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Abstract

Aragonite was precipitated in the laboratory at 0, 5, 10, 25, and 40 �C to determine the temperature dependence of the
equilibrium oxygen isotope fractionation between aragonite and water. Forced CO2 degassing, passive CO2 degassing, and
constant addition methods were employed to precipitate aragonite from supersaturated solutions, but the resulting arago-
nite–water oxygen isotope fractionation was independent of the precipitation method. In addition, under the experimental
conditions of this study, the effect of precipitation rate on the oxygen isotope fractionation between aragonite and water
was almost within the analytical error of ±�0.13‰ and thus insignificant. Because the presence of Mg2+ ions is required
to nucleate and precipitate aragonite from Na–Ca–Cl–HCO3 solutions under these experimental conditions, the influence
of the total Mg2+ concentration (up to �0.9 molal) on the aragonite–water oxygen isotope fractionation was examined at
25 �C. No significant Mg2+ ion effect, or oxygen isotope salt effect, was detected up to 100 mmolal total Mg2+ but a noticeable
isotope salt effect was observed at �0.9 molal total Mg2+.

On the basis of results of the laboratory synthesis experiments, a new expression for the aragonite–water fractionation is
proposed over the temperature range of 0–40 �C:
:46
1000lnaaragonite�water ¼ 17:88� 0:13ð103=T Þ � 31:14� 0
where aaragonite–water is the fractionation factor between aragonite and water, and T is in kelvins. Given the analytical and sta-
tistical errors associated with this and previous determinations, the new relation reveals that many biogenic aragonites are
precipitated at and or very near oxygen isotope equilibrium with their ambient water. When the new aragonite–water expres-
sion is combined with the calcite–water calibration published by Kim and O ’Neil [Kim S. -T., and O’Neil J. R. (1997) Equi-
librium and nonequilibrium oxygen isotope effects in synthetic carbonates. Geochim. Cosmochim. Acta 61, 3461–3475], a
positive aragonite–calcite fractionation (�0.8‰ at 25 �C) is obtained over the temperature range investigated.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Aragonite is one of the most abundant carbonate miner-
als on Earth, and comprises the bulk of the skeletal material
of many marine organisms, including various species of cor-
als, calcareous algae, and bivalve shells. Oxygen isotope
analyses of natural aragonite, of both biogenic and
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abiogenic origin, are frequently used in studies of paleocli-
matology, oceanography and carbonate diagenesis, and yet
only two experimental determinations of the oxygen isotope
fractionation factor between inorganic aragonite and water
have been carried out to date. Tarutani et al. (1969) mea-
sured the aragonite–water oxygen isotopic fractionation
factor at 25 �C and concluded that inorganically-precipi-
tated aragonite was enriched in 18O by 0.6‰ relative to cal-
cite at this temperature. More recently, Zhou and Zheng
(2003) measured the temperature dependence of the arago-
nite–water oxygen fractionation factor from isotopic
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analyses of aragonite synthesized from 0 to 70 �C and re-
ported that the aragonite–water fractionation was smaller
than the theoretical calcite–water fractionation. Because
calcite and aragonite are polymorphs of CaCO3, the direc-
tion and magnitude of the equilibrium oxygen isotope frac-
tionation between these two minerals are of considerable
theoretical interest and possibly of practical interest (e.g.,
to estimate formation temperature or provide proof of
cogenicity of coexisting aragonite and calcite).

A few semi-empirical calculations of the aragonite–
calcite fractionation factor at 25 �C have been made.
Tarutani et al. (1969) estimated an aragonite–calcite
fractionation of 0.79‰ and noted its good agreement
with their experimentally determined value of 0.6‰.
Golyshev et al. (1981), using a different model for the
lattice vibrations, calculated a similar fractionation of
0.53‰. Using a modification of the increment method,
Zheng (1999) derived a much larger but negative frac-
tionation factor of �4.47‰. In addition to these exper-
imental determinations and theoretical calculations, a
number of calibrations have been proposed on the basis
of the analysis of natural materials. González and Loh-
mann (1985) found that aragonite grains and cements in
Holocene reefal carbonates were enriched in 18O by 1.5–
2.0‰ relative to calcite that would precipitate in isotopic
equilibrium under the same conditions. Grossman and
Ku (1986) analyzed coeval aragonitic and calcitic foram-
inifera as well as aragonitic gastropods believed to have
formed in approximate isotopic equilibrium with the
same environmental fluids and reported that aragonite
is enriched in 18O by 0.6 ± 0.3‰ relative to calcite be-
tween 3 and 18 �C. According to the aragonite–water
fractionation factors determined from analyses of vari-
ous biogenic aragonites (fish otoliths, freshwater bival-
ves, marine mollusks, and coralline sponges), it was
shown that biogenic aragonite is enriched in 18O by
0.4‰ to 1.4‰ relative to the equilibrium calcite (Patter-
son et al., 1993; Rahimpour-Bonab et al., 1997; Thorr-
old et al., 1997; White et al., 1999; Böhm et al.,
2000). In contrast, Lécuyer et al. (2004) found no frac-
tionation between calcite and aragonite layers collected
from the same mollusk shells or from different species
grown in the same environment. Horibe and Oba
(1972) reported that aragonite was depleted in 18O rela-
tive to calcite in mollusks.

Biologic (vital) effects on both the carbon and oxygen
isotope compositions of biogenic aragonite were ad-
dressed by numerous researchers. In an early study, We-
ber and Woodhead (1970, 1972) found that the oxygen
isotope composition of aragonitic reef corals varies with
the genera because each genus uses a different proportion
of metabolic CO2 and inorganic HCO�3 in seawater dur-
ing calcification. McConnaughey (1989a,b, 2003) pro-
vided additional details about kinetic (disequilibrium)
isotope effects that accompany the formation of certain
biogenic carbonates, particularly coralline aragonite. Met-
abolic processes employed by some organisms that pre-
cipitate aragonite in nature may obscure a reliable
assessment of the equilibrium oxygen isotope properties
of this CaCO3 polymorph.
In an attempt to obtain precise and accurate equilibrium
oxygen isotope fractionation factors for the aragonite–
water system and to resolve some of the long-standing
inconsistencies described above (e.g., size and direction of
the aragonite–calcite fractionation), we developed novel
methods to precipitate aragonite slowly under laboratory-
controlled conditions. On the basis of principles established
in previous work (Kim and O’Neil, 1997), precipitation was
assumed (see Section 3) to occur at isotopic equilibrium and
measurements were made of the aragonite–water fraction-
ation factor as a function of temperature and solution
chemistry.

