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Abstract—Mg-bearing calcite was precipitated at 25°C in closed system free-drift experiments from solutions
containing NaHCO3, CaCl2 and MgCl2. The chemical and isotope composition of the solution and precipitate
were investigated during time course experiments of 24-h duration. Monohydrocalcite and calcite precipitated
early in the experiments (�8 h), while Mg-calcite was the predominant precipitate (�95%) thereafter. Solid
collected at the end of the experiments displayed compositional zoning from pure calcite in crystal cores to
up to 23 mol% MgCO3 in the rims. Smaller excursions in Mg were superimposed on this chemical record,
which is characteristic of oscillatory zoning observed in synthetic and natural solid-solution carbonates of
differing solubility. Magnesium also altered the predominant morphology of crystals over time from the {104}
to {100} and {110} growth forms.

The oxygen isotope fractionation factor for the magnesian-calcite-water system (as 103ln�Mg-cl-H2O
)

displayed a strong dependence on the mol% MgCO3 in the solid phase, but quantification of the relationship
was difficult due to the heterogeneous nature of the precipitate. Considering only the Mg-content and�18O
values for the bulk solid, 103ln�Mg-cl-H2O

increased at a rate of 0.17� 0.02 per mol% MgCO3; this value is
a factor of three higher than the single previous estimate (Tarutani T., Clayton R.N., and Mayeda T. K. (1969)
The effect of polymorphims and magnesium substitution on oxygen isotope fractionation between calcium
carbonate and water.Geochim. Cosmochim. Acta 33, 987–996). Nevertheless, extrapolation of our relation-
ship to the pure calcite end member yielded a value of 27.9� 0.02, which is similar in magnitude to published
values for the calcite-water system. Although no kinetic effect was observed on 103ln�Mg-cl-H2O

for precip-
itation rates that ranged from 103.21 to 104.60�mol · m�2 · h�1, it was impossible to disentangle the potential
effect(s) of precipitation rate and Mg-content on 103ln�Mg-cl-H2O

due to the heterogeneous nature of the solid.
The results of this study suggest that paleotemperatures inferred from the�18O values of high magnesian

calcite (�10 mol% MgCO3) may be significantly underestimated. Also, the results underscore the need for
additional experiments to accurately characterize the effect of Mg coprecipitation on the isotope systematics
of calcite from a chemically homogeneous precipitate or a heterogeneous material that is analyzed at the scale

of chemical and isotopic zonation.Copyright © 2004 Elsevier Ltd
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1. INTRODUCTION

Mg-calcite is an important mineral constituent of the sk
tons of marine organisms (e.g., algae, brachiopods, moll
echinoderms;Lowenstam, 1961; Duplessy et al., 1970; Pop
al., 1986; Veizer et al., 1986; Brand, 1989; Rush and Cha
1990; Carpenter and Lohman, 1995; Rahimpour-Bonab e
1997) and marine sedimentary cements (Gonzalez and Loh
man, 1985; Carpenter et al., 1991; Saller and Moore, 199). In
addition, Mg-calcite has been used as a paleotemperature
cator, although there is debate as to whether it precipitat
isotope equilibrium with ambient water (Gonzalez and Loh
man, 1985).

Mechanisms involving the incorporation of Mg in calcite a
the effect of Mg on the properties of calcite have been
subject of intensive research and controversy for many y
Numerous studies have suggested that Mg inhibits calcit
cleation and growth (Lippmann, 1973; Reddy and Wang, 19
Mucci and Morse, 1983, 1984; Deleuze and Brantley, 1
Davis et al., 2000; Zhang and Dave, 2000). This inhibition is
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attributed to the higher activation energy (�20%) required fo
Mg2� dehydration (compared to Ca2�) on the surface of
growing crystal, which is the rate controlling step for
precipitation of carbonate from solution (Nancollas and Purdi
1964).

Crystals grown from multicomponent aqueous solution
relatively low temperature (e.g., 25°C) may display comp
tional gradients as a result of changes in the solid/liquid i
face during crystal growth. Individual crystals may record
chemical or isotopic record of past crystallization events
cause once a layer is deposited, ionic solid state diffusi
negligible and previously formed layers tend not to reeq
brate with the solid/liquid interface (Prieto et al., 1997). To
interpret these records, various factors must be considered
as kinetic effect, which potentially influence both the chem
and isotope systematics of the solid phase (Thortenson an
Plummer, 1977; Berner, 1978; Lorens, 1981; Lahann
Siebert, 1982; Reeder and Grams, 1987). Physical expression
of kinetic effect have been documented in natural and synt
carbonates. For instance, differences in chemical compo
between sectors of a crystal were detected byReeder an
Prosky (1986)andReeder and Paquette (1989), while intrasec

tor zoning, which is a compositional zoning in time-equivalent.
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regions of a single sector, was observed by Paquette and Reeder
(1990, 1995). Moreover, compositional zoning, and even os-
cillatory zoning, was observed within single sectors of syn-
thetic barite crystals (Putnis et al., 1992) and (Ba,Sr)SO4 and
(Cd,Ca)CO3 solid solutions (Prieto et al., 1997).

Less work has been conducted on isotope zoning in carbon-
ate crystals. Dickson (1991) attributed variations in �13C and
�18O values of concentric growth zones within coarsely crys-
talline inorganic calcite to variations in temperature and water
composition during crystal growth. However, variations in
�13C (�2‰) and �18O (�0.9‰) across different sectors of
synchronously deposited material were attributed to differential
kinetic isotope effect for distinct crystal faces.

