.99 300 300 125 001 097 001 5.93 24.8 30.47
b 25 8.55 275 287 3.9 005 095 0.0 5.93 243 29.92
b 25 8.90 250 275 1150 010 090  0.00 -5.93 24.7 30.32
b 25 10.23 125 213 008 070 030 0.0 5.93 20.7 26.42
b 25 11.33 100 200 000 097 003 0.0 -5.93 18.7 24.48

(a) Recalculated from "Type B" BaCO; experiments of Usdowski et al. (1991)
(b) Recalculated from McCrea (1950). Isotope data are for CaCOjs (see Table VII in McCrea (1950))
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40°C 25°C 15°C
34 I i 1
O This Study (R% = 1.000)
A Halas and Wolacewicz (1982)
# Recalc. from McCrea (1950)
32+ m Recalc. from Usdowski etal. (1991) B

1000 Inctyy o 11,0
W
<

N
=]
]
\
X
!

26 At , .
9.5 10.5 11.5 12.5
109T-2

Fig. 9. 1000 In¢ vs. temperature (kelvins). Data of McCrea (1950) and

HCO3;-H,0
Usdowski et al. (1991) are recalculated (see discussion in text). Error bars represent

1 x standard error.

3.2.2. CO; -H,0 Fractionation
The isotopic fractionation versus temperature relationship for CO;~ and H,O is
given in Figure 11. The resulting equation is

1000 Ina., . =2.28+0.03 (10°T ?)-1.50%0.29 (14)

CO%™-H,
Ideally, data from experiments in which CO3~ was >98% of the TCO, would have been
incorporated into the regression to calculate the fractionation factors at each temperature.

However, the rate of isotopic exchange between CO;~ and H,O at 15°C and very high
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pH (>12) was too slow to achieve isotopic equilibrium (Fig. 6; see section 3.1.2). A

satisfactory fit is achieved using data from 15°C experiments with pH values ranging
from 9.5 to 10.5 (20 to 66% CO3"). The current results agree well with the recalculated

results of McCrea (1950) at 25°C and Usdowski et. al (1991) at 19°C (Fig. 10; Table 4).
Although the error in the recalculation of the data of Usdowski et al. (1991) is quite

large, their reported value of 18.2 for 1000 Ina , 18 outside the error of the

CO¥ -,
recalculation. The data of McCrea (1950) might be affected by incomplete isotopic
equilibration between CO;~ and H,O, since his high-pH solutions were allowed to
equilibrate a maximum of 7 days before precipitation.

There is concern that the NaHCO3(,q) and NaCOj (aq) 100 pairs might have a
significant influence on the fractionation factors (O’Neil et. al, 2003). To test this, three
40°C experiments were run with NaHCOj5 solutions at high pH (>11) such that [CO; ] +
[ NaCOj (aq)] Was greater than 93% of the TCO,; the TCO; and alkalinity were adjusted
so that the NaCO; aq) was ~18, 26, and 45% of the TCO, (experiments 38B, 40C, and

42, respectively; see Table 1). The resulting 1000 Inat g, o Vvalue for all three

experiments was 22.07. This indicates that weak ion pairs have a negligible effect on the

determination of DIC-water fractionation factors.
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40°C 25°C 15°C
28 ] ] — ]

O This Study (R% = 1.000)

O Recalce. from McCrea (1950)
26

ARecalc. from Usdowski etal. (1991) /@ |

1000 lno‘CO32'-H20
[\
S
|

N
N
]

20 | T | |
10 10.5 11 11.5 12 12.5

10°772

Fig. 10. 1000 Inex__, vs. temperature (kelvins). Data of McCrea (1950) and

CO3™-H,0

Usdowski et al. (1991) are recalculated (see text). Error bars are 1 x standard error.

3.2.3. COzq)-H>0 Fractionation

Unlike CO3™ and HCO;, which have a 1:1 oxygen atom ratio relative to BaCOs,

COx(aq) has a 2:3 oxygen ratio relative to BaCOs. Thus, during precipitation an additional
oxygen atom is incorporated into the precipitate BaCOs;. Assuming the precipitation
from low-pH solutions occurs via the following reaction:

Ba’" + COyuq + OH <> BaCO; + H'. (15)



26

a correction must be made for the contribution of OH™ on the §'*0 of BaCOs. At low pH,
where COxq) is greater than 99% of the carbonic acid species, the fractionation between
COxq) and H,O is given by the manipulation of equation (7) (Usdowski et. al, 1991):

1000 Inoteo, 410 = 31000 Incty,co. 4 o0 )~ 31000 Inot (16).

OH -H,0 )
Results using this calculation are shown in Figure 11 for 15 and 25°C—temperatures for

which data for 1000 Ina. |~  are available (Thornton 1962; Green and Taube, 1963).
Because of the lack of 1000 Ina , ~ data and uncertainty in the reaction mechanism, a

different method for calculating the COxq)-H>O fractionation was needed. The “acid-
stripping” method (see section 2.4.1) was employed, which allows for the direct
measurement of COy,q) by conversion to COyg) during acid stripping. The results (Fig.