2. EXPERIMENTAL METHODS

2.1. Synthesis of aragonite

2.1.1. Forced CO2 degassing method

Morse et al. (1997) reported that aragonite rather than
calcite will precipitate from seawater when the
[Mg2+]:[Ca2+] ratio of the solution is greater than 4:1 at
10 �C and 1:1 above 25 �C. In accordance with these find-
ings, most of the aragonite precipitations carried out in this
study were from a Na–Ca–Mg–Cl–HCO3 solution with a
[Mg2+]:[Ca2+] ratio of 4:1. A 5 mmolal NaHCO3 solution
was prepared gravimetrically in Nanopure (�18 MX cm),
deionized water, stored in a closed container and allowed
to equilibrate thermally and isotopically (between carbonic
acid species and water) while immersed in a constant
(±0.01 �C) temperature bath for 2–10 days depending on
the temperature (Beck et al., 2005). Reagent grade magne-
sium and calcium chloride salts were then added to the
solution to the following final concentrations: 5 mmolal
Ca2+ and 20 mmolal Mg2+. At 40 �C, pure CO2 gas was
bubbled through the NaHCO3 solution for no more than
5 min prior to the addition of magnesium and calcium chlo-
ride to circumvent spontaneous precipitation. The addition
of pure CO2 gas did not affect the oxygen isotope fractiona-
tions reported in this study. To investigate the influence of
Mg2+ ions and its ion-pairs on the oxygen isotope fraction-
ation between aragonite and water, solutions with final con-
centrations of 100 mmolal Mg2+ and 5 mmolal Ca2+ were
also prepared at 25 �C. After preparation and equilibration
of the Na–Ca–Mg–Cl–HCO3 solutions, an aliquot of each
solution was taken for d18O analysis and the pH was mea-
sured with an Orion combination pH electrode. The elec-
trode was calibrated using two NIST-traceable buffers
(7.00 and 10.00) at 25 �C. Between 250 and 300 mL of the
experimental solutions were transferred to a specially de-
signed, reaction vessel immersed in a constant temperature
bath (±0.01 �C). The solutions were allowed to equilibrate
for one more hour before pre-purified nitrogen gas,
saturated with water of the same oxygen isotope
composition as the experimental solutions, was bubbled
slowly through the solutions to remove CO2 and, thus,
promote supersaturation, spontaneous nucleation, and
precipitation of aragonite. The initial saturation index
(log½fCa2þg � fCO3

2�g�=K�spðaragoniteÞ where {Ca2+} and
fCO3

2�g are the activity of Ca2+ and CO3
2�, respectively)

of the least concentrated experimental solutions (5 mmolal
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Ca2+, 5 mmolal HCO�3 , and 20 mmolal Mg2+) with respect
to aragonite was calculated using the Geochemist Work-
bench� (B-dot equation, an extended form of the Debye–
Hückel equation described by Helgeson (1969)) and the
resulting values at 5, 10, 25, and 40 �C were 0.67, 0.68,
0.71, and 0.84, respectively.

Upon completion of each experiment, a 20 mL aliquot
of the final solution was recovered from the reaction vessel
for subsequent determinations of d18O and pH. The oxygen
isotope compositions of the final solutions were statistically
indistinguishable from those of the initial solutions. The so-
lid carbonate, precipitated on the walls and at the bottom
of the vessel, was removed using a rubber policeman, vac-
uum filtered through a Gelman Supor� 0.45 lm membrane
disc filter, and rinsed several times, first with deionized
water and then with methyl alcohol. The precipitates were
dried on filter paper for at least 15 h at 70–80 �C prior to
storage for isotopic analysis. The amount of aragonite pre-
cipitates harvested varied from 5 to 45 mg depending on the
precipitation conditions. All precipitates were identified as
pure aragonite by X-ray diffraction (XRD) analysis as well
as scanning electron microscopy (SEM). Analyses of a few
representative samples by ICP-MS, following their dissolu-
tion in a dilute HCl solution, revealed that magnesium
impurities were negligible (Mg/Ca < 10�3). Experimental
conditions and chemical characteristics of the experimental
solutions are given in Table 1.

2.1.2. Passive CO2 degassing method

Aragonite samples were also synthesized by passive CO2

degassing of a Na–Ca–Mg–Cl–HCO3 solution stored in a
sealed glass bottle at set temperatures of 0 or 25 �C. In con-
trast to the previous set of experiments, N2 was not bubbled
through the solution but CO2 was allowed to degas freely to
the headspace, thus increasing the supersaturation and
inducing spontaneous aragonite precipitation. Precipitation
occurred within 1–4 days at 25 �C and 6–9 days at 0 �C and
continued for 6–189 days (Table 2). Because the solution
was kept in a sealed bottle during the course of aragonite
precipitation, the oxygen isotope compositions of the initial
and final solutions were practically identical. The Na–Ca–
Mg–Cl–HCO3 solutions were prepared as described in the
previous section. Aragonite was also precipitated from
solutions containing 902.5 mmolal Mg2+ to investigate the
influence of the Mg2+ ion and its ion pairs (salt effects)
on the oxygen isotope fractionation between aragonite
and water. Detailed initial experimental conditions and
equilibration times can be found in Table 2.

2.1.3. Constant addition method

A modified version (Kim et al., 2006) of the constant
addition method described by Hartley and Mucci (1996)
was used to precipitate aragonite at two different pH values
(�8.2 and �10.8). Briefly, two titrants, a NaHCO3 or
Na2CO3 solution and a CaCl2 solution with or without
Mg2+ (depending on the pH of the solution) were simulta-
neously and continuously injected at selected rates of from
0.05 to 1.0 mL/h by a dual syringe pump into a water-jack-
eted and closed Teflon� reaction vessel containing ther-
mally (25 ± 0.03 �C) and isotopically equilibrated Na–Ca–
Mg–Cl–HCO3 solutions. The titrant and experimental solu-
tions were prepared several days prior to each experiment
to ensure oxygen isotope equilibrium between dissolved
carbonate species and water. The chemical composition of
the two titrants and the starting solutions were adjusted
so that the pH of the reacting solution remained nearly
invariant during the course of the precipitation for a given
injection rate of the titrants. The addition of the two ti-
trants to the experimental solution led to a supersaturation
and spontaneous nucleation of aragonite onto which crystal
growth proceeded thereafter. A more detailed description
of the experimental design and procedures employed in this
study can be found in Kim et al. (2006). The mineralogy of
every run product was examined by SEM to determine if
mineral phases other than aragonite were present. Experi-
mental details and corresponding results are presented in
Table 3.

