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Abstract
Crystallization from an amorphous precursor is an important pathway of carbonate precipitation in nature. However, the
mechanistic details of the transformation from an amorphous phase to a crystalline phase of carbonates remain a topic of
intense debate. Two competing mechanisms, including solid-state transition and coupled dissolution-reprecipitation, have
been proposed to explain this transformation process. Magnesium is a common element in carbonate crystal lattices and
its isotopes may provide unique insights into this problem. In this study, we investigated the transformation of the amorphous
carbonate (AC) precursor for norsethite [BaMg(CO3)2], a dolomite analogue mineral, by in situ XRD analysis and isotope
exchange experiments using a 25Mg enriched tracer coupled with high precision isotope analyses of d26Mg and d25Mg values
for aqueous and solid phases. In situ XRD experiments revealed that the AC can transformed to crystalline norsethite at various temperatures (25 °C, 50 °C and 70 °C) and no intermediate mineral formed during the AC transformation process. 25Mg
tracers indicated that near-complete Mg isotope exchange occurred in all exchange experiments during AC transformation.
More importantly, after the AC transformation, the system showed surprising apparent non-mass dependent fractionation
relationship, that the d25Mg value of solid phase became greater than that of aqueous solution from a lower value, producing
positive D25Mgsolid-aq fractionation, whereas the D26Mgsolid-aq fractionation remained negative. We numerically modeled the
behavior of Mg isotopes (in both d26Mg and d25Mg) for the experimental system according to the two competing mechanisms
of AC transformation. The modeling results suggest that the apparent non-mass dependent isotope behavior can only be
explained by the coupled dissolution-reprecipitation process. Therefore, this study does not support the solid-state transition
mechanism for AC transformation. Further, this study rigorously proves that norsethite can form by precipitation from aqueous solution without replacement, and implies that Mg2+ in aqueous solutions can be eﬃciently dehydrated and incorporated
into a well ordered dolomite-group mineral (norsethite) under abiotic, low temperature conditions, thus providing new
insights for understanding dolomite precipitation in nature.
Ó 2020 Elsevier Ltd. All rights reserved.
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Amorphous carbonate (AC) is a type of hydrated,
poorly ordered, and metastable nanoparticulate material
that widely occurs as an intermediate phase in processes
of inorganic carbonate precipitation and biomineralization
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(Weiner et al., 2003; Briones et al., 2008; Gago-Duport
et al., 2008; Cartwright et al., 2012; Mass et al., 2017).
Amorphous calcium carbonate (ACC), in particular, has
attracted considerable attention because its transition to
crystalline carbonates is an important and common pathway of carbonate formation in nature. Moreover, carbonate precipitation via the ACC precursor may lead to
variations in isotopic ratios of O (Demeny et al., 2016)
and Mg (Mavromatis et al., 2017b) in carbonates. Therefore, for better applications of the stable isotope proxies
in carbonate geological records, it is necessary to understand the isotopic eﬀects associated with transformation
of AC.
Two mechanisms have been proposed to explain the
transformation of amorphous carbonate to crystalline carbonates. Some researchers have suggested that carbonate
mineralization could proceed by solid-state transition of
AC dehydration and structural adjustment (Addadi et al.,
2003; Politi et al., 2008; Weiner and Addadi, 2011; Gong
et al., 2012). Others have suggested that transformation
of AC is a coupled dissolution-reprecipitation process
(Ogino et al., 1987; Lee et al., 2008; Rodriguez-Blanco
et al., 2012; Giuﬀre et al., 2015; Rodriguez-Navarro et al.,
2015; Purgstaller et al., 2016). These two diﬀerent mechanisms could have distinct responses in the exchange of ions
between the solid and the surrounding ﬂuids. If the transformation of AC is a solid-state transition process, the ﬁnal
crystalline product would inherit the cations from the
amorphous precursor. By contrast, the transformation of
AC via coupled dissolution-reprecipitation would result in
extensive cation exchange between the solid and aqueous
phases. Distinguishing the two mechanisms is particularly
important for applications of elemental and isotopic signatures in carbonates as paleo-environmental proxies or indicators of geological processes.
In order to further understand the mechanisms of carbonate precipitation via an intermediate amorphous precursor, we chose the Mg2+-Ba2+-CO2
3 -H2O system and
studied the formation of norsethite [BaMg(CO3)2]. Norsethite has a lattice structure similar to dolomite
(Lippmann, 1967), as Mg and O atoms in both minerals
form a 6-fold coordinated Mg-O octahedra, and both minerals exhibit alternation of the monolayers of Mg-O and
X-O polyhedron (where X is Ca for dolomite and Ba for
norsethite). Dolomite is notoriously diﬃcult to precipitate
abiotically at ambient conditions (Land, 1998) despite of
decades of intense studies (e.g., Burns et al., 2000;
Warren, 2000). However, successful synthesis of norsethite
at ambient conditions had been achieved (Hood et al., 1974;
Morrow and Ricketts, 1986; Pimentel and Pina, 2014), and
the occurrence of Mg- and Ba-bearing amorphous phase
has been reported to precede crystalline norsethite formation (Pimentel and Pina, 2016). In addition, Mg is a major
element in geological materials, including common carbonate minerals such as calcite and dolomite. Mg2+ is also a
common constituent in natural AC that can increase the
stability of AC (Raz et al., 2000, 2003; Politi et al., 2010;
Rodriguez-Blanco et al., 2012; Purgstaller et al., 2017).
We focused on the behavior of Mg isotopes during the
transformation from AC to crystalline norsethite and

designed exchange experiments to test the two competing
models for crystallization of amorphous carbonate by Mg
isotope tracers. Due to the structural similarity between
the lattices of norsethite and dolomite, the experimental
results may also provide new clues to understand dolomite
precipitation in nature.
2. EXPERIMENTAL DESIGN AND METHODS
We conducted systematic mineralogical and isotopic
studies, including in situ XRD investigations of AC transformation, and a set of isotope exchange experiments that
involved an enriched 25Mg tracer. The in situ experiments
were performed to understand the reaction pathway of norsethite formation and to characterize the mineralogical features of solid products. Additionally, solid and aqueous
phases from the isotope exchange experiments were systematically sampled in a time-series for Mg isotope analyses, as
well as characterization of the solution chemical compositions throughout the reactions.
For the experiments, reagent grade salts of MgCl26H2O,
BaCl22H2O, and Na2CO3, deionized water (=18.2
MXcm1), and an enriched 25Mg spike (24Mg: 0.80%,
25
Mg: 98.88%, 26Mg: 0.32%) were used to prepare the reactant solutions, including ‘‘solution A” (2 M isotopically normal MgCl2), ‘‘solution B” (1 M BaCl2), ‘‘solution C” (1 M
Na2CO3), and ‘‘solution D” (2 M MgCl2, enriched in
25
Mg, with a D25Mg’  80‰, where D25Mg’ = d25Mg0.5*d26Mg).
2.1. Synthesis of Ba-Mg AC
Synthesis of Ba-Mg AC was undertaken at room temperature. 1 mL of ‘‘solution A”, 1 mL of ‘‘solution B”,
2 mL of ‘‘solution C”, and 6 mL of deionized water were
mixed in a 15 mL plastic centrifuge tube. Immediately following the mixing, a white cloudy precipitation was
observed to occur in the aqueous solution. The tube was
immediately centrifuged at 3000 rpm for 5 minutes to separate the solid and liquid phases, and the solid was further
washed with de-ionized water and centrifuged three times
to remove interstitial ﬂuids. Aliquots of the washed solid
were dissolved in 2% HNO3 to measure the Mg and Ba
contents.
2.2. In situ XRD investigation of AC transformation
0.5 mL of ‘‘solution A” and 5.5 mL of deionized water
were added to the plastic centrifuge tubes and mixed with
the AC thoroughly to make a slurry. A tiny fraction
(approximately 7 lL) of the slurry was promptly loaded
into the micro glass reaction tube using a micro-pipette.
The micro glass reaction tube was made by burning a glass
tube (0.9 mm inner diameter and 1.0 mm outer diameter) in
an oxyhydrogen ﬂame to seal one end. Next, the open end
of the micro glass reaction tube was sealed using oxyhydrogen ﬂame. Finally, the sealed micro glass reaction tube was
placed onto the heating stage on a Rigaku Rapid II micro
X-ray diﬀractometer. The temperature of the heating stage
was set at 25 °C, 50 °C, and 70 °C, and in situ XRD
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measurement of the reaction product was performed immediately after loading of the micro reaction tube. These
experiments were noted as Situ25, Situ50, and Situ70,
respectively. The setup of in situ XRD analysis is shown
in Fig. 1 and Appendix Fig. S1. A Mo-sourced X-ray
(Ka = 0.7093 Å) was used for better penetration through
the glass wall of the micro reaction tube. The diﬀracted
X-ray signals were continuously collected by a 2-D detector
of the Rigaku Rapid II micro X-ray diﬀractometer, and the
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integrated XRD pattern was read and refreshed every 10
minutes. Other parameters of the XRD instruments are
provided in Section 2.4.
2.3. Exchange experiments
The concept of exchange experiments followed a published study of Li et al. (2015). The whole experimental procedure was identical to that described in Section 2.2, except

