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The incomplete understanding of Mg isotope fractionation behavior between calcite and aqueous solu-
tions has limited the interpretation and application of Mg isotope data in natural carbonates. In this
study, we performed a series of aragonite-to-calcite conversion experiments under hydrothermal condi-
tions to investigate the effects of temperature and organic ligands on elemental and isotopic partitioning
of Mg between calcite and aqueous solutions. The experiments produced magnesian calcite via a
dissolution-and-precipitation process. The Mg distribution coefficients between solid and aqueous solu-
tion (DMg, 0.08 to 0.21) showed negative correlations with Sr distribution coefficients (DSr, 0.04 to 0.48),
as well as the proportion of calcite in the bulk solid, which indicates mixing of calcite (Mg-rich and
Sr-poor) and aragonite (Sr-rich and Mg-poor) in the solid phases. The apparent Mg isotope fractionation
factors between solid and aqueous solutions (D26Mgsolid-soln) show a positive correlation with reaction
temperatures, where D26Mgsolid-soln increases from ca. �1.84‰ at 98 �C to �1.35‰ at 170 �C. In addition,
the presence of oxalate contributed to slightly lower D26Mgsolid-soln values, which is interpreted to be
related to the isotopic effect of Mg-oxalate speciation. Based on the experimental results, we propose a
temperature-dependent function for Mg isotope fractionation between calcite and free Mg-aquo ions
(i.e., Mg(H2O)6

2+): D26Mgcal-Mg(aq) = (�0.17 ± 0.01) � 106/T2- (0.52 ± 0.08). This equation is applicable to
a wide range of temperatures, especially at hydrothermal conditions, thus enabling interpretations of
Mg isotope data from calcite of hydrothermal and burial origin.

� 2022 Published by Elsevier Ltd.
1. Introduction

Magnesium (Mg) is the fourth-most abundant element on Earth
and is a major constituent in seawater, as well as various carbonate
minerals. Among all the major terrestrial rock types, carbonates
exhibit the greatest Mg isotope variability (Teng, 2017 and refer-
ences therein). Magnesium isotopes in marine carbonate have been
used to reconstruct the Mg isotope and chemical compositions of
ancient seawater (Higgins and Schrag, 2012; Fantle and Higgins,
2014; Pogge von Strandmann et al., 2014; Li et al., 2015;
Gothmann et al., 2017; Crockford et al., 2020), to study the pro-
cesses of diagenesis (Chanda and Fantle, 2017; Ahm et al., 2018;
Fantle et al., 2020; Kimmig et al., 2021), dolomitization (Huang
et al., 2015; Ahm et al., 2019; Ning et al., 2020; Hu et al., 2021a),
and biomineralization (Chang et al., 2004; Planchon et al., 2013),
as well as to constrain geological events such as basin restriction
at different scales (Bialik et al., 2018; Hu et al., 2021b).
Understanding the Mg isotope fractionation mechanisms is a
prerequisite to applying the carbonate Mg isotope system to trace
various geological processes. Numerous experimental studies have
been conducted to understand and quantify the Mg isotope frac-
tionation behavior during the formation of different carbonate
minerals, including dolomite (Li et al., 2015), magnesite (Pearce
et al., 2012), aragonite (Wang et al., 2013), and calcite
(Immenhauser et al., 2010; Li et al., 2012; Saulnier et al., 2012;
Mavromatis et al., 2013; Chen et al., 2020). In addition, the equilib-
rium Mg isotope fractionation factors between carbonate mineral
and aqueous Mg have been estimated using theoretical calcula-
tions (Rustad et al., 2010; Pinilla et al., 2015; Gao et al., 2018;
Wang et al., 2019; Son et al., 2020). There are, however, large dis-
crepancies among predictions based on theory and experimental
studies, where the magnitude of calculated Mg isotope fractiona-
tion factors for calcite (Rustad et al., 2010; Pinilla et al., 2015;
Gao et al., 2018; Wang et al., 2019) are generally much greater than
those obtained in experimental studies (Immenhauser et al., 2010;
Li et al., 2012; Saulnier et al., 2012; Mavromatis et al., 2013; Chen
et al., 2020).
of 98–
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Inconsistency exists between different experimental studies
on Mg isotope fractionation for calcite. Li et al. (2012) reported a
D26Mgcal-soln factor (D26Mgcal-soln = d26Mgcalcite - d26Mgsolution) of
about �2.5 ‰ at room temperature mainly based on free-drift
calcite synthesis experiments, and Chen et al. (2020) reported a
similar D26Mgcal-soln factor of �2.54 ‰ at 298 K based on chemo-
stat calcite synthesis experiments. By contrast, Mavromatis et al.
(2013) reported a correlation between precipitation rate and
D26Mgcal-soln for calcite and proposed an equilibrium D26Mgcal-soln
of �3.5 ‰ based on a different type of chemo-stat calcite synthesis
experiments. Mavromatis et al. (2017b) further conducted
amorphous carbonate (AC) transformation experiments, in which
they measured a D26Mgcal-soln factor of �3.6 ‰ at 298 K upon the
transformation of AC to calcite. The discrepancies among these
studies have significantly limited the ability to confidently
interpret Mg isotopic signatures in natural calcite.

Previous experimental investigations on Mg isotope fractiona-
tion for calcite were all conducted at ambient temperatures
(Immenhauser et al., 2010; Li et al., 2012; Saulnier et al., 2012;
Mavromatis et al., 2013; Chen et al., 2020), where kinetic effects
could be introduced due to the high energy barrier associated with
dehydration of Mg-aquo ions (Lippmann, 1973; Land, 1998;
Immenhauser et al., 2010; Saenger and Wang, 2014). Kinetic iso-
tope effects associated with ion dehydration at low temperatures
can be effectively suppressed at elevated temperatures, where rel-
atively high ion-exchange and diffusion rates produce faster
attainment of isotopic equilibrium (Li et al., 2015; Shahar et al.,
2017). Besides, the low isotope exchange rate would cause a lim-
ited degree of isotope exchange between the solid and solution
phase, which could introduce considerable uncertainties in extrap-
olating the equilibrium factors using partial exchange or ‘‘three-
isotope” techniques (e.g., Cole and Ripley, 1999; Li et al., 2014;
Agrinier and Javoy, 2016; Shahar et al., 2017; Trail et al., 2019;
Stamm et al., 2022), whereas the increasing reaction temperature
could lead to the higher isotope exchange degrees (Saccocia
et al., 1998, 2015), thus reducing errors associated with data
extrapolation. On the other hand, because stable isotope fractiona-
tion factors are temperature-dependent (Bigeleisen and Mayer,
1947; Urey, 1947), Mg isotope fractionation factors obtained at a
series of elevated temperatures, where higher rates of isotopic
exchange are attained, may be extrapolated to lower temperatures.
Such an approach, as had been successfully applied for magnesite
and dolomite (Pearce et al., 2012; Li et al., 2015), could reduce or
avoid problems of kinetic isotope effects at low temperatures
and provide a new solution to the puzzle of Mg isotope fractiona-
tion between calcite and aqueous solutions. In this study, we used
the hydrothermal conversion of aragonite to Mg-calcite to catalyze
isotopic exchange, in the presence of trace organic ligand oxalate,
to investigate Mg isotope fractionation between the calcite and
aqueous solutions.
2. Experimental methods

The experiments were conducted by reacting aragonite with
Mg-containing solutions at hydrothermal conditions (98 to 170
�C), following an experimental concept of mineral conversion pre-
viously described by Li et al. (2015). In this study, a small amount
of sodium oxalate (Na2C2O4) was used in the starting solution,
based on a series of exploratory experiments (not shown here;
but also see Guo et al., 2019) that demonstrated incomplete con-
version of aragonite to calcite on reasonable laboratory time scales
(i.e., <100 days) in organic-free Mg-rich aqueous solutions at tem-
peratures below 150 �C. The presence of sodium oxalate in the
aqueous solution significantly accelerates conversion of aragonite
to calcite even at a low temperature of 98 �C. All experiments
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and analyses were conducted at the State Key Laboratory for Min-
eral Deposits Research, Nanjing University.

2.1. Hydrothermal experiments

Commercially available pieces of coral (Fungia sp.) skeletal arag-
onite from the South China Sea was used as the starting material
for the experiments. The coral was leached in 30 % H2O2 for 3 days
to remove organic matter, then washed with de-ionized water sev-
eral times and air-dried. The coral was ground to powder with an
average particle size of < 60 lm using an agate mortar and pestle
prior to experiments. The mineralogy of the powders was con-
firmed to be pure aragonite by powder X-ray diffraction (XRD)
analysis (Appendix Fig. S1). The starting aragonite contains
590 ppm of Mg and 8390 ppm of Sr, corresponding to Mg/Ca and
Sr/Ca mole ratios of 2.47 � 10�3 and 9.74 � 10�3, respectively
(Table 1).

The powders were reacted with either gravimetrically prepared
‘‘solution A” (experiment series: 98_A, 110_A, 130_A, 150_A,
170_A), which contained 40 mM CaCl2, 8 mM MgCl2, 0.1 mM
Na2C2O4, 1.8 mM NaCl, and 0.12 mM SrCl2, or ‘‘solution B” (exper-
iment series: 98_B, 130_B, 150_B), which contained 40 mM CaCl2,
8 mM MgCl2, 1 mM Na2C2O4 (sodium oxalate) and 0.12 mM SrCl2.
The NaCl in solution A compensated the extra Na+ content induced
by higher Na2C2O4 in solution B. Hydrothermal conversion experi-
ments were carried out in Teflon-lined stainless steel bombs at 110
�C, 130 �C, 150 �C, and 170 �C, while 15 ml tightly capped PFA bea-
kers were used at 98 �C. For each experiment, 100 mg of aragonite
and 10 ml of solution were added to each of the reaction vessels.

