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Abstract

Equilibrium Mg isotope fractionation properties between aqueous Mg?" and minerals are the key for the applications of
Mg isotopes in geochemistry. This study conducts first-principles molecular dynamics (FPMD) simulations for aqueous Mg*"
based on the density functional theory (DFT). Thirty-five snapshots are extracted from the FPMD trajectories after equili-
bration for the calculations of the reduced partition function ratio (B factor or 10°Inp). Combining with the B factors of min-
erals, we found that the [ factor decreases in the sequence of lizardite > brucite > aqueous
Mg?* > dolomite > magnesite > calcite > aragonite. Our calculations also confirm the effect of Mg concentration on the B fac-
tor of calcite, and further show that the concentration effect is negligible when Mg/(Mg + Ca) (atomic ratio hereafter) is lower
than 1/32.

Our results depict significant equilibrium Mg isotope fractionations between minerals and aqueous Mg>"
(103lnamincrals_M&€lq), which are dominantly controlled by the average force constant of Mg in these phases. Compared to
aqueous Mg?", carbonates are enriched in light Mg isotopes but brucite and lizardite show enrichment in heavy Mg isotopes.
Among all minerals, 103lnaarag0nite_Mg_aq is the largest, which is up to —14%o at 300 K. Notably, 103lnucalcite_MLaq is not only
controlled by temperature, but also significantly affected by Mg content in calcite. 1031n01C2,lcite_1\/1ng is negatively correlated
with Mg content in calcite. The experimentally measured Mg isotope fractionations between minerals (dolomite, magnesite,
brucite) and solution at equilibrium are consistent with our predicted results, showing the accurate description of FPMD sim-
ulations for aqueous Mg?" and the reliability of our calculations. Overall, the calculated equilibrium Mg isotope fractiona-
tions between minerals and aqueous Mg>" provide a guideline for applications of Mg isotopes in aqueous geochemical
processes.
© 2019 Elsevier Ltd. All rights reserved.
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plays important roles in many geochemical processes, such
as continental weathering, diagenetic reactions, carbonate
precipitation, the recycling of subducting materials, and
mantle evolution. Magnesium has three stable isotopes
(**Mg, >Mg, and **Mg) with the relative mass difference
of 8%. With the improvement of analytical techniques,
large Mg isotope fractionations have been frequently
reported during the past two decades (see reviews in
Teng, 2017 and references therein), which makes it a pow-
erful tool for studies of many fundamental geochemical
processes. For example, Mg isotopes have been widely
applied to investigate the continental weathering (Pogge
von Strandmann et al., 2008; Teng et al., 2010;
Pokrovsky et al., 2011; Huang et al., 2012; Kasemann
et al., 2014; Wimpenny et al., 2014a.b), the global Mg cycle
(Tipper et al., 2006; Higgins and Schrag, 2010; Beinlich
et al, 2014; Fantle and Higgins, 2014), paleo-
environmental reconstruction (Anbar and Rouxel, 2007;
Higgins and Schrag, 2015; Husson et al., 2015), and deep
carbon recycling (Yang et al., 2012; Huang et al., 2015;
Liu et al., 2015; Li et al., 2016). The increasing applications
of Mg isotopes in aforementioned geochemical processes
urgently require the knowledge of Mg isotope equilibrium
fractionations among minerals and solutions.

Experimental studies have been performed to determine
the equilibrium fractionation factors of Mg isotopes
between precipitated minerals and coexisting solutions
(Immenhauser et al., 2010; Pearce et al., 2012; Li et al.,
2012; Saulnier et al., 2012; Mavromatis et al., 2013; Wang
et al., 2013; Li et al., 2014; Wimpenny et al., 2014a,b; Li
et al., 2015; Mavromatis et al., 2017). However, controver-
sies still exist among the experimental results. For instance,
Li et al. (2012) found that the Mg isotope fractionation
between calcite and solution (AZ*Mg.aicite-solution) VATies
from —2.7%0 at 277 K to —2.2%o at 318 K, which does not
depend on the precipitation rate of calcite. On the contrary,
Immenhauser et al. (2010) and Mavromatis et al. (2013)
observed that AZ®Mg aicite-solution i heavily controlled by
the calcite growth rate, and smaller A26Mgcalcite_solution
occurs at faster calcite growth rate. In contrast to the exper-
iment of direct precipitation of crystalline calcite,
Mavromatis et al. (2017) firstly induced the formation of
amorphous calcium carbonate and then transform it to the
final crystalline calcite. They found that A**Mg aicite-solution
ranges from —2.36%o0 to —3.63%c at 300 K. In addition, Li
et al. (2014) suggested that Mg isotope fractionation
between brucite and solution (AZ*Mgpucite-solution) iNCreases
from —0.3%o at 280 K to 0%o at 313 K, and Wimpenny et al.
(2014a,b) reported a A26Mgbrucitc_501uti0n value of 0.5%c at
323 K. These combined data show a reversal trend from
negative to positive AZGMgmeite_solmion values with increas-
ing temperature, which is apparently not consistent with the
general relationship between equilibrium fractionation fac-
tors and temperature.

To quantify the equilibrium Mg isotope fractionation
between minerals and aqueous Mg2+ (1031n<xminemls_Mg_aq),
theoretical studies have been performed in recent years.
Rustad et al. (2010) determined the dependence of 10°Ino.
carbonates-Mg_aq ONl temperature using quantum chemistry cal-
culations based on embedded clusters, which shows large

disagreements with the theoretical results using the density
functional theory (DFT) and periodic boundary conditions
(Schauble, 2011). Recently, Pinilla et al. (2015) performed
path integral molecular dynamics simulations (PIMD) based
on the empirical force field and Car-Parrinello molecular
dynamics (CPMD) simulations for aqueous Mg?". Specially,
they selected a dozen snapshots from CPMD to calculate the
B-factor of aqueous Mg”" based on the DFT. For minerals,
they also carried out DFT calculations but with fixed lattice
parameters as experimental values. However, it is likely that
this treatment produces artificial stresses for minerals in the
relaxed structures, which may increase the uncertainty of
the calculated results. For brucite, Colla et al. (2018) pre-
dicted that brucite should be enriched in *Mg relative to
aqueous Mg>", in contrast to experimental observations
(Lietal., 2014). In addition, a newly designed cluster model,
volume variable cluster model, was also used to calculate 103-
INOminerals-Mg aq based on quantum chemistry method (Gao
et al., 2018), which also supports the enrichment of heavy
Mg isotopes in brucite. Overall, although many experimental
and theoretical studies investigated Mg isotope fractiona-
tions between minerals and aqueous Mg> ", there are still sig-
nificant discrepancies among them.