Fig. 1. The setup (top) and the data (bottom) of the in situ XRD experiment (Situ70). The Debye rings and diﬀractograms were taken from
0 h to 3 h of reaction at 70 °C. Blue vertical band denotes norsethite (ns). (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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that the ‘‘solution A” was substituted by the isotopically
enriched ‘‘solution D” for mixing with the AC. The initial
mass of Mg in the AC and solution was both approximately
0.001 mole. The mixture was placed in a cold-seal stainless
steel hydrothermal bomb with a 17 mL PFA inner liner. At
least six parallel duplicate experimental vessels were prepared each time individually. The hydrothermal bombs
were placed in an oven with the temperature preset to
130 °C (experiment series: Ex130-1 and Ex130-2), and the
bombs were sampled in a time series one by one. For experiments conducted at 50 °C and 70 °C (experiment series:
Ex50 and Ex70, respectively), centrifuge tubes were used
as the reaction vessel and all the tubes were kept rotated
in an oven that was equipped with a rotation device. When
the bomb or tube was sampled from the oven, it took less
than 20 s to open and close the oven, which produced
a < 5 °C transient drop in air temperature in the oven.
The experimental product was subsequently transferred to
a second acid-leached centrifuge tube, which was centrifuged at 3000 rpm for 5 minutes to separate the solid
and liquid phases, and the former was further washed with
de-ionized water and centrifuged three times to remove
interstitial ﬂuids. The supernatant was centrifuged at
12000 rpm for 1 minute before transfer to another acidleached centrifuge tube. This operation was repeated for
three times to remove all the possible suspending solids
from the aqueous solution.
2.4. Mineral characterization
The morphology of the solid products was imaged using
either a Carl Zeiss Supra 55 Field Emission Scanning Electron Microscope or a Hitachi SU1510 tungsten ﬁlament
Scanning Electron Microscope, the chemical compositions
of the solids were characterized using Energy-Dispersive
X-ray Spectroscopy (EDS) with the SEMs.
The XRD analysis was performed on a rotating anode
dual source Rigaku Rapid II X-ray diﬀraction system,
using a Mo (Ka = 0.7093 Å) target X-ray source running
at 50 kV and 90 mA, and a 0.1 mm diameter beam. Powder
material was loaded in a Kapton tube for transmissionmode XRD analysis with an exposure time of 10 minutes.
Diﬀraction data were collected on a 2-D image-plate detector, and were converted to the conventional 2h versus intensity patterns using a Rigaku 2DP software. A Jade 6.5
software was used to interpret the XRD patterns.
2.5. Solution chemistry characterization
Aqueous Ba and Mg concentrations were measured by
inductively optical emission spectroscopy (a Skyray
ICP3000 type ICP-OES) with a series of gravimetrically
prepared multi-element standard solutions. The analytical
uncertainty of ICP-OES for elemental analyses was better
than ±5%. The total alkalinity was determined by a Brand
Titrette titrator with a 0.019 M HCl solution. And the pH
of solutions was measured by Mettler Toledo combined a
semi-micro glass electrode, which was calibrated against
with buﬀer standard solutions at pH 4.01, 7.00 and 9.21
(analytical uncertainty: ±0.02 pH units).

A PHREEQC software was used to calculate the speciation of aqueous solutions, ion activities and saturation
degrees of minerals with its minteq.v4 database. For all
experiments, the pH values were measured at 25 °C and
recalculated for the experimental temperature using the
software. The precipitation reaction for norsethite can be
described by:
Ba2 þ þ Mg2 þ þ 2CO23 - $ BaMgðCO3 Þ2

ð1Þ

So the saturation state (X) of norsethite was determined
as:
X¼

ðaBa2þ ÞðaMg2þ ÞðaCO2 Þ2
3

Ksp

ð2Þ

where a stands for the activity of an aqueous species and
Ksp = 1017.86 at 50 °C, 1018.16 at 70 °C, and 1019.85 at
130 °C (Lindner et al., 2018). And the saturation index
(SI) of norsethite was expressed by
SI ¼ logðXÞ

ð3Þ

2.6. Isotope analysis
Magnesium isotope analysis was performed at the State
Key Lab for Mineral Deposits Research, Nanjing University. Chemical puriﬁcation of Mg from the solid and aqueous phases followed a well-established method in the lab
(Hu et al., 2017; Bialik et al., 2018; Li et al., 2019). Recovery of Mg was >95% as determined by ICP-OES analyses of
the Mg cut and matrix cut after ion exchange chromatography for every sample. The total procedural blank for the
chemical procedure was <30 ng, which was negligible relative to the >40 lg of Mg that was processed for each sample. Magnesium isotope ratios were measured using a
Thermo Scientiﬁc Neptune Plus multi-collector inductively
coupled mass spectrometer (MC-ICP-MS). The instrument
was operating in a low-mass-resolution mode, using a 100
mL/min self-aspirating nebulizer and a glass spray chamber. Instrument drift and mass bias was corrected using a
standard-sample bracketing method using an in-house Mg
solution (HPS909104) as the bracketing standard. The
HPS909104 Mg solution has a d26Mg value of 0.66‰ relative to DSM3 (Li et al., 2012, 2015; Hu et al., 2017). The
concentration of samples typically matched the in-house
standard to better than ±10%. A 40 s on-peak acid blank
was measured before each analysis. Each Mg isotope ratio
measurement consisted of ﬁfty 4-s integrations. Accuracy of
Mg isotope analyses was monitored using pure Mg standards (Cambridge1 and DSM3), natural sample standards
(IAPSO standard seawater, and USGS rock standard
DST-2b), and a matrix-matching synthetic standard solution (mixture of BaCl2 and in-house Mg standard
HPS932001, 1:1 molar ratio). The natural sample standards
and matrix-matching synthetic standards were treated as
unknown samples together with samples from experiments
by ion-exchange chromatography to assess the accuracy of
the total chemical procedure. The external precision of the
Mg isotope measurements was better than ±0.1‰ for
d26Mg.
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Magnesium isotope compositions are reported using the
standard per mil (‰) notation of d26Mg and d25Mg for the
26
Mg/24Mg and 25Mg/24Mg ratios relative to DSM3 Mg
isotope standard, where

 


dx Mg ¼ x Mg= 24 Mgsample = x Mg= 24 MgDSM3  1  1000
ð4Þ
and Mg isotope fractionation between two phases A and B
is expressed as:
Dx MgAB ¼ dx MgA  dx MgB  103 lnax=24
AB

