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ABSTRACT 11 

 12 

An important mechanism of carbonate mineral growth is dissolution-reprecipitation, 13 

including the transformation of amorphous precursor to crystalline carbonates, and 14 

coarsening (ripening) of fine carbonate crystals. However, the mechanistic details of 15 

cation exchange associated with carbonate mineral growth via a 16 

dissolution-reprecipitation process are still not well understood. In this study, we used 17 

Mg isotopes to probe the exchange of Mg between aqueous solutions and norsethite 18 

[BaMg(CO3)2] by systematic synthesis experiments. Norsethite is a model double 19 

carbonate, with a general formula of AB(CO3)2, where A and B stand for two different 20 

divalent ions. Formation of norsethite comprised of three stages, including 1) 21 

precipitation of barium-magnesium amorphous carbonate, 2) transformation of 22 
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Ba-Mg amorphous carbonate to nano-crystalline norsethite by fast 23 

dissolution-reprecipitation, and (3) coarsening (ripening) of nano-norsethite by slow 24 

dissolution-reprecipitation. Magnesium isotopes displayed distinct fractionation 25 

behaviors in each of the three stages. The Mg isotope fractionation factors 26 

(∆26Mgsolid-aq) associated with precipitation of Ba-Mg amorphous carbonate were 27 

slightly negative and temperature-dependent, from -0.83‰ at 30°C to -0.53‰ at 70°C. 28 

During the transformation of Ba-Mg amorphous carbonate to nano-crystalline 29 

norsethite, isotopically light Mg isotopes were further enriched in the solid phase, 30 

with apparent ∆26Mgsolid-aq decreasing to -2.12‰ at 30°C and -1.56‰ at 70°C. In the 31 

ripening stage, norsethite became isotopically heavier, with ∆26Mgsolid-aq increasing up 32 

to -1.95‰ at 30°C and -1.17‰ at 70°C. The experimental results show that 33 

non-equilibrium isotope fractionation occurred during the transformation of 34 

amorphous carbonate to nano-crystalline norsethite (i.e., fast 35 

dissolution-reprecipitation), by contrast, the subsequent ripening of the norsethite led 36 

to the evolution towards isotopic equilibrium of the system by slower exchange with a 37 

longer reaction time (i.e., slow dissolution-reprecipitation). Notably, the results of first 38 

principle calculation indicate the equilibrium isotope fractionation was approached, 39 

but not attained, even after 276 days of recrystallization at temperatures below 70°C. 40 

This study identified two different types of dissolution-reprecipitation process during 41 

the carbonate mineral growth and highlights the importance of understanding 42 

formation mechanism and post-depositional history of carbonate for interpreting the 43 

isotopic data in carbonate minerals. 44 
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INTRODUCTION 51 

 52 

Carbonates comprise a major component of the ancient sedimentary records (e.g., 53 

Morse and Mackenzie, 1990) and they are of great importance in geological record, as 54 

they document a variety of geological, environmental, and biological processes. 55 

Carbonate is a ubiquitous material and plays an essential role in human society, such 56 

as construction, agriculture, and mechanical engineering (e.g., Børja and Nilsen, 2009; 57 

De Muynck et al., 2008; Gu et al., 2008; Jin and Yue, 2008; Wang et al., 2021). For a 58 

better interpretation of carbonate geochemical records and industrial applications, it is 59 

important to understand the mechanism that controls carbonate nucleation and 60 

growth. 61 

 62 

Carbonates could grow via different mechanisms. Numerous studies have been 63 

conducted to study the formation of carbonate minerals, focusing on the classic 64 

crystal growth mechanism of ion-by-ion attachment (e.g., Davis et al., 2000; De Yoreo 65 

et al., 2013; Hong et al., 2016; Nielsen et al., 2016; Teng et al., 2000). However, the 66 
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formation of carbonate minerals could proceed via an alternative, yet fundamental 67 

pathway, which is the transformation of amorphous carbonate precursor (e.g., Giuffre 68 

et al., 2015; Liu and Li, 2020; Loste et al., 2003; Mavromatis et al., 2017b; 69 

Rodriguez-Blanco et al., 2017), a kind of metastable material with the microscopic 70 

structure that lacks long-range order. Carbonate formation via the pathway of 71 

transformation of amorphous carbonate is particularly important for biomineralization. 72 

Phenomena of amorphous carbonate transformation have been reported in many 73 

biologically precipitated carbonates (Gower, 2008 and references therein), such as 74 

foraminifera (Jacob et al., 2017; Mor Khalifa et al., 2018), coral skeletons (Mass et al., 75 

2017; Sun et al., 2020; Von Euw et al., 2017), sea urchin spicule (Politi et al., 2008; 76 

Raz et al., 2003) and mollusk shells (Baronnet et al., 2008; Weiss et al., 2002). 77 

Transformation of amorphous carbonate could take place via a coupled 78 

dissolution-reprecipitation mechanism (e.g., Giuffre et al., 2015; Liu and Li, 2020; 79 

Purgstaller et al., 2016). Furthermore, once the carbonate minerals form, the 80 

recrystallization, which is one of the most fundamental changes for carbonates during 81 

the diagenesis process (Fantle et al., 2020), takes place by continuous 82 

dissolution-reprecipitation mechanism and will not stop until the minerals are 83 

completely isolated from surrounding fluids. Therefore, dissolution-reprecipitation is 84 

one of the key mechanisms governing the formation and growth of carbonate minerals. 85 

However, the nature and kinetics of atom/ion exchange during the 86 

dissolution-reprecipitation of carbonates are still not completely understood (Burdige 87 

et al., 2010; Gorski and Fantle, 2017; Hu and Burdige, 2007; Reeves and Rothman, 88 
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2013; Zamanian et al., 2016). Yet dissolution-reprecipitation of carbonates exerts 89 

strong controls on the elemental and isotopic signatures of carbonates, which are vital 90 

information for a variety of applications, such as reconstructing the evolution 91 

seawater chemistry (pH, redox conditions, and chemical composition) (e.g., Bialik et 92 

al., 2018; Higgins and Schrag, 2012; Rae et al., 2011; Ries, 2004; Rollion-Bard et al., 93 