2.2. Oxygen isotope analysis

All oxygen isotope measurements were carried out on
CO2 gas using an isotope ratio mass spectrometer. During
the course of this study, aragonite and water samples were
analyzed at three facilities (University of Michigan, USA/
Finnigan Delta S, Korea University, Republic of Korea/
Finnigan MAT 252, and GEOTOP-UQAM-McGill, Can-
ada/GV IsoPrime). d18O values were normalized to the rec-
ommended values for the international reference standards
NBS-18, NBS-19, SMOW, and SLAP. Oxygen isotope
compositions of both aragonite and water are reported in
the familiar d18O notation relative to the SMOW standard.

Most of the carbonate run-products were analyzed at
25 �C using the classical procedure of McCrea (1950). Some
aragonite samples, as well as NBS-18 and NBS-19 stan-
dards, were analyzed either at 90 �C on a VG MultiCarb�

system at GEOTOP-UQAM-McGill or at 75 �C on a Kiel
device at the University of Michigan and these samples
are identified in Tables 2 and 3. The acid fractionation fac-
tor at 25 �C for aragonite used for this study was 1.01063
(Kim et al., in press). For samples run at higher tempera-
tures, the oxygen isotope composition of the CO2 evolved
by reaction of phosphoric acid with the aragonite was first
normalized to the published d18O values of the acid-liber-
ated CO2 at 25 �C from the two international standards.
The new acid fractionation factor for aragonite,
a = 1.01063, was then applied to the normalized d18O val-
ues of acid-liberated CO2. The overall reproducibility (1r)
of the d18O measurements, based on replicate analyses of
the carbonate samples, was ±0.07‰, and the isotopic com-
positions were reported to the nearest hundredth per mil.

Water samples were analyzed at the University of Mich-
igan by the CO2–H2O equilibration method (Cohn and
Urey, 1938) using a modification of the vacutainer� meth-
od of Socki et al. (1992). A CO2–H2O fractionation factor
of 1.0412 (O’Neil et al., 1975) was applied to obtain the iso-
topic composition of the water itself. At Korea University,
water samples were analyzed by an automated CO2–H2O
equilibration device, and d18O values were normalized to
the oxygen isotope ratios of two laboratory standards cali-
brated against SMOW and SLAP. The precision (1r) of the



Table 1
Experimental conditions and oxygen isotope data for aragonite precipitation experiments carried out at 5, 10, 25, and 40 �C

Sample Temp.
(�C)

HCO3/Ca/Mga

(mmolal)
Initial
pH

Final
pH

Ppt. rate
(mg/kg/day)

d18Oaragonite

(‰)
d18Owater

b

(‰)
a(aragonite–water) 1000lna(aragonite–water)

Experiment 1

UMICH-8-a 10.0 5/5/20c N/A N/A N/A 23.93 �8.4 1.03260 32.08
UMICH-8-b 10.0 5/5/20 N/A N/A N/A 23.70 �8.4 1.03237 31.86
UMICH-9-a 10.0 5/5/20 N/A 8.22 N/A 23.70 �8.4 1.03237 31.86
UMICH-9-b 10.0 5/5/20 N/A 8.27 N/A 23.60 �8.4 1.03227 31.76
UMICH-12-a 25.0 5/5/20 7.97 8.09 N/A 20.33 �8.4 1.02897 28.56
UMICH-12-b 25.0 5/5/20 7.97 8.20 N/A 20.27 �8.4 1.02891 28.50
UMICH-13-a 25.0 5/5/20 7.94 8.43 N/A 20.52 �8.4 1.02916 28.75
UMICH-13-b 25.0 5/5/20 7.94 8.23 N/A 20.36 �8.4 1.02900 28.59
UMICH-14-a 25.0 5/5/20 7.92 8.22 N/A 20.59 �8.4 1.02924 28.82
UMICH-14-b 25.0 5/5/20 7.92 8.15 N/A 20.51 �8.4 1.02915 28.74
UMICH-15-a 25.0 5/5/20 7.85 8.13 N/A 20.54 �8.4 1.02919 28.77
UMICH-15-b 25.0 5/5/20 7.85 8.26 N/A 20.41 �8.4 1.02905 28.64
UMICH-16-a 25.0 5/5/20 7.94 8.49 N/A 20.40 �8.4 1.02904 28.63
UMICH-16-b 25.0 5/5/20 7.94 8.37 N/A 20.23 �8.4 1.02887 28.46
UMICH-17-b 40.0 5/5/20 N/A 8.72 N/A 17.48 �8.4 1.02610 25.76
UMICH-18-a 40.0 5/5/20 8.06 8.95 N/A 17.57 �8.4 1.02619 25.85
UMICH-18-b 40.0 5/5/20 8.06 8.75 N/A 17.58 �8.4 1.02620 25.86
UMICH-21-a 40.0 5/5/20 7.95 8.46 N/A 17.58 �8.4 1.02620 25.86
UMICH-21-b 40.0 5/5/20 7.95 8.39 N/A 17.72 �8.4 1.02634 26.00