Despite the abundance of Mg-calcite in nature and its im-
portance in understanding sedimentary environments, includ-
ing paleotemperatures, there is only one experimental study
that quantified the effect of Mg incorporation on oxygen iso-
tope partitioning in calcite. Tarutani et al. (1969) precipitated
Mg-calcite from (Ca,Mg)(HCO3)2 solutions of different Mg-
content. The solutions were initially saturated with CO2(g) and
solid was precipitated in free-drift experiments by increasing
the pH of the precipitating solution through the removal of
aqueous CO2 using a finely dispersed stream of N2(g). The bulk
solid produced had a variable chemical content (4 to 12 mol%
MgCO3), depending on the initial composition of the solution.
They concluded that Mg-calcite concentrated 18O relative to
pure calcite by 0.06‰ for each mol% MgCO3 substituted in the
crystal structure. This relationship does not generally compli-
cate the interpretation of paleotemperatures from the �18O
values of magnesian calcites. Nevertheless, Gonzalez and Loh-
mann (1985) showed that the �18O values of some magnesian
calcites (�10 mol% MgCO3) are not consistent with theoretical
estimates based on the relationship reported by Tarutani et al.
(1969). No other published data exist on the effect of Mg on the
oxygen isotope systematics of Mg-calcite. In addition, no in-
formation exists on potential precipitation rate effects on oxy-
gen isotope fractionation in systems containing Mg-calcite.
Further, studies are lacking that quantify the effect(s) of the
incorporation of Mg on carbon isotope partitioning in Mg-
calcite (Jimenez Lopez et al., in review).

To evaluate the potential effect of Mg incorporation on the
oxygen isotope systematics of calcite, time series experiments
were conducted in which carbonate was precipitated in free-
drift experiments from (Ca,Mg)Cl2-NaHCO3 solutions. The
chemical composition of the solution was chosen to obtain
Mg-calcite while minimizing the precipitation of aragonite and
vaterite (Deleuze and Brantley, 1997). These solutions were
periodically sampled over 24 h to monitor the chemical and
isotope composition of the fluid and solid over time. The
effect(s) of Mg and precipitation rate on the oxygen isotope
fractionation factor (as 103ln�) for the magnesian-calcite-water
system are reported below.

1. EXPERIMENTAL

2.1. Materials and Methods

Solutions containing CaCl2 and MgCl2 were mixed and added to
aliquots of a NaHCO3 solution that was preacidified with HCl to
produce two groups of master solutions: 1) Group I: 0.32 mol/L
NaHCO3 � 0.0023 mol/L CaCl2 � 0.00053 mol/L MgCl2 and 2)

Group II: 0.34 mol/L NaHCO3 � 0.0023 mol/L CaCl2 � 0.00105
mol/L MgCl2. The initial Mg/(Mg � Ca) of the master solution
(XMg, soln) was 0.19 for the Group I experiments and 0.31 for the Group
II experiments.

Solid carbonate was precipitated from the master solutions using a
modified version of the free drift technique, where the chemical com-
position of the solution drifted toward chemical equilibrium while pH
was held relatively constant (see Jiménez-López et al., 2001, for
details). The system was comprised of 18 cylindrical chambers that
were each 7 � 14 cm in diameter. Four watch glasses (5 cm diameter
each) containing master solution were placed inside each chamber on
top of pedestals. Nucleation and growth of crystals was driven by the
dissolution of NH3(g) into the master solution from an underlying
reservoir of ammonium acetate (NH4Ac) contained in each chamber.
The hydrolysis of ammonia to NH4(aq)

� in the master solution raised and
maintained solution pH at a near steady state value within 3 h of the
initiation of an experiment.

Time step experiments were carried out at 25°C and 1 atm total
pressure by placing the 18 chambers within a glove box. After purging
the chambers and glove box with argon to exclude atmospheric CO2, 10
mL aliquots of filtered (0.05 �m) master solution were loaded into each
watch glass of a chamber. Ammonium acetate solution (100 mL) was
then poured in the bottom of each chamber, and the chambers were
securely fitted with lids, sealing each in a CO2-free environment. The
chambers were left to equilibrate for various lengths of time over the
course of an experiment (24 h; see Table 1 for sampling intervals).

At specified time intervals, a single chamber was vented with argon.
The solution from all four watch glasses was pooled, filtered (0.05 �m),
and set aside for chemical and isotopic analysis. Solid was recovered
from the filters and watch glasses, rinsed twice with distilled water and
air dried at 40°C for 6 h. Chemical, isotopic and mineralogical analyses
were performed on the solid. This experiment was replicated three
times each for the Group I and Group II experiments.

2.2. Analyses

2.2.1. Chemical composition of solutions

At each sampling time point, pH and the concentration of total
dissolved calcium (CaT(aq)), magnesium (MgT(aq)), and dissolved inor-
ganic carbon (DIC) were determined. Solution pH was measured with
a Cryson combination electrode. Concentrations of CaT(aq) and MgT(aq)

were determined by atomic absorption spectrophotometry (AAS; Per-
kin-Elmer 1100B, using an air-acetylene flame atomizer) after the
acidification of sample solutions with HCl to prevent the precipitation
of carbonate. Analysis of DIC was carried out by acidimetric titration
of 10 mL of filtered solution, using the Gran titration method (Stumm
and Morgan, 1996). Based on the repeated analysis of standards and
samples, the analytical uncertainly was �0.05 for pH, �0.01 mM for
CaT(aq) and MgT(aq), and �0.8 mM for DIC (reported as 1� standard
deviation in the text).

2.2.2. Mineralogical and Chemical composition of the solid

Solid material was analyzed by X-Ray diffraction (Philips PW 1730
diffractometer; 35 kV, 40 mA) to determine the mineralogy of the solid
at each time step, using Al2O3 as an internal standard. The percentage
of mineral phases in multimineralic mixtures was estimated from the
peak area of the reflections for calcite (1 0 4), monohydrocalcite (0 1
2), aragonite (1 1 1), and vaterite (1 0 1) using calibration curves for
mixtures of known mineralogical content (e.g., Davies and Hooper,
1963). Error in mineralogical composition was estimated at �5%. The
precipitate was also observed by optical microscopy to detect for the
presence of amorphous phases, and samples were gold-coated and
observed by scanning electronic microscopy (Zeiss DMS 950).