The sealed vessels were placed into pre-heated convection
ovens at different experiment temperatures. Each set of hydrother-
mal experiments involved multiple (up to 10) reaction vessels,
which were sampled in a time series. Upon removal from the oven
and quenched to room temperature in the air within 2 h, the pro-
duct was transferred to a clean tube, where the solid and fluid con-
tents were separated by centrifuging. The fluid product was
centrifuged at 12000 rpm for 1 min three times to remove any pos-
sible suspended solids, while the solid product was washed with
de-ionized water and centrifuged three times and dried.

2.2. Mineralogical analysis

X-ray diffraction measurements were conducted on a Rigaku
Rapid II X-ray diffractometer that was equipped with a rotating
Mo Ka source, running at 50 kV and 90 mA. The XRD pattern for
the products was collected using a two-dimensional image plate
with a 5-minute exposure time. Data treatment and interpretation
were performed using a Rigaku 2DP program and Jade 6.5 soft-
ware. The relative abundance of aragonite and calcite in the solid
samples was quantified by the ratio of aragonite (221) and calcite
(104) reflection intensities (Kontoyannis and Vagenas, 2000). The
mineral morphology of the solid samples was characterized on a
Hitachi SU1510 variable pressure Scanning Electron Microscope
(VP-SEM).

2.3. Solution and solid chemistry analyses

Aliquots of the solid products and solutions were dissolved in
2 % HNO3 (v/v) to prepare the solutions for elemental analyses.
The elemental concentration of the solutions was measured using
inductively-coupled plasma optical emission spectroscopy (ICP-
OES) with reference to a series of gravimetrically prepared multi-
element standard solutions. Specifically, both Mg/Ca and Sr/Ca
ratios of solid and solution samples were precisely measured by
a combination of the intensity ratio calibration method and
sample-standard-sample bracketing method (de Villiers et al.,



Table 1
The mineralogy and chemical composition of solid and solution phases, as well as the fraction of Mg in solution being incorporated into the calcite.

Experimental ID Temp
(�C)

Duration
(days)

Mineralogy
by XRD

Calcite
proportion
(%)

pH(25�C) Ca(mM) Mg(mM) Sr(mM) (Mg/Ca)solid
(mM/M)

(Sr/Ca)solid
(mM/M)

DMg DSr Mg
incorporation(%)

Starting Aragonite 2.47 9.74
Starting Solution 39.39 7.87 0.12

98_A 98 7 Cal + Arg 41.00 7.22 41.00 6.49 0.57 12.22 6.65 0.08 0.48 20.77
98 14 Cal + Arg 53.95 7.28 40.64 6.30 0.65 17.25 3.87 0.11 0.24 22.36
98 21 Cal + Arg 58.04 7.24 40.45 6.21 0.70 17.56 3.45 0.11 0.20 23.16
98 28 Cal + Arg 60.13 7.17 40.61 6.22 0.74 14.59 4.81 0.10 0.27 23.29
98 35 Cal + Arg 71.40 7.24 40.36 6.09 0.79 18.52 2.33 0.12 0.12 24.40
98 42 Cal + Arg 83.05 7.20 41.20 6.12 0.79 17.88 2.65 0.12 0.14 25.59
98 49 Cal + Arg 83.53 7.25 40.52 6.02 0.80 18.81 2.58 0.13 0.13 25.57

110_A 110 5 Cal + Arg 36.90 7.00 41.16 6.51 0.56 13.22 6.17 0.08 0.45 20.78
110 10 Cal + Arg 61.53 6.89 41.31 6.22 0.71 14.54 4.71 0.10 0.28 24.63
110 15 Cal + Arg 77.34 7.19 40.10 5.99 0.70 19.72 4.14 0.13 0.24 25.18
110 20 Cal + Arg 67.12 7.13 40.55 5.88 0.77 22.03 2.50 0.15 0.13 27.39
110 25 Cal + Arg 81.94 7.08 40.78 5.84 0.81 21.71 2.07 0.15 0.10 28.27
110 30 Cal + Arg 63.54 7.17 40.86 5.83 0.83 22.77 2.56 0.16 0.13 28.61
110 35 Cal + Arg 70.75 7.08 40.28 5.78 0.81 22.01 2.32 0.15 0.12 28.18
110 40 Cal + Arg 90.01 6.95 40.24 5.73 0.87 21.67 2.67 0.15 0.12 28.69
110 45 Cal + Arg 89.27 7.16 40.47 5.86 0.84 22.41 1.63 0.15 0.08 27.50
110 50 Cal + Arg 92.97 7.18 40.02 5.98 0.84 22.94 1.68 0.15 0.08 25.19

130_A 130 4 Cal + Arg 40.77 7.10 41.07 6.18 0.62 17.60 4.67 0.12 0.31 24.65
130 8 Cal + Arg 55.19 7.16 40.75 5.87 0.73 21.52 3.98 0.15 0.22 27.91
130 12 Cal + Arg 74.57 7.21 40.56 5.85 0.73 21.12 2.89 0.15 0.16 27.82
130 16 Cal + Arg 87.19 7.02 41.45 5.75 0.83 23.96 2.38 0.17 0.12 30.52
130 20 Cal + Arg 84.35 7.19 40.56 5.42 0.85 23.43 1.80 0.18 0.09 33.10
130 24 Cal + Arg 97.24 7.06 41.56 5.48 0.85 25.18 1.56 0.19 0.08 33.95
130 28 Cal + Arg 88.64 7.15 40.92 5.55 0.78 22.97 1.45 0.17 0.08 32.03
130 32 Cal + Arg 99.00 7.22 41.08 5.34 0.87 25.40 0.83 0.20 0.04 34.94
130 36 Cal + Arg 88.74 7.21 40.65 5.64 0.86 24.03 1.61 0.17 0.08 30.48
130 40 Cal + Arg 99.38 7.13 40.80 5.30 0.83 25.57 1.12 0.20 0.06 34.90

150_A 150 3 Cal + Arg 52.17 6.93 41.04 5.90 0.65 18.81 5.01 0.13 0.32 28.05
150 6 Cal + Arg 80.80 7.03 41.16 5.72 0.71 21.76 3.38 0.16 0.20 30.38
150 9 Cal + Arg 93.69 7.25 40.42 5.62 0.77 22.38 3.09 0.16 0.16 30.40
150 12 Cal + Arg 94.09 7.18 41.02 5.61 0.81 24.06 2.63 0.18 0.13 31.54
150 15 Cal + Arg 92.99 7.14 41.40 5.63 0.84 26.44 1.36 0.19 0.07 31.89
150 18 Cal + Arg 84.56 7.05 40.77 5.52 0.84 25.43 2.29 0.19 0.11 32.25
150 21 Cal + Arg 96.24 6.97 40.90 5.55 0.86 25.00 2.17 0.18 0.10 32.07
150 24 Cal + Arg 99.34 7.14 40.90 5.54 0.85 26.64 0.92 0.20 0.04 32.18
150 27 Cal + Arg 88.49 7.22 40.44 5.42 0.85 24.28 2.58 0.18 0.12 32.85
150 30 Cal + Arg 99.16 7.18 40.97 5.55 0.86 25.77 1.25 0.19 0.06 32.15

170_A 170 3 Cal + Arg 69.79 7.05 40.89 5.61 0.72 20.65 3.94 0.15 0.22 31.33
170 6 Cal + Arg 75.97 6.91 40.84 5.37 0.78 24.55 2.30 0.19 0.12 34.10
170 9 Cal + Arg 87.29 6.99 40.38 5.39 0.80 26.20 1.73 0.20 0.09 33.16
170 12 Cal + Arg 92.82 6.95 40.91 5.25 0.84 26.43 1.37 0.21 0.07 35.78
170 15 Cal + Arg 95.03 6.99 40.36 5.29 0.84 26.94 1.66 0.21 0.08 34.37
170 18 Cal + Arg 99.80 6.98 40.34 5.40 0.85 25.84 1.51 0.19 0.07 32.97
170 21 Cal + Arg 92.92 7.03 41.16 5.59 0.86 26.72 1.40 0.20 0.07 32.01
170 24 Cal + Arg 97.92 7.02 40.80 5.41 0.85 27.31 1.34 0.21 0.06 33.60
170 27 Cal + Arg 93.48 6.94 40.20 5.41 0.82 25.54 1.39 0.19 0.07 32.65
170 30 Cal + Arg 99.23 7.11 40.32 5.29 0.85 27.33 1.07 0.21 0.05 34.28

98_B 98 7 Cal + Arg 46.92 7.36 41.72 6.57 0.77 13.88 5.37 0.09 0.29 21.20
98 14 Cal + Arg 53.33 7.38 40.57 6.39 0.70 19.49 2.96 0.12 0.17 21.17
98 21 Cal + Arg 50.83 7.31 41.09 6.33 0.76 17.00 3.89 0.11 0.21 22.81
98 28 Cal + Arg 80.48 7.34 40.78 6.11 0.81 19.05 2.17 0.13 0.11 25.05
98 35 Cal + Arg 78.19 7.38 40.92 3.59 0.48 11.23 1.72 0.13 0.15 56.03
98 42 Cal + Arg 70.10 7.48 41.16 6.16 0.91 21.03 2.39 0.14 0.11 25.08
98 49 Cal + Arg 87.62 7.46 41.81 6.20 0.93 20.63 1.53 0.14 0.07 25.75