Previous studies have proved that the equilibrium frac-
tionation of many isotopes among crystals can be well pre-
dicted using the calculations of vibrational frequencies
based on the DFT with the periodic boundary conditions
(Méheut et al., 2009; Schauble, 2011; Huang et al., 2013,
2014; Feng et al., 2014; Wu et al., 2015; Qin et al., 2016;
Wang et al., 2017a,b). In this study, we adopted the same
strategy to calculate the B-factors of minerals. For aqueous
Mg*", we firstly performed first-principles molecular
dynamics (FPMD) simulations based on the DFT
(Kowalski and Jahn, 2011; Dupuis et al., 2015; Pinilla
et al., 2015; Ducher et al., 2018), and then extracted suffi-
cient snapshots from the FPMD trajectories for vibrational
frequencies calculations. The B factor of aqueous Mg®" can
be estimated from the statistical average B factor value of
each selected snapshot. In this way, we provided reliable
equilibrium Mg isotope fractionation data among aqueous
Mg2+, carbonates, brucite, and lizardite.

2. METHODS
2.1. Equilibrium mass-dependent isotope fractionation

Equilibrium isotope fractionation originates from shifts
in vibrational frequencies caused by isotopic substitution of
an element in a given system (Bigeleisen and Mayer, 1947;
Urey, 1947), which consequently affects the vibrational par-
tition function. According to Bigeleisen and Mayer (1947),
under the harmonic approximation, the reduced partition
function ratio 8, of an element X in Phase A, which repre-
sents the isotope fractionation factor between Phase A and
an ideal gas of X atoms, can be expressed as:

1
Qh 3N uj, e 2t 1 — e i

0, Loy 1 — et e R

B (1)

where /& and [ represent the heavy and light isotopes respec-
tively; 7 is a running index of vibrational frequency mode,
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and N is the number of atoms in the unit cell; Q) and O,
refer to the vibrational partition function for the heavy
and light isotopes, respectively. A phase with N atoms
has 3N vibrational modes and thus the product runs over
all 3N phonon modes. u;, and u; are defined as:

Uin or il = hCU,‘h or il/kBT (2)

where 7/ and kjp is the Planck and Boltzmann constants,
respectively; 7 is temperature in Kelvin, and wy, . ; 1S
the vibrational frequency of the i mode. Following
Richet et al. (1977), the equilibrium isotope fractionation
between two Phases A and B can be derived in per mil

(%o) as:
Ay = 1031”%173 = 103l”ﬂA - 103]’1[’)3 (3)

2.2. First-principles calculations

2.2.1. First-principles molecular dynamics simulations

To obtain the structure of aqueous Mg?", we performed
first-principles molecular dynamics (FPMD) simulations
based on the DFT using VASP with the projector-
augmented wave (PAW) method (Blochl, 1994). To test
the effect of Mg content of the aqueous solution on the
structure, we performed FPMD simulations using the cubic
cells containing one Mg atom and 30, 50, and 70 water
molecules, respectively. Two Cl atoms were added to keep
the charge balance. In addition, we also simulated the cell
with one Mg atom, one Ca atom, four Cl atoms and 50
water molecules to check the effect of Ca atom on the aque-
ous Mg®t structure. Hereafter we used the abbreviations
“IMg30H,0”, “1Mg50H,O0”, “1Mg70H,0”, and
“1MglCa50H,0” to represent these simulation cells, omit-
ting all Cl atoms.

All simulations were performed in the NVT thermody-
namic ensemble with the fixed temperature of 300 K, which
is controlled by a Nosé thermostat. The generalised-
gradient approximation (GGA) (Perdew et al., 1996) for
the exchange-correlation functional was adopted and the
PAW pseudopotentials were used. The energy cutoff for
all calculations was 600 ev. The cell-parameter of cubic
boxes set for 1Mg30H,0, 1Mg50H,0, 1Mg70H,0, and
1MglCa50H,0 are 9.9544, 11.5600, 12.7950, 11.9700 A
respectively, to ensure the simulated statistical pressure of
approximately zero kbar (Fig. S3) and the experimental
density of ~1 g/cm?®. For all FPMD simulations, the time
step was set to be 1 fs, and the total running time is up to
45 ps. The Brillouin zone summations over the electronic
states were performed at gamma point.

2.2.2. Phonon vibration frequency calculations

For Mg*" aqueous solutions, we extracted 35 snapshots
from the FPMD trajectories every 1000 steps after equili-
bration, and optimized their atomic positions with fixed
cubic boxes. For carbonates, brucite, and lizardite, their cell
parameters and atomic positions were well relaxed with the
k-point grid mesh dependent on the size of unit cells
(Table S1) at ambient pressure. For all structure optimiza-
tions, the residual forces converge within 103 ev/A. In
order to estimate the B factor of **Mg/**Mg for all phases,

we performed full calculations of phonon vibration fre-
quencies using the finite displacement method as imple-
mented in the open-source code PHONOPY (Togo and
Tanaka, 2015).