Calcium and magnesium content of the solid was analyzed by AAS
after the dissolution of 1 mg of sample with 1 N HCl. Also, the Mg and
Ca content of individual crystals was analyzed by EDX with a HR-
TEM-AEM (Philips CM20; 200 kV, 56 �A). Crystals were embedded
in resin and cut to 750 Å thickness for analysis. Collection time was
200 s for a 200 � 1000 Å window. Elemental transects were made
along diagonals from the center to the vertex of a crystal. Olivine
(25.37% Mg) and titanite (20.44% Ca) were used as internal standards

for Mg and Ca, respectively. Experimental uncertainty associated with
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these measurements was �0.05 ppm from the repeated analysis of
standards. More than 50 sections were prepared from crystals collected
at the 60, 180, 960 and 1440 min time steps of an experiment.

The average value for the molar Mg content of the solid,
(XMg, solid)avg, was calculated from the AAS measurement of the bulk
solid. The Mg content of solid precipitated over a specific time step,
(XMg, solid)inst, was calculated by difference between the Mg and Ca
contents of the solution measured over two consecutive time intervals.
Values of (XMg, solid)avg were used with bulk isotope compositions to
determine the relationship between Mg-content and oxygen isotope
fractionation in the magnesian-calcite-water system, while (XMg, soli-

d)inst data were used to calculate the saturation state of the fluid with
respect to a solid of particular [Mg/(Mg � Ca)] or XMg, solid content.

2.2.3. Isotope composition of solutions and solids and isotope
fractionation factor

The �18O value of solid carbonate (�18Osolid) was determined ac-
cording to procedures described in McCrea (1950) by analyzing the
carbon dioxide produced by reacting 5 mg of solid with 2 mL of

Table 1. Chemical and mineralogical data for a representative Gro
(revealing Mg incorporation in calcite structure) until 300 min for Gr

Time
(min)

Solution

pH
CaT(aq)

2�

(mM)
MgT(aq)

2�

(mM)
DIC
(M) XMg, soln

Mg-cla

(%)
Calci

(%)

Group I
0 7.22 2.29 0.53 0.32 0.19

15 8.06 1.76 0.53 0.34 0.23
30 7.80 1.42 0.51 0.33 0.26
45 8.15 0.88 0.53 0.31 0.38 0 0
60 8.35 0.56 0.51 0.33 0.48 0 10
90 8.45 0.62 0.52 0.34 0.46 0 �65

120 8.58 0.41 0.48 0.32 0.54 0 �85
180 8.81 0.43 0.57 0.32 0.57 0 �90
300 9.00 0.40 0.51 0.30 0.56 �60 �30
480 8.96 0.23 0.50 0.29 0.68 �95 0
600 8.84 0.12 0.49 0.31 0.81 �95 0
720 8.85 0.28 0.40 0.32 0.59 �95 0
840 8.94 0.15 0.47 0.31 0.76 �95 0
960 9.07 0.25 0.43 0.32 0.63 �95 0

1080 9.13 0.11 0.47 0.30 0.82 �95 0
1200 9.15 0.22 0.40 0.31 0.65 �95 0
1320 9.09 0.25 0.43 0.29 0.63 �95 0
1440 9.11 0.21 0.46 0.29 0.69 �95 0

Group II
0 7.24 2.29 1.05 0.34 0.31

15 7.76 1.48 0.99 0.34 0.40
30 8.09 0.94 1.00 0.33 0.52
45 8.19 0.75 1.00 0.33 0.57
60 8.24 0.66 1.00 0.33 0.60 0 0
90 8.38 0.43 1.00 0.33 0.70 0 �65

120 8.48 0.33 1.00 0.32 0.75 0 �85
180 8.61 0.34 0.95 0.33 0.73 40 50
300 8.80 0.30 0.91 0.31 0.76 80 15
480 8.90 0.18 0.89 0.30 0.83 �95 0
600 8.96 0.34 0.80 0.28 0.70 �95 0
720 9.02 0.32 0.80 0.29 0.71 �95 0
840 9.00 0.29 0.79 0.30 0.73 �95 0
960 9.07 0.18 0.83 0.30 0.82 �95 0

1080 9.07 0.24 0.78 0.28 0.77 �95 0
1200 9.15 0.19 0.83 0.29 0.81 �95 0
1320 9.18 0.26 0.79 0.29 0.76 �95 0
1440 9.16 0.21 0.78 0.29 0.79 �95 0

a Mg-calcite.
b Monohydrocalcite.
outgassed H3PO4 (100%) in an evacuated vessel at 25°C. The isotope
composition of water (�18OH2O) was measured at the beginning and end
of each experiment using the technique described by Epstein and
Mayeda (1953), by introducing a relatively small mass of carbon
dioxide into 5 mL of sample solution isolated in a reaction vessel and
allowing the mixture to equilibrate for 48 h in a thermostatic bath at
25°C before isotopic analysis.

All isotope measurements were made with an isotope ratio mass
spectrometer (Finnigan MAT 251). Isotope ratios are expressed in
conventional delta (�) notation in per mil (‰) units (Craig, 1957).
Delta values are calibrated against the V-PDB or V-SMOW interna-
tional standard reference material using an in-house working standard
(Reyes et al., 1989). Experimental uncertainty was �0.1‰ for all
measurements. The isotope fractionation factor for the magnesian-
calcite-water system, calculated as 103ln�Mg-cl-H2O, was determined
from �18OH2O and �18Osolid values measured after the 480 min time
interval, when the solid was greater than 95% Mg-calcite.

2.2.4. Saturation state and precipitation rate

Saturation state with respect to Mg-calcite at any time interval was

d Group II experiment; no shift was detected in calcite XRD pattern
d 180 min for Group II experiments.

