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Abstract

Rhodochrosite crystals were precipitated from Na–Mn–Cl–HCO3 parent solutions following passive, forced and combined
passive-to-forced CO2 degassing methods. Forced and combined passive-to-forced CO2 degassing produced rhodochrosite
crystals with a small non-equilibrium oxygen isotope effect whereas passive CO2 degassing protocols yielded rhodochrosite
in apparent isotopic equilibrium with water. On the basis of the apparent equilibrium isotopic data, a new temperature-depen-
dent relation is proposed for the oxygen isotope fractionation between rhodochrosite and water between 10 and 40 �C:
2
1000lnarhodochrosite–water ¼ 17:84� 0:18ð103=T Þ � 30:24� 0:6
or
1000lnarhodochrosite–water ¼ 2:65� 0:03ð106=T 2Þ � 0:26� 0:35
where arhodochrosite–water is the fractionation factor between rhodochrosite and water, and T is in kelvins. Over the temperature
range investigated, rhodochrosite concentrates 18O relative to both calcite and aragonite, a result that is consistent with the
relative ionic radii of Ca2+ and Mn2+ and recent theoretical calculations.
� 2009 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Manganese is a relatively abundant element on Earth
and most commonly occurs in a variety of oxides, oxyhy-
droxides, and carbonates such as pyrolusite (MnO2), man-
ganite (MnO(OH)), rhodochrosite (MnCO3), and
kutnahorite (CaMn(CO3)2) in the Earth’s crust. Rhodo-
chrosite is isostructural with but less soluble and denser
0016-7037/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.
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than calcite. It is typically found as an authigenic mineral
in lacustrine and marine sediments (e.g., Morad and Al-
Asam, 1997) or in hydrothermal ore deposits (e.g., So
et al., 1993; Kuleshov and Bych, 2002). It was also reported
in a Martian meteorite (e.g., Saxton et al., 2000).

Equilibrium oxygen isotope fractionations between var-
ious divalent metal carbonates and water have been mea-
sured experimentally by a number of researchers (e.g.,
O’Neil et al., 1969; Carothers et al., 1988; Kim and O’Neil,
1997; Jiménez-López et al., 2004) but few have focused on
rhodochrosite. O’Neil et al. (1969) reported a rhodochro-
site–water oxygen isotope fractionation of +7.26&
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(corrected for a fractionation factor of 1.0412 between
CO2(gas) and H2O) at 240 �C from a high temperature
hydrothermal equilibration experiment. This result, com-
bined with results of their calcite–water oxygen isotope
fractionation study, indicated that rhodochrosite was
depleted in 18O by 0.4& relative to calcite at 240 �C. In con-
trast, their theoretical calculations predicted a positive
(+0.7&) oxygen isotope fractionation between rhodochro-
site and calcite at the same temperature.

To resolve these discrepancies and better understand the
oxygen isotope systematics of divalent metal carbonate–
water systems, rhodochrosite was synthesized from aqueous
solutions under well-controlled laboratory conditions at 10,
25 and 40 �C and the apparent equilibrium oxygen isotope
fractionations between rhodochrosite and water were deter-
mined. Experimental protocols developed in previous stud-
ies of oxygen isotope fractionation in carbonate–water
systems (e.g., Kim and O’Neil, 1997; Kim et al., 2007b)
were employed to synthesize rhodochrosite.

2. EXPERIMENTAL METHOD

2.1. Synthesis of manganese carbonates

2.1.1. Forced CO2 degassing methods

A 5 mmolal NaHCO3 solution was prepared gravimetri-
cally in deionized water (18 MX cm) and stored in a closed
glass bottle immersed in a constant temperature bath at 10,
25 or 40 �C (±0.01 �C). The NaHCO3 solution was aged for
a minimum of 2 days to establish oxygen isotope equilibria
among carbonic acid species in solution. The time required
to reach oxygen isotopic equilibrium is a function of solu-
tion pH and temperature (Beck et al., 2005; Kim et al.,
2006). Subsequently, reagent-grade MnCl2�4H2O was
added to the isotopically- and thermally-equilibrated NaH-
CO3 solution to a concentration of 5 mmolal Mn2+. For the
40 �C experiments, purified CO2 gas (P = 1 bar) was bub-
bled through the Na–Mn–Cl–HCO3 solution for no more
than 5 min in order to inhibit spontaneous nucleation and
precipitation of rhodochrosite upon the addition of the
MnCl2�4H2O salt. An aliquot of the Na–Mn–Cl–HCO3