130_B 130 4 Cal + Arg 53.90 7.04 41.79 6.04 0.75 19.61 3.87 0.14 0.22 27.63
130 8 Cal + Arg 64.41 7.06 40.47 5.98 0.73 18.92 3.89 0.13 0.22 25.98
130 12 Cal + Arg 89.74 7.11 41.52 5.77 0.89 24.59 2.01 0.18 0.09 30.37
130 16 Cal + Arg 94.63 7.24 40.99 5.91 0.81 21.95 1.74 0.15 0.09 27.75
130 20 Cal + Arg 91.33 7.00 40.74 5.85 0.84 23.70 1.86 0.16 0.09 28.08
130 24 Cal + Arg 92.54 7.13 40.82 5.39 0.89 23.19 1.16 0.18 0.05 33.87
130 28 Cal + Arg 91.10 7.16 40.15 5.70 0.89 23.26 0.80 0.16 0.04 28.91
130 32 Cal + Arg 99.36 7.21 40.94 5.60 0.91 21.84 1.32 0.16 0.06 31.55
130 36 Cal + Arg 99.20 7.13
130 40 Cal + Arg 98.67 7.25 41.40 6.01 0.92 24.28 1.69 0.17 0.08 27.31

150_B 150 3 Cal + Arg 68.40 7.10 41.52 5.90 0.75 19.80 4.95 0.14 0.27 28.83
150 6 Cal + Arg 73.59 7.06 41.44 5.85 0.78 20.92 3.01 0.15 0.16 29.30
150 9 Cal + Arg 78.86 7.16 41.31 5.64 0.83 23.38 2.11 0.17 0.10 31.59
150 12 Cal + Arg 68.35 6.98 41.23 6.40 0.76 28.68 1.85 0.18 0.10 22.26
150 15 Cal + Arg 96.98 7.00 40.33 5.37 0.84 21.72 1.73 0.16 0.08 33.32

(continued on next page)
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Table 1 (continued)

Experimental ID Temp
(�C)

Duration
(days)

Mineralogy
by XRD

Calcite
proportion
(%)

pH(25�C) Ca(mM) Mg(mM) Sr(mM) (Mg/Ca)solid
(mM/M)

(Sr/Ca)solid
(mM/M)

DMg DSr Mg
incorporation(%)

150 18 Cal + Arg 96.29 7.15 40.75 5.86 0.88 24.39 2.15 0.17 0.10 28.02
150 21 Cal + Arg 99.72 7.16 40.23 5.52 0.89 25.18 1.33 0.18 0.06 31.32
150 24 Cal + Arg 98.61 7.27 40.59 6.77 0.88 29.62 1.50 0.18 0.07 16.50
150 27 Cal + Arg 97.04 7.20 40.97 5.67 0.90 25.40 1.30 0.18 0.06 30.72
150 30 Cal + Arg 98.37 7.18 41.00 5.68 0.91 25.25 1.51 0.18 0.07 30.66

Cal: calcite.
Arg: Aragonite.

C. Liu and W. Li Geochimica et Cosmochimica Acta xxx (xxxx) xxx
2002; Zhu et al., 2021). Briefly, a set of standards with the different
Mg and Sr (0.04 to 2.8 ppm) but the same Ca concentrations
(20 ppm) were prepared, then the fitted line for Mg(Sr)/Ca ratio
against intensity ratio data was calibrated. The Ca concentration
in each test solution was adjusted to �20 ppm before analysis. In
addition, the standard-sample bracketing method was applied to
correct the sensitivity drift for the ICP-OES. By using the above
measures, the precision for Mg/Ca and Sr/Ca ratio measurement
was better than ±2 %.

The pH measurements of solutions were performed at ambient
conditions by Mettler Toledo combined electrode, which was cali-
brated by buffer standard solutions (pH = 4.01, 7.00, and 9.21 at 25
�C) with an uncertainty of 0.02 units. The PHREEQC software was
used to calculate the speciation of aqueous solutions with its llnl.-
dat database. The thermodynamic constants for oxalate dissocia-
tion (Gautier et al., 2015) and complexation with metal ions
(Johnson et al., 1992; Prapaipong et al., 1999) were included in
PHREEQC calculations.

2.4. Magnesium isotope analysis

Purification of Mg in the samples was achieved using a two-
stage ion-exchange column chemistry procedure. The first stage
of column chemistry followed a well-established method in the
lab (Hu et al., 2017; Li et al., 2019). An aliquot of the sample con-
taining approximately 20 lg Mg was first dissolved in 0.5 ml 1.5 N
HNO3 and the solution was loaded onto a quartz column with pre-
cleaned 1 ml Biorad@ cation exchange resin (AG50W-X12, 100 to
200 mesh). Then 1.5 N HNO3 and 6 N HCl were used to elute the
column to remove Na, Ca, Sr, and other cations from Mg. For the
second stage of column chemistry, a column that contained
0.3 ml Eichrom DGA resin was used to remove the last vestige of
Ca in the purified Mg, as reported by Li et al. (2012). Recovery of
the Mg was > 97 %, and the total procedural blank for the chemical
procedure was < 20 ng.

Magnesium isotope ratio measurements were performed on a
Nu 1700 Sapphire MC-ICP-MS at Nanjing University. The instru-
ment was operated in high energy (no collision cell) and wet
plasma mode. Standard-sample-standard bracketing method was
applied to correct for the instrument drift and mass bias. An in-
house Mg solution (A-Mg), which has a d26Mg value of �3.25 ‰

relative to DSM3, was used as the bracketing standard. The Mg
concentration of the samples matched that of the standard at a
level of 0.50 ± 0.05 ppm. Solutions were introduced into the instru-
ment using a 100 lL/min Glass Expansion nebulizer. The typical
signal intensity was 7–10 V on 24Mg (1011 X resistor). Each isotope
analysis consisted of forty 4-second integrations, which yielded a
typical internal precision of < 0.04 ‰ for 26Mg/24Mg ratios.

Magnesium isotope data are reported using the standard delta
notation (‰) of d26Mg and d25Mg for the 26Mg/24Mg and 25Mg/24-
Mg ratios relative to the DSM3 Mg isotope standard, where

dxMg ¼ xMg= 24Mgsample

� �
= x= 24MgDSM3

� �� 1
� �� 1000 ð1Þ
4

and the Mg isotope fractionation factor between two phases A and B
is expressed as:
DxMgA�B ¼ dxMgA � dxMgB � 103lnax=24
A�B ð2Þ
where x = 25 or 26.
The error in Mg isotope fractionation factors was calculated fol-

lowing the error propagation function:
ErrDMgA�B ¼ ErrdMgAð Þ2 þ ErrdMgBð Þ2
h i1=2

ð3Þ

The accuracy of Mg isotope measurements was verified by ana-
lyzing the pure Mg international standards (Cambridge1 and
DSM3). Moreover, IAPSO standard seawater and two matrix-
matching synthetic standard solutions (mixture of CaCl2 and in-
house Mg standard HPS932001 and HPS909104, 50:1 mol ratio
for Ca: Mg) were processed as the unknown samples in the ion-
exchange procedure. The measured Mg isotope compositions for
both pure Mg standard solutions and standard samples (seawater
and matrix-matching synthetic standard) match well with pub-
lished values (i.e., d26MgSeawater = �0.83 ± 0.12, Appendix
Table S1). Based on repeated analyses of these standards and test
solutions over multiple sessions over six months, the long external
reproducibility for Mg isotopes was at a level of ±0.10 ‰ for d26Mg
(Appendix Fig. S2).
3. Results

3.1. Mineralogy

The mineralogy of the solid experimental products and the
chemical composition of the aqueous solutions are summarized
in Table 1. Briefly, the solid phases in all experiments consisted
only of aragonite and calcite (Table 1). In all experiments, the pro-
portion of calcite increased with increasing reaction time (Fig. 1)
and the rate of aragonite-to-calcite transformation increased with
higher temperatures. The proportion of calcite in the solid product
was around 40 % after 7 days of reaction at 98 �C, whereas it took
4 days for experiments at 130 �C to reach a similar proportion of
calcite. For experiments at 170 �C, 70 % of aragonite was trans-
formed to calcite after 3 days of reaction. Moreover, a higher oxa-
late concentration generally led to higher aragonite conversion
rates at the same temperature (e.g., Fig. 1C).

Under SEM, the starting aragonite occurs as aggregates of platy
crystals, a typical biological structure (Fig. 2). After hydrothermal
experiments, the solid products transformed to homogeneous cal-
cite with anhedral but granular morphology. The grain size of cal-
cite was 1–5 lm irrespective of reaction temperature for all
experiments (Fig. 2). There was a subtle, but noticeable increase
in the size of calcite grains with increasing reaction time (Fig. 2).



Fig. 1. The proportion of calcite in the solid phase versus reaction time for different experiments.

Fig. 2. The SEM images of starting aragonite and calcite products after conversion experiments.
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3.2. Elemental partitioning

The Mg and Sr concentrations for bulk solid samples ranged
from 1.10 to 2.87 mol% and 0.08 to 0.66 mol%, respectively. The
5

apparent elemental partition coefficient (D) was calculated based
on the molar ratios of (mM/M) for the elements between the solid
product and the aqueous solution:

DMg ¼ ðMg=CaÞsolid=ðMg=CaÞsoln ð4Þ



Fig. 3. (A) Plot of DMg versus DSr for all experiments in this study; (B) Plot of DMg versus calcite proportion (%) for all experiments in this study, symbols are the same with plot
A; (C) Plot of DSr versus calcite proportion (%) for all experiments in this study, symbols are the same with plot A.
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DSr ¼ ðSr=CaÞsolid=ðSr=CaÞsoln ð5Þ
The DMg values increased at the early stage of the experiments,

then remained relatively constant for all experiment series (Table 1,
Appendix Fig. S3). In contrast, the DSr values decreased for all
experiment series and then remained constant (Table 1, Appendix
Fig. S4). Notably, the apparent DMg and DSr values show negative
correlations for all experiment series (Fig. 3A).

