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Abstract

The fractionation factor in the magnesium-isotope fractionation between aqueous solutions of magnesium and brucite
changes sign with increasing temperature, as uncovered by recent experiments. To understand this behavior, the Reduced Par-
tition Function Ratios and isotopic fractionation factors (D26/24Mgbrucite-Mg(aq)) are calculated using molecular models of
aqueous [Mg(OH2)6]

2+ and the mineral brucite at increasing levels of density functional theory. The calculations were carried
out on the [Mg(OH2)6]

2+�12H2O cluster, along with different Pauling-bond-strength-conserving models of the mineral lattice
of brucite. Three conclusions were reached: (i) all levels of theory overestimate hMgAOi bond distances in the aqua ion com-
plex relative to Tutton’s salts; (ii) the calculations predict that brucite at 298.15 K is always enriched in the heavy isotope, in
contrast with experimental observations; (iii) the temperature dependencies of Wimpenny et al. (2014) and Li et al. (2014)
could only be achieved by fixing the hMgAOi bond distances in the [Mg(OH2)6]

2+�12H2O cluster to values close to those
observed in crystals that trap the hydrated ion.
� 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The theoretical and experimental understanding of low-
temperature fractionation of stable metal isotopes has
advanced considerably over the last two decades (see review
by Schauble et al., 2009). The stable isotopes of magnesium,
calcium and iron are particularly important because of their
natural abundance in minerals, and because of their use in
paleoenvironmental reconstruction (see Anbar and Rouxel,
2007). For light metals such as these, the equilibrium frac-
tionation is predominantly controlled by the relative masses
of the isotopomers via their influence on the vibrational fre-
quencies of the molecule, or of the metal-ligand bond in the
https://doi.org/10.1016/j.gca.2018.02.005

0016-7037/� 2018 Elsevier Ltd. All rights reserved.
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solid. Coordination environments with heavier isotopes
vibrate at lower frequencies than those with lighter iso-
topes. The isotopic fractionation also correlates with bond
strength because coordination environments with strong,
short bonds select for heavy isotopes. Such mass-
dependent isotopic fractionation can be treated theoreti-
cally because it is described by calculable vibrational
frequencies.

Here we use electronic-structure calculations and density
functional theory (DFT) to compute the isotopic fractiona-
tion between aqueous [Mg(OH2)6]

2+ and the mineral
brucite, Mg(OH)2, building on previous low- and high-
temperature experimental, and theoretical work (Black
et al., 2007; Rustad et al., 2010; Schauble, 2011; Young
et al., 2015; Wu et al., 2015; Pinilla et al., 2015). The
magnesium-isotope system is well suited for simulation
because, unlike iron, it has a fixed valence state under
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aqueous environmental conditions and because relativistic
effects are small as the nucleus is so light.

Furthermore, aqueous Mg(II) ions have a fixed, well-
known coordination number, unlike aqueous Ca(II) and
Li(I), in addition to a simple hydrolysis chemistry (see
Colla et al., 2013; Wimpenny et al., 2015). The aqueous
magnesium ion is exclusively octahedral as [Mg(OH2)6]

2+

(see review by Ohtaki and Radnai, 1993). Evidence includes
X-ray diffraction studies on a variety of magnesium deriva-
tives of Tutton’s salts, which have the general stoichiometry
X2Mg(YO4)�6H2O, where X is a univalent cation such as
potassium, and Y is either selenium or sulfur, with the
[Mg(OH2)6]

2+ moiety trapped in the crystal lattice
(Richens, 1997). Thus the hMgAOi bond lengths of [Mg
(OH2)6]

2+ in these salts are well known experimentally.
The need for geochemists to understand isotope

exchange between aqueous Mg(II) complexes and brucite
is particularly compelling, as the brucitic Mg(OH)2 octahe-
dral layer is a fundamental building block for minerals such
as talc, chrysotile, chlorite, antigorite and vermiculite. The
fractionation of magnesium isotopes between aqueous solu-
tions and brucite has recently been experimentally deter-
mined in two studies, which when combined indicate a
strong temperature dependence (Li et al., 2014; Wimpenny
et al., 2014). Li et al. (2014) pointed out that a reversal from
positive to negative fractionation factors with temperature
decreases was suggested by their data, which was supported
by the observations of Wimpenny et al. (2014) (Fig. 1).
While temperature reversals have been observed in C-, H-
and O-isotope systems, they are generally uncommon and
have never before been observed in heavier and non-
traditional stable-isotope systems (Li et al., 2014).