3. RESULTS

3.1. Structures of carbonates, brucite, lizardite, and aqueous
Mg2+

The conventional cell of calcite is a 30-atom crystal con-
taining six symmetry-equivalent Ca atoms. The initial crys-
tal structures of calcite with variable Mg concentrations
were obtained by replacing Ca atoms with Mg atoms in
the supercells of calcite. For instance, a series of calcite with
Mg/(Mg + Ca) (mole ratio hereafter) of 1/24, 2/24, and
4/24 were generated by substituting one, two, and four
Ca atoms with Mg atoms in the 120-atom supercell of cal-
cite, respectively. The supercell was constructed by expand-
ing the conventional cell twice times along both of a and b
directions. Similarly, we separately expanded the conven-
tional cell of calcite twice along a, b, and ¢ directions to
obtain the 240-atom supercell, and then substituted one
Ca atom with one Mg atom to create the structure of calcite
with Mg/(Mg + Ca) of 1/48. In addition, one Ca atom was
replaced by one Mg atom in the 160-atom and 240-atom
supercells of aragonite to yield the initial structures of arag-
onite with Mg/(Mg -+ Ca) of 1/32 and 1/48, respectively.
Because there are more than one configurations for the ini-
tial structures of calcite with Mg/(Mg + Ca) of 2/24 and
4/24, all nonequivalent configurations for these Mg-
bearing calcite were calculated and the configurations with
the lowest total energy (Fig. S1) were selected for the vibra-
tional frequency calculations.

The calculated volumes of carbonates, brucite, and lizar-
dite within GGA are ~3% larger than experimental data at
ambient pressure (Table S1), whereas LDA predicts a bit
smaller volumes of Mg-bearing calcite (Wang et al.,
2017a). It is typical that LDA underestimates but GGA
overestimates the equilibrium volume (Wentzcovitch
et al., 2010; Schauble, 2011; Wang and Wu, 2018). Average
Mg-O bond lengths in these solids are reported in Table 1.
All Mg atoms in calcite-type carbonates, brucite, and lizar-
dite have a coordination number (CN) of six, while the CN
of Mg atom in aragonite is nine if the cutoff of the Mg-O
bond length is set as 3 A. Among these Mg-bearing miner-
als, the average Mg-O bond length is the shortest in lizar-
dite but the longest in aragonite. Because the volume of
Ca-O polyhedron in aragonite is much larger than that in
calcite, it is expected that aragonite has much longer aver-
age Mg-O bond length compared to calcite when Mg atom
is incorporated into the Ca site. The average Mg-O bond
length increases in the order of lizardite < brucite ~
dolomite < magnesite < calcite < aragonite. Wang et al.
(2017a) found that the average Mg-O bond length sharply
increases with decreasing Mg/(Mg + Ca) in calcite from
3/6 to 1/12. Our calculations within the GGA also support
the concentration effect on the average Mg-O bond length
in calcite with Mg/(Mg + Ca) varying from 3/6 to 1/24
(Table 1 and Fig. 3a), although the absolute values in this
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Table 1
Average Mg-O bond lengths in carbonates, brucite, and lizardite.
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Minerals Chemical formula Mg/(Mg + Ca) Average Mg-O bond length (A)
This study Wang et al. (2017a,b)

Calcite MgCa47C430144 1/48 2.169

MgCay;C407, 1/24 2.167

Mg2C322C24072 2/24 2.152 2093‘

Mg4C3.20C24O72 4/24 2.124 2074’
Dolomite Mg3Ca3;CsO15 3/6 2.103 2.057
Magnesite MgeCeO1s 6/6 2.120 2.076
Aragonite MgCay7C450144 1/48 2.317

Mg Ca31C32096 1/32 2.320
Brucite Mg(OH), - 2.106
Lizardite Mg;Si,05(OH), - 2.088

Data in Wang et al. (2017a,b).
" Mg/(Mg + Ca) = 1/12.
T Mg(Mg+ Ca) = 1/6.

study are obviously larger than those calculated within the
LDA (Wang et al., 2017a). This is principally because the
GGA predicts a much larger volume than the LDA
(Table S1). However, the relative variations in the average
Mg-O bond length are consistent with the predictions
within the LDA (Wang et al., 2017a). For example, both
of the GGA and LDA predict an increase of ~0.018 A in
the average Mg-O bond length when Mg/(Mg + Ca)
decreases from 4/24 to 2/24. In particular, our results show
that, when Mg/(Mg + Ca) in calcite decreases from 1/24 to
1/48, the average Mg-O bond length only slightly increases
from 2.166 to 2.169 A. This implies that the average Mg-O
bond length in calcite is sensitive to Mg concentration only
when Mg/(Mg + Ca) ranges from 3/6 to 1/24, similar to the
behavior of the average Ca-O bond length in orthopyrox-
ene (Feng et al., 2014; Wang et al., 2017b). Notably, the
average Mg-O bond length in aragonite only slightly
changes when Mg/(Mg + Ca) varies from 1/32 to 1/48,
indicating that the effect of Mg concentration is negligible
when Mg/(Mg + Ca) is lower than 1/32.

The structure of aqueous Mg>" is not set as solids, but
under an equilibrium state of flux. To assess the structural
properties of aqueous Mg>", we calculated the partial radial

distribution function (PRDF) (Liu et al., 2018) between Mg
and O, which can be expressed as:

SESa(r R ),

=1l j=

Sug-o(r) = 4)

PN MgN o
where p is the atomic number density, and N is the total
number of atoms. Ny, and N, refer to the number of Mg

and O atoms, respectively. ® represents the coordinates
of atoms. The PRDFs of Mg-O pair in all aqueous solu-
tions show very sharp peaks at ~2.08 A (Fig. 1a), suggest-
ing strong Mg-O bonds in liquids. The peak position of
PRDF of 1Mg30H,0 locates at a smaller value than these
of 1Mg50H,0, 1Mg70H,0, and 1MglCa50H,0, which
have almost an identical peak position (Fig. la). These
results reveal the stronger Mg-O interaction in 1Mg30H,0
and that the structure of aqueous Mg will not be signifi-
cantly affected by the number of water molecules (or Mg
content) in aqueous models when it is more than 50. In
addition, the calculated CNs of aqueous Mg using the
PRDFs in all solutions sharply increase from 0 to 6 when
the cutoff of Mg-O distance increases from 1.8 to 2.4 /OX,
consistent with the sharp distribution of Mg-O within this