Experiment 2

#4-A-Nov8-A 5.0 5/5/20 N/A 8.11 N/A 22.69 �10.46 1.03350 32.95
#4-A-Nov8-B 5.0 5/5/20 N/A 8.17 N/A 22.68 �10.51 1.03354 32.99
#4-A-Nov8-C 5.0 5/5/20 N/A 8.27 1.9 22.75 �10.48 1.03358 33.03
#4-Ara-May26-A 10.0 5/5/20 N/A N/A 3.3 23.48 �8.54 1.03230 31.79
#4-Ara-May26-C 10.0 5/5/20 N/A N/A 3.4 23.49 �8.53 1.03230 31.78
#4-Ara-June7-A 10.0 5/5/20 N/A N/A 3.2 23.70 �8.60 1.03258 32.06
#4-Ara-June7-C 10.0 5/5/20 N/A N/A 5.1 23.77 �8.56 1.03261 32.09
#4-Ara-Sep8-A 10.0 5/5/20 N/A N/A 3.6 21.66 �10.52 1.03252 32.00
#4-Ara-Sep8-B 10.0 5/5/20 N/A N/A 4.0 21.53 �10.49 1.03236 31.85
#4-Ara-Sep8-C 10.0 5/5/20 N/A N/A 2.1 21.67 �10.50 1.03251 31.99
#4-A-Jan1503-A 10.0 5/5/20 7.95 8.13 1.1 21.51 �10.52 1.03237 31.86
#4-Ara-May11-A 25.0 5/5/20 N/A N/A 3.2 20.44 �8.72 1.02942 28.99
#4-Ara-May11-B 25.0 5/5/20 N/A N/A 5.2 20.35 �8.71 1.02932 28.89
#4-Ara-May17-A 25.0 5/5/20 N/A N/A 3.0 20.53 �8.69 1.02948 29.05
#4-Ara-May17-B 25.0 5/5/20 N/A N/A 6.7 20.37 �8.68 1.02930 28.88
#4-A-Oct6-A 25.0 5/5/20 N/A 7.88 1.3 18.60 �10.41 1.02932 28.89
#4-A-Oct6-B 25.0 5/5/20 N/A 7.99 4.4 18.56 �10.46 1.02933 28.90
#4-A-Oct6-C 25.0 5/5/20 N/A 8.22 3.7 18.60 �10.42 1.02933 28.90
#4-A-Dec12-A 25.0 5/5/20 N/A 8.14 4.5 18.45 �10.46 1.02922 28.80
#4-A-Dec12-B 25.0 5/5/20 N/A 8.13 5.4 18.40 �10.47 1.02918 28.76
#4-A-Dec12-C 25.0 5/5/20 N/A 8.15 3.8 18.47 �10.47 1.02925 28.83
#4-A-Jan303-A 25.0 5/5/20 7.95 7.95 6.6 18.39 �10.53 1.02923 28.81
#4-A-Jan303-B 25.0 5/5/20 7.95 7.84 4.3 18.34 �10.47 1.02911 28.70
#4-A-Jan303-C 25.0 5/5/20 7.95 8.14 6.0 18.36 �10.47 1.02914 28.72
#4-A-Oct903-A 25.0 5/5/100 7.52 8.49 5.9 18.56 �10.31 1.02917 28.75
#4-A-Oct903-B 25.0 5/5/100 7.52 8.77 7.0 18.67 �10.34 1.02931 28.89
#4-A-Oct903-C 25.0 5/5/100 7.52 8.21 3.3 18.63 �10.34 1.02927 28.85
#4-Nov1403-A 25.0 5/5/100 7.55 8.26 8.1 18.52 �10.32 1.02914 28.72
#4-Nov1403-B 25.0 5/5/100 7.55 8.43 14.0 18.77 �10.30 1.02937 28.95
#4-Nov1403-C 25.0 5/5/100 7.55 8.31 4.9 18.51 �10.34 1.02915 28.73
#4-Ara-July4-A 40.0 5/5/20 N/A N/A 12.3 17.65 �8.56 1.02644 26.09
#4-Ara-July4-B 40.0 5/5/20 N/A N/A 13.5 17.60 �8.55 1.02638 26.03
#4-Ara-July4-C 40.0 5/5/20 N/A N/A 12.0 17.62 �8.53 1.02637 26.03
#4-A-Feb20 40.0 5/5/20(passive) 6.45 7.64 1.3 15.77 �10.51 1.02656 26.21

Oxygen isotope fractionation in the aragonite–water system 4707



Table 1 (continued)

Sample Temp.
(�C)

HCO3/Ca/Mga

(mmolal)
Initial
pH

Final
pH

Ppt. rate
(mg/kg/day)

d18Oaragonite

(‰)
d18Owater

b

(‰)
a(aragonite–water) 1000lna(aragonite–water)

#4-A-Mar12-A 40.0 5/5/20 6.72 8.12 7.1 15.80 �10.46 1.02654 26.19
#4-A-Mar12-B 40.0 5/5/20 6.72 8.10 7.6 15.83 �10.50 1.02661 26.26

Aragonite was precipitated by the forced CO2 degassing method.
Temp., temperature; Ppt., precipitation.
a HCO3/Ca/Mg denotes NaHCO3/CaCl2 or CaCl2Æ2H2O/MgCl2 or MgCl2Æ6H2O.
b Oxygen isotope composition of the experimental solution at the end of the precipitation experiment.
c 5/5/20 denotes 5 mmolal NaHCO3 + 5 mmolal CaCl2 or CaCl2Æ2H2O + 20 mmolal MgCl2 or MgCl2Æ6H2O.

Table 2
Experimental conditions and oxygen isotope data for aragonite precipitation experiments conducted at 0 and 25 �C

Sample Temp.
(�C)

HCO3/Ca/
Mga

(mmolal)

S.I. RCO2

Equil.
Time (D)b

Precipitation
(D)c

d18Oaragonite

(‰)
d18Oprep. water

(‰)d
d18Owater

(‰)e
a(aragonite–water) 1000lna(aragonite–water)

#4-Jan1405-a-1 0.0 10/5/20 0.95 3.81 74.1 25.22f �9.40 �9.39 1.03494 34.34
#4-Jan1405-a-2 0.0 10/5/20 0.95 3.84 104.0 25.20 �9.40 �9.40 1.03493 34.33
#4-Jan2605 0.0 30/5/35 1.22 10.85 51.3 25.50 �9.40 �9.42 1.03525 34.64
#4-Apr0105 0.0 15/5/20 1.11 20.18 39.2 24.52 �10.24 �10.19 1.03507 34.47
#4-Apr0405 0.0 30/5/20 1.37 16.98 39.2 24.60 �10.24 �10.19 1.03515 34.54
#5-May3005-a 0.0 15/15/60 1.15 21.75 24.8 24.46 �10.24 �10.15 1.03496 34.37
#5-July2305-a 0.0 5/10/40 0.69 6.95 189.0 27.48f �7.51 �7.58 1.03533 34.72
#5-Nov0605 0.0 10/5/20 0.95 10.02 80.0 27.10f �7.51 �7.56 1.03492 34.33