Wimpenny et al. (2014) synthesized brucite by adding a
solution of 0.1 M MgCl2 to a 0.1 M solution of NaOH, and
isolated the solution in an argon atmosphere to avoid the
uptake of CO2 gas, which would result in the precipitation
Fig. 1. A plot of 103lnK26/24Mg versus temperature from the
combined experimental data of Li et al. (2014) and Wimpenny et al.
(2014). Error bars indicate one standard deviation of the mean. The
plot depicts a clear decrease in the isotopic equilibrium constant as
temperature decreases as measured by two separate studies,
indicated by red and blue. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version
of this article.)
of magnesite. Upon mixing of MgCl2 into NaOH, a white
precipitate formed immediately. The resulting solution
had a near neutral pH at room temperature, and the
solution-precipitate mixture was reacted in an oven at 80
�C. Solids and solutions were sampled every other day for
two weeks. Powder X-ray diffraction confirmed the exis-
tence of pure brucite with no carbonate impurities. The
low-temperature experiments of Li et al. (2014) synthesized
brucite via the reaction of MgO powder with H2O. MgO
was added to an aqueous solution of 0.2 M HCl, and
reacted at three different tempertures, 7 �C, 22 �C, and 40
�C. In this reaction, HCl liberates Mg(II) from MgO, there-
fore exchanging aqueous Mg(II) with freshly precipitated
brucite from the reaction of MgO with H2O. Samples were
collected after 100 days and X-ray diffraction analysis con-
firmed the resulting solid to be brucite with no MgO or
magnesite impurities.

Isotopic equilibrium was apparently attained in the
study of Wimpenny et al. (2014) as steady state was
reported after ten days, with a D26/24Mgsolid-solution value
of 0.5‰, which was observed by the end of the experiment
at day 323. They also reversed the experimental solution by
diluting the solution and observed that the D26/24Mgsolid-solution
of 0.5‰ was again attained after a few days (compare
Figs. 4 and 5 in Wimpenny et al. 2014). The reversed
dissolution experiments were not nearly as comprehensive
as the growth experiments that lasted 323 days, but seem
to rule out control by kinetic fractionation. Li et al.
(2014) speculate that a kinetic isotope effect could exist
and cite evidence from studies of Mg isotope fractionation
in calcite as a function of crystallization rate (Immenhauser
et al., 2010; Mavromatis et al., 2013; Li et al., 2014).
Mavromatis et al. (2013) argue that Mg-isotopic equilib-
rium can be reached at calcite crystallization rates below
10�8.5 mol/m2/s because desolvation of the Mg(II) aqua
ion has negligible kinetic isotope effects (Mavromatis
et al., 2013; Li et al., 2014), and this step is presumed to
be the key step in kinetic fractionation.
2. METHODS

2.1. Isotope conventions

The exchange of the heavy (26Mg) and light (24Mg) iso-
topes between two phases or in this caseMg2+(aq) and bru-
cite [Mg(OH)2] can be written as in Eq. (1),

24MgðOHÞ2ðsÞþ26Mg2þðaqÞ¼26MgðOHÞ2ðsÞþ24Mg2þðaqÞ
ð1Þ

where (aq) indicates the fully aquated ion (i.e., [Mg
(OH2)6]

2+) in the solution phase and (s) indicates the solid
phase. The d notation is used to report the isotopic compo-
sition of either a solid or solution where d26/24Mgi is the iso-
topic variation with respect to a standard in units of per mil
(‰) (Eq. (2)).

d26=24Mgi ¼ 1000

26Mg
24Mg

� �
i

26Mg
24Mg

� �
std

� 1

0
B@

1
CA ð2Þ
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The numerator can be the isotopic composition of either
the solid or the ion, while the denominator is the isotopic
composition of a standard. The D26/24Mgsolid-solution isotopic
fractionation factor can then be calculated as in Eq. (3):

D26=24Mgsolid-solution ¼ d26=24Mgsolid � d26=24Mgsolution ð3Þ
When D26/24Mgsolid-solution values are positive, the solid

phase is enriched in the heavy isotope while negative values
of D26/24Mgsolid-solution indicate that the solid is depleted in
the heavy isotope. The D26/24Mgsolid-solution isotope fraction-
ation factor is approximately equal to the equilibrium con-
stant for isotope exchange as derived by Bigeleisen and
Mayer (1947) (Eq. (4)).