solution was taken for d18O analysis of the water and the
pH was determined using a combination glass electrode cal-
ibrated at room temperature using two NIST-traceable buf-
fer solutions (7.0 and 10.1 at 25 �C). Finally, 300 mL of the
experimental solution were transferred into a specially de-
signed glass vessel and the solution was thermostated for
at least one hour in a constant temperature bath
(±0.01 �C) before precipitation was initiated by stripping
out the CO2. Humidified N2 gas was bubbled slowly
through the experimental solution to remove CO2 thus
increasing the saturation state of the solution and promot-
ing the nucleation and slow precipitation of rhodochrosite
in the glass vessel. The N2 gas was pre-saturated with water
vapor by bubbling through a gas diffuser filled with water
of the same oxygen isotope composition as the experimental
solution in order to ensure that the oxygen isotope compo-
sition of the solution remained constant. After more than
10 mg of rhodochrosite precipitated (4 to 85 days), a
20 mL aliquot of the final experimental solution was taken
for d18O analysis of the water, and the pH of the solution
was measured. Rhodochrosite, precipitated on the walls
and at the bottom of the glass vessel, was removed using
a rubber policeman, filtered through a Gelman 0.45 lm Su-
por� membrane disk filter, and rinsed several times, first
with large volumes (�2 L) of deionized water and then with
methyl alcohol. The precipitates were dried on the filter pa-
per for at least 10 h at 70 �C prior to storage for isotopic
analysis. All precipitates were identified as pure rhodochro-
site either by X-ray diffraction analysis, scanning electron
microscopy (SEM), or optical microscopy. Fig. 1 shows
typical XRD patterns of rhodochrosite crystals synthesized
in this study at different temperatures.

A variant of the forced CO2 degassing method was also
employed at 40 �C. In this passive-to-forced CO2 degassing

method, CO2 was degassed freely for several hours (or
days) before water-saturated N2 gas was bubbled though
the experimental solution for the remainder of the precipi-
tation experiment.

2.1.2. Passive CO2 degassing methods

Na–Mn–Cl–HCO3 solutions containing 3 or 5 mmolal
Mn2+ were prepared as described in the previous Section
2.1.1. Two slightly different passive CO2 degassing methods
were used to precipitate rhodochrosite from the parent Na–
Mn–Cl–HCO3 solutions. In the first method, hereafter re-
ferred to as the passive-1 CO2 degassing method, 1L of
the experimental solution was kept in a thermostated,
closed glass bottle throughout the course of precipitation
and CO2 was allowed to degas to the headspace (Kim
et al., 2007b). In the second method, hereafter referred to
as the passive-2 CO2 degassing method, the experimental
solution was allowed to degas freely to the atmosphere.
In other words, the apparatus and protocols for the forced
CO2 degassing method were adopted without any modifica-
tion except that N2 gas was not bubbled through the solu-
tion. Collection of the initial and final experimental
solutions for d18O analysis of the water and pH measure-
ments of the solution were carried out as described in the
previous section. Analysis of the oxygen isotope composi-
tion of the experimental solutions revealed that it remained
invariant over the course of rhodochrosite precipitations
(see Table 1). The rhodochrosite recovered at the end of
these precipitation experiments was treated, examined,
and stored as described in the previous section.