3.3. Magnesium isotope fractionation

The starting aragonite and aqueous Mg (in both solution A and
solution B) had d26Mg values of �1.90‰ and �1.10‰, respectively
(Table 2). The aqueous solutions after the reactions all had higher
26Mg/24Mg ratios as compared to the starting solution, while the
solid phases had lower d26Mg values than that of starting arago-
nite. Moreover, the d26Mg values of both solid and aqueous phases
stabilized with a longer reaction time (Fig. 4).

The apparent Mg isotope fractionation factors between bulk
solids and aqueous solutions (D26Mgsolid-soln) range from ca.
�1.84 ‰ at 98 �C (Exp. 98_B) to ca. �1.35 ‰ (Exp. 170_A) at
170 �C, showing a strong positive correlation with the reaction
temperatures (Fig. 5). For experiments at the same temperature,
the D26Mgsolid-soln values in experiment series B are slightly more
negative on average compared to those in experiment series A
(Fig. 6), indicating slightly greater magnitude Mg isotope fraction-
ation in experiments with higher oxalate concentrations in the
aqueous solutions.
4. Discussion

4.1. Partitioning of magnesium and strontium between calcite and
aqueous solutions

In this study, the transformation of aragonite to calcite led to
increasing apparent DMg values and decreasing apparent DSr values
(Table 1). There is a positive correlation between the apparent DMg

values and the calcite proportions in the bulk solids, as well as a
negative correlation between DSr and calcite proportion (Fig. 3B,
C). These correlations indicate the mixing of aragonite and calcite
in the experimental products. Due to the difference in ionic radii
between Mg (Sr) and Ca (Shannon, 1976), Mg is more compatible
with the lattice of calcite than aragonite, whereas Sr is more com-
patible with aragonite than calcite (Morse and Mackenzie, 1990;
Morse et al., 2007).

Numerous experimental studies have been conducted to inves-
tigate the partitioning behavior of Mg and Sr between calcite and
6

aqueous solutions (e.g., Lorens, 1981; Mucci and Morse, 1983;
Dietzel and Usdowski, 1996; Tang et al., 2008b; Mavromatis
et al., 2013; Goetschl et al., 2019), and these studies may be
grouped into two types. One type is the direct precipitation of cal-
cite from aqueous solutions (e.g., Pingitore and Eastman, 1986;
Zhong and Mucci, 1989; Tang et al., 2012; Gabitov et al., 2014;
Mavromatis et al., 2017a). Several studies have shown that the dis-
tribution coefficients could be significantly influenced by the cal-
cite precipitation rate (Lorens, 1981; Tesoriero and Pankow,
1996; Nehrke et al., 2007; Tang et al., 2008b; Tang et al., 2012;
Mavromatis et al., 2013; Gabitov et al., 2014; Goetschl et al.,
2019; Gabitov et al., 2021), implying kinetic effects associated with
direct mineral precipitation. Another type is the transformation of
aragonite (Katz et al., 1972; Katz, 1973; Jacobson and Usdowski,
1976; Baker et al., 1982; Humphrey and Howell, 1999; Malone
and Baker, 1999) or dolomite (Jacobson and Usdowski, 1976;
Stoessell et al., 1987; Malone and Baker, 1999) to calcite, as the
approach taken here. Previous studies on the hydrothermal alter-
ation of aragonite showed that the formation of calcite was favored
at low rates of replacement and led to the extensive elemental
exchange between fluids and minerals (Pederson et al., 2019;
Pederson et al., 2020). Therefore, the relatively slow calcite forma-
tion rates that accompany these transformation reactions are
thought to better mimic slow precipitation from solution, which
could result in elemental distribution closer to equilibrium
(Malone and Baker, 1999). In addition, it has been proposed that
equilibrium elemental distribution data could be obtained by
studying deep-sea carbonate sediments, which had experienced
extensive recrystallization in pore fluids (Lammers and Mitnick,
2019; Zhang and DePaolo, 2020).

We compile the Mg and Sr distribution coefficient data in liter-
ature in Fig. 7, in which the average DMg(DSr) values for > 90 % cal-
cite conversion in this study are also plotted for comparison. All the
direct precipitation experiments were conducted at relatively low
temperatures (Gascoyne, 1983; Mucci and Morse, 1983; Mucci,
1986; Howson et al., 1987; Mucci, 1987; Oomori et al., 1987;
Zhong and Mucci, 1989; Burton and Walter, 1991; Hartley and
Mucci, 1996; Huang et al., 2001; Day and Henderson, 2013;
Mavromatis et al., 2013; Gabitov et al., 2014; Mavromatis et al.,
2017a; Drysdale et al., 2019), while Katz (1973) applied the arago-
nite transition experiments from 25 to 90 �C. We note that DMg val-
ues obtained in this study and those in the study of Katz (1973)
define a good correlation with temperature (Fig. 7A), where the
higher-temperature results obtained here broadly lie on an extrap-
olation of the lower temperature results of Katz (1973).

The direct precipitation of calcite produced variable DSr values
(Holland et al., 1964; Lorens, 1981; Mucci and Morse, 1983;



Table 2
Mg isotope data of solution and solid phases in experiments.

Experimental ID Temp (�C) Duration
(days)

Solution (‰) Solid (‰) Fractionation (solid-solution)

d26/24Mg 2SD d25/24Mg 2SD n(N)1 d26/24Mg 2SD d25/24Mg 2SD n(N)1 D26/24Mg 2SD2 D25/24Mg 2SD2

Starting Aragonite �1.90 0.05 �0.97 0.03 8(2)
Starting Solution �1.10 0.10 �0.57 0.06 14(3)
seawater �0.83 0.12 �0.42 0.10 21(7)
SolutionA13 �0.69 0.10 �0.36 0.06 48(16)
SolutionA24 �2.96 0.10 �1.52 0.06 46(13)
98_A 98 7 �0.76 0.03 �0.39 0.03 4(1) �2.45 0.07 �1.26 0.03 4(1) �1.70 0.08 �0.87 0.04

98 14 �0.72 0.05 �0.37 0.04 4(1) �2.45 0.08 �1.26 0.03 4(1) �1.73 0.09 �0.89 0.05
98 21 �0.69 0.03 �0.36 0.03 4(1) �2.42 0.08 �1.25 0.04 4(1) �1.73 0.09 �0.91 0.05
98 28 �0.71 0.03 �0.37 0.03 4(1) �2.47 0.04 �1.27 0.02 4(1) �1.75 0.05 �0.94 0.04
98 35 �0.69 0.05 �0.35 0.03 4(1) �2.39 0.05 �1.23 0.02 4(1) �1.70 0.07 �0.87 0.03
98 42 �0.63 0.05 �0.32 0.06 4(1) �2.39 0.05 �1.23 0.05 4(1) �1.76 0.07 �0.93 0.08
98 49 �0.58 0.06 �0.30 0.02 4(1) �2.37 0.05 �1.22 0.01 4(1) �1.79 0.08 �0.95 0.02

110_A 110 5 �0.75 0.05 �0.39 0.02 4(1) �2.30 0.07 �1.18 0.03 4(1) �1.55 0.08 �0.81 0.04
110 10 �0.63 0.08 �0.32 0.04 4(1) �2.21 0.02 �1.14 0.01 4(1) �1.59 0.08 �0.80 0.05
110 15 �0.68 0.06 �0.35 0.02 4(1) �2.23 0.07 �1.15 0.06 4(1) �1.55 0.09 �0.78 0.07
110 20 �0.55 0.07 �0.29 0.04 4(1) �2.22 0.07 �1.15 0.06 4(1) �1.67 0.10 �0.88 0.07
110 25 �0.57 0.04 �0.29 0.04 4(1) �2.27 0.05 �1.17 0.06 4(1) �1.71 0.06 �0.89 0.07
110 30 �0.62 0.03 �0.32 0.02 4(1) �2.25 0.06 �1.15 0.05 4(1) �1.63 0.06 �0.85 0.06
110 35 �0.63 0.04 �0.32 0.01 4(1) �2.33 0.05 �1.20 0.01 4(1) �1.70 0.06 �0.88 0.02
110 40 �0.65 0.07 �0.33 0.06 4(1) �2.31 0.07 �1.19 0.03 4(1) �1.65 0.10 �0.85 0.06
110 45 �0.62 0.05 �0.32 0.02 4(1) �2.31 0.04 �1.19 0.04 4(1) �1.69 0.06 �0.88 0.04
110 50 �0.61 0.04 �0.31 0.04 4(1) �2.36 0.08 �1.21 0.03 4(1) �1.75 0.09 �0.91 0.05