ð5Þ

where x = 25 or 26.
The error propagation function is applied for calculating
the uncertainty in Mg isotope fractionation factors:
h
i1=2
ErrDMgAB ¼ ðErrdMgA Þ2 þ ðErrdMgB Þ2
ð6Þ
where ErrDMgA–B refers to the error of the Mg isotope
fractionation factor between phases A and B, and ErrdMgA
and ErrdMgB stand for the errors of measurements of isotope compositions of phases A and B.
3. RESULTS
3.1. Mineralogy
The results of in situ XRD analyses, including representative raw Debye-rings data from the 2-D detector and the
processed XRD diﬀraction patterns, are shown in Fig. 1
and Appendix Figs. S2 and S3. The lack of sharp diﬀraction
peaks at the beginning of experiments was indicative of the
presence of the AC. The AC persisted for about 1 hour at
70 °C (Situ70), 5.5 hours at 50 °C (Situ50) and 56 hours
at 25 °C (Situ25), then characteristic peaks for norsethite
began to appear. The ﬁrst appearance of norsethite XRD
peaks was broad and of low intensity, but the sharpness
and intensity of the XRD peaks for norsethite increased,
then plateaued afterwards. It is important to note that only
diﬀraction peaks for norsethite were identiﬁed in all in situ
experiments, and no diﬀraction peaks of other minerals
were detected throughout the process of transformation
from amorphous carbonate to norsethite.
The newly synthesized amorphous carbonate phase
occurred as aggregates of homogeneous ﬁne spheres with
a size ranging between 50 and 200 nm (Fig. 2A). By contrast, the newly-formed norsethite at 50 °C and 70 °C
exhibited euhedral to subhedral crystalline morphology
(Fig. 2B, C), whereas products at 130 °C all occurred as
spherical aggregates of euhedral to subhedral crystals
(Fig. 2D).
Bulk powder XRD analysis also conﬁrmed that the solid
products of the exchange experiments were pure norsethite.
The measured d(104) values for norsethite scattered around
3.009 Å, but d(104) did not show any notable correlations
with reaction time or temperature in the diﬀerent exchange
experiments (Fig. 3A, Appendix TableS1). The Full Width
at Half Maximum (FWHM, a parameter of peak sharpness) of the (104) peak, however, correlated with reaction
time (Fig. 3B). Given the same reaction temperature, the
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FWHM of the (104) peak decreased with increasing reaction time.
3.2. Chemical composition of the AC and solutions
Based on ICP-OES analysis of 11 AC samples synthesized for diﬀerent experiments, the AC contained
51.7–53.9 mol% Mg in its total divalent cation (Mg + Ba)
budget, with an average value of 52.4 ± 1.4 mol% (2SD,
n = 11; Appendix Table S2). This is very close to the stoichiometry of ideal norsethite (50 mol% Mg).
The chemical composition of the solutions are tabulated
in Table 1. In experiments Ex70 and Ex50, the pH increased
to around 8.7 during the early period of reaction and then
gradually decreased with reaction time, while the pH
remained relatively constant in experiment Ex130-2
(Fig. 4A, B, C) and it may indicate that the system had
reached a steady state due to the higher reaction rate at
higher temperatures. The solution alkalinity for all the
experiments show drifting trends that are broadly similar
to the solution pH (Fig. 4J, K, L). It should be noted that
for experiment Ex70, low pH value (below 8) and alkalinity
was measured for solutions sampled in the ﬁrst one hour
reaction time. For these aqueous solution samples, some
tiny, but recognizable white cloudy solid material was identiﬁed at the bottom of centrifuge tubes. The solid material
was inferred as newly precipitated Ba-Mg carbonates from
the aqueous solution after sampling.
The measured solution Mg concentrations were around
80–100 mM during the whole reaction process (Fig. 4D, E,
F). In contrast, the Ba concentration in experiments Ex70
and Ex50 were orders of magnitude lower than Mg concentration, and there was a slight increase in Ba2+ concentration
in aqueous solution upon mixing the Ba-Mg AC with ‘‘solution D”, which may be due to the dissolution of a fraction of
Ba-Mg AC. It is important to note that the highest Ba concentration of the aqueous solution was measured to be
2.7 mM (Fig. 4G, H, I, Table 1), corresponding to <3% of
Ba in the Ba-Mg AC. The Ba2+ contents in aqueous solution
decreased rapidly during the transformation process of BaMg AC to norsethite, and remained relatively constant and
low values (<0.1 mM) after the transformation completed.
3.3. Isotope results
The ‘‘solution D” for isotope exchange experiments is
isotopically enriched, and has a d26Mg value of 3.18‰
and d25Mg value of 82.93‰, which are 0.73‰ higher in
d26Mg and 84.93‰ higher in d25Mg than the starting AC,
respectively (Table 1). During transformation of the AC
to crystalline norsethite, the d26Mg value of solid phase
decreased while that of aqueous phase increased (Fig. 5A,
B, C, D), which contributed to a 0.8‰ to 1.3‰ decline
for D26Mgsolid-aq within the ﬁrst 12 hours. Following that,
the d26Mg value for both phases remained relatively
constant.
By contrast, the starting amorphous phase and solution
had distinct d25Mg values and these values converged during exchange experiments (Fig. 5E, F, G, H). The changes
in d25Mg values for both the solid and aqueous phases were
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Fig. 2. (A) SEM image of amorphous carbonate and the XRD pattern of amorphous carbonate is embedded within it. (B) SEM image of
norsethite in exchange experiments at 50 °C. (C) SEM image of norsethite in exchange experiments at 70 °C. (D) SEM image of norsethite in
exchange experiments at 130 °C.

comparable, which corresponded to the 1:1 molar ratio of
Mg between the two phases. The changes in d25Mg values
for both the solid and aqueous phases were fast within
the ﬁrst few reaction hours, and this was accompanied with
the AC transformation to norsethite (Appendix Fig. S5).
It is important to note that in most exchange experiments, the d25Mg value of norsethite became greater than
that of aqueous solution (Fig. 5E, F, G, H), producing positive D25Mgsolid-aq values (Fig. 5M, N, O, P), while the D26Mgsolid-aq values remained negative. In another words, the
d25Mg values of the two phases of the system changed more
rapidly than d26Mg values, and did not show an apparent
mass dependent behavior (a more detailed analysis of this
apparent non-mass dependent behavior is given in Section 4.2). This phenomenon was distinct in experiments
‘Ex130-1’, ‘Ex70’ and ‘Ex50’, but also occurred to some
experimental products for experiment ‘Ex130-2’. Such phenomenon had not been reported in any isotope exchange
experiments in literature. We highlight that the exchange
experiments were repeated, and in each experiment, separate parallel reaction vessels were sequentially sampled,
and the diﬀerences in d25Mg and d26Mg values between
solid and solution far exceed the external analytical precision (e.g., ±0.1‰ for d26Mg). Selected samples have been
separately analyzed using a Nu 1700 MC-ICP-MS at the
State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Science Academy,
and the results are highly consistent between the two labs

(Appendix Table S5, Fig. S6). Therefore the observation
was reproducible and we ruled out analytical artifact or
experiment manipulation error as the cause of this
phenomenon.
4. INTERPRETATION AND DISCUSSION
4.1. The reaction pathway of norsethite formation
4.1.1. Formation of the Ba-Mg AC
Norsethite formed via the transformation of amorphous
carbonate precursor, which precipitation instantaneously
upon mixing of the Mg2+, Ba2+, and CO2–
3 in aqueous solutions. The XRD patterns without any apparent diﬀraction
peaks (Fig. 2A) but two broad humps at 2h of 14° and
20° conﬁrmed that this initial precipitate was poorly
ordered and probably consisted of amorphous material,
similar to many synthesized ACC (e.g., Levi-Kalisman
et al., 2002; Faatz et al., 2004; Ajikumar et al., 2005;
Rodriguez-Blanco et al., 2008), although it had been
reported that anhydrous ACC or transient ACC with a nascent short-range order occurred in some biomineralization
processes (Politi et al., 2006; Gong et al., 2012; Mass
et al., 2017). Recently, Martignier et al. (2017) reported a
kind of barium micropearls ‘‘ACC” with internal zonation,
however, TEM data showed that this kind of ACC had no
long-range structure so it was still an amorphous material.
Zonation formed by the oscillations of relative content of
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Fig. 3. Lattice parameters for norsethite in the exchange experiments. (A) norsethite d(104) versus reaction time,(B) FWHM of (104) for
norsethite versus reaction time, (C) I(101)/I(012) versus reaction time, (D) I(015)/I(110) versus reaction time.