1Mg50H,0
(@) (b) — 1Mg30H,0 251 (© --- selzected snapshots
B —— 1Mg50H,0 ' —@— cumulative average
12 —— 1Mg70H,0 o 1Mg30H,0
= [ ——1Mg1CaH,0 o24r selected snapshots
Q é i —— cqmul;tive average
28 j o23f AL e :
(o)) [ e b 4 ::', 0
ar ‘©22 W e o
L ~ & H B .. .. " ‘ t g
0 1 1 1 1 1 1 1
1 1 2 3 4 5 10 15 20 25 30 35 40 45
r (A) r(A) t (ps)

Fig. 1.
function ratios
domain at 300 K.

(a) Radial distribution functions g(r) for M-O pair. (b) Coordination numbers (CNs) of aqueous Mg>"
(10°Inp) of 2Mg/**Mg of the selected snapshots for 1Mg50H,0O and 1Mg30H,O and their cumulative averages in the time

. (¢) The reduced partition
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range. The predicted hydration number around Mg?" is
well consistent with experimental measurements (Ohtaki
and Radnai, 1993 and references therein). On the other
hand, the radial distribution functions for Mg-Cl pairs in
aqueous solutions show that there is no direct chemical
bonding between Mg and ClI atoms in the first Mg-O solva-
tion shells (Fig. S2).

3.2. Reduced partition function ratios of **Mg/**Mg

We extracted 35 snapshots from the FPMD trajectories
of 1Mg30H,0 and 1Mg50H,0 every 1000 steps after equi-
libration for the full vibrational frequency calculations, and
their reduced partition function ratios (10°nf) of
2Mg/**Mg at 300 K are reported in Fig. lc. Although
10*Inp of both aqueous solutions are obviously scattered
in the time domain, their cumulative averages gradually
evolve to be constant values when more than 25 continuous
snapshots are included. The more snapshots are included,
the more reliable the statistical average of 10°Inp is, and
clearly the more computations are required. Our results
show that the statistical average on 35 snapshots is an excel-
lent representative for aqueous Mg?! and the statistical
error of 10°Inp is small (< 0.6%, e.g., 10°Inp of 1Mg50H,0
is 22.354+0.12%0 at 300 K). It is also noteworthy that
1Mg30H,O has a larger statistical average of 10°Inp than
1Mg50H,0, because the Mg-O distances of 1Mg30H,O

Temperature (K)

28 R ® o
[ (a)

L 2
24 - 8/ /1

20 |

10%InB
>

0 ..2...4...6
10%/T2 (K?)

/A1Mg30H,0
1Mg50H30

dolomite

Amagnesite

-}calcite

are systematically smaller than those of 1Mg50H,O
(Fig. la). Here we did not sample the FPMD trajectories
of 1Mg70H,O and 1MglCaS0H,O due to the highly
demanded computations. Because their PRDFs are almost
identical to that of IMg50H,0 (Fig. 1a), we can expect that
aqueous Mg>" in these two solutions should have a similar
10%Inp to that of 1Mg50H,0.

The calculated temperature dependences of 10°Inp of
aqueous Mg”", carbonates, brucite, and lizardite are shown
in Fig. 2a, and their polynomial fitting parameters are
reported in Table 2. 10°Inp decreases in the sequence of
lizardite > brucite > 1Mg30H,0 > 1Mg50H,0 > dolomite >
magnesite > calcite > aragonite. Compared with aqueous
Mg**, the two hydroxyl minerals (lizardite and brucite) are
enriched in heavy Mg isotopes, while carbonates are
enriched in light Mg isotopes. Among carbonates, aragonite
and dolomite have the lowest and highest 2Mg/**Mg respec-
tively, which corresponds to the longest Mg-O bond length
in aragonite and the shortest Mg-O bond length in dolomite
(Table 1). The relative order of dolomite > magnesite > cal-
cite is also supported by previous theoretical results
(Rustad et al., 2010; Schauble, 2011; Wang et al., 2017a).
In addition, based on the LDA calculations, Wang et al.
(2017a) found that 10°Inp of calcite sharply decreases with
Mg content because the average Mg-O bond length in calcite
dramatically increases with the decrease of Mg/(Mg + Ca).
Here our GGA calculations also confirm this negative

Temperature (K)
PON IO of®

minerals-dolomite

10%Ina

PR PPN U U R |

0“ 2 4 6 8 .10.“12
10%/T2 (K2)

Fig. 2. (a) The reduced partition function ratios (10°Inp) of 2*Mg/**Mg of aqueous Mg>", carbonates, brucite, and lizardite. (b) The
equilibrium Mg isotope fractionation (10*Ina) between dolomite and others (aqueous Mg>*, calcite, aragonite, brucite, and lizardite). Light
grey short dash and dark grey dash lines represent 35 snapshots of 1Mg30H,O and 1Mg50H,0 respectively, and blue and red solid lines
correspond to their statistical averages. The statistical errors associated with 10°Inp of aqueous Mg*™ are ~0.12% at 300 K. (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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Table 2

Polynomial fitting parameters of the reduced partition function ratios (10°Inp) of 2Mg/**Mg with temperature for aqueous Mg>", carbonates,

brucite, and lizardite.