130_A 130 4 �0.66 0.05 �0.34 0.02 4(1) �2.16 0.01 �1.12 0.01 4(1) �1.50 0.05 �0.76 0.03
130 8 �0.64 0.07 �0.33 0.01 4(1) �2.16 0.06 �1.11 0.02 4(1) �1.52 0.09 �0.81 0.02
130 12 �0.60 0.09 �0.30 0.04 4(1) �2.24 0.05 �1.16 0.00 4(1) �1.65 0.10 �0.84 0.04
130 16 �0.55 0.07 �0.28 0.07 4(1) �2.19 0.09 �1.12 0.04 4(1) �1.64 0.11 �0.88 0.08
130 20 �0.53 0.07 �0.27 0.03 4(1) �2.20 0.05 �1.13 0.02 4(1) �1.66 0.08 �0.88 0.04
130 24 �0.50 0.02 �0.26 0.00 4(1) �2.11 0.02 �1.08 0.01 4(1) �1.61 0.03 �0.84 0.01
130 28 �0.61 0.04 �0.31 0.03 4(1) �2.14 0.09 �1.10 0.05 4(1) �1.53 0.09 �0.81 0.06
130 32 �0.50 0.07 �0.25 0.03 4(1) �2.12 0.03 �1.09 0.03 4(1) �1.62 0.08 �0.84 0.05
130 36 �0.54 0.07 �0.28 0.02 4(1) �2.15 0.03 �1.11 0.04 4(1) �1.61 0.08 �0.86 0.05
130 40 �0.51 0.05 �0.26 0.03 4(1) �2.10 0.04 �1.08 0.05 4(1) �1.58 0.07 �0.82 0.05

150_A 150 3 �0.65 0.06 �0.34 0.05 4(1) �2.09 0.05 �1.07 0.02 4(1) �1.44 0.08 �0.75 0.05
150 6 �0.62 0.04 �0.31 0.02 4(1) �2.14 0.07 �1.10 0.05 4(1) �1.52 0.08 �0.79 0.06
150 9 �0.60 0.05 �0.31 0.01 4(1) �2.09 0.08 �1.07 0.05 4(1) �1.48 0.09 �0.78 0.05
150 12 �0.58 0.05 �0.30 0.01 4(1) �2.12 0.10 �1.09 0.05 4(1) �1.54 0.12 �0.79 0.06
150 15 �0.57 0.05 �0.29 0.04 4(1) �2.06 0.07 �1.06 0.02 4(1) �1.49 0.09 �0.79 0.04
150 18 �0.57 0.05 �0.29 0.04 4(1) �2.08 0.08 �1.08 0.08 4(1) �1.51 0.10 �0.75 0.10
150 21 �0.57 0.07 �0.30 0.05 4(1) �2.03 0.09 �1.05 0.07 4(1) �1.45 0.12 �0.76 0.09
150 24 �0.56 0.04 �0.29 0.03 4(1) �2.12 0.06 �1.09 0.04 4(1) �1.56 0.07 �0.82 0.05
150 27 �0.57 0.06 �0.29 0.03 4(1) �2.06 0.03 �1.06 0.01 4(1) �1.49 0.07 �0.75 0.04
150 30 �0.55 0.05 �0.29 0.02 4(1) �2.08 0.08 �1.07 0.05 4(1) �1.53 0.10 �0.81 0.05

170_A 170 3 �0.61 0.05 �0.32 0.01 4(1) �2.00 0.09 �1.03 0.05 4(1) �1.39 0.10 �0.75 0.05
170 6 �0.60 0.03 �0.31 0.03 4(1) �1.96 0.08 �1.00 0.06 4(1) �1.36 0.08 �0.70 0.07
170 9 �0.58 0.05 �0.30 0.04 4(1) �1.99 0.05 �1.03 0.04 4(1) �1.40 0.07 �0.72 0.05
170 12 �0.55 0.04 �0.29 0.04 4(1) �1.97 0.03 �1.02 0.03 4(1) �1.43 0.05 �0.74 0.06
170 15 �0.59 0.06 �0.31 0.02 4(1) �2.00 0.05 �1.04 0.03 4(1) �1.41 0.07 �0.75 0.04
170 18 �0.60 0.04 �0.30 0.05 4(1) �1.99 0.08 �1.02 0.09 4(1) �1.39 0.09 �0.71 0.10
170 21 �0.60 0.04 �0.31 0.04 4(1) �2.04 0.05 �1.05 0.04 4(1) �1.44 0.07 �0.72 0.06
170 24 �0.56 0.09 �0.29 0.06 4(1) �2.00 0.01 �1.03 0.02 4(1) �1.43 0.09 �0.75 0.06
170 27 �0.62 0.09 �0.32 0.05 4(1) �2.04 0.07 �1.05 0.05 4(1) �1.41 0.11 �0.75 0.07
170 30 �0.62 0.03 �0.32 0.05 4(1) �1.98 0.05 �1.02 0.03 4(1) �1.35 0.06 �0.70 0.06

98_B 98 7 �0.59 0.09 �0.30 0.02 4(1) �2.40 0.02 �1.24 0.03 4(1) �1.81 0.09 �0.92 0.04
98 14 �0.62 0.08 �0.32 0.05 4(1) �2.41 0.04 �1.25 0.05 4(1) �1.79 0.09 �0.98 0.07
98 21 �0.61 0.05 �0.32 0.03 4(1) �2.41 0.06 �1.24 0.07 4(1) �1.80 0.07 �0.95 0.08
98 28 �0.59 0.04 �0.31 0.02 4(1) �2.41 0.04 �1.24 0.02 4(1) �1.82 0.06 �0.96 0.03
98 35 �0.69 0.07 �0.36 0.03 4(1) �2.48 0.03 �1.28 0.03 4(1) �1.79 0.07 �0.93 0.04
98 42 �0.60 0.06 �0.31 0.06 4(1) �2.44 0.03 �1.26 0.01 4(1) �1.84 0.07 �0.94 0.06
98 49 �0.59 0.06 �0.30 0.03 4(1) �2.36 0.05 �1.21 0.04 4(1) �1.78 0.08 �0.93 0.05

130_B 130 4 �0.65 0.01 �0.33 0.04 4(1) �2.28 0.07 �1.17 0.04 4(1) �1.62 0.07 �0.86 0.06
130 8 �0.64 0.05 �0.33 0.05 4(1) �2.39 0.07 �1.23 0.09 4(1) �1.75 0.08 �0.95 0.10
130 12 �0.55 0.05 �0.28 0.02 4(1) �2.19 0.00 �1.13 0.02 4(1) �1.64 0.05 �0.86 0.03
130 16 �0.61 0.02 �0.32 0.06 4(1) �2.33 0.03 �1.20 0.03 4(1) �1.72 0.04 �0.90 0.07
130 20 �0.61 0.07 �0.32 0.08 4(1) �2.34 0.02 �1.20 0.03 4(1) �1.73 0.07 �0.90 0.08
130 24 �0.59 0.04 �0.30 0.02 4(1) �2.20 0.06 �1.13 0.03 4(1) �1.61 0.07 �0.88 0.04
130 28 �0.58 0.02 �0.30 0.02 4(1) �2.26 0.07 �1.17 0.03 4(1) �1.68 0.07 �0.88 0.04
130 32 �0.55 0.05 �0.28 0.04 4(1) �2.31 0.04 �1.19 0.01 4(1) �1.76 0.06 �0.95 0.04
130 36
130 40 �0.62 0.02 �0.32 0.04 4(1) �2.15 0.02 �1.11 0.03 4(1) �1.53 0.03 �0.82 0.05

(continued on next page)

C. Liu and W. Li Geochimica et Cosmochimica Acta xxx (xxxx) xxx

7



Table 2 (continued)

Experimental ID Temp (�C) Duration
(days)

Solution (‰) Solid (‰) Fractionation (solid-solution)

d26/24Mg 2SD d25/24Mg 2SD n(N)1 d26/24Mg 2SD d25/24Mg 2SD n(N)1 D26/24Mg 2SD2 D25/24Mg 2SD2

150_B 150 3 �0.72 0.08 �0.37 0.05 4(1) �2.19 0.06 �1.13 0.03 4(1) �1.47 0.10 �0.78 0.06
150 6 �0.66 0.03 �0.34 0.04 4(1) �2.14 0.02 �1.10 0.03 4(1) �1.48 0.03 �0.78 0.05
150 9 �0.65 0.02 �0.33 0.02 4(1) �2.17 0.05 �1.12 0.07 4(1) �1.52 0.06 �0.79 0.07
150 12 �0.64 0.03 �0.33 0.01 4(1) �2.19 0.03 �1.13 0.02 4(1) �1.54 0.04 �0.80 0.02
150 15 �0.60 0.03 �0.30 0.02 4(1) �2.21 0.08 �1.14 0.05 4(1) �1.61 0.08 �0.89 0.06
150 18 �0.70 0.05 �0.35 0.03 4(1) �2.23 0.06 �1.14 0.05 4(1) �1.53 0.08 �0.80 0.06
150 21 �0.60 0.05 �0.31 0.03 4(1) �2.21 0.08 �1.14 0.05 4(1) �1.61 0.09 �0.85 0.06
150 24 �0.57 0.10 �0.29 0.04 4(1) �2.21 0.08 �1.14 0.05 4(1) �1.64 0.12 �0.82 0.06
150 27 �0.66 0.08 �0.34 0.02 4(1) �2.21 0.02 �1.14 0.03 4(1) �1.54 0.09 �0.81 0.03
150 30 �0.62 0.05 �0.32 0.05 4(1) �2.15 0.05 �1.11 0.03 4(1) �1.53 0.07 �0.82 0.06

1. n denotes the total number of isotope analysis, N denotes the number of replicate.
2. ErrDxMg = [(ErrdxMgsolid)2 + (ErrdxMgsoln)2 ]1/2, x = 26 or 25.
3. Test solution contains 0.8 lmol of Mg (HPS909104, d26Mg = -0.67 ± 0.10 ‰ by Li et al., 2011) and 40 lmol of CaCl2.
4. Test solution contains 0.8 lmol of Mg (HPS932001, d26Mg = -2.93 ± 0.14 ‰ by Li et al., 2011) and 40 lmol of CaCl2.
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Mucci, 1986; Pingitore and Eastman, 1986; Tesoriero and Pankow,
1996; Huang and Fairchild, 2001; Wasylenki et al., 2005; Gabitov
and Watson, 2006; Nehrke et al., 2007; Tang et al., 2008b; Tang
et al., 2012; Day and Henderson, 2013; Gabitov et al., 2014;
Fig. 4. The evolution of Mg isotopic composition (d26Mg) of solid and aqueous solutions, a
represents the 2SD of the multiple analyses of the starting solutions. Gray diamond symb
which were related to errors in Mg concentration measurements (or solution preparati
affect discussions on Mg isotope fractionations.
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AlKhatib and Eisenhauer, 2017; Drysdale et al., 2019), which are
higher than equilibrium DSr proposed by Zhang and DePaolo
(2020) (Fig. 7B). In contrast, our results together with previously
reported aragonite/dolomite transformation experimental data
s well as the Mg isotope mass balances for each of the experiments. The shaded area
ols in the plot (98_B and 150_B) denote anomalous mass balance calculation results,
on) that cannot be traced back or corrected, we emphasize that such errors do not



Fig. 5. The apparent Mg isotope fractionation factors between solid and aqueous phases (D26Mgsolid-soln) versus reaction temperature for all experiments.