Ba and Ca and it may be related to speciﬁc biological process (Martignier et al., 2017), however, it was not the case
for Ba-Mg AC.
The mineralogical characteristics of the Ba-Mg AC and
the synthesized ACC reported in literature were remarkably
similar in terms of the spherical morphology (e.g.,
Rodriguez-Blanco et al., 2012; Blue and Dove, 2015;
Konrad et al., 2018) and apparent nano-porous structure
with large surface area (Purgstaller et al., 2019). The particle size of the Ba-Mg AC was 50–200 nm and in our exper–
iments, the initial aqueous Mg2+:Ba2+:(CO2–
3 + HCO3)
2–
–
ratio was 2:1:2, and the (CO3 + HCO3) concentration
was 0.2 M. In order to compare the Ba-Mg AC and ACC
more systematically, we have conducted ACC synthesis
–
experiment with initial Mg2+:Ca2+:(CO2–
3 + HCO3) ratio
of 2:1:2 (details described in Appendix) and the obtained
ACC had a similar size with the Ba-Mg AC (Appendix
Fig. S4). It should be noted that particle size of synthesized
ACC in literature can vary from several nanometers to
micrometers (Koga et al., 1998; Rodriguez-Blanco et al.,
2014; Blue et al., 2017), and the particle size of the ACC
may be related to the pH and temperature of aqueous solution (Faatz et al., 2004; Carino et al., 2017).

In contrast to the morphological similarity between BaMg AC and ACC, the two AC display remarkable diﬀerence in cation ratios (i.e., mole ratio of Mg/(Mg + X),
where X is a secondary alkaline element such as Ca or
Ba). Notably, the Mg content of Ba-Mg AC in this study
slightly exceeded 50 mol%, whereas most of the synthesized
ACC contain less than 50 mol% Mg (Ajikumar et al., 2005;
Lam et al., 2007; Jiang et al., 2010; Wang et al., 2011;
Rodriguez-Blanco et al., 2012). Speciﬁcally, the Mg content
of ACC synthesized in our experiments averaged at 44.5
± 2.1 mol% (2SD, n = 11; Appendix Table S3), which was
lower than that in Ba-Mg AC. Therefore it appears easier
for Mg2+ to be incorporated into the Ba-Mg AC compared
to the ACC. Although several studies reported formation of
ACC that contains up to 100 mol% Mg (Radha et al., 2012;
Yang et al., 2016; Purgstaller et al., 2019), it has been
argued that the ACC containing more Mg than Ca is
heterogeneous (Radha et al., 2012). It has been reported
that the Mg content in ACC related to the chemistry of
aqueous solution including Mg/Ca ratio (Loste et al.,
2003; Wang et al., 2009; Hermans et al., 2011; Blue et al.,
2017; Purgstaller et al., 2017), pH and CO2–
3 concentration
(Blue and Dove, 2015) as well as presence of organic addi-

Exp ID

Time (min) Solution chemistry
pH(25 °C) Mg(mM) Ba(mM) Alkalinity(mM) SInor

7.80
7.93
7.87
7.87
7.97
7.96
7.92
7.88
7.86
7.90
7.75
7.77
7.76
8.74
8.64
8.66
8.11
8.1
8.67
8.64
8.72
8.21
8.53
8.27
8.41
8.43
8.31
8.11
7.92
7.87
7.73

79.76
84.70
77.76
86.41
85.16
81.28
82.95
76.77
75.00
78.13
90.93
95.07
93.09
98.89
91.67
91.03
90.90
90.56
93.78
96.84
97.04
102.18
94.44
98.46
103.84
89.32
96.52
107.02
98.12
92.52
102.89

0.05
0.07
0.03
0.04
0.03
0.06
0.07
0.02
0.02
0.09
2.59
1.98
0.69
0.02
0.03
0.02
0.05
0.03
0.02
0.01
0.01
0.02
0.02
0.03
0.04
0.03
0.04
0.05
0.04
0.06
0.08

2.92
3.24
1.95
2.92
2.27
2.60
1.62
2.60
2.27
2.60
1.62
2.60
1.62
2.92
2.60
3.24
3.24
2.92
2.60
2.27
3.89
3.24
2.92
2.92
2.92
3.24
3.57
2.92
1.62
1.30
2.60

0.97
1.12
0.20
0.87
0.45
0.71
0.31
0.49
0.16
1.08
1.40
1.82
0.84
0.90
1.01
1.09
0.89
0.47
0.84
0.43
1.04
0.58
0.88
0.75
0.92
0.98
1.08
0.74
0.26
0.40
0.39

Solid

Fractionation(solid-aq)

d26/24Mg 2SD d25/24Mg 2SD n(N)a

d26/24Mg 2SD d25/24Mg 2SD n(N)a

D26/24Mg 2SD D25/24Mg 2SD

3.91
4.14
4.14
4.21
4.18
4.21
4.24
4.40
4.60
4.29
4.22
4.33
4.30
4.41
4.27
4.33
3.85
4.10
3.99
4.32
4.44
4.47
4.34
4.44
4.40
4.36
4.46
4.32
4.33
4.39
4.36
4.41
4.22
4.27
4.41
4.21
4.32

1.50
1.43
1.74
1.64
1.47
1.55
1.75
2.08
1.57
1.51
1.76
1.65
1.76
1.74
1.63
0.82
1.27
1.37
1.79
1.84
1.89
1.66
1.87
1.77
1.74
2.00
1.76
1.66
1.77
1.79
1.76
1.49
1.64
1.83
1.49
1.72

2.89
2.93
3.18

0.07 1.48
0.11 1.49
0.12 82.93

0.04 12(4)
0.09 13(5)
0.26 19(7)

2.64
2.71
2.48
2.55
2.74
2.69
2.64
2.52
2.72
2.71
2.57
2.65
2.65
2.54
2.71
3.04
2.83
2.62
2.53
2.60
2.58
2.68
2.58
2.63
2.62
2.46
2.56
2.67
2.62
2.57
2.65
2.73
2.63
2.58
2.72
2.60

0.04
0.11
0.00
0.06
0.05
0.07
0.10
0.05
0.08
0.13
0.14
0.06
0.19
0.02
0.06
0.01
0.01
0.05
0.04
0.00
0.02
0.02
0.08
0.08
0.02
0.04
0.04
0.05
0.00
0.05
0.02
0.02
0.07
0.00
0.07
0.03

0.02
0.08
0.78
0.04
0.01
0.07
0.01
0.04
0.09
0.12
0.06
0.03
0.09
0.04
0.05
0.04
0.03
0.01
0.01
0.05
0.01
0.03
0.06
0.05
0.03
0.03
0.07
0.03
0.02
0.03
0.00
0.02
0.06
0.05
0.05
0.04

35.23
35.11
36.09
35.34
35.55
38.33
42.02
36.33
39.78
37.61
35.60
37.88
39.07
38.67
35.67
64.97
56.65
43.20
34.24
36.05
36.23
37.18
36.29
35.67
36.07
34.42
34.41
36.81
35.56
35.90
37.68
38.70
37.50
36.28
37.89
37.68

2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)

0.16
0.10
0.07
0.06
0.05
0.12
0.02
0.04
0.00
0.10
0.08
0.04
0.02
0.04
0.01
0.09
0.14
0.06
0.05
0.02
0.06
0.04
0.02
0.02
0.14
0.05
0.01
0.07
0.03
0.04
0.05
0.02
0.00
0.01
0.08
0.07
0.02

2.00
39.47
39.97
39.97
40.14
39.88
37.04
36.02
40.10
35.00
36.37
38.97
36.56
36.85
37.08
41.74
9.77
19.04
27.52
41.35
39.74
39.64
39.45
39.65
40.61
41.04
42.53
41.89
38.84
40.17
39.75
39.08
37.19
38.78
40.44
37.12
38.67

0.09
0.03
0.07
0.03
0.02
0.02
0.04
0.07
0.01
0.13
0.05
0.04
0.01
0.03
0.06
0.00
0.06
0.01
0.02
0.06
0.03
0.07
0.03
0.05
0.02
0.00
0.03
0.07
0.06
0.03
0.06
0.04
0.00
0.03
0.00
0.01
0.02

17(8)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
4(1)
2(1)
4(1)
4(1)
2(1)
2(1)
2(1)
2(1)
4(1)
4(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
2(1)

0.11
0.13
0.06
0.08
0.13
0.08
0.11
0.05
0.13
0.15
0.15
0.07
0.19
0.02
0.11
0.14
0.06
0.07
0.04
0.06
0.05
0.03
0.08
0.16
0.05
0.04
0.08
0.05
0.04
0.07
0.03
0.02
0.07
0.08
0.10
0.04