2.2. Oxygen isotope analysis

Rhodochrosite samples were reacted with fresh aliquots
of phosphoric acid (i.e., q = 1.92 at 25 �C) at 77 �C for
15 min. An optimal reaction time of 15 min was chosen
on the basis of time-series experiments carried out in this
study. The CO2 liberated from rhodochrosite by reaction
with phosphoric acid was analyzed on a Finnigan MAT
251 or 253 stable isotope ratio mass spectrometer coupled
to a Kiel I or IV device at the University of Michigan. Mea-
sured d18O values of the acid-liberated CO2 ðd18OCO2ðACIDÞÞ
at 77 �C from international reference standards NBS-18
and NBS-19 were fitted against their recommended
d18 OCO2ðACIDÞ values at 77 �C. The recommended
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Fig. 1. Typical XRD patterns of rhodochrosite precipitates collected at three different temperatures for the calibration of the oxygen isotope
fractionation between rhodochrosite and water.
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d18OCO2ðACIDÞ values of NBS-18 (+15.72%) and NBS-19
(+37.39&) at 77 �C were calculated on the basis of the acid
fractionation factor of 1.00850 extrapolated to 77 �C from
the temperature-relationship determined for calcite (Kim
et al., 2007a) and the published d18O values for NBS-18
(+7.16&) and NBS-19 (+28.65&) relative to V-SMOW.
Based on the calibration established above from the analy-
ses of the international standards, d18OCO2ðACIDÞ values of
the rhodochrosite samples with respect to V-SMOW at
77 �C were estimated from the measured d18OCO2ðACIDÞ val-
ues at 77 �C. The acid fractionation factor of 1.00796 at
77 �C for rhodochrosite (Sharma and Clayton, 1965; Bött-
cher, 1996) was then applied to the computed d18OCO2ðACIDÞ
values of the rhodochrosite samples. The reproducibility
(1r) of the d18O measurements, based upon replicate anal-
yses of NBS-18 and NBS-19 standards under the same ana-
lytical conditions as of the rhodochrosite samples, was
better than ±0.07&.

Most of the water samples were analyzed at 25 �C using
an automated CO2–H2O equilibration device coupled to a
Finnigan MAT 252 stable isotope mass spectrometer at
Korea University. A CO2–H2O fractionation factor of
1.0412 (O’Neil et al., 1975) was applied to obtain the oxy-
gen isotope composition of the water itself, and the d18O
values of water samples were normalized to the oxygen iso-
tope compositions of two laboratory water standards cali-
brated against V-SMOW and V-SLAP. The overall
precision (1r) of the water d18O analyses, on the basis of
replicate analyses of the laboratory water standards, was
±0.05&. The other water samples, identified in Table 1,
were analyzed using a Finnigan GasBench connected to a
Finnigan DeltaPlus-XP stable isotope ratio mass spectrom-
eter at the University of Ottawa (G.G. Hatch Stable Iso-
tope Laboratory). In this case, samples and laboratory
standards pre-pipetted into Exetainer� vials were equili-
brated with a gas mixture of 2% CO2 in helium at
25 �C or room temperature for a minimum of 18 h prior
to the isotopic analysis of the CO2. Analytical precision
for this method was ±0.08& (1r). The oxygen isotope
fractionation factor between rhodochrosite and water
(arhodochrosite–water) is defined as:

arhodochrosite–water ¼
d18Orhodochrosite þ 1000

d18Owater þ 1000

The permil fractionation (1000lnarhodochrosite–water) is used
to present the experimental data in this study.

3. RESULTS AND DISCUSSION

3.1. Influence of precipitation rate on rhodochrosite–water

fractionation

3.1.1. Synthesis method

Table 2 summarizes the results of individual precipitation
experiments performed by each of the protocols described in
this study and the averages of the rhodochrosite–water
oxygen isotope fractionations (1000lnarhodochrosite–water)
determined from the Mn–Na–Cl–HCO3 parent solutions at



Table 1
Experimental conditions and oxygen isotope data for rhodochrosite precipitation experiments carried out at 10, 25, and 40 �C. Rhodochrosite
was precipitated by forced or passive CO2 degassing methods.

Sample Temp. (�C) HCO3/
Mna

(mmolal)

Method Ini. S.I. Initial pH Final pH d18Oini.

water
b(&)

d18Orhodo.