#4-Aug0904 25.0 5/5/20 0.71 4.06 93.9 19.80g �9.40 �9.34 1.02941 28.99
#4-Aug1204 25.0 10/5/20 1.00 7.90 91.0 19.80g �9.40 �9.41 1.02949 29.06
#5-Apr1505-b 25.0 10/5/20 1.00 5.99 80.9 18.94 �10.24 �10.14 1.02938 28.95
#5-Apr1505-a-1 25.0 30/50/902.5 0.46 13.90 6.0 18.79 �9.78h �10.78 1.02989 29.45
#5-Apr1505-a-2 25.0 30/50/902.5 0.46 13.92 20.9 18.92 �9.67h �10.67 1.02991 29.47
#5-Apr2805-A 25.0 30/50/902.5 0.46 1.97 11.0 18.91 �9.68h �10.68 1.02991 29.47
#5-Apr2805-B 25.0 30/50/902.5 0.46 1.97 10.9 18.74 �9.67h �10.67 1.02973 29.29

Aragonite was precipitated by the passive CO2 degassing method.
Temp., temperature; S.I., saturation index; prep., preparation.

a HCO3/Ca/Mg denotes NaHCO3/CaCl2Æ2H2O/MgCl2Æ6H2O.
b RCO2 Equil. Time (D) represents the equilibration time of the carbonic acid species in days.
c Precipitation (D) represents the time allowed for the precipitation of aragonite in days.
d Oxygen isotope composition of preparation water before adding any salts.
e Oxygen isotope composition of the experimental solution at the end of the precipitation experiment.
f Denotes a value obtained from an acid digestion reaction at 75 �C.
g Denotes a value obtained from an acid digestion reaction at 90 �C.
h Estimated oxygen isotope composition of preparation water before adding any salts based upon a salt effect of �1.0 ‰.
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water d18O analyses carried out at the University of
Michigan and Korea University, on the basis of replicate
analyses of the laboratory standards, was estimated at
±0.1‰ and ±0.05‰, respectively. As a result, the oxygen
isotope ratios of the water samples were reported in this
study to the nearest tenth and hundredth per mil,
respectively.

3. RESULTS AND DISCUSSION

3.1. Influence of synthesis method on aragonite–water

fractionation

Aragonite was precipitated by three distinct methods, as
described in the previous sections, and resulting aragonite–
water fractionation factors are given in Tables 1–3. For
comparison purposes, the aragonite–water oxygen isotope
fractionation factors determined from aragonite synthe-
sized at 25 �C in the presence of 20 mmolal total Mg2+

(hereafter Mg2+) or lower concentrations are plotted as
four distinct groups in Fig. 1. Given that the maximum,
cumulative analytical error (1r) associated with the oxygen
isotope analyses of water and aragonite is ±0.13‰ (see Sec-
tion 2.2.), the last three groups, shown in Fig. 1, are statis-
tically indistinguishable from each other. On the other
hand, the average from the first group (Experiment 1 con-
ducted by the forced CO2 degassing method) appears to
be slightly lower than the other three. Given that the differ-
ence of �0.2‰ between the averages of the first (28.65‰)
and second (28.86‰) group of measurements is somewhat
larger than the analytical precision (1r � ±0.13‰), we
attribute this discrepancy to a systematic error among the
isotopic analyses carried out at different institutions. It
should be noted that all the oxygen isotope data of the
Experiment 1 group in Table 1 were determined at the Uni-
versity of Michigan whereas the others, in Tables 1–3, were
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Fig. 1. Four groups of oxygen isotope data distinguished by
aragonite synthesis protocols and the institution where the oxygen
isotope analyses were conducted. Data from Tables 1–3 are plotted
and an analytical error of ±0.13‰ is indicated.
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performed either at Korea University or at GEOTOP-
UQAM-McGill. Given the similar variability of the
1000lnaaragonite–water values observed within each group of
measurements in this study as well as those in previous
studies (e.g., Kim and O’Neil, 1997; Zhou and Zheng,
2003), the experimental results from the first as well as
the remaining three groups were combined to determine
the temperature dependence of the equilibrium aragonite–
water fractionation (see Section 3.4).

Finally, the 1000lnaaragonite–water values of group 4 were
determined from precipitations carried out at two different
pH values (�8.2 and �10.8) by the constant addition
method (Kim et al., 2006). Nevertheless, the fractionations
obtained are statistically identical to those of groups 2 and
3, which were obtained from precipitations conducted
mostly over the pH range of 7.5–8.5. These results reaffirm
that the equilibrium aragonite–water fractionation is inde-
pendent of the pH of the parent solution (Kim et al., 2006).

3.2. Influence of total Mg2+ concentration on aragonite–

water fractionation

The adsorption of Mg2+ ions to the calcite surface
and its incorporation into the crystal lattice are believed
to inhibit its nucleation and precipitation by impinge-
ment at active growth sites (Reddy and Wang, 1980)
and by a destabilization of the precipitate (Davis
et al., 2000). In contrast, the presence of dissolved
Mg2+ does not inhibit aragonite growth rates (Pytko-
wicz, 1973) because its crystal structure does not accom-
modate the adsorption and incorporation of Mg+2 ions
(Lippmann, 1973; Mucci and Morse, 1983). Thus, arago-
nite, rather than calcite, precipitates from a Na–Ca–Cl–
HCO3 solution under the ambient temperature and pres-
sure conditions in the presence of Mg2+. Given that the
presence of Mg2+ ions is required in the experimental
solution in order to obtain aragonite precipitates exclu-
sively, the influence of total Mg2+ concentration on
the oxygen isotope fractionation between aragonite and
water was investigated at 25 �C.
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3.2.1. Forced CO2 degassing method

Most aragonite precipitation experiments were carried
out in the presence of 20 mmolal Mg2+ at [Mg2+]/
[Ca2+] = 4 whereas others were conducted at Mg2+ concen-
trations of 100 and 200 mmolal at 25 �C. Speciation calcu-
lations by the Geochemist’s Workbench� reveal that free
HCO�3 remains the dominant carbonic acid species in the
precipitating solution (Na–Ca–Mg–Cl–HCO3) but, as the
total Mg2+ concentration is increased, the mole fraction
of MgHCO3

þ and MgCO3

�
ion-pairs gradually increases.

Aragonite was successfully precipitated and harvested
from the 100 mmolal Mg2+ solutions after 5 days of N2

bubbling. In contrast, precipitation did not occur in solu-
tions containing 200 mmolal Mg2+ after 16 days of
forced-CO2 degassing. It appears that the abundance of
Mg2+ ion-pairs with bicarbonate/carbonate ions in the lat-
ter solution inhibited aragonite precipitation by lowering
the activity coefficient of carbonate ions and, concomi-
tantly, the saturation index with respect to aragonite, from
0.11 (in the presence of 100 mmolal Mg2+) to �0.26 (with
200 mmolal Mg2+) (Pytkowicz, 1973).