4.24
4.85
3.88
4.79
4.33
1.28
6.00
3.77
4.79
1.24
3.38
1.32
2.22
1.59
6.06
55.20
37.61
15.68
7.11
3.69
3.41
2.27
336
4.93
5.06
8.11
7.48
2.03
4.60
3.85
1.40
1.52
1.28
4.17
0.77
0.99

0.04
0.11
0.78
0.05
0.03
0.08
0.07
0.05
0.16
0.13
0.07
0.03
0.09
0.07
0.05
0.07
0.03
0.02
0.06
0.06
0.07
0.04
0.08
0.05
0.03
0.05
0.09
0.07
0.04
0.07
0.04
0.02
0.07
0.05
0.05
0.05
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Test solutionb
Test solutionc
Solution D
AC
Ex130-1
720
1440
2880
5760
11,520
Ex130-2
360
360
720
720
1440
1440
2880
2880
4320
10,080
Ex70
30
45
60
75
90
105
120
135
150
165
180
210
270
360
450
570
720
1440
2880
5760
11,520

Solution
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Table 1
Chemical composition data of solution and Mg isotope data of solution and solid phases in exchange experiments. Alkalinity: carbonate alkalinity of the solution; SInor : saturation index of
norsethite calculated from Eq. (3).
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0.01
0.06
0.07
0.01
0.11
0.04
0.05
0.05
0.03
0.05
0.03
0.04
0.05
0.05
0.01
0.02

2(1)
2(1)
2(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)

4.49
4.50
4.48
4.62
4.53
4.46
4.53
4.37
4.63
4.62
4.56
4.58
4.62
4.71
4.48
4.57

0.16
0.18
0.03
0.02
0.01
0.03
0.09
0.14
0.05
0.11
0.06
0.06
0.07
0.02
0.04
0.08

27.63
31.17
38.29
37.55
39.10
36.28
39.28
37.62
40.18
37.08
37.07
40.40
41.11
40.99
37.99
39.07

0.12
0.07
0.02
0.03
0.07
0.02
0.01
0.02
0.01
0.04
0.04
0.04
0.04
0.02
0.04
0.06

2(1)
2(1)
2(1)
2(1)
2(1)
2(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)
3(1)

1.88
1.90
1.84
2.10
2.00
1.97
2.02
1.74
2.11
2.15
2.01
2.10
2.15
2.29
1.99
2.03

0.17
0.23
0.14
0.03
0.02
0.05
0.11
0.14
0.10
0.13
0.07
0.09
0.08
0.05
0.08
0.08

18.51
13.77
2.32
0.05
4.91
0.84
4.66
5.17
4.93
0.48
0.81
5.93
5.34
7.03
1.33
4.46

0.12
0.09
0.07
0.04
0.13
0.04
0.05
0.06
0.03
0.06
0.05
0.06
0.06
0.06
0.04
0.06

tives (Aizenberg et al., 2002; Wang et al., 2009). It is possible that some of these factors had also aﬀected the Ba-Mg
AC in our study.

c

a

b

n denotes the total number of isotope analysis, N denotes the number of replicate.
Test solution contains 0.8 lmol of Mg (HPS932001, d26Mg = 2.93‰) and 0.8 lmol of BaCl2.
Test solution contains 0.4 lmol of Mg (HPS932001, d26Mg = 2.93‰) and 0.4 lmol of BaCl2.

46.15
44.93
35.97
37.50
34.19
35.44
34.62
32.45
35.25
36.60
36.26
34.48
35.76
33.96
36.65
34.61
0.03
0.13
0.14
0.02
0.02
0.03
0.05
0.04
0.08
0.07
0.03
0.07
0.03
0.05
0.07
0.01
2.61
2.60
2.65
2.52
2.53
2.49
2.51
2.63
2.52
2.47
2.55
2.48
2.47
2.42
2.49
2.55
1.81
1.47
1.30
0.50
1.21
0.86
0.78
0.40
0.23
0.49
0.15
0.05
0.35
0.12
0.31
0.44
3.57
2.92
5.19
4.87
4.54
4.22
3.89
2.60
2.60
2.27
2.92
2.60
1.62
2.60
1.95
2.27
0.51
0.44
0.01
0.00
0.01
0.01
0.01
0.02
0.02
0.04
0.02
0.01
0.02
0.02
0.08
0.07
77.77
76.55
78.88
79.14
80.26
77.78
77.44
78.38
74.07
75.61
78.90
80.89
79.02
76.36
78.54
79.08
7.92
7.86
8.48
8.61
8.44
8.33
8.24
8.12
8.03
8.12
7.96
7.98
7.93
7.9
7.83
7.86
180
180
360
360
720
720
1440
1440
2880
2880
5760
5760
11,520
11,520
23,040
23,040
Ex50
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4.1.2. Transformation of the Ba-Mg AC to norsethite
The Ba-Mg AC transformed to crystalline nanonorsethite in all experiments. In situ XRD analysis revealed
that the transformation took about 1 hour at 70 °C (Fig. 1),
5.5 hours at 50 °C (Appendix Fig. S2) and 56 hours at 25 °C
(Appendix Fig. S3), which was consistent with Pimentel and
Pina (2014, 2016) who reported that it takes 24–72 h for
transformation of amorphous Ba-Mg carbonate to crystalline norsethite at room temperature. Therefore, temperature is a key controlling factor for the rate of Ba-Mg AC
transformation and it is the same for ACC transformation,
which proceeds at a faster rate under a higher temperature
(Long et al., 2011; Rodriguez-Blanco et al., 2011). Meanwhile, a number of studies reported that the synthesized
ACC only lasted a short time (i.e., a few minutes) at room
temperature before its transformation (e.g., RodriguezBlanco et al., 2012, 2014; Wang et al., 2012; Purgstaller
et al., 2016, 2017), therefore, the Ba-Mg AC in our study
appeared to have a higher stability compared to the ACC.
The most notable diﬀerence between the Ba-Mg AC and
ACC was the Mg content and it was reported that Mg
played an important positive role in stabilizing ACC
(Aizenberg et al., 2002; Loste et al., 2003; Lam et al.,
2007; Jiang et al., 2010; Singer et al., 2012; Blue et al.,
2017; Purgstaller et al., 2017). However, other parameters
such as the Mg2+ concentration in the aqueous solution
(Konrad et al., 2018) and the particle size (Nudelman
et al., 2010; Zou et al., 2015) also have signiﬁcant inﬂuence
on the stability of ACC. More work is needed to compare
the stability of these two types of amorphous carbonates
systematically.
In this study, no intermediate phases was observed during
transformation of amorphous carbonate to norsethite
(Fig. 1, Appendix Figs. S2, S3 and S5). This is diﬀerent from
the norsethite synthesis experiments by Pimentel and Pina
(2014, 2016), who reported that transformation of amorphous carbonate to norsethite was accompanied with precipitation and dissolution of intermediate minerals including
northupite, eitelite, hydromagnesite and witherite. The different reaction pathways may result from the diﬀerent conditions used between these experiments. Notably, in this study,
the molar ratio of (Mg + Ba):CO2–
3 in the reactant was above
one, whereas in the study of Pimentel and Pina (2014, 2016),
the (Mg + Ba):CO2–
3 ratios for reactants were below one.
Studies on ACC transformation have shown that the mineralogy of intermediate and ﬁnal minerals are dependent on
chemical conditions of the aqueous solution (e.g., Lam
et al., 2007; Rodriguez-Blanco et al., 2012; Blue et al.,
2017; Purgstaller et al., 2017). The saturation indexes (SI)
of magnesite, northupite, eitelite and witherite were all negative for the exchange experiments (Appendix Table S4), corroborating the absence of these minerals during Ba-Mg AC
transformation. It is notable that the calculated SI of hydromagnesite in experiments at 50 °C and 70 °C were slightly
positive, but given the apparent inconsistency in solubility
of hydromagnesite reported by diﬀerent authors
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Fig. 4. Temporal chemical evolution of reactive solution with reaction time in exchange experiments: Ex130-2, Ex70 and Ex50. Plots of pH
values (measured at 25 °C) versus reaction time (A, B, C). Plots of Mg2+ concentration versus reaction time (D, E, F). Plots of Ba2+
concentration versus reaction time (G, H, I). Plots of carbonate alkalinity versus reaction time (J, K, L). Plots of SInorsethite versus reaction
time (M, N, O).