2011; Zhang et al., 2018) and paleo-climate (e.g., Bice et al., 2006; Lachniet, 2009; 94 

McDermott, 2004; Mitsuguchi et al., 1996; Wang et al., 2001), as well as tracing the 95 

diagenesis process (Banner, 1995; Derry et al., 1992; Swart, 2015 and references 96 

therein), etc. 97 

 98 

Magnesium is a common component in carbonates and its isotopes have been applied 99 

to paleoenvironmental and paleographic studies (Crockford et al., 2020; Fantle and 100 

Higgins, 2014; Gothmann et al., 2017; Higgins and Schrag, 2012; Li et al., 2015; Liu 101 

et al., 2018; Pogge von Strandmann et al., 2014). Moreover, isotopes can provide 102 

unique information for mineral dissolution, precipitation, as well as ion exchange 103 

between minerals and fluids (e.g., Chanda et al., 2019; Frierdich et al., 2019; Gorski 104 

and Fantle, 2017; Liu and Li, 2020; Zhu et al., 2020). Therefore, Mg isotopes in 105 

carbonate hold a promise for elucidating some key aspects of the 106 

dissolution-reprecipitation process. In this study, we conducted systematic low 107 

temperature (30 to 80℃) synthesis experiments of norsethite [BaMg(CO3)2]. We 108 

documented the mineralogical characteristics of solid products and Mg isotope 109 

evolution of both mineral and co-existing solution. Norsethite is similar in lattice 110 
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structure to dolomite and has been extensively studied to reveal the formation 111 

pathway of dolomite (Effenberger et al., 2014; Lindner and Jordan, 2018; Pimentel 112 

and Pina, 2014; Pimentel and Pina, 2016; Pimentel et al., 2021; Zhang et al., 2021). 113 

The experimental results, supplemented by ab initio calculations of equilibrium Mg 114 

isotope fractionation, reveal links between different carbonate mineral growth 115 

processes and Mg isotope fractionation behaviors and provide new insights about the 116 

fidelity of the Mg isotope ratios as a geochemical tool in carbonate records. 117 

 118 

EXPERIMENTAL METHODS 119 

 120 

Chemicals 121 

 122 

For the experiments, gravimetrically weighted reagent grade salts of MgCl2·6H2O, 123 

BaCl2·2H2O, Na2CO3, and deionized water (18.2 MΩ·cm-1), were used to prepare the 124 

reactant solutions. The reactant solutions include “solution A1” (2M MgCl2), 125 

“solution A2” (2M MgCl2 prepared from a different batch of MgCl2·6H2O salt, which 126 

has different Mg isotope composition compared to “solution A1”), “solution B” (1M 127 

BaCl2), and “solution C” (1M Na2CO3). All the experiments and subsequent analyses 128 

were conducted at the State Key Laboratory for Mineral Deposits Research, Nanjing 129 

University, China. 130 

 131 

Synthesis experiment 132 
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 133 

The experiments were systematically performed at temperatures from 30 to 80°C, 134 

with a 10°C increment. For the main set of experiments (Set I), 5mL of “solution A1”, 135 

5mL of “solution B”, and 15mL of de-ionized water were mixed in a glass bottle to 136 

make a mixed solution that contained 0.4M MgCl2 and 0.2M BaCl2. On the other 137 

hand, 10mL of “solution C” and 15mL of de-ionized water were mixed in another 138 

glass bottle to make a solution of 0.4M Na2CO3. The two bottles were capped and 139 

placed in an oven at a preset temperature (30°C, 40°C, 50°C, 60°C, 70°C or 80°C). 140 

Twelve hours of thermal equilibration was applied to ensure that the two solutions 141 

were at the desired temperature before the Mg-Ba solution was mixed with the 142 

Na2CO3 solution. Therefore, the initial reaction solution contained 0.2M MgCl2, 0.1M 143 

BaCl2 and 0.2M Na2CO3. A white cloudy material appeared immediately upon mixing 144 

the two solutions. The reaction bottle was then tightly sealed by a rubber stopper and 145 

a clamped aluminum cap, and placed on a magnetically stirring hotplate that was set 146 

at different temperatures (30°C, 40°C, 50°C, 60°C, 70°C, or 80°C). The temperature 147 

stability of the hotplate was monitored by an external temperature sensor that was 148 

attached to the bottom of the bottle and the temperature was found to fluctuate 149 

periodically. The amplitude of the measured temperature increased with the increase 150 

of the set temperature, for example, when the set temperature was 30°C, the 151 

corresponding measured temperature ranged from 27.6°C to 32.5°C, and this value 152 

was between 72.1°C and 89.1°C when setting the temperature at 80°C (Appendix Fig 153 

S1 and Appendix Table S1). An aliquot of 5 mL homogeneous slurry was sampled by 154 
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pipetting from the reactors after 1 minute, 2 hours, 1 day, 10 days, and 60 days of 155 

reaction time after mixing. The slurry was transferred into a centrifuge tube, which 156 

was centrifuged at 3000r/min for 5 minutes to separate the solid and liquid phases, 157 

and the solid was further washed with de-ionized water and centrifuged three times to 158 

remove interstitial fluids. The supernatant was centrifuged at 12000 r/min for 1 159 

minute before transfer to a second clean centrifuge tube. This operation was repeated 160 

three times to remove all the possible suspending solids from the aqueous solution. 161 

The washed solid was separated into different aliquots for elemental, mineralogical, 162 

and isotopic analyses. 163 

 164 

Slightly different conditions were used in another set of experiments (Set II). In this 165 

experiment set, 2.5mL of “solution A2”, 2.5 mL of “solution B” and 20 mL of 166 

de-ionized water were mixed in a glass bottle to make a mixed solution that contained 167 