(&)
d18Owater

c

(&)
a(rhodo.–water) 1000ln

a(rhodo.–water)

Mn-10-3 10.0 5/5d Forced 2.98 7.86 7.46 �9.45 23.29 �9.44 1.03304 32.51
Mn-10-4 10.0 5/5 Forced 2.98 7.86 7.73 �9.45 23.16 �9.43 1.03290 32.37
Mn-10-5 10.0 5/5 Forced 2.98 7.78 7.32 �10.08 22.90 �9.70 1.03292 32.39
Mn-10-6 10.0 5/5 Forced 2.98 7.78 7.46 �10.08 23.06 �10.09 1.03349 32.94
Mn-10-7 10.0 5/5 Forced 2.98 7.78 7.60 �10.08 22.96 �10.02 1.03331 32.77
Mn-10-8 10.0 5/5 Forced 2.98 7.67 7.66 �9.84 23.15 �9.82 1.03330 32.75
Mn-10-9 10.0 5/5 Passive-2 2.98 7.67 7.17 �9.84 23.10 �9.73 1.03315 32.61
Mn-10-10 10.0 5/5 Passive-2 2.98 7.90 6.93 �9.93 23.03 �9.88 1.03324 32.70
Mn-10-11 10.0 5/5 Passive-2 2.98 7.90 6.94 �9.93 23.09 �9.90 1.03332 32.78
Mn-10-12 10.0 5/5 Passive-2 2.98 7.90 6.95 �9.93 23.02 �9.89 1.03324 32.70
Mn-10-13 10.0 5/5 Passive-1 2.98 7.78 6.98 �9.90 23.25 �9.87 1.03345 32.90
Mn-10-14 10.0 5/5 Passive-1 2.98 7.78 6.98 �9.89 23.07 �9.93 1.03333 32.79
Mn-10-15 10.0 5/5 Passive-1 2.98 7.79 6.90 �9.92 23.07 �9.91 1.03331 32.77
Mn-10-16 10.0 5/3 Passive-1 2.89 7.89 7.03 �9.94 23.04 �9.97 1.03334 32.80
Mn-10-17 10.0 5/3 Passive-1 2.89 7.88 7.07 �9.92 23.03 �9.96 1.03332 32.78
Mn-10-18 10.0 5/3 Passive-1 2.89 7.82 7.15 �9.90 23.02 �9.90 1.03325 32.71

Mn-25-1 25.0 5/5 Forced 3.09 7.83 7.42 �9.52 20.09 �9.52 1.02989 29.46
Mn-25-2 25.0 5/5 Forced 3.09 7.83 7.55 �9.52 20.01 �9.52 1.02981 29.38
Mn-25-3 25.0 5/5 Forced 3.09 7.83 7.54 �9.48 20.07 �9.54 1.02990 29.46
Mn-25-4 25.0 5/5 Forced 3.09 7.78 7.20 �9.52 20.21 �9.52 1.03002 29.57
Mn-25-5 25.0 5/5 Forced 3.09 7.78 7.33 �9.52 20.30 �9.49 1.03008 29.63
Mn-25-6 25.0 5/5 Forced 3.09 7.72 7.26 �10.07 19.36 �10.05 1.02971 29.28
Mn-25-7 25.0 5/5 Forced 3.09 7.72 7.43 �10.07 19.85 �10.00 1.03015 29.71
Mn-25-8 25.0 5/5 Passive-2 3.09 7.81 6.49 �9.96 20.28 �9.81 1.03039 29.94
Mn-25-9 25.0 5/5 Passive-2 3.09 7.81 6.79 �9.96 20.13 �9.88 1.03031 29.86
Mn-25-10 25.0 5/5 Passive-2 3.09 7.81 6.46 �9.96 20.14 �9.85 1.03029 29.84
Mn-25-11 25.0 5/5 Passive-1 3.09 7.77 6.74 �9.70e 20.00 �9.75e 1.02962 29.60
Mn-25-12 25.0 5/5 Passive-1 3.09 7.76 6.59 �9.76e 19.98 �9.77e 1.02963 29.60
Mn-25-13 25.0 5/5 Passive-1 3.09 7.68 6.58 �9.78e 20.02 �9.73e 1.02962 29.60
Mn-25-14 25.0 5/3 Passive-1 3.00 7.61 6.76 �9.78e 19.97 �9.76e 1.02960 29.58
Mn-25-15 25.0 5/3 Passive-1 3.00 7.61 6.82 �9.77e 19.97 �9.76e 1.02961 29.58
Mn-25-16 25.0 5/3 Passive-1 3.00 7.48 6.75 �9.76e 20.04 �9.72e 1.02964 29.61