Solids

cb

)
Aragonite

(%)
Vaterite

(%) (XMg, solid)avg (XMg, solid)inst

SA
(m2 · g�1)

0 0 0 0 0
0 �5 �5 0 0
0 0 �5 0 0
0 0 �5 0 0
5 0 �5 0 0
5 0 �5 0.020 0.050 0.37
0 0 �5 0.015 0.042 0.37
0 0 �5 0.040 0.083 0.37
0 0 �5 0.061 0.117 0.36
0 0 �5 0.028 0.063 0.36
0 0 �5 0.049 0.097 0.35
0 0 �5 0.040 0.083 0.35
0 0 �5 0.059 0.114 0.35
0 0 �5 0.047 0.094 0.35
0 0 �5 0.033 0.071 0.35

0 �5 �5 0 0
0 �5 0 0 0
5 0 0 0 0
5 �5 0 0.040 0.083 0.37
0 �5 0 0.060 0.115 0.37
0 �5 0 0.070 0.132 0.37
0 �5 0 0.109 0.195 0.37
0 �5 0 0.110 0.197 0.36
0 �5 0 0.130 0.229 0.36
0 �5 0 0.091 0.165 0.35
0 �5 0 0.112 0.199 0.35
0 �5 0 0.091 0.166 0.35
0 �5 0 0.105 0.189 0.35
0 �5 0 0.110 0.198 0.35
up I an
oup I an

te Mh
(%

10
�8

3
1

�9
3

�1
calculated by dividing the ionic activity product in solution (IAP) by
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the solubility product for Mg-calcite (Busenberg and Plummer, 1989),
considering the value of (XMg, solid)inst for the solid over a particular
time interval. IAP was calculated as the product of the activities (a) of
calcium, magnesium and carbonate ions as a(Ca2�)1�x · a(Mg2�)x ·
a(CO3

2�), where “x” is the mole fraction of Mg in the solution over a
particular time interval (Mucci and Morse, 1983, 1984; Morse and
Mackenzie, 1990). The activities for each ion were calculated with the
EQPITZ program (He and Morse, 1993). The solubility product (Ksp)
for a solid of particular (XMg, solid)inst at any time during the time course
experiment was calculated using the equation given by Busenberg and
Plummer (1989; A0 � 6.27 and A1 � 1.77). Saturation state with
respect to monohydrocalcite was calculated by dividing the IAP
[a(Ca2�) · a(CO3

2�)] by the solubility product for monohydrocalcite at
25°C (10�7.6; Hull and Turnbull, 1973). Errors in saturation state with
respect to Mg-calcite and monohydrocalcite were calculated from
analytical errors in the determination of CaT(aq), MgT(aq), pH and DIC,
and they were no greater than 20% for Mg-calcite and 10% for
monohydrocalcite.

Mg-calcite precipitation rate was determined by dividing the mass of
solid precipitated over a specified time interval (mass/time) by the
average surface area of the cumulative seed material from the previous
time steps. The mass of solid precipitated was calculated from calcium
and magnesium consumption at each time interval. Surface area at a
specific time interval was determined from the average length of the

Fig. 1. Changes in the compositions of the master solut
fit of the experimental data points. Error bars are smaller
in all subsequent plots where error bars are absent.
edge of the crystals observed in SEM photomicrographs and a geomet-
rical model (for details, see Jiménez-López et al., 2001). Time intervals
after 480 min were considered in these calculations because the solid
was �95% Mg-calcite by this time step.

3. RESULTS

3.1. Chemical and Mineralogical Trends

Results from each of the three replicated runs for the Group
I and II experiments showed little difference in measured
values or trends over time. Therefore, the results from one
representative run of each grouping are presented below.

3.1.1. Chemistry of solutions

The pH of the solution increased in the Group I and II
experiments from an initial value of �7.2 to �9.1/9.2 at 1440
min (Fig. 1a; Table 1). This increase occurred primarily within
the first 180 min of an experiment (�7.2 to �8.6/8.8), after
which time pH averaged 9.01 � 0.11 (n � 10) for the Group I

r time. (a) pH. (b) CaT(aq)
2� . (c) MgT(aq)

2� . Lines are the best
e size of the symbols used to represent the data here and
ion ove
than th
experiment and 9.03 � 0.12 (n � 10) for the Group II exper-
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iment. There was no statistical difference in pH values between
the two groupings after the 180 min time interval.

The concentration of CaT(aq) fell from �2.3 mM to �0.2
mM during the time course experiment, with the decrease
occurring rapidly during the first 180 min of an experiment
(Fig. 1b; Table 1). The average value for CaT(aq) after 180 min
was 0.22 � 0.09 mM (n � 10) and 0.25 � 0.06 (n � 10) for
the Group I and Group II experiments, respectively, with no
statistical difference between the groupings.

The concentration of MgT(aq) decreased from 0.53 mM to
0.46 mM in the Group I experiment, and from 1.05 mM to 0.78
mM in the Group II experiment (Fig. 1c; Table 1). Total
magnesium in solution was fairly constant for the first 90 to 120
min of an experiment and decreased slowly and episodically
thereafter. The mole fraction of Mg2� in solution (XMg, soln)
increased from 0.19 to 0.81 over the first 600 min for the Group
I experiment, and from 0.31 to 0.83 over the first 480 min for
the Group II experiment. After this, XMg, soln fluctuated for the
duration of an experiment (Table 1).

Total dissolved inorganic carbon in solution (DIC) decreased
slowly over time from 0.32/0.34 mol/L to 0.29 mol/L in the two
sets of experiments (Table 1).