Phase Mg/(Mg + Ca) Force constant of Mg (N/m) a b c
1Mg50H,0 - 157.20 2.16717 —0.01681 2.51E-04
1Mg30H,0 - 162.09 2.23682 —0.01682 2.13E-04
Calcite 1/48 99.86 1.39862 —0.00741 1.26E—04
1/24 100.32 1.40511 —0.00742 1.26E—04
2/24 108.09 1.51431 —0.00806 1.30E—04
4/24 123.57 1.73298 —0.00949 1.40E—04
Dolomite 3/6 138.42 1.94215 —0.01118 1.55E—-04
Magnesite 6/6 132.37 1.85657 —0.01099 1.65E—04
Aragonite 1/32 60.77 0.84303 —0.00556 1.21E—-04
Brucite - 163.13 2.26569 —0.01423 1.44E—04
Lizardite - 187.03 2.59910 —0.02665 4.62E—04

Polynomial fitting equation: 10°Inp = ax + bx? + ¢x*, where x = 10%/T2. T is temperature in Kelvin. All polynomial fittings are performed

between 270 K and 1500 K.

dependence of 10°Inp of calcite on Mg/(Mg + Ca), although
the absolute values of 10°Inp are systematically larger than
those in Wang et al. (2017a). This is mainly because different
approximations were adopted in the first-principles calcula-
tions (LDA VS. GGA). These systematical variations were
also found in previous calculations on 10°Inp of **Mg/**Mg
of mantle minerals (Schauble, 2011; Huang et al., 2013).

4. DISCUSSION

4.1. Concentration effect on equilibrium Mg isotope
fractionation

Based on first-principles calculations within the LDA,
Wang et al. (2017a) found that the average Mg-O bond
length in calcite-type carbonates sharply increases with the
decreasing of Mg/(Mg + Ca) when it ranges from 3/6 to
1/12. Because equilibrium Mg isotope fractionation between

< 2.32 -  aragonite (a)

s | 1/48 & 1/32

24

.2228—

5 I

S 224

K] L

Q220f

S 1/48

© 2.16

(o))

S L

g 2.12 I~ 3/6

< [ PR [ R
00 01 02 03 04 05

Mg/(Mg+Ca)

3
10 Ino('calcite-dolomite

calcite and dolomite (10°In0leyicitedotomite) 18 linearly
correlated with the average Mg-O bond length,
10*In0catcite.dolomite significantly decreases with the decrease
of Mg/(Mg + Ca). Our GGA calculations also confirm the
negative dependence of average Mg-O bond length in
calcite-type carbonates when Mg/(Mg + Ca) in carbonates
ranges from 3/6 to 1/24 (Fig. 3a), causing the positive corre-
lation between 10°Indaicite-dotomice and Mg/(Mg + Ca)
(Fig. 3b), which is almost identical to the calculated results
within LDA (Wang et al., 2017a). In contrast, when Mg/
(Mg + Ca) in calcite drops from 1/24 to 1/48, the average
Mg-O bond length and 10 In%eatcite-dolomite ShOW subtle
changes, implying that Mg concentration effect on 10°Ina.
calcite-dolomite 18 significant only within a certain range of
Mg content in calcite (i.e., 1/24 <Mg/(Mg + Ca) < 3/6).
When Mg content in calcite is low enough (i.e., Mg/(Mg
+ Ca) < 1/24), because the variation of chemical
bonding environment around Mg atom is local and limited,

o0 (b)

124 @® QE, Wang et al. (2017)
W VASP, this study

-6 [-1/48
00 01 02 03 04 05
Mg/(Mg+Ca)

Fig. 3. (a) Average M-O bond length versus Mg/(Mg + Ca) in carbonates. (b) The equilibrium Mg isotope fractionation (10°Ina) between

calcite and dolomite at 300 K versus Mg/(Mg + Ca) in calcite.
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10 In0eacite-dolomite Teaches a constant value and does not
change with Mg content. Because the average Mg-O bond
length in aragonite with Mg/(Mg + Ca) of 1/48 is almost
identical to that with Mg/(Mg + Ca) of 1/32, we can expect
that 103 N0ty ragonite-dolomite d0€s not change with Mg content
in aragonite when Mg/(Mg + Ca) is lower than 1/32, sug-
gesting that the threshold Mg concentration for aragonite
could be >1/32. Similarly, Wang et al. (2017b) found that
10%Ino. of **Ca/*°Ca between orthopyroxene and clinopy-
roxene is not sensitive to Ca content in orthopyroxene when
Ca content is lower than 1/48. Therefore, it should be a
ubiquitous phenomenon in solid solutions that the concen-
tration effect on 10’Ina is negligible if the concentration is
below the threshold.

Recently, Pinilla et al. (2015) theoretically predicted that
calcite with 3.12 mol% Mg is enriched in heavy Mg isotopes
relative to the one with 6.25 mol% Mg based on the first-
principles calculations. However, according to our results,
because the Mg content of 6.25 mol% is higher than the
threshold Mg concentration for calcite (1/24), 10°Inp of
2Mg/**Mg of calcite with 6.25 mol% Mg should be evi-
dently larger than that with 3.12 mol% at the same temper-
ature. This discrepancy may originate from their structure
optimizations, in which the cell parameters of calcite were
fixed to the experimental values. In this case, minerals were
actually simulated under different pressures, and this could
change their relative values of 10°Inp because increasing
pressure significantly increases 10°Inp (Huang et al., 2013,
2014; Wu et al., 2015).

4.2. Controlling factors on equilibrium Mg isotope
fractionation

Equilibrium isotope fractionations are mainly controlled
by relevant differences between bond strengths (Bigeleisen
and Mayer, 1947; Urey, 1947), which could be roughly
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measured by chemical bond lengths and CNs. In general,
based on analysis from previous studies (Schauble et al.,
2004; Hill and Schauble, 2008; Young et al., 2009; Huang
et al., 2013, 2014; Wang et al., 2017a,b), shorter chemical
bonds have higher vibrational frequencies corresponding
to stronger bond strengths, and thus are enriched in heavy
isotopes compared to longer ones. Our calculated results
also suggest that 10°Inp of 2*Mg/**Mg of calcite-type car-
bonates are linearly correlated with their average Mg-O
bond lengths (Fig. 4a), while the data of aragonite and
two hydroxyl minerals deviate from this linear relationship.
Specially, dolomite has a similar average Mg-O bond length
and identical CN relative to brucite (Table 1), whereas
10°Ino. between brucite and dolomite is up to 3.2%o at
300 K (Fig. 4a).