0.2M MgCl2 and 0.1M BaCl2
 at first, meanwhile, 5mL of “solution C” and 20mL of 168 

de-ionized water were mixed in another glass bottle to make a solution of 0.2M 169 

Na2CO3. Then the Mg-Ba mixing solutions were mixed with Na2CO3 solutions. And 170 

the bottles were tightly sealed and placed on a magnetically stirring hotplate that was 171 

set at different temperatures (30°C, 40°C, 50°C, 60°C, 70°C, or 80°C). Therefore, the 172 

initial reaction solution contained 0.1M MgCl2, 0.05M BaCl2 and 0.1M Na2CO3. 173 

Sampling of 5mL homogeneous slurry was conducted by pipetting from the reactors 174 

after 30 days and 276 days of reaction time for this group of experiments. The solid 175 

and aqueous phases were separated by the same procedures as used in Set I. 176 
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 177 

Mineralogical analyses 178 

  179 

A small aliquot of the solid product was prepared for scanning electron microscopy 180 

(SEM) observations and XRD analysis. The SEM images were taken using a Carl 181 

Zeiss Supra 55 Field Emission Scanning Electron Microscope, and Energy-Dispersive 182 

X-ray Spectroscopy (EDS) with the SEM was used for semi-quantitative analysis of 183 

the chemical compositions of the solids. Additionally, the specific surface area (SSA) 184 

of the samples was analyzed by the low-pressure nitrogen adsorption isotherm method 185 

(N2-LPAI) at the MOE Key Laboratory Surficial Geochemistry at Nanjing University 186 

(details in Sun et al., 2017). Briefly, the measurements were conducted on a 187 

Micrometritics ASAP 2020 HD88 Surface Area and Porosity Analyzer. Before the 188 

measurements, the samples, except the amorphous carbonate, were heated in a 189 

vacuum oven at 378K for 10 hours for degassing. Then the N2 adsorption-desorption, 190 

with the N2 pressure from 0.05 to 0.2 atm, isotherm linear plots were obtained at 191 

77.3K. The SSA of samples were calculated using Brunauer-Emmet-Teller (BET) 192 

method with the isotherm linear plots. 193 

  194 

A Rigaku RAPID II dual-source X-ray diffractometer was used to collect the XRD 195 

pattern of the solid product. The instrument was running with a rotating Mo 196 

(Kα=0.7093Å) target X-ray source operated at 50 kV and 90 mA. The X-ray 197 

diffraction pattern for the products was collected using a two-dimensional image plate 198 
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with a 10 minute exposure time. Data interpretation was performed using a Rigaku 199 

2DP program and Jade 6.5 software. 200 

 201 

Solution chemistry characterization 202 

 203 

The pH of solutions was measured using a Mettler Toledo combined electrode, which 204 

was calibrated by commercial standard buffers (pH=4.00, 7.00, and 9.21 at 25℃). 205 

The precision of each pH measurement was ±0.02 unit. An aliquot of the solution 206 

sample in synthesis experiments was taken for alkalinity measurement by titrating 207 

with 0.019M HCl and the titration operation was repeated three times; another aliquot 208 

was acidified with 2% HNO3 for Mg2+ and Ba2+ analysis. Elemental concentration 209 

was measured by inductively coupled plasma optical emission spectroscopy (a Skyray 210 

ICP3000 type ICP-OES), using gravimetrically prepared multi-element standard 211 

solutions. The PHREEQC software was used to calculate the speciation of aqueous 212 

solutions, ion activities, and the saturation state of minerals with its Pitzer database. 213 

The solubility products for hydromagnesite (Gautier et al., 2014) and nesquehonite 214 

(Harrison et al., 2019) were included in the database. For all experiments, the pH 215 

values were measured at 25℃ and recalculated for the experimental temperature in 216 

PHREEQC. The saturation index (SI) of norsethite was expressed as: 217 

SI=log(Ω)=log (

(a
Ba2+)(a

Mg2+)(a
CO3

2-)
2

Ksp
)                                       218 

(1) 219 

where a represents the activity of an aqueous species, and the solubility product of 220 
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norsethite is calculated using the function log10Ksp=31.007-7321.122/T-0.0811×T (T 221 

in kelvin, from 313K to 423K, Lindner et al., 2018). 222 

 223 

Mg isotope analysis 224 

 225 

Both solid and solution samples were treated with 1mL concentrated nitric acid and 226 

evaporated on a hot plate at 95°C. This operation was repeated three times to convert 227 

the salts to nitrate form for the column procedure. Then Mg of the solid and aqueous 228 

phases was purified following a well-established two-stage column procedure at the 229 

State Key Lab for Mineral Deposits Research, Nanjing University (Hu et al., 2017; 230 

Liu and Li, 2020). Magnesium isotope analysis was performed using a Thermo 231 

Scientific Neptune Plus multi-collector inductively coupled mass spectrometer 232 

(MC-ICP-MS) that operated on medium-mass-resolution, wet plasma mode, the 233 

details of instrumental parameters are listed in Appendix Table S5. Instrument drift 234 

and mass bias were corrected using a standard-sample bracketing routine with an 235 

in-house Mg solution (HPS909104) as the bracketing standard (Hu et al., 2017; Li et 236 

al., 2015). Magnesium isotope data are reported using the standard delta notation (‰) 237 

of δ26Mg and δ25Mg for the 26Mg/24Mg and 25Mg/24Mg ratios relative to the DSM3 238 

Mg isotope standard, where 239 

δxMg= [( Mgx Mgsample
24⁄ ) ( Mgx MgDSM3

24⁄ )⁄ -1] ×1000                     (2) 240 

and the Mg isotope fractionation factor between two phases A and B is expressed as: 241 

∆xMgA-B=δxMgA-δxMgB≈103lnαA-B
x/24                                         (3) 242 
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where x=25 or 26. 243 