3.1.2. Mineralogy, Chemistry and Morphology of the solid

Solid was first detected at 45 min for the Group I experiment
and 60 min for the Group II experiment (Fig. 2). The first solid
observed displayed a spherulitic texture, but it was subse-
quently replaced by well faceted crystals. Monohydrocalcite,
aragonite and vaterite were the first minerals detected by XRD
(Table 1), although the reflections for the latter two polymorphs
were only slightly above background. Neither aragonite or
vaterite were observed by optical microscopy, SEM or HRTEM
in the solid recovered from any time step. Calcite was first

Fig. 2. Nucleation times for monohydrocalcite and calcite in Group
I and Group II experiments. Data from Jiménez-López et al. (2001) are
plotted for identical experiments in Mg-free solutions. Average and
standard deviation values are calculated from saturation state data with
respect to the relevant mineral phase at the time interval where mono-
hydrocalcite or calcite crystals were first observed.
detected by XRD at 60 min for the Group I experiment and 90
min for the Group II experiment. Monohydrocalcite dominated
the mineralogy of the solid at 45 to 60 min, but after 300 min
it was no longer detected by XRD, and calcite was the primary
constituent of the precipitate, followed by Mg-calcite as the
experiment progressed. The incorporation of Mg in calcite was
confirmed by a shift in the (104) d-spacing for calcite in XRD
patterns at �300 min for the Group I experiment, and at �180
min for the Group II experiment. Thereafter, the amount of
Mg-calcite increased until it composed greater than 95% of the
total solid after 480 min for both groupings.

The average mole fraction of Mg in the solid (XMg, solid)avg

increased from 0.02 at 300 min to 0.06 at 720 min for the
Group I experiment; for the Group II experiment, the values
increased from 0.04 at 180 min to 0.13 at 840 min. After these
time intervals, (XMg, solid)avg fluctuated until the end of an
experiment (Table 1). The calculated mole fraction of Mg in the
solid precipitated over a specific time step, (XMg, solid)inst,
increased from 0.05 to 0.12 for the Group I experiment, and
from 0.08 to 0.23 for the Group II experiment over the same
time intervals.

Representative profiles of (XMg, solid)inst for a crystal col-
lected at the end of the Group I and Group II experiments are
shown in Figure 3. HRTEM-AEM analyses were performed at
10 points for the Group I crystal and 18 points for the Group II
crystal, along a line from the center of the crystal to a corner
along a diagonal. Although Mg was detected in the cores of
the crystals, the intensity of the (104) X-Ray peak for Mg-
calcite was near the detection limit. The maximum value of
(XMg, solid)inst occurred at the outer corner of each crystal (last
layer formed between 22 and 24 h), reaching a value of �0.02
for the Group I experiment, and �0.07 for the Group II exper-
iment. The increase in (XMg, solid)inst was not constant but
showed fluctuations of �0.005 for the Group I experiment and
�0.010 for the Group II experiment. Although the absolute
values of (XMg, solid)inst were different in the 50 samples ana-
lyzed, the overall trend of Mg-free cores and Mg-rich rims was
observed in all the samples analyzed.

The morphology of the crystals also changed over time.
Initially, well-faceted rhombohedral crystals of calcite of the
{104} form were observed, but over time two of the edges of
(104) faces were replaced by prismatic (110) and (100) faces
(Fig. 4). The morphology of Mg-calcite crystals was identical
in the Group I and Group II experiments, despite the differing
initial magnesium concentration of the master solutions.

3.1.3. Precipitation rate and saturation state

Mg-calcite precipitation rates for the Group I experiment
(from 480–1440 min) ranged from 103.63 to 104.60 �mol · m�2

· h�1 for saturation states [with respect to the relevant
(Xmg, solid)inst of Mg-calcite] ranging from �14 to �31. For the
Group II experiment, precipitation rates ranged from 103.21 to
104.19 �mol · m�2 · h�1 for saturation states ranging from �20
to �36 (Table 2).

3.2. Oxygen Isotope Systematics

The oxygen isotope composition of the solid ranged from
18.5‰ to 21.2‰ for the Group I experiment, and from 18.7‰

to 22.1‰ for the Group II experiment (Table 2), with minima
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observed at 60 min for both experiments (Fig. 5). The isotope
composition of the water from which the solid precipitated
averaged �8.2 � 0.1‰, and it did not vary within or between
experiments.

Over the time interval that Mg-calcite comprised greater than
95% of the solid (480 to 1440 min), �18OMg-cl values averaged
20.6 � 0.3‰ (range: 20.2‰ to 21.2‰; n � 9) for the Group I
experiment, and 21.8 � 0.3‰ (range: 21.3‰ to 22.1‰; n � 8)
for the Group II experiment (Fig. 5; Table 2). The oxygen
isotope fractionation factor for the magnesian-calcite-H2O sys-
tem (103ln�Mg-cl-H2O

) averaged 28.6 � 0.3 (range: 28.2 to 29.2;
n � 9) for the Group I experiment, and 29.8 � 0.3 (range: 29.3
to 30.1; n � 8) for the Group II experiment (Table 2). The
average �18OMg-cl and 103ln�Mg-cl-H2O

values for the two
groupings were significantly different at p � 0.05. Collectively,
103ln�Mg-cl-H2O

values increased with (XMg, solid)avg at a rate of
2

Fig. 3. Variation in XMg, solid measured by HRTEM-AEM thin
sections from the center of a crystal to a corner. Crystals were col-
lected at 24 h time interval from (a) Group I and (b) Group II
experiments.
0.17 � 0.02 per mol% MgCO3 in the bulk solid (r � 0.8403;
Fig. 6a; Table 2). Values of 103ln�Mg-cl-H2O
did not display any

dependence on precipitation rate over a range of rates from
103.21 to 104.60 �mol · m�2 · h�1 (Fig. 6b).