In order to figure out the controlling factors on the large
equilibrium Mg isotope fractionations among these
phases, we calculated the average force constant of Mg
(F) (in N/m) (Table 2) from the partial phonon density of
state g(E) of Mg following the equation (Dauphas et al.,
2012):

M [t
-2/ 5)

As shown in Fig. 4b, 10°Inp of 2*Mg/**Mg at 300 K are
linearly correlated with (F) of Mg, including both minerals
and the aqueous Mg?". A larger (F) corresponds to a
higher value of 10°Inp and thus the enrichment of heavy
Mg isotopes relative to a smaller one (Ducher et al.,
2018). Although brucite and dolomite have almost identical
average Mg-O bond lengths, the large 10°Ino between them
can be explained by the relative difference in (F) value,
which also reveals the intensity of interactions between
Mg atoms and other atoms including the nearby O atoms.
Similarly, the much smaller (F) value of Mg in aragonite
compared to other phases clearly illustrates that aragonite
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Fig. 4. 10°Inp of **Mg/**Mg at 300 K versus (a) average Mg-O bond length (b) Force constant of Mg in aqueous Mg?", calcite, aragonite,

brucite, and lizardite.
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should be enriched in light Mg isotopes (Fig. 4b). Further-
more, the (F) value of Mg in calcite decreases with decreas-
ing Mg/(Mg+ Ca) from 3/6 to 1/24, and then remains
constant when Mg/(Mg + Ca) drops from 1/24 to 1/48.
Therefore, the variation in Mg contents changes the inter-
actions between Mg atom and other atoms, which further
significantly affect the force constant of Mg atom. When
Mg content is low enough, these interactions gradually
evolve to be constant, because chemical environment
around Mg atom will not change anymore. This explains
the existence of the threshold of Mg concentration below
which the 10°Ina is insensitive to Mg content.

4.3. Equilibrium Mg isotope fractionation between minerals
and aqueous Mg>*

Carbonates (such as calcite, aragonite, dolomite, and
magnesite) are common components of sediments and pro-
vide important records on many fundamental geochemical
processes. Mg isotope data in carbonates have been widely
applied to investigate the Mg global cycle (Tipper et al.,
2006; Higgins and Schrag, 2010; Beinlich et al., 2014;
Fantle and Higgins, 2014) and paleo-environmental recon-
struction (Anbar and Rouxel, 2007; Higgins and Schrag,
2015; Husson et al., 2015). The equilibrium Mg isotope frac-
tionation factors between carbonates and aqueous Mg>t
(103lnucarbonates_M&aq) are the key parameters for these
applications. Here we calculated 1031notcaﬂ,onms_Mngq of
2Mg/**Mg from the corresponding 10°Inf (Fig. 5) and
reported their polynomial fitting parameters with tempera-
ture in Table 3.

4.3.1. Dolomite vs. aqueous Mg”*

For dolomite and aqueous Mg?", Li et al. (2015) for the
first time calibrated the equilibrium Mg isotope fractiona-
tion between dolomite and solution, varying from
—0.93%0 at 403 K to —0.65%0 at 493 K. In their experi-
ments, the complete isotope exchange at high temperature
between dolomite and solution was proved using Mg
and Sr isotope tracers. Our calculated results agree well
with these experimental measurements at high temperature
(Fig. 5a). The 10’In0yoiomitemg aq 15 —1.94 4 0.27%0 at
300 K (Fig. 5a), in contrast to other theoretical studies
(Rustad et al., 2010; Schauble, 2011; Gao et al., 2018), in
which 1031nadolomite—M&aq significantly deviates from the
experimental results and varies from a negative to positive
value (Fig. 5a). The uncertainty of 10°Ino in this study is
estimated by combining the statistical error of aqueous
Mg®" (e.g., 0.12%0 at 300 K) with the one caused by a
~5% error for calculated vibrational frequencies of miner-
als (Gao et al., 2018), which results in ~8% error for
10°Ino. (Méheut et al., 2009). Although the estimated
1031nocd010mite_M&aq in Pinilla et al. (2015) are consistent
with our results and experimental data within their uncer-
tainties, it is important to note that the error for 10*Ino.
dolomite-Mg_aq 1N Pinilla et al. (2015) is up to 2.0%o, even
larger than the measured fractionation in Li et al. (2015).
This implies the importance of FPMD simulations for
aqueous Mg?", which has no regular structure as crystals
and probably cannot be simply represented by one cluster

model. Schauble (2011) calculated 1031nB of six salts con-
taining the Mg(H,0)Z" solvation complex based on the
DFT and periodic boundary conditions, and then used
the average value to represent the 10°Inp of aqueous
Mg*". However, according to our results, 10°Inp of brucite
and lizardite containing hydroxyl are larger than that of
aqueous Mg”" at the same temperature (Fig. 3a),
suggesting that the 10°InB of aqueous Mg®" in Schauble
(2011) may be overestimated and thus the negative
1031nocd010mite_Mg_aq is also overestimated. Pinilla et al.
(2015) also performed the CPMD simulations for aqueous
Mg?*, but their mineral structures were relaxed with the
fixed cell parameters as experimental values, which result
in the structures under different external pressures. To
check the effect of this treatment, we also only relaxed the
atomic positions of dolomite with fixed experimental cell
parameters and found that the relaxed structure is actually
under ~2.8 GPa. Consequently, the calculated 10°Inp
at 300K increases from 20.41%. to 22.78%c and
1031nocd0]0mite_Mg_aq changes from —1.94%o to 0.43%oc. This
well explains the calculated 1031nqdolomite—M&aq of ~0.4
4+ 0.5%c in Pinilla et al. (2015), which was estimated by
relaxing the atomic positions of snapshots from the FPMD
trajectories (named “AI-RELAX”). Similarly, 10°Inp of
other carbonates in Pinilla et al. (2015) may be also signif-
icantly overestimated.