Fig. 6. The plot of bulk Mg isotope fractionation factors (D26Mgsolid-soln) between solid and aqueous solution versus time at the five experimental temperatures.
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(Katz et al., 1972; Baker et al., 1982; Stoessell et al., 1987;
Humphrey and Howell, 1999; Malone and Baker, 1999) are closer
to the proposed equilibrium line by Zhang and DePaolo (2020).

Besides temperature, organic matter may influence element
distributions. Mavromatis et al. (2017a) observed a significant
enhancement of Mg uptake into calcite with the presence of sev-
eral carboxyl-containing organic ligands including acetic acid,
9

citric acid, glutamic acid, salicylic acid, glycine, and EDTA. In this
study, experiments with different oxalate concentrations
(0.1 mM vs 1 mM) were conducted at 98, 130, and 150 �C. The
higher DMg and lower DSr values were obtained at the early stage
of the reaction for the experiments with higher oxalate concentra-
tion (Appendix Fig. S3, S4), but it should be attributed to the higher
calcite proportion, as discussed earlier. With a longer reaction



Fig. 7. Comparison of the DMg and DSr data obtained in this study and those reported for calcite in literature. (A) DMg versus temperature. (B) DSr versus temperature.
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time, however, the DMg and DSr values became consistent among
experiments with different oxalate concentrations at the same
temperatures. Therefore, in our experiments, the oxalate appeared
to have limited influence on Mg/Sr partition behavior, which was
different from the effects of other carboxyl-containing organic
ligands reported by Mavromatis et al. (2017a). This difference
could be due to the higher reaction temperature in this study or
the different formation pathways for calcite (conversion from arag-
onite versus direct precipitation).
4.2. Magnesium isotope fractionation between calcite and aqueous
Mg2+

The presence of more oxalate contributed to slightly lower
D26Mgsolid-soln values, that the weighted average D26Mgsolid-soln
values for experimental series 98_A, 130_A and 150_A with
0.1 mM of oxalates were �1.74 ± 0.03 ‰, �1.59 ± 0.04 ‰, and
�1.50 ± 0.03 ‰, respectively, whereas for experimental series
98_B, 130_B and 150_B with 1 mM of oxalates, these values
decrease to �1.80 ± 0.03 ‰, �1.64 ± 0.07 ‰, and �1.52 ± 0.03 ‰,
respectively (Fig. 6). According to Schott et al. (2016), dissolved
oxalate has chelating effects on Mg ions in aqueous solution, and
the Mg-oxalate strongly enriches heavy Mg isotopes relative to free
Mg-aquo ions (i.e., Mg(H2O)62+). Thus, experiments with higher dis-
solved oxalates yielded lower D26Mgcal-soln values given the same
temperature. To account for the isotopic effect of Mg-oxalate in
the experiments, we first calculated the speciation of Mg in aque-
ous solutions for all the experiments using PHREEQC. The results
(Appendix Table S2) are plotted in Fig. 8, which shows that the
mole fraction of free Mg-aquo ions decreases with increasing tem-
peratures, while that of other Mg species increases with increasing
temperature (Fig. 8A). When the concentration of oxalate increased
to 1 mM, the mole fraction of Mg-oxalate increased by an order of
magnitude (Fig. 8B). Based on isotope mass balance, the
d26Mg values of aqueous Mg species can be calculated by:

d26Mgsoln ¼
X
i

Fi � d26Mgi

� � ð6Þ

where Fi represents the mole fraction of the ith Mg2+ species and
d26Mgi refers to the d26Mg values of the ith Mg2+ species,
respectively.

Using equation (6), as well as the results of Mg speciation calcu-
lation and the Mg isotope fractionation factors between different
10
Mg species (Schott et al., 2016), the Mg isotope composition of free
Mg-aquo ions (i.e., Mg(H2O)62+) for each experiment was calculated
(Appendix Table S2). While the solid phase contained both starting
aragonite and newly formed calcite, the Mg isotope composition of
the solid phase can be expressed as:

d26Mgsolid ¼ FCal � d26MgCal þ FAra � d26MgAr ð7Þ
where FCal and FAra represent the fraction of Mg in calcite and arag-
onite, respectively; and d26MgCal and d26MgAra refer to the d26Mg
values of calcite and aragonite, respectively. The Mg isotope compo-
sition of calcite may be obtained by assuming that there is no Mg
isotope exchange between aragonite and aqueous solutions, where
this assumption is based on the likely dissolution-reprecipitation
process involved during the transformation of aragonite to calcite
(see next section). This calculation produces a Mg isotope fraction-
ation factor between calcite and a free Mg-aquo ions
(D26Mgcal�Mg2þðaqÞ), as shown in Appendix Table S2. As plotted in

Fig. 9, the D26Mgcal�Mg2þðaqÞ values are identical within the analytical
error for experiments at the same reaction temperature but with
different oxalate concentrations.

4.3. Magnesium isotope fractionation behavior

The morphological differences between starting aragonite and
produced calcite indicate that aragonite-to-calcite conversion took
place via a dissolution-and-reprecipitation mechanism (Bischoff
and Fyfe, 1968). During such a process, the dissolution of aragonite
released its structural Mg that had a d26Mg of �1.90 ‰ into the
solution. Based on the Mg content and mass of the aragonite, the
dissolution of aragonite only contributed approximately 3 % of
the total Mg in the aqueous solution, which had a negligible influ-
ence on the isotopic composition of the solution.

Precipitation of calcite preferentially removed light Mg isotopes
(e.g., Saenger and Wang, 2014) from the solution, and the Mg iso-
tope effect of this is seen early in the Mg isotope compositions of
the solutions (Fig. 4). We may describe the calcite-solution Mg iso-
tope fractionation by a Rayleigh-type process or batch equilibrium
process. In a batch equilibrium model, it is assumed that the solid
and aqueous phases are always in isotope equilibrium. In a Ray-
leigh model, however, it is assumed that once calcite is precipi-
tated from the solution, calcite no longer exchanges with the
aqueous solution, although the instantaneous precipitation process
could follow equilibrium isotope fractionation. The evolution of the



Fig. 8. The mole fraction of each Mg2+ species for aqueous solutions, calculated using PHREEQC. (A) Experiment series with 0.1 mM of oxalate, (B) Experiment series with
1 mM of oxalate.

Fig. 9. The evolution of Mg isotope fractionation factors between calcite and aqueous Mg2+ at different experimental temperatures, details of the calculation are given in text.
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d26Mg value of the aqueous solution can be expressed using the
following equations:

d26Mgsoln ¼ 1 � fð Þa�1 1000 þ d26Mgsoln;i

� �

� 1000 ðRayleighÞ ð8Þ
d26Mgsoln ¼ d26Mgsoln;i � 1000 � f

� lna ðBatch equilibriumÞ ð9Þ

where f represents the proportion of total Mg that had been incor-
porated into calcite, a refers to the Mg isotope fractionation factor
between calcite and aqueous solution, and d26Mgsoln,i stands for
the initial isotopic composition of the solution.
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As shown in Fig. 10A, Rayleigh and batch equilibrium models
are similar at low extents of reaction, but diverge as f increases,
especially as the reaction nears completion. With increasing f,
the Rayleigh process would produce more negative apparent
D26Mg values than the batch equilibrium process (Fig. 10A). In
other words, to obtain the same apparent D26Mg values for the
same f value, the batch equilibrium model requires a smaller frac-
tionation factor, as illustrated by the data of Experiment 130_A
(Fig. 10B-1, 2). The Origin@ software was used to obtain Mg isotope
fractionation factors by fitting the f values and D26Mgcal�Mg2þðaqÞ into
both models (more details in supplementary material), where frac-
tionation factors ranged from �1.78 ‰ to �1.36 ‰ for the batch
equilibrium model, and �1.56 ‰ to �1.12 ‰ for the Rayleigh
model (Table 3). Despite the difference in obtained fractionation



Fig. 10. (A) Theoretical evolutionary curves of Mg isotope compositions of bulk solid and aqueous phases, assuming the same Mg fractionation factor, but different models.
Batch equilibrium model assumes adequate isotope exchange between solid and aqueous solutions at any stage, but Rayleigh model assumes no isotope exchange between
solid and aqueous solutions after precipitation. Note the significant difference between the apparent/bulk Mg isotope fractionation factors predicted by the two models when
F is large (i.e., >30 %); (B) Plot of measured Mg isotope data for Experiment 130_A in the plot of d26Mg versus F that are fitted by different models. Plot B-1 is fitted using a
Rayleigh model, whereas plot B-2 is fitted using a batch equilibrium model, the two models yielded significantly different Mg isotope fractionation factors.
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factors, both models can fit the experimental data well (Fig. 10B-1,
2 and Appendix Fig. S5, S6).