  244 

The external precision of the Mg isotope measurement was better than ±0.1‰ in 245 

δ26Mg. Accuracy of Mg isotope analyses was monitored using pure Mg standards 246 

(Cambridge1 and DSM3), natural sample standards (IAPSO standard seawater), and a 247 

matrix-matching synthetic standard solution made of BaCl2 and in-house Mg standard 248 

HPS932001 (1:1 molar ratio). The natural sample standards and matrix-matching 249 

synthetic standard were treated as unknown samples together with samples from 250 

experiments by ion-exchange chromatography, to assess the accuracy of the total 251 

chemical procedure, and the accuracy was verified to be better than ±0.1‰ in δ26Mg, 252 

within the external precision. The measured Mg isotope compositions for both pure 253 

Mg standard and standard samples (matrix-matching synthetic standard and seawater) 254 

match well with published values (Appendix Table S5). 255 

 256 

First-principles calculation of the equilibrium mass-dependent isotope 257 

fractionation 258 

 259 

To better interpret the experimental data, equilibrium Mg isotope fractionation factors 260 

between norsethite and dolomite were calculated using ab intio methods. The isotopic 261 

fractionation factor between phase A and B is usually defined as αA-B=βA/βB, where β 262 

is the reduced partition function ratios or called β-factor. With the harmonic 263 

approximation, the β-factor of crystalline solids can be calculated by the following 264 
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formula (Bigeleisen and Mayer, 1947; Urey, 1947): 265 

β= [∏ ∏
vq,i

*

vqi
∙

e-hvq,i
* (2kT)⁄

1-e-hvq,i
* (kT)⁄

∙
1-e-hvq,i (kT)⁄

e-hvq,i (2kT)⁄

q

3Nat

i=1

]

1 NqN⁄

                                                                (4) 

where νq,i is the vibrational frequency of the ith phonon mode at the wavevector q, 266 

which can be derived from the first-principles calculation. Nat, Nq, and N represent the 267 

number of atoms in a unit cell, phonon wavevectors, and sites of isotopes in the unit 268 

cell, respectively. T is the temperature in Kelvin, h is Planck’s constant, k is 269 

Boltzmann’s constant, and the superscript * represents the vibrational frequencies of 270 

the system with heavier isotopes. 271 

 272 

First-principles calculations are performed using the VASP package based on the 273 

projector-augmented-wave (PAW) method (Kresse and Joubert, 1999). The 274 

exchange-correlation energies between electrons are described by the generalized 275 

gradient approximations (GGA) of the Perdew-Burke-Ernzerhof scheme for solids 276 

(PBEsol) (Perdew et al., 2008). Other functionals, such as PBE (Perdew et al., 1996) 277 

and local density approximations (LDA) (Perdew and Zunger, 1981) are also tested. 278 

Pseudo-potentials of Ba_sv (5s25p66s2), Ca_sv (3s23p64s2), Mg_pv (2p63s2), C 279 

(3s23p2), and O (2s22p4) shipped with VASP are adopted, and plane-wave cutoffs are 280 

set to 600 eV. Conventional primitive cells of 30 atoms for norsethite [Ba3Mg3(CO3)6], 281 

dolomite [Ca3Mg3 (CO3)6], and magnesite [Mg6(CO3)6] are firstly relaxed with 282 

variable lattices under the ambient pressure, and further atomic relaxations are 283 

performed with fixed cells. The Brillouin zone is sampled by a 3×3×1 k-points grid 284 
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according to Monkhorst–Pack scheme (Monkhorst and Pack, 1976). The convergence 285 

threshold for electronic iteration is 10-6 eV, and for structural relaxation, we choose 286 

when the residual forces act on atoms are less than 10-4 eV/Å. To calculate the phonon 287 

frequencies needed in Eq.4, the Hessian matrix is constructed using the finite 288 

displacement method implemented in VASP using 2×2×1 supercells, and higher 289 

convergence tolerance of 10-7 eV/Å is also used to make sure the accuracy of the force 290 

calculation. Phonon frequencies are then obtained by using the PHONOPY (Togo and 291 

Tanaka, 2015) package, and an 8×8×8 q-point mesh is proven sufficiently to get 292 

converged β-factors. 293 

 294 

RESULTS 295 

 296 

Mineralogy 297 

 298 

The mineralogy and key features of the XRD spectrum of the solid phases are 299 

summarized in Appendix Table S2 and Table S3. In experiment Set I, the solid 300 

product sampled after 1 minute of the reaction was pure Ba-Mg amorphous carbonate 301 

for experiments at 30°C to 70°C. However, for the experiment at 80°C, the solid 302 

product sampled after 1 minute of the reaction was a mixture of norsethite and Ba-Mg 303 

amorphous carbonate, based on XRD analysis (Fig. 1A). The Ba-Mg amorphous 304 

carbonate occurred as spheres with a diameter of 20 to 200 nm irrespective of 305 

temperature (Fig. 2A, D and Appendix Fig. S3). The solid product at 80°C consisted 306 
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of Ba-Mg amorphous carbonate spheres and fine norsethite crystals below 50 nm (Fig. 307 

2G). After 2 hours of reaction, the amorphous carbonate completely transformed to 308 

norsethite in experiments between 40°C to 80°C, whereas the Ba-Mg amorphous 309 

carbonate persisted as the solid phase in the experiment at 30°C (Appendix TableS2 310 

and Appendix Fig. S2). After 1 day of reaction, the solid phase consisted of only 311 

norsethite in all experiments (Appendix Fig. S2). The crystals were anhedral and 312 

granular with a size below 50 nm for experiments between 40°C to 70°C (Appendix 313 