4.3.2. Magnesite vs. aqueous Mg>*

For magnesite and aqueous Mg?", Pearce et al. (2012)
found that Mg isotope fractionation between magnesite
and co-existing solution (A26Mgmagnesite_solmion) at equilib-
rium is —1.20%0 at 423 K and —0.88%0 at 473 K. Schott
et al. (2016) also reported A26Mgmagneshe_solmion of
—1.10%0 at 423 K and —0.72%c at 473 K on average. These
fractionation data from Pearce et al. (2012) are close to but
systematically ~0.3%0 smaller than our results (—1.21
4+ 0.14%o0 at 473 K and —1.53 4 0.14%o0 at 423 K). As men-
tioned above, because the 10°Inp of aqueous Mg”' in
Schauble (2011) and magnesite in Pinilla et al. (2015) were
overestimated, the negative 1031namagnesite—M&aq from
Schauble (2011) is much larger and the value in Pinilla
et al. (2015) is much smaller than our calculations, respec-
tively. Schott et al. (2016) found that Mg?"-bearing species
other than aqueous Mg?" (e.g., MgHCOZ, MgCO-°) in the
solution have higher 10°Inp than that of aqueous Mg>*
based on embedded-cluster-based quantum chemistry cal-
culations. They consequently suggested that the measured
negative AzéMgmagnesite—solulion (—1.10%0 at 423 K and
—0.72%0 at 473 K on average) should be larger than that
between magnesite and aqueous Mg®', which was
~—0.73%0 at 423 K and ~—0.43%c at 473 K on average.
These values are close to the predictions from Gao et al.
(2018) and Pinilla et al. (2015) within the large uncertainty
of ~1.5%0 but significantly deviates from our results. Fur-
ther studies are needed to resolve this controversy.

4.3.3. Calcite vs. aqueous Mg”*

For calcite and aqueous Mg?", Li et al. (2012) found
that the Mg isotope fractionation between calcite and solu-
tion (A%Mgcalme_solmion) varies from —2.7%o0 at 277 K to
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Fig. 5. The temperature dependent equilibrium Mg isotope fractionation (10°Ino) between mineral (dolomite, calcite, magnesite, aragonite,
brucite, and lizardite) and aqueous Mg?". Error bars have been estimated by combining the statistical error bar of aqueous Mg?" with the
uncertainty produced by the error of the calculated vibrational frequencies (~5%) (Gao et al., 2018).

—2.2%o at 318 K, which does not depend on the precipita- is heavily controlled by the calcite growth rate with smaller
tion rate. However, Immenhauser et al. (2010) and APM g aicite-solution OCCUrring at the faster calcite growth
Mavromatis et al. (2013) observed that A**Mgeaicite-solution rate. In addition, other factors, such as aqueous Mg
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Table 3

Polynomial fitting parameters of the equilibrium Mg isotope
fractionation (10°Ino) with temperature between aqueous Mg?"
(1IMg50H,0) and minerals (carbonates, brucite, and lizardite).

Phase Mg/(Mg+Ca) a b c
Calcite 1/48 —0.76855  0.00940 —1.25E-04
1/24 —0.76206  0.00939 —1.25E-04
2/24 —0.65286  0.00875 —1.21E-04
4/24 —0.43419 0.00732 —1.11E-04
Dolomite  3/6 —0.22502  0.00563 —9.60E—05
Magnesite  6/6 —0.31060 0.00582 —8.60E—05
Aragonite  1/32 —1.32414 0.01125 —1.30E—-04
Brucite - 0.09852 0.00258 —1.07E-04
Lizardite - 0.43193 —0.00984 2.11E—04

Polynomial fitting equation: 103lnotminmls_l\,[g_.dq = 1031n[5minm15—
10°InBrrg aq = ax + bx” + cx’, where x = 105/T% T is temperature
in Kelvin. All polynomial fittings are performed between 270 K and
1500 K.

concentration, pH, and the precipitation process, may also
influence Mg isotope fractionation (Saenger and Wang,
2014). Our results further show that, 103lnucalcite_Mg_aq is
not only controlled by temperature, but also significantly
affected by Mg content in calcite (Fig. 5b). Larger negative
1031110!ca1cne»Mg_aq occurs at lower Mg content in calcite.
When Mg/(Mg+ Ca)=4/24, the 10’In0caicite Mg aq 1S
—4.00 £ 0.44%0 at 300 K. In contrast to the experiments
of direct precipitation of crystalline calcite, Mavromatis
et al. (2017) firstly induced the formation of amorphous cal-
cium carbonate (ACC) and then transform it to the final
crystalline calcite. They found that AzGMgca]Cile_SO]uﬁon at
the approach of isotopic exchange equilibrium ranges from
—2.36%0 to —3.63%o, which depends on Mg content in cal-
cite. Notably, the measured A**Mgeaicite-sotution 18 quite close
to our calculated results when calcite has a high Mg con-
tent. However, it was suggested that the decrease of Mg
content in calcite shifts A**Mgeaicite-solution t0 @ smaller neg-
ative value (Mavromatis et al., 2017), contrary to our pre-
dicted Mg concentration effect on 10°Inf of calcite (Wang
et al., 2017a). Variations in aqueous Mg>" concentration
cannot account for this discrepancy, because the PRDF
of Mg-O almost does not change with Mg?" concentration
when it is low enough (Fig. 1a). Previous studies suggested
that the ACC-calcite transformation is a dissolution-repre
cipitation process (Giuffre et al., 2015; Purgstaller et al.,
2016). It is possible that, as Gao et al. (2018) speculated,
the rapid transformation from ACC to calcite within
25-60 minutes in the experiment of Mavromatis et al.
(2017) may not reach the chemical equilibrium state.