Mn-40-1 40.0 5/5 Forced 3.54 6.69 7.11 �9.51 17.10 �9.43 1.02678 26.43
Mn-40-2 40.0 5/5 Forced 3.54 6.69 7.09 �9.51 17.05 �9.47 1.02677 26.42
Mn-40-3 40.0 5/5 Passive to forced 3.54 7.63 7.27 �10.11 16.59 �10.04 1.02690 26.54
Mn-40-4 40.0 5/5 Passive to forced 3.54 7.63 7.25 �10.11 16.49 �10.02 1.02678 26.43
Mn-40-5 40.0 5/5 Passive-2 3.54 7.63 7.18 �10.11 16.61 �10.05 1.02693 26.57
Mn-40-6 40.0 5/5 Passive to forced 3.54 7.83 7.45 �10.07 16.53 �10.06 1.02686 26.51
Mn-40-7 40.0 5/5 Passive to forced 3.54 7.83 7.22 �10.07 16.53 �10.02 1.02682 26.47
Mn-40-8 40.0 5/5 Passive to forced 3.54 7.83 7.27 �10.07 16.48 �10.07 1.02682 26.47
Mn-40-9 40.0 5/5 Passive-2 3.54 7.79 7.40 �10.04 16.52 �10.02 1.02681 26.46
Mn-40-10 40.0 5/5 Passive-2 3.54 7.79 7.32 �10.04 16.66 �10.03 1.02696 26.60
Mn-40-11 40.0 5/5 Passive-2 3.54 7.79 7.28 �10.04 16.67 �10.01 1.02695 26.59
Mn-40-12 40.0 5/5 Passive-1 3.54 7.52 6.53 �9.77e 17.10 �9.70e 1.02664 26.70
Mn-40-13 40.0 5/5 Passive-1 3.54 7.63 6.35 �9.77e 17.22 �9.76e 1.02682 26.88
Mn-40-14 40.0 5/5 Passive-1 3.54 7.68 6.29 �9.76e 17.29 �9.74e 1.02688 26.93
Mn-40-15 40.0 5/3 Passive-1 3.40 7.59 6.77 �9.76e 17.24 �9.71e 1.02680 26.85
Mn-40-16 40.0 5/3 Passive-1 3.40 7.73 6.58 �9.81e 17.03 �9.75e 1.02662 26.68
Mn-40-17 40.0 5/3 Passive-1 3.40 7.80 6.57 �9.54e 17.48 �9.50e 1.02681 26.87

Temp. = temperature; Ini. S.I. = initial saturation index; rhodo. = rhodochrosite.
a HCO3/Mn denotes NaHCO3/MnCl2�4H2O.
b Oxygen isotope composition of the experimental solution at the beginning of the precipitation experiment.
c Oxygen isotope composition of the experimental solution at the end of the precipitation experiment.
d 5/5 denotes 5 mmolal NaHCO3 + 5 mmolal MnCl2�4H2O.
e Denotes a value obtained from the Univerity of Ottawa.
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10, 25, and 40 �C. Considering the analytical error
(1ranalytical = ±0.13 or ±0.15&, see Table 2) associated with
the oxygen isotope analyses of rhodochrosite and water,
slightly smaller averages (maximum differences of 0.20,



Table 2
The type and number of precipitation experiments, average values of 1000lnarhodochrosite–water, their corresponding standard deviations, and
analytical errors at 10, 25, and 40 �C.

Temperature/Synthesis method n 1000lnarhodochrosite–water r se aanalytical

10 �C
Forced CO2 degassing 6 32.62 0.21 0.09 0.13
Passive-1 CO2 degassing 3 32.82 0.06 0.03 0.13
Passive-2 CO2 degassing 4 32.70 0.06 0.03 0.13

25 �C
Forced CO2 degassing 7 29.50 0.14 0.05 0.13
Passive-1 CO2 degassing 3 29.60 0.00 0.00 0.15
Passive-2 CO2 degassing 3 29.88 0.04 0.02 0.13

40 �C
Forced CO2 degassing 2 26.43 0.00 0.00 0.13
Passive-to-forced CO2 degassing 5 26.48 0.04 0.02 0.13
Passive-1 CO2 degassing 3 26.84 0.10 0.06 0.15
Passive-2 CO2 degassing 4 26.56 0.06 0.03 0.13

n = number of experiment; r = standard deviation; ranalytical = maximum analytical error; se = standard error.