Fig. S4). In experiments performed at 30°C and 80°C, some larger crystals with more 314 

euhedral shapes were observed after 1 day. And after 60 days of reaction, the 315 

norsethite crystals became larger and more euhedral with rhombohedra morphology 316 

especially at higher temperatures (Fig. 2C, F, I and Appendix Fig. S5). The increase of 317 

crystal size was also manifested by the decrease of the SSA of norsethite with a longer 318 

reaction time (Fig.1B and Appendix Table. S2). 319 

  320 

XRD analyses confirmed that norsethite was the sole mineral in the solid phase after 321 

the disappearance of Ba-Mg amorphous carbonate in all experiments (Appendix Fig. 322 

S2), consistent with a previous study conducted under similar conditions (Liu and Li, 323 

2020). Notably, the measured d value and the peak sharpness index (Full Width at 324 

Half Maximum, or FWHM) of the (104) peak for norsethite decreased with increasing 325 

reaction time (Fig. 3A, B, Appendix TableS2). The FWHM of dolomite d(104) peak 326 

decreases with increasing crystallinity (Li et al., 2015), and this was consistent with 327 

the SEM observations in this study that the crystals became larger and more euhedral 328 
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with increasing time (Fig. 1B). By contrast, the peak intensity ratio I(101)/I(012) and 329 

I(015)/I(110), indicators for the cation ordering in the crystal lattice of dolomite-group 330 

minerals (e.g., Li et al., 2015; Liu and Li, 2020; Pimentel and Pina, 2014), remained 331 

constant irrespective of reaction time (Fig. 3C, D). 332 

 333 

Solution chemistry 334 

 335 

The details of solution chemistry are tabulated in Appendix Table S4 for experiment 336 

Set I. Solutions sampled after 1 minute of reaction had alkalinity ranging from 33 to 337 

38 mM for experiments from 30 to 70°C, however, the alkalinity of solution sampled 338 

after 1 minute of reaction at 80°C was much lower (11.5 mM). The alkalinity of 339 

solutions decreased to around 10 mM after 2 hours for all experiments, except for the 340 

experiment conducted at 30°C, where the alkalinity decreased to around 10 mM after 341 

1 day. The decrease in solution alkalinity was temporally related to the disappearance 342 

of amorphous carbonate in the solid phase in the experiments. After the complete 343 

transformation of Ba-Mg amorphous carbonate to norsethite, the alkalinity of 344 

solutions fluctuated between 6 and 12 mM (Appendix Fig. S7A). The pH of the 345 

solutions generally increased when Ba-Mg amorphous carbonate transformed to 346 

norsethite for all experiments, then pH values decreased continuously with time 347 

(Appendix Fig. S7B). 348 

 349 

The Mg concentrations ranged from 80 to 100 mM during the early period of reaction 350 
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and decreased slightly with a longer reaction time (Appendix Fig. S7C). In contrast, 351 

the Ba concentrations were high (11 to 20 mM) in solutions sampled after 1 minute of 352 

reaction and decreased rapidly to a value below 1mM in increasing reaction time 353 

(Appendix Fig. S7D), and the rapid Ba concentration drop was coincident with the 354 

transformation of Ba-Mg amorphous carbonate. The concentration of Na, a 355 

“conservative element” in this experimental system, remained constant throughout the 356 

experiments at all temperatures (Appendix Fig. S7E). This indicates that the reaction 357 

bottles were well sealed and there was a negligible loss of water vapor throughout the 358 

experiments. In addition, the saturation index (SI) of norsethite decrease rapidly 359 

(Appendix Fig. S7F) after 1 day for the experiment at 30°C and after 2 hours for 360 

experiments from 40°C to 80°C and it corresponded to the transformation of Ba-Mg 361 

AC to norsethite. Then the downward trend in Appendix Fig. S7F gradually slowed 362 

down and the SI values became stabilized at around 1.5, a state of oversaturation for 363 

norsethite. 364 

 365 

Mg isotope results 366 

 367 

In all experiments, δ26Mg values of aqueous solutions were higher than those of the 368 

solid products (Table 1 and Fig. 4A, B), corresponding to negative apparent Mg 369 

isotope fractionation factors (∆26Mgsolid-aq) (Fig.4C). Overall, the ∆26Mgsolid-aq
 values 370 

were positively related to the reaction temperature. For experiment Set I, the 371 

∆26Mgsolid-aq between the freshly synthesized amorphous carbonate after 1 minute of 372 
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reaction and aqueous solution ranged from -0.83‰ at 30℃ to -0.53‰ at 70℃, while 373 

the formation of norsethite at 80℃ resulted in a lower ∆26Mgsolid-aq value (-1.27‰). 374 

The transformation of the Ba-Mg amorphous carbonate after 2 hours of reaction time 375 

was accompanied by a significant decrease in the ∆26Mgsolid-aq values, which varied 376 

from -1.83‰ at 40℃ to -1.56‰ at 70ºC. For experiment at 30℃, the ∆26Mgsolid-aq 377 

value remained nearly constant after 2 hours due to the lack of Ba-Mg amorphous 378 

carbonate transformation, but after 1 day when the Ba-Mg amorphous carbonate was 379 

transformed to norsethite, the ∆26Mgsolid-aq decreased to -2.12‰. 380 

. 381 

One striking observation is that, after the complete transformation of Ba-Mg 382 

amorphous carbonate to norsethite, the ∆26Mgsolid-aq values began to increase 383 

continuously with time, and spanned from -1.95‰ to -1.04‰ after 60 days of reaction. 384 

Such increasing trend is confirmed in norsethite synthesis experiments Set II, in 385 

which the apparent ∆26Mgsolid-aq also increased from -1.39‰ at 40℃ to –1.28‰ at 80℃ 386 

to -1.30‰ at 40℃ to -0.73‰ at 80℃ when the reaction time was extended to 276 387 

days (Fig. 4D). 388 

 389 

ab initio calculation results 390 

 391 

The calculated volumes of norsethite, dolomite, and magnesite are 379.02, 330.83, 392 

and 288.257Å3, respectively (Table 2), which are about 3% larger than experimental 393 

data (norsethite: 366.23Å3, Effenberger and Zemann, 1985; magnesite: 279.43Å3,  394 
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Markgraf and Reeder, 1985; dolomite: 320.20 Å3, Markgraf and Reeder, 1986), while 395 

calculations using the two other functionals (LDA and PBE) predict smaller volumes. 396 