(Königsberger et al., 1999; Cheng and Li, 2010; Xiong, 2011;
Gautier et al., 2014), the slightly positive SI for hydromagnesite in our experiments should be evaluated with caution.
Therefore, experimental observations and theoretical calculations consistently show that transformation from Ba-Mg
AC to norsethite can proceed without intermediate mineral
phases.
Since completion of transformation of Ba-Mg AC to
norsethite, the slurry remained a simple binary system that

only consisted of pure norsethite and aqueous solution.
For minerals with dolomite-like structures, ordering of
cations is an important parameter. In general, the intensity
ratio of peak (015) and peak (110) is commonly used to
constrain the degree of cation ordering for dolomite-type
minerals (Schultzguttler, 1986; Li et al., 2015). According
to Pimentel and Pina (2014), the I(101)/I(012) can also be
used to evaluate the degree of Ba-Mg cation ordering. In
all exchange experiments, the ratios of I(015)/I(110) and I

C. Liu, W. Li / Geochimica et Cosmochimica Acta 272 (2020) 1–20

(101)/(012) showed little change after the formation of
crystalline norsethite, irrespective of reaction time
(Fig. 3C, D), which suggest that the norsethite was initially
formed with high degree of Ba-Mg cation ordering. In
other words, the changes in crystallinity and cation ordering of norsethite were decoupled during its recrystallization. And these results are consistent with the study of
Pimentel and Pina (2016). This is diﬀerent from the

11

phenomenon in dolomite synthesis experiments, which
always started with formation of poorly ordered prodolomite, and the degree of Ca-Mg cation ordering
increased gradually during dolomite synthesis experiments
(e.g., Katz and Matthews, 1977; Sibley et al., 1987;
Kaczmarek and Sibley, 2011; Li et al., 2015; MontesHernandez et al., 2016; Kaczmarek and Thornton, 2017;
Kell-Duivestein et al., 2019)

Fig. 5. Plots of the evolution of Mg isotopes in exchange experiments. Plots of d26Mg values versus reaction time (A, B, C, D). Plots of d25Mg
values versus reaction time (E, F, G, H). Plots of d26Mg versus d25Mg values (I, J, K, L). Plots of D25Mgsolid-aq versus D26Mgsolid-aq
fractionations values (M, N, O, P). The arrow shows the direction of change for d26Mg, d25Mg, D25Mgsolid-aq and D26Mgsolid-aq.
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4.2. Exchange of Mg isotopes during transformation of AC
to norsethite
Two mechanisms have been proposed for explaining
transformation of AC to crystalline carbonates, including
a solid-state transition mechanism and a coupled
dissolution-reprecipitation mechanism. The 43Ca-25Mg tracer study of ACC transformation by Giuﬀre et al. (2015)
provided a strong argument favoring the latter mechanism,
however, there was a caveat in the rational of the study,
that it assumed no exchange between the ACC and surrounding solutions prior to ACC transformation, which
has not been proven. The isotope exchange between crystalline minerals and solution had been widely recognized
(Li et al., 2011, 2014; Mavromatis et al., 2016, 2017a;
Oelkers et al., 2019; Skierszkan et al., 2019). Additionally,
the large surface area of AC (Purgstaller et al., 2019) could
potentially facilitate eﬃcient isotopic exchange with the
aqueous solution (Frierdich et al., 2019; Zheng et al.,
2019). Moreover, unlike the highly ordered and packed
crystalline minerals, amorphous phases are hydrated, loose,
and porous (Goodwin et al., 2010), which could facilitate
diﬀusion that is much faster than solid-state diﬀusion in
crystalline minerals (Stipp et al., 1998; Jensen et al.,
2018), further increasing the degree of isotope exchange.
Therefore, the isotopic tracer study by Giuﬀre et al.
(2015) is not conclusive about the actual mechanism of
AC transformation, as the possibility of isotope exchange
between ACC and solution prior to solid-state transition
cannot be rigorously ruled out based on the experimental
data of Giuﬀre et al. (2015).
In this study, we also used a 25Mg-enriched tracer to
study the cation exchange during the transformation of
AC in aqueous solution, similar to Giuﬀre et al. (2015),
but we took a step further and performed high precision
measurements on both 26/24Mg and 25/24Mg ratios, following the concept of the ‘‘three-isotope method” (Matthews
et al., 1983; Li et al., 2011; Frierdich et al., 2014b; Zheng
et al., 2016). Experiments show that the fast transformation
of AC to norsethite was accompanied with rapid and systematic changes in Mg isotope compositions in solid and
aqueous phases, where d26Mg values of the two phases
diverged but d25Mg values of the two phases converged
(Fig. 5). This reﬂects isotope fractionation in association
with cation exchange between the solid and aqueous phases
during the transformation of AC. Except for some photochemical or organo-chemical reactions of certain elements
(e.g., S, Thiemens, 1999; Farquhar et al., 2000; Ono et al.,
2003; Hg, Bergquist and Blum, 2007; Sherman et al.,
2010; Point et al., 2011), most of isotopes in terrestrial conditions demonstrate mass-dependent behavior (Johnson
et al., 2004). According to the mass dependent fractionation
law of isotopes, one would expect the experimental system
to evolve towards isotopic equilibrium, where isotope
fractionation factors are also mass dependent, e.g.,
D25Mgmin-aq 0.5  D26Mgmin-aq (for more precise description of this relation, see Young et al., 2002). This explains
the convergence of d25Mg values of the two phases during
exchange experiments (Fig. 5E, F, G, H).

Fig. 6. Conceptual models of AC transformation. (A) The solidstate transition model. (B) The coupled dissolution-reprecipitation
model. The spheres in represent the amorphous carbonate precursor, the hexagons represent the norsethite crystals, and the ellipses
represent solution. The darkness of color illustrates the enrichment
of 25Mg tracers.

It is remarkable, however, the d25Mg values of the two
phases in the exchange experiments not only converged,
but overshot and crossed over the presumed equilibrium
values (Fig. 5E, F, G, H). It resulted in the positive
D25Mgmin-aq values that were much greater than the values
of 0.5  D26Mgmin-aq for many cases (Fig. 5M, N, O, P). As
a result, while the d26Mg of aqueous solution after reaction
was higher than that of the norsethite, d25Mg of aqueous
solution after reaction was lower than that of the norsethite. This is an apparent non-mass dependent behavior
and is unexpected in conventional practices of ‘‘three isotope method”. Li et al. (2015) proposed that the degree of
isotope exchange (F) in ‘‘three isotope” exchange experiments can be calculated using an equation:

 

F ¼ D 25 Mgt - D 25 Mgi = D 25 Mge - D 25 Mgi
ð7Þ
where D25Mgt refers to the diﬀerence in d25Mg values
between the solid and aqueous pair at a given time t
(d25Mgsolid-d25Mgaq, or D25Mgsolid-aq), and D25Mgi and
D25Mge stand for the initial and equilibrium D25Mgsolid-aq
values, respectively. Using this equation, the degrees of
Mg isotope exchange are calculated to be 100%–110% for
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the experiments, but a > 100％ isotope exchange is unreasonable. The slight increase in aqueous Ba concentration
in exchange experiments implied that a small fraction
(<3%) of Ba-Mg AC was dissolved into the solution, however, the inﬂuence of such process was insigniﬁcant, as evidence by the large contrast in and d25Mg values between
Ba-Mg AC and aqueous solution at the beginning of
exchange experiments (Fig. 5E, F, G, H). So the unexpected
non-mass dependent behavior of Mg isotopes in exchange
experiments suggests that some speciﬁc process occurred
during AC transformation, thus oﬀering an opportunity
to evaluate the mechanisms of isotope exchange during
the transformation AC to crystalline norsethite.
In order to interpret Mg isotope data from the exchange
experiments, we consider two extreme scenarios of AC transformation to norsethite according to the existing theories
(Fig. 6) and model the isotopic response (in both d26Mg
and d25Mg) of solid and aqueous solutions during the AC
transformation processes. In scenario 1 (Fig. 6A), we assume
that isotope exchange and fractionation took place between
the amorphous phase and aqueous solution prior to solidstate transition of AC, and isotope diﬀusion within the amorphous carbonate outpaced the isotope exchange between the
amorphous carbonate and aqueous solution, therefore both
solid and aqueous phases were isotopically homogeneous.
When tranformation happened, isotopic exchange between
the solid and aqueous phases was frozen. In scenario 2
(Fig. 6B), we assume that there was no direct surﬁcial and diffusional isotope exchange between aqueous solution and
AC, instead isotopic exchange between the solid and aqueous
phases occurred via dissolution of the amorphous carbonate,
when the isotopes from the dissolved amorphous carbonates
were released and homogenized with the existing aqueous
solution. At the same time, an equal amount of material
was precipitated from the aqueous solution as norsethite,
therefore there was no net mass transfer between the solid
and aqueous phases. These two extreme scenarios represent
the solid-state transition mechanism (Politi et al., 2008) and
the dissolution-reprecipitation mechanism (Giuﬀre et al.,
2015), respectively.
The Mg isotope behaviors in these two scenarios can be
modeled using numeric approaches similar to those that
have been detailed by Cao and Bao (2017). Brieﬂy, in model
A (Fig. 6A) that describes scenario 1, we have
dMgA
¼ JSA  JAS ¼ 0
dt
dMgS
¼ JAS  JSA ¼ 0
dt
d 24 MgA
d 24 MgS
¼
dt
dt