4404 S.-T. Kim et al. / Geochimica et Cosmochimica Acta 73 (2009) 4400–4408
0.38 and 0.41& at 10, 25, and 40 �C, respectively) of the
1000lnarhodochrosite–water were determined from the rhodo-
chrosite prepared by the forced (forced and passive-to-
forced) CO2 degassing methods. We ascribe the discrepancy
to a non-equilibrium isotope or kinetic effect resulting from
the faster precipitation of rhodochrosite in the forced CO2

degassing experiments relative to the passive-1 and passive-
2 CO2 degassing experiments.

Kim and O’Neil (1997) and Kim et al. (2007b) demon-
strated that calcite and aragonite were precipitated in
isotopic equilibrium with the parent solutions under their
experimental conditions (e.g., slow bubbling rate, 5 mmolal
Ca2+ and HCO3

� initial concentrations) by the forced CO2

degassing method. Rhodochrosite is, however, approxi-
mately 100 times less soluble than calcite in water (Morse
and Mackenzie, 1990) and, under similar experimental condi-
tions (5 mmolal Mn2+ and HCO3

� initial concentrations),
precipitation rates in forced CO2 degassing experiments
should be much larger. Accordingly, the oxygen isotope frac-
tionation between rhodochrosite and water is expected to be
more susceptible to non-equilibrium isotope or kinetic effects
when the mineral is precipitated by this method. Similarly,
Kim et al. (2006) reported non-equilibrium isotope effects
when aragonite and witherite were precipitated rapidly at
25 �C and proposed that the effects were related to the fast
precipitation of the carbonate minerals.

It is noteworthy that the smallest non-equilibrium iso-
tope or kinetic effect (0.20&) was observed at the lowest
investigated temperature (10 �C) where the slowest precipi-
tation rate is expected since rhodochrosite displays retro-
grade solubility (Bethke, 1998) and, hence, the initial
saturation index (log [{Mn2+} � {CO3

2�}/K�sp (rhodochro-

site)] where {Mn2+} and {CO3
2�} are the activities of the

Mn2+ and CO3
2� ions, respectively) of the parent solution

will be lower at lower temperatures. The initial saturation
index of the parent Na–Mn–Cl–HCO3 solution for each
synthesis experiment, with respect to rhodochrosite, was
calculated using the Geochemist Work-bench� (B-dot
equation, an extended form of the Debye–H}uckel equation
described by Helgeson (1969)) from the gravimetric recipe
(Mn2+, carbonate alkalinity, and total dissolved inorganic
carbon concentrations) and is reported in Table 1. Because
the rhodochrosite crystals prepared by the forced CO2

degassing methods formed out of oxygen isotope equilib-
rium with the ambient water, only the data collected for
rhodochrosite prepared by the passive CO2 degassing meth-
ods were used to calculate our best estimate of the equilib-
rium oxygen isotope fractionation between rhodochrosite
and water.

3.1.2. Initial Mn2+ concentration

Under the experimental conditions investigated by Kim
et al. (2006, 2007b), it can be inferred from their oxygen iso-
tope data that the initial Ca2+ concentrations and alkalini-
ties of the experimental solutions did not influence the
‘‘equilibrium” oxygen isotope fractionation between arago-
nite and water. Isotopic equilibrium between a precipitating
carbonate mineral and its parent solution can be achieved,
regardless of the chemical composition of the solution,
when (1) the carbonate mineral precipitates slowly enough
for the adsorbed CO3

2� and/or the newly formed carbonate
surface layer to equilibrate with the surrounding water and
(2) dissolved ions, such as Ca2+ and Mg2+, in the precipitat-
ing solution do not modify the physical and chemical prop-
erties of water molecules in the solution and do not
significantly alter the precipitation mechanism.