D26=24Mgsolid-solution � 103 � lnK26=24Mgsolid-solution ð4Þ
2.2. Electronic-structure methods

We here employ the methods of Rustad et al. (2008),
Rustad and Dixon (2009), Rustad et al. (2010) and use den-
sity functional theory to compute the harmonic vibrational
frequencies, reduced partition function ratios (RPFRs) and
the expected equilibrium isotopic fractionation factors
between [Mg(OH2)6]

2+ and the mineral brucite. Computa-
tions were carried out with Gaussian 09, revision E.01
(Frisch et al., 2013). Clusters representing the aqueous
and mineral environments were structurally optimized as
described below and the frequencies were computed with
the following exchange-correlation (XC) functionals:
BP86 (Perdew, 1986; Becke, 1988), PBE (Perdew et al.,
1996a,b), B3PW91 (Becke, 1993), PBE0 (Adamo and
Barone, 1999), LC-xPBE (Vydrov and Scuseria, 2006)
and xB97XD (Chai and Head-Gordon, 2008). Different
combinations of basis sets, XCs and solvation models were
explored to identify a model chemistry that gave consistent
results with a computational performance that allowed for
larger cluster fragments to be investigated.

Much of the previous work employed clusters in the gas
phase to approximate ions, or has used clusters that were
embedded in implicit continuum solvent models such as
PCM (Tomasi et al., 2005) or COSMO (Klamt and
Schuurman (1993)). In a particularly exhaustive study,
Rustad et al. (2010) pointed out that aqueous cluster mod-
els with up to thirty-three explicit water molecules are nec-
essary to reach converged RPFR values for cations in the
gas phase, while demonstrating that similar convergence
can be achieved by embedding ions with as few as eighteen
water molecules in a dielectric medium. Both the eighteen
and thirty-three water molecule clusters have an explicit
second shell (Rustad and Dixon, 2009; Rustad et al.,
2010). Here we adopt the eighteen-water cluster geometry
that is embedded in a continuum dielectric to compute
RPFRs, so that the aqueous Mg(II) species is represented
by a [Mg(OH2)6]

2+ ion in a second shell of twelve water
molecules (Fig. 2a). The positions of the atoms of the sec-
ond outer shell of water molecules were fixed and only
the positions of the atoms in the [Mg(OH2)6]

2+ core were
computationally optimized (Rustad et al., 2010). We will
refer to the former atom set as ‘frozen’ atoms, and the rest
as ‘active’ atoms. Before the DFT optimization, the
[Mg(OH2)6]
2+�12H2O model was reacted using a Car-

Parinello Molecular Dynamics simulation (CPMD), as
described in Rustad et al. (2010), to achieve an approxi-
mately optimized structure.

The crystal information file for brucite was taken from
the work of Zigan and Rothbauer (1967), who determined
the complete structure with neutron diffraction. The brucite
model was constructed by excising a fragment from the
crystal structure of brucite and adding link atoms at a dis-
tance of 1 Å from the nearest oxygen, with charges adjusted
to the charge divided by the coordination number of the
oxygen (2+/6) so that the overall fragment cluster has a
neutral charge. This approach has previously been referred
to as the Pauling Bond Strength (PBS) conserving termina-
tion method (see e.g. Rustad et al., 2010). The use of the
PBS-conserving termination method creates a neutral,
autocompensated cluster (Rustad et al., 2008).