The calculated average Mg-O bond length in norsethite, dolomite, and magnesite are 397 

2.082, 2.111, and 2.126 Å, respectively.  398 

 399 

The calculated temperature dependence of β-factor is shown in Appendix Fig. S6 and 400 

the polynomial fitting (103lnβ = d×106/T2) coefficients for norsethite, dolomite, and 401 

magnesite are 1.9424, 1.8653, and 1.8177, respectively (Table 2). The calculation 402 

results for two other functions are also listed. The calculated equilibrium fractionation 403 

between magnesite and dolomite is -0.53‰ at 298K, which is consistent with Pinilla 404 

et al. (2015) and Gao et al. (2018). The equilibrium Mg isotope fractionation between 405 

norsethite and dolomite (αnor-dolo) can be calculated based on the calculated β-factors, 406 

which followed a function of 103αnor-dolo = -0.0771×106/T2. This function can be 407 

combined with temperature-dependent function for Mg isotope fractionation between 408 

dolomite and aqueous solution that was experimentally calibrated by Li et al. (2015), 409 

which leads to temperature-dependent function for Mg isotope fractionation between 410 

norsethite and aqueous solution (Fig. 5B): 411 

∆26Mgnor-aq= -0.0783×106/T2                                           (5) 412 

where T is in Kevin (K).  413 

 414 

DISCUSSIONS 415 

 416 



 20 

Based on the experimental results in this study, the process of norsethite synthesis can 417 

be generalized and separated into three stages (Fig.6), which are 1) the precipitation 418 

of Ba-Mg AC, 2) the transformation of Ba-Mg amorphous carbonate to 419 

nano-crystalline norsethite by fast dissolution-reprecipitation, and 3) recrystallization 420 

of nano-norsethite by slow dissolution-reprecipitation. Different stages of norsethite 421 

growth were accompanied by distinct Mg isotope fractionation behaviors. In 422 

experiment Set I, the first solid phase to appear in experiments at 30℃ to 70℃ was 423 

Ba-Mg amorphous carbonate only, despite that the initial mixed solution was highly 424 

oversaturated to various Mg- and Ba- bearing minerals. This can be attributed to the 425 

energy barrier for the formation of metastable amorphous carbonate being much lower 426 

than the formation of crystalline minerals (Gebauer and Coelfen, 2011; Radha and 427 

Navrotsky, 2013; Raiteri and Gale, 2010). The spherical morphology of Ba-Mg 428 

amorphous carbonate as observed in this study is remarkably similar to that of the 429 

synthesized amorphous calcium carbonate (ACC) reported in the literature (e.g., Xu et 430 

al., 2004). It should be noted that the first solid phase that was sampled from the 431 

experiment conducted at 80℃ was a mixture of Ba-Mg amorphous carbonate and 432 

nano-crystalline norsethite. This indicated that conversion of Ba-Mg amorphous 433 

carbonate to norsethite was extremely fast at 80℃, occurring at a time scale similar to 434 

experimental manipulation for solid separation (i.e., 1 minute). The ∆26Mgsolid-aq 435 

between the amorphous carbonate after 1 minute of reaction and aqueous solution 436 

ranged from -0.83‰ at 30℃ to -0.53‰ at 70℃. Based on the calculation of 437 

speciation of Mg2+ in aqueous solution and the Mg isotope fractionation factors 438 
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between different Mg species (Schott et al., 2016), the Δ26Mgsolid-Mg_aq between solid 439 

products and free aqueous Mg2+ (refer to Mg2+ only bonded to H2O molecules) ranged 440 

from -0.54‰ at 30℃ to -0.34‰ at 70℃ (Appendix Table. S6). The small magnitude 441 

of Mg isotope fractionation (-0.54‰ to -0.34‰) between amorphous carbonate and 442 

free aqueous Mg2+ may indicate that the Mg2+ is incorporated into the amorphous 443 

carbonate as the form of hydrated Mg.Actually the dehydration of metal ion would 444 

lead to significant isotope fractionation (Hofmann et al., 2012) and this is consistent 445 

with that the water content is positively correlated to the Mg content in amorphous 446 

carbonate (Lin et al., 2015; Purgstaller et al., 2019). 447 

 448 

The complete transformation of Ba-Mg amorphous carbonate to crystalline norsethite 449 

occurred within 2 hours for experiments from 40℃ to 80℃, while the Ba-Mg 450 

amorphous carbonate persisted at 30℃ until completely transformed to norsethite 451 

after 1 day. This suggests that temperature exerts a primary control on the 452 

transformation rate of amorphous carbonate for the norsethite synthesis experiments 453 

in our study, which is consistent with the study of Liu and Li (2020). Based on XRD 454 

analysis, norsethite is the only crystalline mineral phase after the transformation of 455 

Ba-Mg amorphous carbonate (Appendix TableS2, Appendix Fig. S2). It should be 456 

noted that other crystalline minerals, including northupite and witherite, have been 457 

reported to the formation during the analogous synthesis experiments of norsethite 458 

(Pimentel and Pina, 2014; Pimentel and Pina, 2016). The different reaction pathways 459 

may be due to the different conditions used between these experiments. In this study, 460 
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the molar ratio of (Mg2+ + Ba2+): CO3
2- for reactants was above one, which means that 461 

the available CO3
2- was limited to form other carbonate minerals. By contrast, that 462 

ratio was below one in the studies of Pimentel and Pina (2014; 2016). Additionally, 463 

the saturation index (SI) for witherite and northupite were below zero after the 464 

transformation of amorphous carbonate in this study (Appendix TableS4). This 465 

suggests that the formation pathways could be variable and dependent on the solution 466 

chemistry, as has been implied in previous studies on the transformation of 467 

amorphous calcium carbonate (Lam et al., 2007; Loste et al., 2003; Purgstaller et al., 468 