To confirm that oxygen isotope equilibrium was estab-
lished in the synthetic rhodochrosite prepared by the two pas-
sive CO2 degassing methods (passive-1 and passive-2),
rhodochrosite was precipitated using the same method but
from Na–Mn–Cl–HCO3 solutions of lower initial Mn2+ con-
centrations (3 instead of 5 mmolal). By lowering the initial
Mn2+ concentration of the parent solution and, hence, its ini-
tial saturation index, the precipitation rate will decrease and
minimize kinetic effects that might arise during mineral
growth. Table 3 shows the averages, standard deviations,
and analytical errors of the permil rhodochrosite–water oxy-
gen isotope fractionation (1000lnarhodochrosite–water) for sam-
ples precipitated from Na–Mn–Cl–HCO3 solutions of
different initial Mn2+ concentrations at 10, 25, and 40 �C.
The 1r values, reported in Table 3, are standard deviations
of the experimentally-determined permil fractionations



Table 3
The conditions and number of precipitation experiments, average values of 1000lnarhodochrosite–water, their corresponding standard deviations,
and analytical errors at 10, 25, and 40 �C.

Temperature/Initial concentrations n Method 1000lnarhodochrosite–water r ranalytical

10 �C
5 mmolal NaHCO3 + 3 mmolal MnCl2�4H2O 3 Passive-1 32.76 0.04 0.13
5 mmolal NaHCO3 + 5 mmolal MnCl2�4H2O 3 Passive-1 32.82 0.06 0.13
5 mmolal NaHCO3 + 5 mmolal MnCl2�4H2O 7 Passive-1&2 32.75 0.08 0.13

25 �C
5 mmolal NaHCO3 + 3 mmolal MnCl2�4H2O 3 Passive-1 29.59 0.01 0.15
5 mmolal NaHCO3 + 5 mmolal MnCl2�4H2O 3 Passive-1 29.60 0.00 0.15
5 mmolal NaHCO3 + 5 mmolal MnCl2�4H2O 6 Passive-1&2 29.74 0.14 0.15

40 �C
5 mmolal NaHCO3 + 3 mmolal MnCl2�4H2O 3 Passive-1 26.80 0.09 0.15
5 mmolal NaHCO3 + 5 mmolal MnCl2�4H2O 3 Passive-1 26.84 0.10 0.15
5 mmolal NaHCO3 + 5 mmolal MnCl2�4H2O 7 Passive-1&2 26.68 0.16 0.15

n = number of experiment; r = standard deviation; ranalytical = maximum analytical error.
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(1000lnarhodochrosite–water) under a given set of experimental
conditions. Analytical errors (Section 2.2) associated with
the oxygen isotope composition measurements of rhodo-
chrosite and water are not reflected in these values. Within
the analytical error (1ranalytical = ±0.13 or ±0.15&) (Tables
2 and 3) and the range of concentrations and temperatures
investigated, the initial Mn2+concentration of the parent
solutions does not affect the oxygen isotope fractionation be-
tween rhodochrosite and water (Fig. 2). These results are con-
sistent with the assumption, in accordance with the
hypothesis of Kim et al. (2006, 2007b), that ‘‘equilibrium”

carbonate–water fractionation can be achieved irrespective
of the initial concentration of the parent solutions. Accord-
ingly, the 1000lnarhodochrosite–water values obtained by the
two passive CO2 degassing methods, regardless of the initial
cation concentrations investigated, were considered as
‘‘apparent equilibrium” permil oxygen isotope fractiona-
tions between rhodochrosite and water.

Kim and O’Neil (1997) observed positive and reproduc-
ible non-equilibrium isotope effects for calcite, witherite, and
otavite crystals synthesized from Na–X–Cl–HCO3

(X = Ca2+, Cd2+, or Ba2+) solutions at high initial cation
concentrations and carbonate alkalinities. The observed
non-equilibrium isotope effects could have been kinetic in ori-
gin and possibly due to the relatively high precipitation rates
of the carbonates from highly supersaturated solutions.
Alternatively, the reproducible experimental fractionations,
as a function of both solution composition and temperature,
could be interpreted as reflecting isotopic equilibrium with the
solution since water bound to dissolved electrolytes in con-
centrated solutions can have distinctly different isotopic
properties from those of the pure or bulk water (O’Neil and
Truesdell, 1991; Horita et al., 1993a; Horita et al., 1993b).