The aragonite–water oxygen isotope fractionations
determined from analyses of aragonite precipitated at
25 �C in the presence of 20 and 100 mmolal Mg2+ are given
in Table 1; their averages and standard deviations (1r),
28.86 ± 0.10‰ and 28.82 ± 0.09‰, respectively, are indis-
tinguishable. Results presented in Fig. 2 for the forced
Forced & Passive CO2 Degassing at 25oC 
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Fig. 2. Influence of total Mg2+ concentration on 1000lnaaragonite–water

determined at 25 �C. Aragonite was precipitated either from Na–Ca–
Mg–Cl–HCO3 solutions containing 20 and 100 mmolal Mg2+ by the
forced CO2 degassing method or from similar solutions containing 20
or 902.5 mmolal Mg2+ by the passive CO2 degassing method. The
averages of each group of experiments (20 and 100 mmolal Mg2+)
from the forced CO2 degassing method are statistically indistin-
guishable from each other under the experimental conditions
investigated. Two types of oxygen isotope salt effects were identified
based upon the oxygen isotope activity or composition ratio of the
solutions in the presence of 902.5 mmolal Mg2+ from the passive CO2

degassing method. Each dashed line represents an average value for
each group from the passive CO2 degassing method.
CO2 degassing method reveal that the presence and relative
abundance of free and complexed Mg2+ ions, over the
range of concentrations investigated in this set of experi-
ments, does not significantly influence the oxygen isotope
fractionation between synthetic aragonite and water. It
should be noted, however, that experimental data presented
in Fig. 2 for the forced CO2 degassing method were taken
from the Experiment 2 group dataset only (Table 1) as data
from the Experiment 1 group were excluded for reasons de-
tailed in Section 3.1 (i.e., systematic discrepancy with the
latter group of results).
3.2.2. Passive CO2 degassing method

Even though the presence of Mg2+ (up to 100 mmolal)
did not affect the oxygen isotope fractionation between ara-
gonite and water in the forced degassing experiment (Sec-
tion 3.2.1), a further investigation was carried out in
which aragonite was precipitated by the passive CO2 degas-
sing method in the presence of up to 902.5 mmolal (or
�0.9 molal) Mg2+ at 25 �C. Data compiled in Table 2 show
that the d18O values of the Na–Ca–Mg–Cl–HCO3 solutions
(i.e., d18Owater) with 902.5 mmolal Mg2+ are about 1‰ low-
er than those (d18Opreparation water) of the water in which the
salts are dissolved whereas those of the 20–60 mmolal Mg2+

solutions are statistically indistinguishable from their
parental or preparation water. The discrepancy between
the isotopic ratios of the water in the dilute and concen-
trated Mg2+ solutions is due to an ‘‘isotope salt effect’’ on
the aqueous salt solutions. It should be noted that the
Na–Ca–Mg–Cl–HCO3 solutions described in Table 2 were
prepared by dissolving a magnesium chloride hexahydrate
(MgCl2Æ6H2O) salt. The number of water molecules con-
tributed to the solutions by the hydrated salt was negligible
for the solutions containing 20–60 mmolal Mg2+ but com-
prised a significant fraction (9.7%) of the total water in
the case of the 902.5 mmolal Mg2+ solutions. Oxygen iso-
tope salt effects determined experimentally by the
CO2–H2O equilibration technique in this study from a
500 mmolal and a 1000 mmolal MgCl2 solution were
�0.53‰ and �1.10‰, respectively at 25 �C. Consequently,
the oxygen isotope ratios of the preparation water
(Nanopure water plus hydration waters from the salt) re-
ported as d18Opreparation water in Table 2 for the Na–Ca–
Mg–Cl–HCO3 solutions with 902.5 mmolal Mg2+ were esti-
mated on the basis of the �1.0‰ oxygen isotope salt effect.

The 1000lnaaragonite–water values, calculated from the
d18Opreparation water values (isotope composition ratios) for
the Na–Ca–Mg–Cl–HCO3 solutions with 902.5 mmolal
Mg2+ at 25 �C, are almost 0.6‰ smaller than those ob-
tained from the solutions with 20 mmolal Mg2+ (Table 3
and Fig. 2). The oxygen isotope salt effect in aqueous saline
solutions was thoroughly investigated by O’Neil and Trues-
dell (1991) and Horita et al. (1993a,b). O’Neil and Truesdell
(1991) proposed two mechanisms to explain this phenome-
non when the isotopic composition of water is determined
by the CO2–H2O equilibration technique: fractionation
among the three oxygen-bearing species (bound or solva-
tion water, free water, and CO2) in the system, and modifi-
cation of the structure of water in the presence of ions. It
can be inferred from the first mechanism that Mg2+ ions,
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being structure-makers, will preferentially attract 18O-rich
water molecules to their hydration spheres, leaving the free
water, and aragonite that will precipitate from this system,
isotopically light. Consequently, smaller aragonite–water
oxygen isotope fractionations, or negative isotope salt ef-
fects, are expected from solutions with high Mg2+ concen-
trations relative to those obtained from pure water or
dilute solutions.

The 1000lnaaragonite–water values calculated from the
d18Owater values (isotope activity ratios) of the Na–Ca–
Mg–Cl–HCO3 solutions in the presence of 902.5 mmolal
Mg2+ are approximately 0.4‰ larger than those from the
solutions containing 20 mmolal Mg2+ (Table 3 and
Fig. 2). This small, but unexpected, discrepancy is beyond
the analytical error of ±0.13‰ and, thus, is interpreted as
an apparent activity-based oxygen isotope salt effect result-
ing from the presence of Mg2+ ions or its ion-pairs on the
aragonite–water fractionation factor. In general, isotope
salt effects on the fractionation factor are not anticipated
when isotope activity ratios of the solution are used for
the calculations of the fractionation factor. In view of these
observations and despite a lack of evidence, we propose
that our anomalous apparent activity-based oxygen isotope
salt effect of �0.4‰ implies that (1) the isotope activity ra-
tios (d18Owater values in Table 3) of concentrated solutions
determined by the CO2–H2O equilibration technique do
not reflect the true isotope activity ratios of concentrated
solutions when other phases, such as aragonite, are present
in the system or (2) the presence of high concentrations of
Mg2+ ions modifies the mechanism(s) of aragonite precipi-
tation and results in its relative enrichment in 18O.