2017; Rodriguez-Blanco et al., 2012). It is interesting to note that the norsethite 469 

crystals obtained at 30℃ showed more euhedral crystal morphology and larger crystal 470 

size than that of norsethite obtained from 40℃ to 70℃ (Fig. 1B, Appendix Fig. S4). 471 

During the crystal formation process, the crystal size is considered to be positively 472 

correlated to the crystal growth rate, but negatively correlated to the crystal nucleation 473 

rate. These two competing mechanisms ultimately determine the crystal size 474 

distribution (Swanson, 1977). The transformation rate of Ba-Mg amorphous carbonate 475 

for the experiment at 30℃ was slower  compared to transformation rates in 476 

experiments at the higher temperatures (i.e., > 1 day versus < 2 hours), thus the 477 

experiment 30℃ should have been associated with slower nucleation rate, or less 478 

norsethite crystal nucleus, which lead to the growth of larger crystals relative to 479 

experiments at higher temperatures. The Δ26Mgsolid-aq fractionation factors decreased 480 

significantly during the transformation process (Fig. 4C, D). The remarkable decrease 481 

in Δ26Mgsolid-aq after complete transformation of Ba-Mg amorphous carbonate can be 482 



 23 

attributed to the near-complete (100%) Mg isotope exchange during the 483 

transformation process, which was rigorously proven using an enriched 25Mg isotope 484 

tracer (Liu and Li, 2020). However, it should be noted that the measured Δ26Mgsolid-aq 485 

factors for the newly formed nano-norsethite (-2.12‰ to -1.56‰) were significantly 486 

lower than the calculated equilibrium Mg isotope fractionation factors for norsethite 487 

(-0.68‰ to -0.50‰; Fig. 5B). This indicates that the Mg isotope fractionation during 488 

a fast dissolution-reprecipitation process is kinetically controlled, which leads to 489 

depletion in heavy Mg isotopes in the mineral phase. 490 

 491 

After Ba-Mg amorphous carbonate transformation, recrystallization of the 492 

nano-norsethite crystals proceeded with a longer reaction time. In this process, the 493 

norsethite crystal coarsened and developed rhombohedra crystal habit, which was 494 

accompanied by the disappearance of granular crystal shape (Fig. 2D~2I, Appendix 495 

Fig S3~S4).The decrease of d(104) may reflect the increase of Mg: Ba ratio in the 496 

norsethite, due to the larger ionic radius of Ba relative to Mg, similar to the case of 497 

dolomite (Zhang et al., 2010). In the meantime, the FWHM of d(104) peak of the 498 

norsethite decreased, pointing to better crystallinity of the mineral over time. It is 499 

consistent with the common concept of recrystallization via Ostwald ripening during 500 

mineral-fluid interaction (Ratke and Voorhees, 2002), which proceeds by a coupled 501 

dissolution-reprecipitation mechanism, as evidenced by the continuous decrease of 502 

SSA of solid products with longer reaction time (Fig.1B). The measured Δ26Mgsolid-aq 503 

factors increased with time for all experiments during this process (Fig. 4C, D) and 504 
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approached the calculated equilibrium fractionation factors, which implies that the 505 

Mg exchange during this process was accompanied by the equilibrium fractionation. 506 

It is in agreement with a general concept that a slow dissolution-reprecipitation would 507 

drive the system to evolve towards equilibrium with time, as has been demonstrated in 508 

experiments on multiple metal isotopes in carbonate minerals (Mavromatis et al., 509 

2017a; Mavromatis et al., 2016; Oelkers et al., 2018; Oelkers et al., 2019; Pearce et al., 510 

2012) and Mg isotopes for Mg-sulfate (Li et al., 2011). In addition to the 511 

dissolution-reprecipitation, the Mg isotope composition of minerals may be changed 512 

via the surface exchange or diffusion process (e.g, Huang et al., 2010; Richter et al., 513 

2003; Richter et al., 2008; Teng et al., 2011). However, based on the SSA value, the 514 

calculated total amount of Mg at the surface only accounts for less than 3% of the 515 

total Mg in norsethite crystals (details in Appendix). Therefore, the surface process is 516 

not responsible for the significant increase of the δ26Mg of norsethite. Moreover, 517 

diffusion of Mg ion in carbonate (Fisler and Cygan, 1999; Kent et al., 2001) is too 518 

slow at the experimental temperatures in this study to influence the Mg isotope 519 

composition of norsethite (details in Appendix). Furthermore, the slight decreased Mg 520 

concentration during this process indicate the extra Mg mass transfer from solution to 521 

the solid phase, which can lead to the extra Mg isotope fractionation. Therefore, the 522 

mass transfer corrections were conducted (detail in Appendix). This correction had 523 

limited influence on the increasing trend of Mg isotope fractionation with longer 524 

reaction time (Appendix Fig. S9).Notably, the magnitude of the increase in 525 

Δ26Mgsolid-aq fractionation factors was greater for the experiments at higher 526 
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temperatures, irrespective of experimental settings (experiment set I or set II; Fig. 5A). 527 

This is attributed to continuous isotope exchange between norsethite crystals and 528 

aqueous solution in this stage, as exchange rates in reactions are positively 529 

temperature-dependent (Li et al., 2015).  530 

 531 

IMPLICATIONS 532 

 533 

Magnesium isotopes in marine carbonate have been applied to reconstruct the Mg 534 

isotopic and chemical composition of ancient seawater (Crockford et al., 2020; Fantle 535 

and Higgins, 2014; Gothmann et al., 2017; Higgins and Schrag, 2012; Hu et al., 2019; 536 

Li et al., 2015; Li et al., 2019; Pogge von Strandmann et al., 2014). However, the use 537 

of carbonates as Mg isotope archive of seawater faces several challenges, including : 538 