1
¼ JSA
1 þ 25 a 25 RS þ

ð8aÞ
ð8bÞ

26 a 26 R
S

 JAS



1
1 þ 26 RA þ 26 RA

ð9aÞ
x

13

Fig. 7. Comparison of the results of numeric modeling and the
experimental data. The solid lines represent the modeling results
using diﬀerent Mg isotope fractionation factors (26a) and the solid
dots represent the experimental data (Table 1).

Eqs. (8a) and (8b) deﬁne that there is no net mass transfer between the solid (S) and aqueous (A) phases; JSA and
JAS refer to the diﬀusional ﬂuxes from S to A and A to S,
respectively. Eqs. (9a) and (9b) deﬁne that the isotope
exchange and fractionation between the two phases only
occur during the exchange between the amorphous phase
and aqueous solution, where 25a and 26a (25a = 26a0.52)
denote the apparent fractionation factors of 25Mg/24Mg
and 26Mg/24Mg during diﬀusion, respectively; xRS
(=xMgS/24MgS) and xRA (=xMgA/24MgA) are Mg isotope
ratios for S and A, x = 25 or 26.
In model B (Fig. 6B) that describes scenario 2, we have
dMgA
¼ JAS
dt

ð10aÞ

dMgS
¼ JAS  JSC ¼ 0
dt
dMgC
¼ JSC
dt

ð10bÞ

x

d MgA
d MgS
¼
dt
dt

x
RS x a
 JAS
¼ JSA
25
25
1 þ a RS þ 26 a 26 RS
1þ



x

RA
26 R þ
A

26 R
A

ð9bÞ

ð10cÞ
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d24 MgS
¼ JAS
1þ
dt
 JSC

1
25 R

A

þ

26 R

A

1
1þ

d x MgS
¼ JAS
dt
1þ

25 a 25 R

S

þ

26 a 26 R

x

RA
26 R
A þ
A
x
Rs x a
 JSC
1 þ 25 a 25 Rs þ 26 a 26 Rs

d 24 MgC
¼ JSC
dt
1þ
d x MgC
¼ JSC
dt
1þ

ð11aÞ
S

25 R

1
25 a 25 R
x

S

þ

RS x a
S þ

25 a 25 R

26 a 26 R

26 a 26 R

ð11bÞ
ð12aÞ

S

ð12bÞ
S

Eqs. (10a)-(10c) deﬁne that there is no net mass transfer
between the solid and aqueous phases. The solid phase
includes the amorphous carbonate (A) and crystalline norsethite (C). And the mass of Mg in aqueous solution (S)
remains constant during the reaction. JAS and JSC refer to
the dissolution ﬂux from A to S and reprecipitation ﬂux
from S to C, respectively. Eqs. (11a), (11b), (12a) and
(12b) deﬁne that dissolution of the amorphous carbonate
(A) is congruent and is not associated with Mg isotope fractionation, but precipitation of crystalline norsethite (C) is
associated with Mg isotope fractionation factors of 25a
and 26a (25a = 26a0.52; Young et al., 2002). xRS (=xMgS/24MgS), xRS (=xMgS/24MgS), xRA (=xMgA/24MgA) and xRC(=xMgC/24MgC) are Mg isotope ratios for S, C and A,
respectively.
In the two models, we set the solution phase (S) and
amorphous phase (A) of initial system to contain equal
amount of Mg, but with diﬀerent Mg isotope compositions
to mimic the exchange experiments. The initial aqueous
solution phase (S) is set to have d26Mg value of 3.18‰
and d25Mg value of 82.93‰, respectively, whereas the initial
amorphous phase (A) has d26Mg value of 3.91‰ and
d25Mg value of 2.00‰, respectively (Table 1). We then
allow the reaction between the two phases to proceed
according to a solid-state-transition scenario (Model A,
Fig. 6A) and a coupled dissolution-reprecipitation scenario
(Model B, Fig. 6B), assuming diﬀerent instantaneous massdependent Mg isotope fractionation factors (Fig. 7). Then
we can numerically solve the models and obtain d25Mg
and d26Mg values of each phase at any given degree of
exchange between the amorphous phase and aqueous solution. The detailed modeling results are given in Appendix
and plotted in a space of D25Mgsolid-aq versus D26Mgsolidaq for the two models (Fig. 7). The experimental results
are also plotted in Fig. 7 for comparison.
Both models predict that with increasing isotope
exchange between the solid and aqueous phases, the D25Mg26
solid-aq value increases while D Mgsolid-aq value decreases, a
relationship that is conﬁrmed by the results of exchange
experiments. However, model A predicts that the maximum
D25Mgsolid-aq is about 0.5  D26Mgsolid-aq at 100% isotope
exchange, which could not exceed 0 (Fig. 7A). By contrast,
model B predicts positive D25Mgsolid-aq values as high as
20‰ for complete exchange between amorphous phase
and aqueous solution (Fig. 7B). Obviously, results of model
A are not consistent with the experimental data, thus solid-