11) yield the equation:

1000 o, . =2.52+0.03 (10°T )+12.12+0.33 17).

2(aq) 2

The 1000 Inoico, 4,0 Values agree well with values calculated from Vogel et al.

(1970) and are slightly greater than the 1000 In %o, -H,0 values of O’Neil and Adami
(1969) (Fig. 11). Furthermore, Vogel et al. (1970) show that COx,q) is enriched by less
than 1% in '°O relative to COx(). The COx in the head space of the serum bottles was
also isotopically analyzed. The fractionation of >C (1000 In o, -co,,, ) Detween
COsaq) and COy(g) is -1.16 = 0.04, -1.07 £ 0.08, and -0.90 + 0.02 at 15°, 25°, and 40°C,

respectively. This fractionation compares well with Vogel et al. (1970), who obtained

values of -1.12, -1.08, and -1.01 at 15°, 25°, and 40°C. The carbon fractionation values
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also compare with Zhang et al. (1995), who found 1000 In Qco,,, -COy, O be -1.21 at

21°C.

The current results are in considerable disagreement with the 1000 lnoccoz( H,0
value of 56.29 at 19°C reported by Usdowski et al. (1991) (Table 4), who used equation
(16) to calculate their value. Given that we obtained similar results using two
independent methods, and that these results are supported by the study of Vogel et al.

(1970), we believe that our results are correct.

40°C 25°C 15°C 10°C 5°C 0°C
47 | l | l | ]
A &
e
45 _ o —
@)
o
g 43— d B
S >
3
S 41 B
S [ Acid-Stripping Method (R2 = 1.000)
= A BaCO; Method
39 < O'Neil and Adami (1969) CO,(g)-H,0
> O Calc. from Vogel et al. (1970)
37 | [ I
10 11 12 13 14

10%172

Fig. 11. 1000 lnoccoz(a —m,0 VS temperature (in kelvins). Data for BaCO3; method

q

are calculated using equation (16).
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3.3. Discrepancies with Previously Reported Fractionation Factors

Although agreement is shown between results presented in this study and
recalculations of the limited data available in the literature, there is considerable
disagreement between the reported 1000 Ina values of this study and those from the

pioneering studies of Usdowski et al. (1991) and Usdowski and Hoefs (1993) (Table 4).

Figure 12 shows the 1000 Inatg,cq caco,n,0 Values versus pH for data from our study

and those of Usdowski and colleagues. The 1000 Ina values for pH values from 7 to 12
are in relatively good agreement suggesting the discrepancies in fractionation factors are

derived from differences in the way the individual fractionation factors are calculated.

Usdowski and colleagues used the relation between 1000 Inog 4, , and lr{—[COS J
2(aq)

(Fig. 13) to calculate their fractionation factors,

K. K K, K K
where S =K, + ! H+2CO3 + : HZCO: 5 2C0, (18),
[CO, ] [H] [H']
and S = [H,COs] + [HCO; ] +[CO3] (19).

Equation (18) assumes activity coefficients of unity. The “K’s” refer to the equilibrium

constants of the following reactions:

k

COrag+ H:0 <= H,CO;; K, = 5 (20)
kl
H,CO; <> H' + HCO; Ky co, (21)
and HCO; <> H" + CO5" K. o (22).
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Fig. 12. 1000 In0tg,co icoco,-n,0 V8- PH for data from this and previous studies.

Data of Usdowski and Hoefs (1993) are calculated from the CaCOj; data of McCrea

(1950).
40 1 1 1 1 1
35 1 B
<
£
£ 30 -
S
S © 15°C (This Study) a R h
® 19°C (Usdowski etal., 1991)
259 oo . i
25°C (This Study) N
® 25°C (Usdowski and Hoefs, 1993) A An
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Fig. 13. 1000 Inoig_y o vs. In (S/[COz@g]). Data from this study are
1000 Inoug,c 4,0 values from experiments with pH >~8, such that [COxaq)] < 2%.
Similarly, data from Usdowski and Hoefs (1993) are 1000 Inot ¢, o values that were

calculated from McCrea (1950). Trendline represents equation (23).
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The S/[COyq)] values are calculated at 15°, 25°, and 40°C for our experiments where pH

was greater than ~8 (such that 1000 Inoig y; o = 1000 Inag,c 4 o ) using the same

sources for equilibrium constants that were used by Usdowski et al., (1991) and
Usdowski and Hoefs (1993) (i.e., Harned and Scholes, 1941; Roughton, 1941; Harned
and Davis, 1943; Pinsent et al., 1956). Again, there is agreement among the results (Fig.