4. DISCUSSION

4.1. Effects of Mg on the Nucleation of Calcite and
Monohydrocalcite

The time required for the nucleation of solid in the Group I
experiment was 45 min for monohydrocalcite and 60 min for
calcite, while for the Group II experiment, monohydrocalcite
and calcite nucleated in 60 and 90 min, respectively. The
increase in nucleation time at higher values of (XMg, soln)
suggests that magnesium inhibited the formation of both min-
erals. This is consistent with the relatively short nucleation
times observed by Jiménez-López et al. (2001) for pure calcite
precipitated from Mg-free solutions in identical experiments.

Magnesium has been identified in synthetic and natural sam-
ples of monohydrocalcite (Brooks et al., 1950; Baron and
Pesneau, 1956; Malone and Towe, 1970; Hull and Turnbull,
1973). In addition, several authors have discussed the inhibi-
tory role of Mg in the nucleation of carbonates, especially
calcite (Bischoff, 1968; Bischoff and Fyfe, 1968; Lippmann,
1973, Berner, 1975; Mucci and Morse, 1983; Deleuze and
Brantley, 1997). The effect is probably related to the smaller
size, higher charge density and greater hydration energy of
Mg2� compared to Ca2� (Nancollas and Purdie, 1964; Lipp-
mann, 1973; De Boer, 1977). Analogous effects have been
attributed to the incorporation of Fe2� in calcite (Meyer, 1984;
Dromgoole and Walter, 1990a,b) and siderite (Jiménez-López
and Romanek, 2004). As such, Mg probably inhibited mono-
hydrocalcite nucleation in a fashion similar to that observed for
calcite. Perhaps the presence of hydrated Ca- and Mg-bearing
minerals in some carbonate bearing sediments is related to the
relative rates of cation dehydration for Mg and Ca as well as the

Fig. 4. SEM images and schematic drawings of crystals collected at
the 24 h time interval in (a) Group I and (b) Group II experiments.
bulk chemistry of the associated fluids.
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The presence of aqueous Mg also induced the precipitation of
minimal amounts of aragonite and vaterite. These results are
consistent with the observations of Lippmann (1973), Kitano and
Kanamori (1966), Simkiss (1964), Berner (1975), Bischoff (1968)
and Deleuze and Brantley (1997). Aragonite and vaterite probably
formed because Mg adsorption and dehydration slowed the
growth kinetics of calcite compared to the rates of formation for
aragonite and vaterite. The relatively small size of Mg2� cannot
compensate for the electrical repulsion forces between neighbor-
ing CO3

2� groups in the crystalline structure of aragonite or
vaterite (Mucci and Morse, 1983). So, as the growth of aragonite
and vaterite became inhibited by the adsorption of Mg onto the
crystal surface, Mg-calcite was the only carbonate phase that
continued to grow. Finally, Mg-calcite precipitation rates for this
study are consistent with those of Mucci and Morse (1983) and
Mucci (1986), when the data from these studies are extrapolated to

Table 2. Saturation state (	) of the master solution with respect to
relevant mol% Mg-calcite, and Mg-calcite precipitation rate (r).a

Time
(min) 	Mg-cl

log r
(�mol · m2 · h�1)

�18Osolid

(‰) 103ln�Mg-cl-H2O

Group I
0 6.0

15 34.0
30 15.3
45 18.7 20.1
60 18.6 18.5
90 28.8 18.7

120 19.7 19.8
180 34.5 20.0
300 32.9 20.3
480 31.2 3.63 20.3 28.3
600 17.5 4.60 20.2 28.2
720 26.2 4.18 21.2 29.2
840 15.3 4.35 20.8 28.8
960 30.0 3.87 20.2 28.3

1080 14.3 4.39 20.9 28.8
1200 28.7 4.06 20.5 28.5
1320 29.0 — 20.7 28.7
1440 24.6 3.81 20.4 28.4

Group II
0 6.7

15 15.0
30 18.7
45 18.3
60 17.8 18.7
90 15.1 18.8

120 13.2 19.1
180 21.8 18.9
300 23.5 —
480 19.8 4.04 21.3 29.3
600 34.7 3.81 21.5 29.5
720 33.0 4.11 — —
840 31.1 4.19 22.1 30.1
960 24.7 4.19 21.9 29.9

1080 29.6 3.21 22.0 30.0
1200 27.5 3.90 21.7 29.7
1320 36.0 3.92 22.1 30.1
1440 30.2 3.87 22.0 29.9

a Saturation calculations were made considering (XMg, solid)inst for
any time interval. Calculated oxygen isotope fractionation factor, as
103ln�Mg-cl-H2O, for the magnesian-calcite-H2O system was determined
from the measured �18Osolid and a �18OH2O value of �8.2‰. A dash
indicates that data are not available.
the saturation state values of our experiments.
4.2. Partition of Mg between Solution and Crystal

HRTEM-AEM measurements of Mg-calcite from the Group
I and Group II experiments showed that (XMg, solid)inst in-
creased from the cores to the outer edges of the crystals (Fig.
3). The Mg-free cores can be explained by the fact that the
incorporation of Ca in the crystal structure was kinetically
favored compared to Mg. This is consistent with the AAS
analyses of Ca from bulk samples collected during the early
time steps of an experiment, and by the evolution of CaT(aq) and
MgT(aq) over time. Because of the preferential incorporation of
Ca in the solid, CaT(aq) decreased relatively quickly (�120
min) in the master solution (Fig. 1b). Over this same time
interval, MgT(aq) was relatively constant (Fig. 1c), indicating
Mg was not significantly incorporated in the solid. Magnesium
eventually became a component of the precipitate and both
aqueous Mg and Ca decreased in the later stages of an exper-
iment. Finer scale excursions in the Mg-content of the solid can
be attributed to an oscillatory zoning phenomenon, where the
kinetics of heterogeneous nucleation and growth differ substan-
tially for minerals that form solid solutions from end member
compositions (e.g., CaCO3 and MgCO3) that have significantly
different solubility products (Prieto et al., 1997). This phenom-
enon was expressed in complementary excursions of solution
chemistry that occurred after 8 to 10 h of an experiment (see
Fig. 1, Table 1).