state transition cannot be the mechanism of AC transformation to norsethite; by contrast, model B better describes
the experimental data (i.e., the positive and apparently nonmass dependent D25Mgsolid-aq values after exchange experiments), thus providing an unequivocal proof for the
dissolution-reprecipitation pathway as the AC transformation mechanism. The positive D25Mgsolid-aq value was originated from the isotopic heterogeneity within individual
norsethite crystals grew in aqueous solution that had
dynamically changing Mg isotope compositions during
exchange experiments. Therefore, combination of the
experiments and modeling, we conclude that coupled
dissolution-reprecipitation is the key mechanism for transformation of amorphous phase to crystalline carbonate,
at least for the Ba-Mg-carbonate system.
4.3. Implications
4.3.1. Interpretations of metal stable isotope records of
carbonates
There are growing interests in using Mg and Ca isotopes
in natural carbonate archives to study the seawater chemistry and global Mg-Ca cycles in geological times (e.g.,
Farkaš et al., 2007; Müller et al., 2011; Du Vivier et al.,
2015; Higgins and Schrag, 2015; Li et al., 2015; Lau
et al., 2017; Wang et al., 2019). It has been realized that
multiple issues, including variability in the sedimentary
background of the carbonates (Geske et al., 2015a; Bialik
et al., 2018), and post-depositional processes such as diagenesis (Immenhauser et al., 2005; Steuber and Buhl, 2006;
Fantle and Higgins, 2014; Mavromatis et al., 2014;
Blättler et al., 2015; Geske et al., 2015b; Huang et al.,
2015; Chanda and Fantle, 2017; Higgins et al., 2018; Li
et al., 2019), burial metamorphism (Geske et al., 2012;
Azmy et al., 2013; Hu et al., 2017), as well as hydrothermal
alteration (Lavoie et al., 2014; Walter et al., 2015;
Riechelmann et al., 2016, 2018; Hu et al., 2019), need to
be identiﬁed and isolated before interpretations of the Mg
and Ca isotope proxy data from carbonate sediments.
Given that the carbonates have been screened for these
issues, the common reaction pathway involving amorphous
precursor for precipitation of carbonate minerals arises further questions about how can the Mg and Ca isotope signatures in carbonate sediments be appropriately interpreted.
Mavromatis et al. (2017b) have shown that the behavior
of Mg isotopes diﬀer between processes of direct calcite precipitation and Mg-ACC precipitation, which could bring
complexities to Mg isotope studies of carbonates if calcite
can be transformed from ACC via solid-state transition.
Additionally, AC can be produced and stabilized during
various biological process in natural systems (Aizenberg
et al., 1996, 2002, 2003; Weiss et al., 2002; Briones et al.,
2008; Al-Sawalmih et al., 2009), yet the isotopic eﬀect of
biologically-mediated AC transformation is little known.
However, our study has shown that the AC transforms to
carbonate
minerals
via
coupled
dissolutionreprecipitation, that carbonates are ultimately products of
mineral growth by cation dehydration from aqueous solutions and attachment to mineral surface. We acknowledge
that there still a gap between the experimental system in this
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study and natural carbonate-precipitating systems.
Nonetheless, our study highlights the importance of distinguishing the reaction pathways as well as understanding the
fundamental behavior of Mg and Ca isotopes during the
classical precipitation pathway for carbonates, in order to
correctly interpret metal stable isotope data from carbonate
sedimentary rocks, which could be complex and diverse.
4.3.2. Implications for dolomite precipitation
Norsethite is a dolomite-analogue mineral that can form
abiotically under ambient temperature (Pimentel and Pina,
2014; Lindner et al., 2018), by contrast, numerous attempts
of abiotic synthesis of ordered dolomite at low temperatures were unsuccessful (e.g., Mitchell, 1923; Fairbridge,
1957; Lippmann, 1973, 1982; Land, 1998). Many hypotheses were proposed to explain this problem on dolomite
(Warren, 2000), and one of the popular hypotheses is that
the dehydration of Mg2+ aquo ion is the rate-limiting step
for dolomite precipitation, due to the strong bonds between
water molecules and the Mg2+ ion in aqueous solution (e.g.,
Lippmann, 1973; Land, 1998). During carbonate growth,
the aquo ions need to be adsorbed onto the crystal surface
and dehydrate before incorporating into crystal lattice. The
hydrated Mg2+-aquo ion adsorbed on to carbonate surface
could block the active growth site and inhibit the further
incorporation of Mg2+ ion into crystal (Mucci and
Morse, 1983; Zhang et al., 2013; Goetschl et al., 2019), or
lead to formation of certain hydrous calcium magnesium
carbonate which was reported as a potential precursor for
pro-dolomite (Kelleher and Redfern, 2002). More recently,
various experiments were successful in synthesizing disordered dolomite with the presence of microbes
(Vasconcelos et al., 1995; Petrash et al., 2017; Qiu et al.,
2017), polysaccharide (Zhang et al., 2012b), dissolved sulﬁdes in solution (Zhang et al., 2012a), and charged-clays
(Liu et al., 2019). It was generally interpreted that these
substances have a catalytic eﬀect on the dehydration of
Mg2+ aquo ion. However, the experimental results in this
study show that norsethite is also formed via a precipitation
pathway rather than a solid-state transition pathway, therefore, dehydration of Mg2+ aquo ion and incorporation of
Mg2+ into the norsethite lattice can occur under low temperature and abiotic conditions without catalytic substances. This implies that the energy barrier for
dehydration of Mg2+ aquo ion may not be the only key reason for the inhibition eﬀect of Mg2+ aquo ion on dolomite
precipitation.
The most straight forward diﬀerence between norsethite
and dolomite is that Ba2+ has remarkably larger ionic radii
than Ca2+ (Pimentel and Pina, 2016; Lindner et al., 2017,
2018). This causes a ﬁne structural diﬀerence between the
norsethite lattice and dolomite lattice, and results in the
formation of 12-fold coordination for Ba-O polyhedra
and 6-fold coordination for Ca-O octahedra, whereas Mg
in both minerals forms a 6-fold coordinated Mg-O octahedra. Pimentel and Pina (2016) pointed out that diﬀerence in
polyhedra of Ba2+ and Mg2+ in norsethite favors the cationic ordering during formation of norsethite structure along
the c axis. This is also supported by the experiments in this
study, where the newly formed norsethite already had a
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near-perfect cation ordering based on the near 1:1 and constant ratios of I(015)/I(110) and I(101)/(012) (Fig. 3C, D).
On the other hand, Lindner and Jordan (2018) suggested
that it was diﬃcult to form a BaxMg1-xCO3 solid solution
in BaCO3-MgCO3 system, implying that the ordered norsethite has the lowest free energy and is thermodynamically
stable. Therefore, the lattice conﬁguration of norsethite
results in direct precipitation of ordered norsethite that
has the lowest free energy. By contrast, both Ca and Mg
has 6-fold coordination in dolomite, therefore the newlyformed dolomite tend to be disordered, and the study of
Xu et al. (2013) even suggested that the distorted lattice
structure in disordered dolomite facilitates incorporation
of Mg2+ for mineral growth. The disordered dolomite,
however, is not thermodynamically stable relative to
ordered dolomite, thus Mg2+ at the surface of newly
formed disordered dolomite may be easily re-hydrated
and return to aqueous solution. It is likely that the diﬃculty
in precipitation of dolomite stems from the thermodynamics and surface property of disordered dolomite, and the
easiness of re-hydration of Mg on the surface of disordered
dolomite.
4.3.3. Implications for the utility of the ‘‘three isotope
method”
This study provides new insights for the now increasingly popular applications of ‘‘three isotope method” in
experimental isotope geochemistry (e.g., Li et al., 2011,
2014, 2015; Frierdich et al., 2014a, 2014b; Zheng et al.,
2016; Stamm et al., 2019). Although the three-isotope
method is well-known to be a powerful method for determining isotope fractionation factors in experiments, it is
also useful to distinguish reaction mechanisms. Actually,
in the seminal paper by Matsuhisa et al. (1978) from R.
Claytons lab at University of Chicago where the threeisotope method was invented, the authors already provided
discussions in the appendix on how the combined three isotope analysis can be used to distinguish diﬀusion-driven
exchange from recrystallization by extremely fast dissolution and reprecipitation. This point was largely neglected
in numerous later three isotope method studies, but more
recently Cao and Bao (2017) revived discussions on
(non-)mass dependent behavior of three isotopes during
exchange by diﬀerent mechanisms. This study, with the surprising non-mass-dependent isotopic results, provides an
exceptional ﬁrst case to prove the original concept of
Matsuhisa et al. (1978) that by combing isotope tracer
and high precision isotopic analysis for three isotopes,
one can distinguish the reaction mechanisms in a twophases system.
5. CONCLUDING REMARKS

(1) Based on in situ XRD analyses, we demonstrated that
formation of norsethite in a Mg-excess aqueous solution is a two-stage process that consists of precipitation of amorphous Ba-Mg carbonate precursor and
subsequent transformation of amorphous carbonate
(AC) to ordered norsethite without any intermediate
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minerals. This is diﬀerent from previous studies that
reported formation of norsethite with transient
occurrence of various intermediate mineral phases
and dissolution of these mineral precursors. Therefore, the formation pathway of norsethite can be
diverse and dependent on experimental conditions
such as solution chemistry.
(2) We systematically investigated the Mg isotope
exchange between Ba-Mg AC and aqueous solution
during the AC transformation to norsethite using
25
Mg tracers, and observed surprising non-mass
dependent relationship of Mg isotope data for the
norsethite and aqueous solution despite very high
degree of Mg isotope exchange after AC transformation. Results of numerical modeling strongly suggest
that coupled dissolution-reprecipitation, rather than
solid-state transition, is the key mechanism for transformation of amorphous carbonate to crystalline
norsethite.
(3) This experimental study showed that norsethite can
form at low temperature by direct precipitation from
aqueous solution, without replacement of a mineral
precursor or solid-state transformation of Ba-Mg
AC. This implies that the high energy barrier of dehydration of Mg2+ aquo ion may not be the key reason
to impede dolomite precipitation under low temperature conditions.
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