A wide range of combinations of basis sets for the differ-
ent atoms in the cluster were explored, with the goal of
gauging the importance of using large basis sets on the fro-
zen atoms, as well as on the active ones. In most cases we
compared the use of large (e.g. triple-zeta) basis sets on
all atoms with the use of double-zeta basis sets for the fro-
zen atoms and triple-zeta basis sets on the active ones, i.e.
the core [Mg(OH2)6]

2+ ion. Basis sets with diffuse functions,
in addition to polarization functions, were generally applied
to O and H atoms of the core and can be necessary for
modeling hydrogen bonding accurately (Rustad et al.,
2010). Models with diffuse functions are used to treat weak
interactions like hydrogen bonding because the functions
allow for electrons to be further away from the nucleus,
describing electrons in weakly bound orbitals more accu-
rately (Papajak and Truhlar, 2010).

The brucite model was first constructed using the crystal
structure of brucite. The active [Mg(OH)6]

4� core was then
optimized with the outer atoms frozen, and by adjusting the
charge of the terminal link atoms to yield a neutral cluster,
as outlined above.

Some of the advantages to using the embedded-cluster
method for calculating vibrational frequencies and equilib-
rium isotopic fractionations, include: (i) hybrid functionals
can be used, which employ some amount of exact exchange.
The use of exact exchange in plane-wave DFT is computa-
tionally expensive to implement (Rustad and Dixon, 2009).
(ii) It is also advantageous to use the same electronic struc-
ture method on both the aqua ion and mineral environment
to acquire the greatest amount of error cancellation
(Rustad et al., 2010). Rustad and Dixon (2009) point out
that one disadvantage to using the embedded cluster
method is the lack of phonon contributions to the fraction-
ation because, in reality, one is conducting a gas phase cal-
culation on a discrete group of atoms, unlike a system with
periodic boundaries. We chose this approach because
adopting the embedded-cluster method was the most com-
putationally efficient and inexpensive way to compute iso-
topic fractionation.

To better understand the trend of the fractionation fac-
tor with temperature, the vibrational frequencies for the
[Mg(OH2)6]

2+ ion in the minerals epsomite and picromerite
were computed. In general, hydrate phases that incorporate



Fig. 2. Optimized molecular models that were used to represent the brucite mineral and aqueous environments. (a) A representation of the
[Mg(OH2)6]

2+ aqueous environment, where dashed bonds indicate hydrogen bonding. (b) A representation of the brucite mineral
environment. Yellow spheres are magnesium atoms, red spheres are oxygen atoms, light pink spheres represent hydrogen atoms and purple
spheres are link atoms that exist only to neutralize the unsatisfied charge. (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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the metal aqua ion are good representations of the moiety
in aqueous solutions (Richens, 1997). While not optimizing
the [Mg(OH2)6]

2+ ion prior to computing the vibrational
frequencies leads to imaginary frequencies, and thus are
to be rejected at face value, the similarity of the resulting
RPFR led us to include them to compare with fully opti-
mized calculations. The vibrational frequencies for the
[Mg(OH2)6]

2+ ions were computed with the PBE0
exchange-correlation functional and the cc-pVTZ basis set
on all atoms.

To specifically investigate the effect of hMgAOi bond
lengths on the [Mg(OH2)6]

2+�12H2O RPFR, hMgAOi bond
distances were fixed at various lengths as the rest of the
structure was optimized. The geometries were then used
to compute the vibrational frequencies and corresponding
RPFRs. The calculations were carried out using the PBE0
exchange-correlation functional with the cc-pVTZ basis
set on all atoms and PCM as the implicit solvation model
(PBE0/cc-pVTZ + PCM). In order to fix hMgAOi bond
distances, a z-matrix was built and the hMgAOi distances
were manually set to the chosen values (e.g. 2.050, 2.065,
2.070, 2.075 or 2.080 Å) in each calculation.

In order to represent the extended crystalline lattice of
the mineral brucite, and to assess the effect of cluster size
on the RPFR (see Rustad et al., 2010), three cluster models
were created according to the PBS method (Rustad et al.,
2008).

Three clusters of varying sizes were cut from the crystal
structure of brucite in one of three ways: (i) model I incor-
porates the core [Mg(OH)6]

4� and the six Mg octahedra
surrounding the core (Fig. 2b); (ii) model II adds a third
shell of Mg octahedra (SI-Fig. 1a); (iii) model III consists
of three stacked layers of the structures made in Model I
(SI-Fig. 1b). All Mg-centered octahedra – a total of seven
in Model I and nineteen in Model II – were included in
the cluster. The harmonic frequencies for the heavy 26Mg
(25.98259292 amu) and light 24Mg (23.985041700 amu)
isotopes were calculated by first generating a matrix of force
constants using Gaussian, and then computing the frequen-
cies with an auxiliary code (See Supplemental Information).