4.3.4. Aragonite vs. aqueous Mg2+

For aragonite and aqueous Mg?", our calculated equi-
librium fractionation is up to —14.00 £ 1.24%0 at 300 K,
much larger than the experimental measurements
(—1.09%0 at 300 K) (Wang et al., 2013). It is noteworthy
that the large negative 1Oslnotamgo,me_Mg_aq predicted in this
study is self-consistent with the great differences of (F)
between aragonite and aqueous Mg>t. Using the molecular
dynamics simulations based on empirical potentials, Ruiz-
Hernandez et al. (2012) found that Mg is preferentially

incorporated in surfaces rather than the bulk of aragonite,
and the Mg-O distance in the most favorable surface of
aragonite is only slightly longer than that of aqueous
Mg>* (about 2.08 A versus 2.05 A). This consequently leads
to a rather small Mg isotope fractionation between Mg
incorporated in the aragonite surfaces and aqueous Mg?",
which may explain the big discrepancy between theoretical
and experimental studies (—14.0%0 vs. —1.09%0 at 300 K).

4.3.5. Brucite and lizardite vs. aqueous Mg>*

Brucite is an important mineral that occurs in the chemi-
cal weathering and serpentinization. The equilibrium Mg
isotope fractionation between brucite and aqueous Mg>"
(10°In0lrucite-Mg aq) iS important for the application of Mg
isotopes in the continental weathering. Our calculated results
show that 1031nocb1.ucite_Mg_aq is always positive at varying
temperatures (Fig. 5¢), suggesting the enrichment of Mg
in brucite relative to aqueous M g”. 1031notbmcite_Mg_aq varies
from 1.26 +0.22%0 at 300 K to 0.29 + 0.14%0 at 600 K.
Other theoretical studies also reported the same conclusion
(Colla et al., 2018; Gao et al., 2018), but their calculations
show much larger lOﬁnubmcin&aq. In contrast, Li et al.
(2014) found that the experimentally measured Mg
isotope fractionation between brucite and solution
(A26Mgbrucite_soluﬁon) increased from —0.3%. at 280 K to
0%o at 313 K, significantly deviating from our calculated
results. The kinetic isotope effect was speculated to be
responsible for the variation of A*M Lorucite-solution With tem-
perature (Li et al., 2014). In addition, Wimpenny et al.
(2014a,b) reported a A26Mgbrucite—solution value of 0.5%o at
323 K from the brucite growth experiments lasting 323 days.
This long-term experiment may have approached isotope
equilibrium and the measured A26Mgbrucite»solution at equilib-
rium is consistent with our calculated results within the
uncertainty (Fig. 5e). The small offset between experimental
data and our result can be explained by the precipitation of
magnesite in the solution (Wimpenny et al., 2014a,b), which
will make the solution have heavier Mg isotope composition
because the B factor of magnesite is lower than that of aque-
ous Mg>" (Fig. 3). Consequently, the experimentally mea-
sured positive AZMgp ucite-solution Will decrease to a smaller
value when magnesite precipitates from the solution. Fur-
thermore, lizardite, present as a major mineral in serpentine
marbles, is also enriched in heavy Mg isotopes relative to the
aqueous Mg”. The calculated loslnalizardite»M&aq changes
from 4.70 £+ 0.50%0 at 300 K to 1.20 +0.22%0 at 600 K
(Fig. 5f). These data provide a guideline to understand Mg
isotope fractionations during serpentinization.

5. CONCLUSIONS

Equilibrium Mg isotope fractionation among carbon-
ates, brucite, lizardite, and aqueous Mg2+ were calculated
based on the DFT. The FPMD simulations for aqueous
Mg indicate that the PRDF of Mg-O pair does not
change with aqueous Mg concentration when Mg:H,O is
lower than 1:50. Thirty-five snapshots from the FPMD tra-
jectories were extracted every 1000 steps after equilibration
and the atomic positions of each snapshot were well
relaxed. For minerals, their cell parameters as well as
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atomic positions were both well relaxed, and the average
Mg-O bond length increases in the order of
lizardite < brucite ~ dolomite < magnesite < calcite <
aragonite.

The P factors of minerals and aqueous Mg>" were also
obtained from the vibrational properties calculated based
on the periodic boundary conditions. The  factor decreases
in the sequence of lizardite > brucite > aqueous
Mg*" > dolomite > magnesite > calcite > aragonite. ~ Our
calculations within the GGA also confirm the Mg concen-
tration effect on the B factor of calcite, and further show
that the concentration effect is negligible when Mg/(Mg
+ Ca) is lower than a threshold value (i.e., 1/32 for calcite).
The B factor is linearly correlated with the average force
constant (F) of Mg, which is significantly affected by the
average Mg-O bond length and the coordination number.

Our calculations reveal large equilibrium Mg isotope
fractionations between minerals and aqueous Mg?" (10°Ino..
minerals-Mg_aq)»> consistent with experimentally measured Mg
isotope fractionations between minerals (dolomite, magne-
site, and brucite) and solution at equilibrium. Such agree-
ments highlight the importance of the accurate description
of FPMD simulations for aqueous Mg>". Compared to
aqueous Mg>", carbonates are enriched in light Mg isotopes
but brucite and lizardite show enrichment in heavy Mg iso-
topes. Among all minerals, 10°In%,rgonite-Mg aq 1S the lar-
gest, which is up to —14%. at 300 K. 103lnotcalcite_Mg_aq is
not only controlled by temperature, but also
significantly affected Mg content in calcite. Larger negative
10° Inoiqicite-mg_aq OCCUrs at lower Mg content in calcite. This
study provides reliable estimates for equilibrium Mg isotope
fractionation factors between minerals and aqueous Mg?",
which are critical for the potential applications of Mg iso-
topes in geochemical processes.
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