13). Usdowski et al. (1991) used the linear relationship

10001nag , o = ~0.610- m{L

2(aq)

j+ 34.52 (23)

to calculate the equilibrium fractionations. For instance, Usdowski et al. (1991) show

that at pH = pK = 6.39 the mole fraction of HCO; is equal to 1, and the value for

H,CO}

In S/[CO2aq] = 0, and 1000 Inag , , = 1000 Ina = 34.52. Similarly, at pH =

HCO3;-H,0
pKy, = 14.20 the system is 100% CO~ and In S/[COaq)] = 26.769, which yields

1000 Inoig 44 o = 1000 Ina = 18.19. The 1000 Ina values obtained using equation

€03 -H,0
(23) are much different than those obtained using the mass-balance method we employ
(Table 4). Equation (23) implies that fractionation will continue to change even after
limiting pH values are reached. The 40°C data from this study with large In (S/[COxq)])
(high pH) values seem to reach a limiting fractionation of ~22 (see Fig. 13).

Furthermore, equation (23) does not provide consistent results. Ata pH=pK_ 0=

10.39 the mole fractions of HCO; and CO: areequal (X = X

HCO;

=0.5) and

co¥”

In S/[COx2aq] = 9.900, which corresponds to 1000 Inag ,; , = 28.48, but
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1000 Inotg 4 o = 0.5 * 34.52 + 0.5 * 18.19 = 26.36 (see Table 4 in Usdowski et al., 1991

for data used in the calculations above). Due to these inconsistencies, the method for
calculation of fractionation factors used in this study appears to provide better results.
3.4. Implications

These new data allow the calculation of the oxygen isotope fractionation between
dissolved inorganic carbon and water (and 8'*Opc) at any pH and temperatures of 15 to
40°C. Figure 14 shows how the 5'*Opjc could vary in seawater over a pH range of 2-14.
It is not suggested that pH has varied by this magnitude over geologic time. However,
pH in modern oceans can vary from 7.6 to 8.4 in the water column (Millero, 1996). Over
this range, 8'*Opyc varies by about 1% at 25°C. While pH values of surface waters in the
modern ocean are relatively constant (8.1 to 8.3) (Millero, 1996), greater variations in
ocean-surface pH may have occurred over geologic time. Evidence from boron isotopes
suggests that ocean-surface pH could have been as low as 7.4, 21 Myr ago (Spivack et
al., 1993) compared with its present value of ~8.2. Zeebe (2001) estimated that ocean
surface temperatures for the mid-Cretaceous may have been 2-3.5°C higher than
previously thought due to lower pH causing anomalously high 8'*0 values in
foraminifera. The pH effect on 8" 0pic values in unbuffered systems associated with
subsurface brines, speleothems, and hot spring deposits may be very important. There is
a consistent trend of anomalously low 8'°0O values in carbonate concretions that are
difficult to explain by diagenetic alteration, high temperature precipitation, or changes in
8'%0 value of the water (Mozley and Burns, 1993). These anomalies might be explained

by precipitation from high pH fluids. It should be stated that a simple mass balance
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calculation using these fractionation factors will not explain the results of Spero et al.

(1997) (see Fig. 1B), and the equilibrium fractionations and kinetics could be affected by
interactions between dissolved species in seawater (e.g., MgCOY, CaCO?, etc.).
Clearly, there is need for more work to investigate the effect of pH on the oxygen
isotopic composition of calcite and other carbonate minerals. Nevertheless, this study
provides a major step forward in understanding the behavior of oxygen isotopes in

carbonate systems.

45 1 1 1 1 1

----15°C
——————————— - ——25°C

1000 Inoy .0
w
[—

N
V)]
1

[\
=]

Fig. 14. Variation of 1000 Ina.pc_y  (and consequently 8'*Opic) as a function of

pH and temperature. Speciation is calculated using the EQPITZER program with

seawater salinity of 35.
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4. CONCLUSIONS

BaCOj; precipitation experiments yield reproducible results for oxygen isotope

fractionation for HCO; -H,O and for CO3™ - H,O. The 1000 In O oo Values obtained

H,0

in this study are 33.19 + 0.16, 31.01 £ 0.18, and 28.29 + 0.19; and 1000 Iner__,

COY-H,0
values are 25.93 £ 0.32, 24.17 £ 0.31, and 21.74 £ 0.17 at 15°, 25°, and 40°C,
respectively.

The acid stripping method, where COxq) is directly removed as COyg) from low-
pH solutions, gave more reliable results than directly precipitating COy(,q) as BaCOs.
The 1000 Inotco, 4,0 Values are 42.43 +0.09, 40.49 = 0.14, and 37.80 £ 0.03 for 15°,
25° and 40°C, respectively.

Rate constants for oxygen isotope exchange between HCO; -H,O in ~15 mM
NaHCOj3 solutions were 3.2, 8.6, and 45 (10”min™") at 15°, 25°, and 40°C, respectively.

Isotope exchange between CO;~ and H,O is 100 to 300 times slower than isotope
exchange between HCO; and H,O. The average rate constants for isotope exchange

between CO;~ and H,O were more consistent if normalized to the activities of COxgq)

and OH’ in the system. Experiments to investigate relative rates of exchange between
carbonic acid species and water showed exchange was much faster at low pH (high

Pco, ) than at high pH (low P, ). This confirms that the kinetics of oxygen isotope

exchange are largely determined by the activity of COx(q) in the system.
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