Moreover, the adsorption of Mg onto distinct crystal faces
produced a solid of changing morphology (Fig. 4). The adsorp-
tion of Mg2� onto a growing face [e.g., (100) and (110)]
slowed growth in these particular directions, permitting pre-
ferred growth forms to be expressed (Zhang and Dave, 2000).
The differential adsorption of Mg onto nonequivalent faces was
caused by differences in the concentration of potential-deter-
mining species within different sectors of a crystal (Lahann,
1978; Reeder and Paquette, 1989; Paquette and Reeder, 1995;
Jiménez-López et al., 2003). This observation agrees with the

Fig. 5. Changes with time in the measured oxygen isotope compo-
sition of the solid (�18Osolid). Lines are the best fit of the experimental
data points.
sector zoning phenomenon described by Reeder and Prosky
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(1986) and Reeder and Paquette (1989), who measured differ-
ent chemical compositions for different sectors of CaMg(CO3)2

and Mg-calcite crystals.
Finally, the lack of agreement between the values of

(XMg, solid)inst determined by AAS and the HRTEM measure-
ments can be explained by differences in the size of the sample
populations and the spatial resolution afforded by the two
analytical techniques. The bulk analysis of multiple grains by
AAS provided an average Mg composition for specific time
intervals over the time course experiment while the TEM
analyses provided a spatially resolved analysis of two individ-
ual grains. In addition, the magnitude of the compositional
gradient recorded by TEM (Fig. 3) depended highly on the
particular sectors of the crystals that were chosen for the
analysis. If the entire sample population of fifty grains analyzed by
TEM were considered in the analysis, the mean of the distri-

Fig. 6. Calculated oxygen isotope fractionation factors
plotted versus (a) (XMg, solid)avg, (b) precipitation rate, and
published data from Epstein and Mayeda (1953), Bottin
Jiménez-López et al. (2001). The letters P and M followe
in g/L, used in the experiments of Tarutani et al. (1969).
bution would approach that determined by the AAS analysis.
4.3. Influence of Mg on Oxygen Isotope Partitioning

Results from this study suggest that when calcite precipitates
from solution of constant oxygen isotope composition, the �18O
value increases with Mg-content at a rate of 0.17 � 0.02‰ per
mol% MgCO3 in the bulk solid (Fig. 6a). The positive rela-
tionship observed here is consistent with the trend in �18O
observed for Mg-calcite (Tarutani et al., 1969), for dolomite-
calcite mineral pairs in high temperature experiments
(Northrop and Clayton, 1966; O’Neil and Epstein, 1966), and
dolomite-calcite mineral pairs in natural environments (Shep-
pard and Schwarcz, 1970). It is also consistent with theoretical
considerations regarding the effect of cation substitution on
oxygen isotope fractionation in carbonate minerals (O’Neil et
al., 1969; O’Neil, 1986). However, the magnitude of the rela-
tionship is approximately three times greater than that reported

3ln�Mg-cl-H2O, for the magnesian-calcite-H2O system are
Mg, solid)inst. Rectangles in (a) and (c) represent a range of
68), O’Neil et al. (1969), Kim and O’Neil (1997) and
umber in (a) indicate the acids pyruvic (P) or malic (M)
, as 10
(c) (X
ga (19

d by a n
by Tarutani et al. (1969). Whether the relationship observed
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here represents a steady state condition or isotope equilibrium
remains to be clarified through additional experimentation.
Nevertheless, when the relationship is extrapolated to the pure
calcite end member (i.e., the y-intercept), the calculated value
of 27.9 � 0.2 is similar to calcite-water fractionation factors,
103ln�cl-H2O

) reported in the literature (28.0 to 28.2: Epstein
and Mayeda, 1953; Bottinga, 1968; O’Neil et al., 1969; O’Neil,
1986; Kim and O’Neil, 1997; Jiménez-López et al., 2001).

Two considerations may help to explain the difference be-
tween our results and those of Tarutani et al. (1969). First,
Tarutani et al. (1969) introduced pyruvic and malic acid (5 to
10 g/L) to the solutions from which Mg-calcite precipitated.
They reported that the acids decreased the �18O of pure calcite
by �0.3‰ compared to experiments lacking these constituents.
The effect of organic acids on the oxygen isotope systematics
of Mg-calcite is not known. Specific interaction effects between
dissolved constituents and the solid may alter the �18O value of
the solid directly, or the acids may contribute relatively 18O-
rich CO2 to the pool of CO2 liberated during the acid digestion
of the solid for stable isotope analysis.

Alternatively, the difference may be attributed to the analyt-
ical techniques used to characterize the mol% MgCO3 in the
Mg-calcite of the two studies. In our study, the mol% MgCO3

was determined from the acid dissolution of the bulk solid
while in Tarutani et al. (1969), magnesium content was deter-
mined from the shift of the (104) d-spacing for calcite in XRD
patterns. For the latter technique to accurately predict the bulk
mol% MgCO3 from a chemically heterogeneous solid, the
target must be X-Ray transparent. X-Ray diffractometers (e.g.,
using Cu K� irradiation generated at 35 kV and 40 mA) have
depth ranges from a fraction of a micron to a few microns at
best (Cullity, 1978; Rodrı́guez-Gallego, 1982), so structural
variations buried in a crystal at greater than �5 to 6 microns
depth will be difficult to detect. Milliman et al. (1971) and
Bischoff et al. (1983) measured the Mg content of biogenic
Mg-calcite using XRD and wet chemical techniques (AAS),
and concluded the XRD method yielded erroneous results due
to, among other things, the heterogeneous distribution of Mg in
the target calcite. The crystals grown in our study and that of
Tarutani et al. (1969) were relatively large and chemically
zoned because they were grown under free drift conditions. If
the XRD analyses of Tarutani et al. (1969) were biased toward
the outermost layers of the crystals, this would result in an
overestimation of the Mg-content of a bulk sample.