3.2. Temperature dependence of rhodochrosite–water

fractionation

Twenty nine samples of rhodochrosite were precipitated
between 10 and 40 �C by the two passive-CO2 degassing
methods and their oxygen isotope compositions were mea-
sured. The temperature dependence of the rhodochrosite–
water oxygen isotope fractionation between 10 and 40 �C
is shown in Fig. 3 and the new calibration is given by the
following expression:

1000lnarhodochrosite–water

¼ 17:84� 0:18ð103=T Þ � 30:24� 0:62 ð1Þ
or 1000lnarhodochrosite–water

¼ 2:65� 0:03ð106=T 2Þ � 0:26� 0:35 ð2Þ

The slope of the inverse-temperature (1/T, Eq. (1)) rhodo-
chrosite–water fractionation relation (17.84 ± 0.18) is sta-
tistically indistinguishable from that of the calcite–water
(18.03; Kim and O’Neil, 1997) and aragonite–water (17.88
± 0.13; Kim et al., 2007) calibrations. It should be noted
that reported uncertainties for the slope and intercept in
Eq. (1) are based on the 29 experimentally-determined val-
ues of 1000lnarhodochrosite–water and analytical errors re-
ported in Section 2.2 are not taken into account in their
derivation.

3.3. Comparison with theoretical calculations

Theoretical and experimental fractionation curves for
the rhodochrosite–water, aragonite–water, and calcite–
water systems are shown in Fig. 4. A most important fea-
ture of the fractionation curves shown in Fig. 4 is the order
of relative equilibrium 18O enrichment among the Ca and
Mn carbonates: rhodochrosite > aragonite > calcite. The
positive experimental rhodochrosite–calcite fractionations
at low temperatures (e.g., +1.5& at 25 �C) are consistent
with the fractionations calculated by O’Neil et al. (1969)
at high temperatures (+0.7& at 240 �C). Results of a more
recent theoretical study by Chacko and Deines (2008) also
yield positive rhodochrosite–calcite fractionations (+2.5
and +0.9& at 25 and 240 �C, respectively). The theoretical
and experimental oxygen isotope fractionation calibration
curves for the rhodochrosite–water, aragonite–water, and
calcite–water systems are in relatively good agreement given
the standard errors (±0.62& in the case of the rhodochro-
site–water system) of the regression analysis in the experi-
mental calibrations. Based upon the results of this oxygen
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isotope calibration study, the cation radius appears to be a
critical factor in determining the equilibrium isotope prop-
erties of carbonate minerals. Given the dearth of experi-
mental results on this system, further laboratory studies
are required to unambiguously determine which parameters
(e.g., cation radius or reduced mass) governs the equilib-
rium oxygen isotope fractionation in carbonate minerals.

4. CONCLUSIONS

Forced CO2 degassing precipitation methods yielded
rhodochrosite that incorporated a small non-equilibrium
oxygen isotope or kinetic effect. Conversely, two passive
CO2 degassing methods, applied under various experimen-
tal conditions, produced rhodochrosite in apparent oxygen
isotope equilibrium with water in the parent solutions.
These data were chosen to derive the following equations
that describe low-temperature oxygen isotope fractionation
between rhodochrosite and water:

1000lnarhodochrosite–water¼ 17:84�0:18ð103=T Þ�30:24�0:62

or 1000lnarhodochrosite–water¼ 2:65�0:03ð106=T 2Þ�0:26�0:35

A combination of this new experimental calibration with
published calibrations for aragonite and calcite establishes
that, at equilibrium, rhodochrosite concentrates 18O rela-
tive to aragonite which, in turn, concentrates 18O relative
to calcite. This experimental observation is consistent with
results of recent and previous theoretical estimates of oxy-
gen isotope fractionation factors in carbonate systems and
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furthers our understanding of the oxygen isotope geochem-
istry of divalent metal carbonates.
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