4.4. Temperature-dependent magnesium isotope fractionation

Stable isotope fractionation theory predicts that the equilibrium
isotope fractionation factors should be dependent on temperatures
(Bigeleisen and Mayer, 1947; Urey, 1947). Several experimental
studies have observed such a relation between Mg isotope frac-
tionation factors and temperature for carbonate minerals (calcite
by Li et al., 2012; magnesite by Pearce et al., 2012; aragonite by
Wang et al., 2013; dolomite by Li et al., 2015). Linear regression
of D26Mgcal�Mg2þðaqÞ versus 106/T2 relations (Fig. 11) produce the
following equations using the isotopic fractionation factors
inferred by Rayleigh or batch equilibrium processes (see above):

D26Mgcal�Mg2þðaqÞ ¼ �0:18� 0:01ð Þ � 106=T2 � ð0:22
� 0:06Þ ðRayleighÞ ð10Þ

D26Mgcal�Mg2þðaqÞ ¼ �0:17� 0:01ð Þ � 106=T2 � ð0:52
� 0:08Þ ðBatch equilibriumÞ ð11Þ

The excellent linear relationship in both plots is consistent with
the theory of equilibrium isotope fractionation that fractionation
factors as approximately a linear function of 1/T2, particularly at
higher temperatures (O’Neil, 1986; Schauble, 2004; Young et al.,
2015).
Table 3
The obtained Mg isotope fractionation between calcite and free Mg-aquo ions using
Rayleigh and batch equilibrium models.

Experimental
ID

Temperatures
(�C)

Rayleigh batch
equilibrium

D26Mg
(‰)

2SD1 D26Mg
(‰)

2SD1

98_A 98 �1.54 0.06 �1.76 0.05
110_A 110 �1.41 0.09 �1.64 0.12
130_A 130 �1.32 0.09 �1.57 0.10
150_A 150 �1.23 0.05 �1.47 0.07
170_A 170 �1.12 0.06 �1.36 0.06
98_B 98 �1.56 0.08 �1.78 0.05
130_B 130 �1.36 0.15 �1.61 0.16
150_B 150 �1.24 0.07 �1.48 0.10

1. 2-standard deviations given by the Origin� software.
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Kinetic isotope effects are commonly involved during the pre-
cipitation of carbonate for various isotope systems (e.g., Kim and
O’Neil, 1997; Zhou and Zheng, 2002; Lemarchand et al., 2004;
Tang et al., 2008a; AlKhatib and Eisenhauer, 2017; Guo et al.,
2019), and Mg isotope fractionation may be correlated with calcite
growth rate (Immenhauser et al., 2010; Mavromatis et al., 2013),
perhaps reflecting kinetic issues during dehydration of Mg2+ aquo
ions. One of the advantages of performing experiments at elevated
temperatures, as in this study, is the likelihood that the water
exchange of Mg2+ aquo ions is rapid (Bleuzen et al., 1997;
Schwierz, 2020), which should reduce the kinetic effects associated
with dehydration of Mg2+ aquo ions (Immenhauser et al., 2010;
Saenger and Wang, 2014).

A key issue related to kinetic isotope effects during the precip-
itation of calcite is saturation state, where homogeneous precipita-
tion experiments have required very high supersaturation states.
For carbonate ion, the formation of calcite through the dissolution
of aragonite will supply CO3

2� via:

CaCO3ðaragoniteÞ�Ca2þ þ CO2�
3 �CaCO3ðcalciteÞ ð12Þ

and we posit that the presence of aragonite crystals could reduce
the activation energy for calcite precipitation by promoting hetero-
geneous nucleation (Bischoff and Fyfe, 1968). This in turn suggests
that the saturation state (X) of calcite during the aragonite-to-
calcite conversion experiment was essentially equal to the differ-
ence in the solubility products between calcite (Ksp,calcite) and arag-
onite (Ksp,aragonite):

Xcalcite ¼ logKsp; aragonite � logKsp; calcite ð13Þ
The saturation state of calcite (<0.15) is low at high tempera-

tures (Plummer and Busenberg, 1982) (Appendix Fig. S7), leading
to the low precipitation rate of calcite (Mucci and Morse, 1983)
and preventing the formation of amorphous calcium carbonate
(Brečević and Nielsen, 1989). We suggest, therefore, that
aragonite-to-calcite conversion is likely to produce less kinetic iso-
tope effects than homogeneous precipitation at equivalent temper-
atures. Combining 1) the linear correlation between
D26Mgcal�Mg2þðaqÞ and 106/T2, 2) the elevated reaction temperatures
that reduce the kinetic effects of Mg2+ dehydration, and 3) the
low X and slow precipitation of calcite, we argue that the Mg iso-
tope fractionation factors for calcite obtained in our experimental
study will closely approach isotopic equilibrium. This line of rea-
soning is similar to that of Harrison et al. (2021), who reported that



Fig. 11. Compilation plot ofD26Mgcal-Mg2+(aq) versus 1/T2 obtained in this study and in literature. (A) TheD26Mgcal-Mg2+(aq) are calculated based on Rayleigh model fitting of the
experimental data, and a linear regression of the data points were made using Origin software, the shaded area represent an envelope of 95% confidence level. (B) The
D26Mgcal-Mg2+(aq) are calculated based on fitting of batch equilibrium model on the experimental data, legends are the same with plot A.
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equilibrium Mg isotope fractionation can be achieved between
solution and dypingite when it formed by transformation of the
nesquehonite.

4.5. Comparison with other experimental studies

Previous experimental studies of Mg isotope fractionation dur-
ing calcite formation have tended to focus on relatively low tem-
peratures that are analogous to natural systems (Immenhauser
et al., 2010; Li et al., 2012; Saulnier et al., 2012; Mavromatis
et al., 2013; Chen et al., 2020). When extrapolating equations
(10) and (11) to low temperatures, the D26Mgcal�Mg2þðaqÞ values are
significantly lower than most determinations by Immenhauser
et al. (2010) and Saulnier et al. (2012) (Fig. 11), suggesting that
kinetic effects controlled Mg isotope fractionation dominated these
studies, although the lowest values obtained by these two studies
could be included in the Rayleigh trend determined here. In con-
trast, the results obtained here using a batch equilibrium model
match quite well with those of Li et al. (2012), Levitt (2018) and
Chen et al. (2020), who have reported the attainment of equilib-
rium Mg isotope fractionation for calcite at lower temperatures
(Li et al., 2012; Levitt, 2018; Chen et al., 2020) (Fig. 11B). Using
our results that were fitted to a Rayleigh model produce a trend
that is significantly higher in the D26Mgcal�Mg2þðaqÞ than those
reported in previous studies (Fig. 11A). Therefore, we suggest that
the batch equilibrium model (thus equation (10)) may be more
appropriate to describe the Mg isotope fractionation behavior dur-
ing the aragonite-to-calcite conversion experiments at hydrother-
mal conditions.

Using Equation (11), the equilibrium Mg isotope fractionation
factor between calcite and aqueous Mg2+ is calculated to be �2.4
2 ± 0.20 ‰ at 25 �C. This D26Mgcal-soln value is consistent, within
error, with those reported by Li et al. (2012), Levitt (2018), and
Chen et al. (2020), but significantly higher than that proposed by
Mavromatis et al. (2013). D26Mgcal-soln values in Mavromatis
et al. (2013) were not only correlated with growth rate but also
to the Mg content in the precipitated calcite (Appendix Fig. S8A).
This correlation remains after removing the data controlled by
kinetic effects (with D26Mgcal-soln values < �2.5 ‰, Appendix
Fig. S8B). This might indicate that the Mg concentration in calcite
may have an impact on the equilibrium Mg isotope fractionation
factor, due to the lower Mg contents in calcite resulting in the
longer Mg-O bond length (Wang et al., 2017). In addition, Chen
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et al. (2020) noted that there was a positive correlation between
the ionic strength of fluids and the measured D26Mgcal-soln in the
study of Mavromatis et al. (2013), although the causal link
between the two is not clear. Another possible explanation for
the lower D26Mgcal-soln values may be related to the formation
and transformation of amorphous carbonates (AC) during experi-
ments. Mavromatis et al. (2017b) and Liu et al. (2022) have
reported highly negative Mg isotope fractionation between car-
bonate minerals and solution during the AC transformation
process.
4.6. Comparison with theoretical calculations

Besides experimental studies, theoretical calculations are
applied to predict the equilibrium Mg isotope fractionation factors
(Rustad et al., 2010; Pinilla et al., 2015; Gao et al., 2018; Wang
et al., 2019; Son et al., 2020). The theoretical calculation results
show the same direction of Mg isotope fractionation between cal-
cite and solution as our experimental observations. Our experi-
mental results, however, produce significantly less negative Mg
isotope fractionation factors (Fig. 12A). It is important to note that
there is a large discrepancy in predicted Mg isotope fractionation
factors among theoretical studies (Fig. 12A), in part reflecting dif-
ferences in calculation methods. For example, Rustad et al.
(2010) obtained the equilibrium D26Mgcal-soln factors of �3.63 ‰

and �5.33‰ by applying the BP86 and B3LYP functionals of ab ini-
tio calculations, respectively at 273 K. In addition, Pinilla et al.
(2015) and Gao et al. (2018) took different approaches to build
the Mg aquo structure and obtained different fractionation factors
than those obtained by Rustad et al. (2010), and this has been
ascribed to solvation effects (Gao et al., 2018). Moreover, Wang
et al. (2019) found that higher Mg contents in calcite produced a
higher Mg isotope fractionation factor between calcite and solu-
tions. It highlights the difficulties in reconciling the discrepancy
between theoretical calculations and experimental data, including
(1) choosing suitable functionals to solve the Schrödinger equa-
tions, (2) building the proper Mg aquo structure, (3) constructing
the calcite clusters by considering the Mg concentration effects.