The influence of NaCl, CaCl2, and dissolved minerals on
the oxygen isotope fractionation in mineral-water systems
at high pressure and temperatures were recently investi-
gated by Hu and Clayton (2003). At 15 kbar, they observed
that the oxygen isotope salt effect of a 5 molal CaCl2 solu-
tion is �0.68‰ at 600 �C and �0.61‰ at 750 �C, compared
to �0.15‰ and �0.22‰ for a 6.2 molal NaCl solution at
the same temperatures in the quartz-water system. Con-
versely, they reported a negligible influence of NaCl con-
centrations (up to 37 molal) on the calcite–water oxygen
isotope fractionation at 15 kbar between 300 and 750 �C.
Kim and O’Neil (1997) also reported salt effects (non-equi-
librium isotope effects of up to +1.6‰ on the calcite–water
fractionation at 25 �C) on the oxygen isotope fractionation
between abiogenic divalent metal carbonates and aqueous
bicarbonate and metal chloride solutions at low tempera-
tures (10, 25, and 40 �C). The mechanism(s) of oxygen iso-
tope salt effects in mineral-water systems remains unclear in
spite of the mounting evidence and database.
Bulk precipitation rate (mg CaCO3/kg solution/day)

Fig. 3. Relation between 1000lnaaragonite–water and estimated bulk
aragonite precipitation rate. Given an analytical error of ±0.13‰,
no effect of the bulk precipitation rate was observed for aragonite
precipitated from Na–Ca–Mg–Cl–HCO3 solutions at 10, 25 and
40 �C by the forced CO2 degassing method as well as at 25 �C by
the constant addition method. Diamond symbols shown on the
right side of the graph represent all equilibrium aragonite–water
oxygen isotope fractionations determined in this study, regardless
of the aragonite synthesis protocol.
3.3. Influence of precipitation rate on aragonite–water

fractionation

Precise determinations of the aragonite precipitation
rates from the three different homogeneous nucleation
methods employed in this study (see descriptions in Section
2.1.) is not practical because (1) the number and size of the
nuclei on which aragonite-growth proceeds is unpredictable
and (2) the surface area of the growing aragonite varies
during the course of the precipitation. Alternative synthesis
methods, involving heterogeneous nucleation (e.g., seeded
precipitation), from which the precipitation rate can be
quantitatively characterized, have been reported in the liter-
ature and successfully applied to kinetic studies of carbon-
ate minerals (Zhong and Mucci, 1993, 1994). These
heterogeneous nucleation methods could not be employed
in this study because the contribution of the seed material
to the isotopic composition of the bulk precipitate
(seed + overgrowth) would inevitably interfere with the
accurate determination of the d18O signature of aragonite
overgrowths.

Despite its limitations, a bulk precipitation rate (mg of
CaCO3/kg of solution/day) was calculated from most of
the forced CO2 degassing experiments performed at 10, 25
and 40 �C as well as for the constant addition precipitations
carried out at 25 �C (Tables 1 and 3). Results are presented
in Fig. 3. Given an analytical error of ±�0.13‰, Fig. 3
shows that the bulk precipitation rate does not affect the
oxygen isotope fractionation between aragonite and water
over the range (�1 up to �15.5 mg/kg/day) investigated.
In other words, no apparent kinetic isotope effects are in-
volved during the precipitations of inorganic aragonite un-
der the experimental conditions of this study.
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3.4. Influence of temperature on aragonite–water

fractionation

3.4.1. Inorganic aragonite

Aragonite was precipitated at five different temperatures
(0, 5, 10, 25, and 40 �C) by at least one of the three methods
described in Section 2.1 and the oxygen isotope fraction-
ation factors between aragonite and water were experimen-
tally determined (see Tables 1–3). An acid fractionation
factor of 1.01063 (Kim et al., in press) was applied to calcu-
late the oxygen isotope composition of the aragonite pre-
cipitates. Oxygen isotope fractionation factors obtained
from experimental solutions containing <100 mmolal
Mg2+ were included in the new determination of the arago-
nite–water calibration. The new calibration is shown in
Fig. 4 and is represented by the following expression:

1000lnaaragonite�water ¼ 17:88� 0:13ð103=T Þ � 31:14� 0:46

ð1Þ

The slope of the new aragonite–water fractionation
relation, shown in Fig. 4, is similar to that of the cal-
cite–water calibration of Kim and O’Neil (1997), but ara-
gonite is enriched in 18O relative to calcite over the
temperature range investigated (0–40 �C). On the basis
of this new aragonite–water fractionation relation and
the calcite–water relation of Kim and O’Neil (1997), the
aragonite–calcite fractionation at 25 �C is 0.78‰, a value
slightly larger than the fractionation of 0.6‰ determined
by Tarutani et al. (1969) but almost identical to the value
of 0.79‰ calculated by the same authors from partition
function ratios of the two polymorphs. It should be noted,
however, that the experimental value of Tarutani et al.
(1969) was derived using the same acid fractionation fac-
tor (1.01025) for both aragonite and calcite and, thus,
1000/T (K)

3.1 3.2 3.3 3.4 3.5 3.6 3.7

10
00

ln
α

ar
ag

on
ite

-w
at

er

22.00

24.00

26.00

28.00

30.00

32.00

34.00

36.00

38.00

Forced CO2 degassing (Exp. 1)
Forced CO2 degassing (Exp. 2) 
Passive CO2 degassing
Constant addtion method CO2

Kim and O'Neil (1997) -Calcite

Aragonite

1000lnα aragonite-water = 17.88 ± 0.13 (103/T) - 31.14 ± 0.46  

Fig. 4. Relation between 1000lnaaragonite–water and temperature. At
least one of the three precipitation methods described in Section 2.1
was used to synthesize aragonite at any given temperature. The
least squares fit to these data (Eq. (1)) is proposed for the
temperature dependence of the equilibrium oxygen isotope frac-
tionation between aragonite and water. A positive aragonite–
calcite fractionation is also obtained over the temperature ranges
investigated on the basis of Kim and O’Neil (1997)’s experimental
determination of the calcite–water temperature calibration.
their aragonite–calcite fractionation is not 0.6‰ but a lit-
tle smaller than the reported value. In contrast to these re-
sults, Zhou and Zheng (2003), who experimentally
determined the inorganic aragonite–water oxygen isotope
fractionation between 0 and 70 �C, reported a negative
aragonite–calcite fractionation of �4.47‰. Kim and
O’Neil (2005) have since proposed that several kinetic iso-
tope fractionation mechanisms may explain the results of
the aragonite precipitation experiments of Zhou and
Zheng (2003).