A direct comparison of the AAS and XRD results from
samples of this study was not possible because of limitations on
the sample mass required for the stable isotope analysis. Nev-
ertheless, a comparison can be made between (XMg, solid)avg

and (XMg, solid)inst values of our study to determine the rela-
tionship between the Mg content of the bulk solid and the
outermost layer of the solid at each time step of an experiment.
The slope of the least squares linear fit of these two variables
was 1.63 [
(XMg, solid)inst/(XMg, solid)avg; r2 � 0.975 for n
� 17), implying that the outer most layer was more than one
and a half times higher in Mg than the bulk solid.

If the values for the mol% MgCO3 from Tarutani et al.
(1969) represent only the outermost layer of the bulk solid, they
are more similar to the (XMg, solid)inst values reported in our
study than the bulk Mg measurements of the solid (�18O values

from both studies are reported as bulk measurements). The
relationship between (XMg, solid)inst and bulk �18O values from
this study and the data from Tarutani et al. (1969) are plotted in
Figure 6c for comparison; collectively, they form a statistically
significant linear relationship having the form: 103ln�Mg-cl-H2O

� 0.11 (� 0.009) (XMg, solid)inst � 27.6 (� 0.1) (R2 � 0.8532
for n � 30). While the coherence of the combined data supports
the conclusion that a significant Mg effect exists for the isotope
systematics of Mg-calcite, the comparison of a bulk measure
for �18O and an instantaneous measure for Mg-content is still
dissatisfying. To accurately estimate the effect of Mg content
on oxygen isotope fractionation in the calcite-water system,
either a homogeneous solid must be precipitated in chemical
and isotopic equilibrium or measurements of Mg and �18O
must be made on a heterogeneous solid at the scale of the
compositional zoning. Only hints of the true relationship can be
gleaned from the analyses performed here. More research is
needed using a variety of experimental and analytical tech-
niques to accurately constrain the relationship between �18O
and Mg-content for Mg-calcite.

Nevertheless, these results suggest that extreme care should
be taken when interpreting paleotemperatures from the oxygen
isotope records of magnesian calcite. Interpretations based on
the analyses of low Mg-calcite (LMC: � 5 mol% MgCO3)
should not be affected by our results (e.g., Duplessy et al.,
1970; Carpenter et al., 1991; Saller and Moore, 1991; Carpenter
and Lohman, 1995; Rahimpour-Bonab et al., 1997), but paleo-
temperatures inferred from high magnesian calcite (HMC:
� 10 mol% MgCO3; e.g., Gonzalez and Lohman, 1985; Carpenter
et al., 1991; Wilson and Opdyke, 1996; Rahimpour-Bonab et
al., 1997) may be underestimated by 5 to 8°C. This observation
was first recognized by Gonzalez and Lohman (1985), who
questioned the accuracy of the Tarutani et al. (1969) estimate
based on the oxygen stable isotope analysis of Holocene reefal
carbonates. They showed that �18O values of Mg-calcite ce-
ments were enriched up to 1.9‰ relative to calcite equilibrium
compositions, and they concluded the effect of Mg on the
fractionation factor for Mg-calcite was underestimated.

Finally, 103ln� values for the Mg-calcite-water system
showed no dependence on precipitation rate within a range of
rates from 103.21 to 104.60 �mol · m�2 · h�1. Unfortunately, the
significance of this observation is also compromised because of
the interrelated nature of precipitation rate and mol% MgCO3

for the Mg-calcite precipitated in this study. Mucci and Morse
(1983) showed that the rate constant for Mg-calcite precipitated
in chemo-stat experiments increased as the mol% MgCO3

decreased in the precipitate. We observed no relationship be-
tween precipitation rate and mol% MgCO3, but unlike the
experiments of Mucci and Morse (1983), our solid varied in
Mg-content and �18O value over time.

No other quantitative data exist regarding potential rate
effects on the �18O of Mg-calcite. The effect of precipitation
rate on the oxygen isotope fractionation factor between solid
carbonates and water remains controversial. McConnaughey
(1989) sampled skeletal material from corals that grew at two
different sites and reported a growth rate effect on the oxygen
isotope composition of the coral. The �18O value of the skeletal
carbonate, in this case aragonite, remained constant for growth
rates ranging from 15 to 5 mm · yr�1, but it increased dramat-
ically at lower rates. Also, Owen et al. (2002) concluded that

seasonal variation in growth rate was a governing factor influ-
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encing the �18O and �13C values of scallop shells. However,
Tarutani et al. (1969) and Kim and O’Neil (1997) concluded
that precipitation rate had little to no effect on the oxygen
isotope fractionation factor of calcite.

Regarding carbon isotope partitioning between calcite and
CO2(g), no rate effect was observed over an extended range of
precipitation rates (103.0 and 105.7 �mol · m2 · h�1) from either
chemo-stat (Romanek et al., 1992) or free-drift experiments
(Jiménez-López et al., 2001). While these results are consistent
with the finding that precipitation rate does not affect isotope
partitioning between Mg-calcite and H2O (or CO2), the range
of rates investigated is relatively narrow compared to the range
of rates observed in nature, especially the lower boundary of
precipitation rates. The occurrence of carbonates with inexpli-
cably high �18O and �13C values in nature (e.g., Turner, 1982)
have yet to be reconciled within the framework of known
fractionation factors that exist in the peer-reviewed literature.
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Jiménez-López C., Caballero E., Huertas F. J., and Romanek C. S.
(2001) Chemical, mineralogical and isotopic behavior and phase
transformation during the precipitation of calcium carbonate miner-
als from intermediate ionic solution at 25°C. Geochim. Cosmochim.
Acta 65, 3219–3231.
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