Wang et al. (2019) applied first-principles molecular dynamics
(FPMD) simulations for the Mg aquo ion and reported calculated
D26Mgdolo-soln values that are consistent with the experimentally
determined D26Mgdolo-soln by Li et al. (2015). This agreement is
promising in that it suggests modeling Mg in dolomite may be rel-



Fig. 12. (A) Comparison of the theoretical predicted D26Mgcal-soln-temperature fractionation function with the experimentally calibrated data in this study (assuming batch
equilibrium model). (B) Comparison of the Mg isotope fractionation factors between calcite and dolomite (D26Mgcal-dolo), which is derived by the difference between
D26Mgcal-Mg2+(aq) in this study and D26Mgdolo-soln from Li et al. (2015), with theoretical calculation results.
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atively straightforward. The Mg isotope fractionation factor
between calcite and aqueous Mg calculated by Wang et al.
(2019), however, is still significantly different from those produced
by our experimental data. On the other hand, combing our results
with the equilibrium Mg isotope fractionation factor between
dolomite and solution (D26Mgdolo-soln) calibrated by Li et al.
(2015), a small D26Mgcal-dolo factor is experimentally constrained
(Fig. 12B). In contrast, theoretical calculation studies predicted
much greater Mg isotope fractionation between calcite and dolo-
mite (Fig. 12B), which indicates that these theoretical studies
may overestimate the difference in bonds on Mg (i.e., Mg-O bond
length) between calcite and dolomite.

In the previous theoretical studies, Mg atoms are assumed to be
homogeneously distributed in modeled Mg-calcite lattice (cells)
(Rustad et al., 2010; Pinilla et al., 2015; Gao et al., 2018; Wang
et al., 2019). However, Lammers and Mitnick (2019) argued that
low Mg-calcite is a non-ideal solid solution, thus the Mg substitu-
tion in natural calcite could be highly heterogeneous. This view-
point is consistent with a number of TEM and XAF observations,
which demonstrated that Mg is accommodated in domains with
dolomite or other Mg-carbonate structures in calcite crystals on
an nm-scale (e.g., Reksten, 1990; Wenk et al., 1991; Tsipursky
and Buseck, 1993; Finch and Allison, 2007; Branson et al., 2013).
It can also explain why the experimentally determined D26Mgcal-
dolo (based on this study and Li et al., 2015) is small (Fig. 12B). In
addition, during the growth of calcite, the incorporation of Mg
leads to excess lattice strain energy due to the mismatch between
Mg2+ and Ca2+ (Sethmann et al., 2010; Xu et al., 2013, 2016), which
could result in plastic deformation in the calcite lattice (Hong et al.,
2016). A previous study has shown that the lattice distortion may
significantly affect isotope partitioning in addition to bond vibra-
tions (Kieffer, 1982). As a consequence, simplification of the Mg
occurrence in carbonate lattice settings in ab initio studies can lead
to large inaccuracies in calculated reduced partition functions
ratios (b factors) for Mg isotopes (Son et al., 2020). Therefore, we
suggest that the difference in Mg distribution in the theoretically
constructed Mg-calcite cluster and natural calcite as well as the
strain lattice energy in Mg-calcite contributed to the difference
in Mg isotope fractionation between experiments and theoretical
calculations. Future theoretical studies might take the Mg-rich
domain and the lattice distortion into consideration to better esti-
mate the b factors of Mg isotopes in calcite.
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4.7. Implications and potential applications

The results of this study demonstrate that Mg isotope fraction-
ation between calcite and aqueous solutions can be achieved dur-
ing aragonite-to-calcite conversion, a common process during
carbonate diagenesis (Carlson, 1983), and that the relatively slow
calcite formation rates associated with this process may produce
isotopic fractionations that can be taken as equilibrium values.
Therefore, the Mg isotopic composition of this type of calcite has
the potential to reconstruct the Mg isotopic composition of fluids
and environmental information during its formation. It should be
noted that a recent study by He et al. (2020) proposed that the
‘‘water film” that forms during aragonite-to-calcite conversion is
likely the key aspect that determines the Mg isotopic composition
of calcite. This in turn indicates that the ratio of Mg contents
between the surrounding fluids and aragonite would play a role
in determining the Mg isotope signature of diagenetic products.
Calcite of aragonite origin would record the Mg isotope composi-
tion of Mg-rich fluids such as seawater, but not the Mg-poor fluids
such as meteoric water. Moreover, it should be noted that the
aragonite-to-calcite conversion can take place during burial diage-
nesis, where fluid-rock reaction would lead to alteration of fluid
compositions, which are unlikely to reflect seawater. As a conse-
quence, calcite may no longer record the Mg isotopic information
of seawater.

Marine biogenic calcites show a large variation of Mg isotopic
composition (Saenger and Wang, 2014 and references therein),
corresponding to apparent D26Mgcal-soln factors ranging from
�4.75 ‰ to �0.22 ‰. For those with higher D26Mgcal-soln than
the equilibrium fractionation factors (Hippler et al., 2009; Ra
et al., 2010a, b; Müller et al., 2011; Wombacher et al., 2011;
Yoshimura et al., 2011), kinetic isotope effects should play an
important role (Mavromatis et al., 2013). In contrast, some marine
organisms, like planktonic foraminifera and bivalves, appear to
have formed with more negative Mg isotope fractionation between
calcite and seawater than that is seen in experiments (Pogge von
Strandmann, 2008; Hippler et al., 2009; Wombacher et al., 2011).
These observations indicate that the biomineralization process or
‘‘vital effects” may significantly influence Mg isotope fractionation.
The exact mechanisms by which this occurs, however, are still
poorly understood (Immenhauser et al., 2016). Several hypotheses
have been proposed to explain these phenomena, including prefer-
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ential uptake of lighter Mg isotopes through cell membranes
(Hippler et al., 2009), Mg isotope fractionation associated with
the formation of Mg-biomolecule ligands in cell body fluids
(Wombacher et al., 2011), and the formation of AC (Saenger and
Wang, 2014; Mavromatis et al., 2017b). Recognition of ‘‘vital
effects” are, of course, only possible in the context of establishing
equilibrium isotope fractionation functions.

Our results are most directly applicable to temperature condi-
tions that overlap the experiments, such as calcite precipitation
related to the burial and hydrothermal process. Calcite formation
during burial diagenesis is, for example, one of the most important
cementation minerals controlling water or hydrocarbon reservoir
quality (e.g., Heydari, 1997; Salem et al., 2000; Dutton, 2008; Cai
et al., 2014; Wang et al., 2020), and hydrothermal calcite can host
significant base and metal ore deposits (e.g., Yang and Zhou, 2001;
Hedenquist et al., 2005; Hu et al., 2008; Shu et al., 2013; Zhou et al.,
2013). The geochemical characteristics of these two types of calcite
have been applied to trace their formation mechanism (e.g.,
Bjørkum and Walderhaug, 1990; Dravis, 1996; Molenaar and
Zijlstra, 1997; Xiong et al., 2016), as well as ore-forming process
(e.g., Brown et al., 1985; Large et al., 2001; Torres-Ruiz, 2006;
Vaughan et al., 2016; Du et al., 2017). In addition, Walter et al.
(2015) pointed out that the Mg isotope composition of hydrother-
mal carbonates, including calcite and dolomite, could be a useful
tracer of hydrothermal fluids. Recently, Xie et al. (2022) applied
Mg isotopes of hydrothermal carbonates in Carlin-type gold depos-
its to constrain the nature of ore-forming fluids. Our study pro-
vided a rigorously constrained function of equilibrium Mg
isotope fractionation factors between calcite and fluids that can
be applied to elevated temperatures, thus enabling more confident
applications of Mg isotopes to calcite of hydrothermal and deep
burial origin for various geological problems.
5. Conclusion

The Mg isotope fractionation between calcite and aqueous solu-
tion has been investigated at hydrothermal conditions (98 �C to
170 �C) by conducting aragonite to calcite conversion experiments.
The apparent Mg isotope fractionation factors between bulk calcite
and aqueous solutions (D26Mgcal-soln) range from ca.-1.84 ‰ at 98
�C to �1.35 ‰ at 170 �C and are positively correlated with reaction
temperature. Besides temperature, the presence of oxalate is found
to influence the D26Mgcal-soln by forming the Mg-oxalate complex.
Although both Rayleigh and batch equilibriummodels could fit the
experimental data well, we proposed that Mg isotope fractionation
during the experiments followed a batch equilibrium model. The
equilibrium Mg isotope fractionation factor between calcite and
aqueous Mg2+ can be expressed as;

D26Mgcal�Mg2þðaqÞ ¼ �0:17� 0:01ð Þ � 106=T2 � ð0:52� 0:08Þ

where T is in Kelvin.
Our results provide new insights for understanding Mg isotope

behavior associated with calcite precipitation. For example, the
equation of equilibrium Mg isotope fractionation sets a baseline
for further investigation of the ‘‘vital effect” on the Mg isotope frac-
tionation behavior during biomineralization. The newly calibrated
Mg isotope fractionation function could also be applied to study
the hydrothermal thermal and burial process at elevated tempera-
tures by calcite records, which opens a window for new applica-
tions of Mg isotope hydrothermal geochemistry.
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