(1) to discern whether isotope equilibrium fractionation has been attained between the 539 

carbonate and seawater; (2) to ascertain whether the Mg isotope records in carbonate 540 

are influenced by the post-depositional process. Our findings show that significant 541 

exchange of Mg between solid and solution occurs during recrystallization of 542 

norsethite via dissolution-reprecipitation, leading to the obvious alteration of Mg 543 

isotopic compositions. However, the incorporation of aqueous Mg2+ into carbonate 544 

minerals was not supported under ambient temperature due to the kinetic barrier of 545 

dehydration (Land, 1998) and the dolomite precipitation is rare in the modern 546 

sedimentary environment (Warren, 2000). By contrast, massive dolomite formation 547 

was found in the geological record (Burns et al., 2000; Given and Wilkinson, 1987), 548 
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which demonstrated that the Mg content and isotope composition of carbonate could 549 

be influenced by post-depositional processes. Meanwhile, the extent to the alteration 550 

of carbonate isotope composition is influenced by the reaction rate, duration of 551 

reaction, and the degree of isotopic disequilibrium (Chanda and Fantle, 2017; Fantle, 552 

2015; Fantle et al., 2020; Huber et al., 2017). Therefore, various geological settings 553 

and post-depositional history of samples should be taken into consideration to have 554 

the potential impact the recrystallization on Mg isotopic record in carbonates. For 555 

example, if a carbonate of marine origin remained in contact with seawater (i.e., 556 

“seawater buffered”) for a protracted period of time, the continuous isotope exchange 557 

shall result in the Mg isotope re-equilibrium between carbonate and coeval seawater, 558 

therefore, seawater Mg isotope composition can be recorded (Li et al., 2015). 559 

However, sedimentary carbonates also underwent burial and related post-depositional 560 

processes, during which they reacted with isotopically evolved pore water or 561 

hydrothermal fluids, leading to further isotope exchange. If that the fluids contain 562 

insufficient Mg relative to the carbonate, which is a so-called “sediment-buffered” 563 

environment, slow recrystallization of carbonate would take place, but the process 564 

will reset the Mg isotope composition of fluids rather than that of Mg-rich carbonates. 565 

It is a common case for carbon isotopes in carbonates (Swart, 2015) but also for Mg 566 

isotopes in dolostone during the burial metamorphism (Azmy et al., 2013; Geske et al., 567 

2012; Hu et al., 2017) or hydrothermal alteration(Geske et al., 2015; Hu et al., 2019).  568 

 569 

A “fluid-buffered” situation could also take place for some carbonates during burial 570 
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and subsequent post-depositional processes. If the amount of Mg in fluids was 571 

sufficient enough, the recrystallization would cause overprinting of Mg isotope 572 

signatures of carbonate while that of fluids evolves synchronously or remains 573 

relatively constant (e.g., Fantle and Higgins, 2014; Huang et al., 2015). The greatest 574 

challenge in metal isotope studies of carbonate archives lies in distinguishing 575 

“sediment-buffered” and “fluid-buffered” situations, which would require applications 576 

of multiple geochemical tools to interrogate the fidelity of Mg isotopes in the studied 577 

carbonates (Riechelmann et al., 2020). 578 

 579 

Our results provide new insights for applications of Mg isotopes in the carbonate 580 

archive. On the one hand, our study indicates that the amorphous carbonate 581 

transformation can lead to significant decrease of Mg isotope fractionation between 582 

solid and solution phase. As a consequence, the Mg isotope fractionation between the 583 

newly formed crystalline carbonate minerals and surrounding solution could be more 584 

negative than equilibrium values from a single-stage precipitation, thus special 585 

attention is required in Mg isotope studies on biogenic carbonates. On the other hand, 586 

the recrystallization has a great impact on the preservation of the initial isotope 587 

signature of crystalline carbonate, the extent to which this may influence the original 588 

isotopic signature depends on the type of diagenetic fluids and the relative Mg amount 589 

of carbonate and fluids. 590 
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 933 

FIGURE 1. (A)XRD patterns of solid products after 1 minute of reaction for 934 

experiment set I, (B) Specific Surface Area (SSA) value of solid products versus 935 

reaction time.  936 
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 937 

FIGURE 2. SEM images of the solid products for experiments Set I. For more details 938 

of the experimental conditions, see TableS2.939 
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 940 

FIGURE 3. Lattice parameters for norsethite in the synthesis experiments set I. (A) 941 

norsethite d(104) versus reaction time, (B) FWHM of (104) peak for norsethite versus 942 

reaction time, (C) I(101)/I(012) versus reaction time, (D) I(015)/I(110) versus reaction 943 

time. 944 
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 945 

FIGURE 4. (A) δ26Mg values of solid and aqueous phases versus reaction time for 946 

experiments at 30 to 50°C. (B) δ26Mg values of solid and aqueous phases versus 947 

reaction time for experiments at 60 to 80°C. (C) Δ26Mgsolid-aq versus reaction 948 

temperature at different reaction time. (D) Δ26Mgsolid-aq versus reaction time at 949 

different temperature. The solid dots represent the data for experiments Set I, while 950 

the hollow dots represent the data for experiments Set II in (C) and (D). 951 

AC:amorphous carbonate, Nor:norsethite. 952 
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 953 

FIGURE 5. (A)The increase in measured Δ26Mgsolid-aq fractionation factors versus temperature, 954 

including data from experiment Set I (1 day to 60 days), and data from experiment Set II (30 days 955 

to 276 days). Error bar denotes 2 standard deviations. (B) Comparison of experimentally measured 956 

(points with error bars) and theoretically calculated (lines) Δ26Mg factors for norsethite. The 957 

temperature-dependent Mg isotope fractionation factor for dolomite suggested by Li et al. (2015) 958 

is also plotted for reference.959 
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 960 

FIGURE 6. A schematic model showing the formation pathway of norsethite and the Mg isotopic 961 

fractionation behavior. 962 
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