3.4.2. Comparison with biogenic aragonite

To facilitate a comparison of the results of this study
with fractionation factors derived from analyses of biogenic
carbonates, the aragonite–water fractionation factor deter-
mined in this study was recalculated using an acid fraction-
ation factor of 1.01025 (Sharma and Clayton, 1965), a value
in common use for calcite of any origin or physical state.
This recalculation was required because most of the bio-
genic carbonate oxygen isotope analyses reported in previ-
ous studies were obtained following a high-temperature
(>50 �C) reaction between the solid carbonate and H3PO4

and normalized to accepted values for (calcite) interna-
tional reference standards. The fractionation curves for
the aragonite–water systems are shown in Fig. 5. In addi-
tion, published temperature dependencies for the oxygen
isotope fractionation between aragonite and water are pro-
vided in Table 4. The biogenic aragonite–water curves of
Grossman and Ku (1986), Thorrold et al. (1997), Radtke
et al. (1996, 1998), White et al. (1999) and Böhm et al.
(2000) are slightly different from each other but uniformly
higher than the one generated in this study. In contrast,
our temperature calibration lies higher than the curve con-
structed by Patterson et al. (1993) from analyses of freshwa-
ter otoliths.
Fig. 5. Comparison of the new experimental aragonite–water
calibration with previously reported fractionation relationships for
biogenic aragonite–water at low temperatures. The shaded area
around the new calibration curve represents the standard error
(±0.46‰) of the regression analysis. The calcite–water isotope
fractionation curve of Kim and O’Neil (1997) is added for
comparison.



Table 4
Comparison of published determinations of the aragonite–water fractionation

Authors Temp. range (�C) Equations

This study 0–40 1000lna = 17.88 (103/T) � 31.14
Grossman and Ku (1986) 2.6–22 1000lna = 18.04 (103/T) � 31.12
Patterson et al. (1993) 3.2–30.3 1000lna = 18.56 (103/T) � 33.49
Thorrold et al. (1997) 18.2–25 1000lna = 18.56 (103/T) � 32.54
Radtke et al. (1998) 9–16 1000lna = 18.70 (103/T) � 33.13
White et al. (1999) 8–24 1000lna = 16.74 (103/T) � 26.39
Böhm et al. (2000) 3–28 1000lna = 18.45 (103/T) � 32.54

Temp., temperature.
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Considering that the standard error of the least squares
analysis (or curve fitting) for the intercept of our new cali-
bration (Eq. (1)) is ±0.46, all the biogenic aragonite–water
fractionation curves shown in Table 4 are statistically indis-
tinguishable from our new abiogenic aragonite–water frac-
tionation curve (see Fig. 5). The implications of these
observations are threefold: (1) many modern biogenic arag-
onites are precipitated at or very near oxygen isotope equi-
librium with ambient water, (2) where deviations from the
oxygen isotope equilibrium are observed, the discrepancy
can be accounted for by species specific vital (physiological
and/or kinetic) effects operating during the precipitation of
the biogenic aragonite, and (3) regardless of vital effects, the
temperature coefficients of all the aragonite–water curves
are, to all intents and purposes, the same. These conclusions
are drawn on the assumption that abiogenic aragonite can
be precipitated in oxygen isotope equilibrium with water
using the methods applied in this study. Given the nature
of the precipitation process, it is impossible to demonstrate
that isotopic equilibrium was attained during this study.
Nevertheless, the aragonite was precipitated relatively
slowly, under well-constrained environmental conditions,
from relatively dilute solutions and in the absence of vital
or metabolic effects. In addition, the forced CO2 degassing
method employed in this study is almost identical to the one
used by Kim and O’Neil (1997) to precipitate calcite in
apparent isotopic equilibrium with its parent solution. Thus
it is reasonable to assume that the aragonite synthesized in
this study yields a reliable equilibrium aragonite–water
fractionation that can be used as a reference point to eluci-
date the metabolic processes (vital effects) responsible for
the isotopic disequilibrium of biogenic aragonite relative
to their ambient fluids.
4. CONCLUSIONS

On the basis of principles established for the determina-
tion of the temperature dependence of the equilibrium cal-
cite–water fractionation (Kim and O’Neil, 1997) as well as a
study of the influence of the pH on the aragonite–water
fractionation (Kim et al., 2006), the equilibrium oxygen iso-
tope aragonite–water fractionations were determined as a
function of temperature between 0 and 40 �C. The least
squares fit to these measurements yields the following
equation:

1000lnaaragonite�water ¼ 17:88� 0:13ð103=T Þ � 31:14� 0:46
This new temperature coefficient for the aragonite–water
oxygen isotope fractionation will allow a more reliable
reconstruction of past climate variations and provide a
baseline for calibration of species-specific paleothermome-
ters. In addition, by combining our new experimental data
(equilibrium aragonite–water fractionation factors) and the
calcite–water fractionation relationship established in pre-
vious studies, a positive aragonite–calcite fractionation
(+�0.8‰ at 25 �C) was obtained between 0 and 40 �C.
The sign and magnitude of the aragonite–calcite oxygen
isotope fractionation factors are consistent with the exper-
imental results (0.6‰) and theoretical calculations
(0.79‰) of Tarutani et al. (1969). Because the slopes of
the aragonite–water and calcite–water expressions are very
similar, the aragonite–calcite fractionation can not be used
to determine temperatures of formation.

Finally, the influence of Mg2+ ions and its ion-pairs on
the oxygen isotope fractionation in the aragonite–water sys-
tem at 25 �C was experimentally studied. On the basis of
aragonite precipitation experiments conducted in the pres-
ence of 20 and 100 mmolal Mg2+, no oxygen isotope salt ef-
fect on the equilibrium aragonite–water oxygen isotope
fractionation was observed. However, significant isotope
salt effects were detected from aragonite precipitates synthe-
sized from solutions containing 902.5 mmolal Mg2+. Poten-
tial mechanisms for the composition-based as well as the
activity-based oxygen isotope salt effects observed in this
study were discussed.
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