In all cases the structure was first geometrically opti-
mized, and the normal modes calculated for the light and
heavy Mg isotopes. The corresponding frequencies are then
used to calculate the RPFR, denoted as b here, for the solid
and aqueous species (Rustad et al., 2010). In the harmonic
approximation, the RPFR for the heavy and light isotope is
defined in Eq. (5), where Q(h,l) are the vibrational partition
coefficients for the heavy and light isotopes and u(h,l)i =

hcx(h,l)/kBT (Urey, 1947), and where h is Planck’s constant,
c is the speed of light, x is the vibrational frequency of the
heavy or light isotope, kB is Boltzman’s constant and T is
the absolute temperature in Kelvin. The product is taken
over all vibrational terms (Eq. (5); Urey, 1947).

b ¼ Qh

Ql

� �
¼
Y3N
i

uhi
uli

e�uhi =2

1� e�uhi

1� e�uli

e�uli =2
ð5Þ

The isotope-fractionation factor, D, is then calculated
via Eq. (6), which is related to the equilibrium constant
for exchange in Eq. (4).

D26=24Mgbrucite�Mg2þðaqÞ � ln
bbrucite

bMg2þðaqÞ

 !
103 ð6Þ
3. RESULTS

Brucite is consistently predicted to be isotopically heav-
ier than the aqueous [Mg(OH2)6]

2+ ion in these models
(Table 9). Furthermore, computations using small basis sets
compare well to results using much more expensive levels of
theory. The results of the electronic-structure calculations
are summarized in Tables 1–3 where the RPFRs of the
eighteen-water cluster of Mg(II) are reported. We observed
that the RPFR values converged as the number of basis



Table 1
Reduced partition function ratios for the [Mg(OH2)6]

2+�12H2O
cluster using the BP86 and PBE exchange-correlation functionals at
298.15 K and different combinations of basis sets on the active
atoms. Pople-style basis set combinations used 6-31G* basis set on
second shell waters.

XC/basis set/solvation b(RPFR)

BP86

6-31G*(O, H, Mg) 1.024615
6-31G*(O, H, Mg)/PCM 1.021953
6-311++G(2d, 2p)(O, H)/6-311G(Mg) 1.022480
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM 1.022481

PBE

6-311++G(2d, 2p)(O, H)/6-311G(Mg) 1.021972
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM 1.018945

Table 3
Reduced partition function ratios for the [Mg(OH2)6]

2+�12H2O
cluster using the LC-xPBE and xB97XD exchange-correlation
functionals at 298.15 K and different basis set combinations on the
active atoms.

XC/basis set/solvation b(RPFR)

LC-xPBE
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM 1.022822

xB97XD
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM 1.023123
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functions increased (Fig. 3). Included in Fig. 3 are the cal-
culations of Schott et al. (2016). The position of their data
in the compilation suggests that their higher RPFR values
maybe due to the smaller basis sets that they used in their
study, and the lack of a second explicit solvation shell. This
convergence also allowed us to select a method that com-
bined computational expediency with accuracy. For exam-
ple, the combination of PBE0/cc-pVTZ (all atoms) and
PCM gives an RPFR of 1.022559 while using PBE0/6-311
++G(2d, 2p) on O and H of the first shell and cc-pVTZ
on Mg and the second-shell waters achieved an RPFR that
is only 1 � 10�4 lower than that more expensive calculation.
By using cc-pVTZ on Mg, O and H of the first shell and
applying cc-pVDZ to the twelve second-shell waters, we
can achieve an RPFR that is only 1.1 � 10�4 lower, but
has half the number of basis functions of the larger
calculation.

These calculations with smaller basis set/functional
combinations compare well to results using the much larger
aug-cc-pVTZ basis set on Mg, O, and H of the core ion,
with the second shell treated using the double-zeta cc-
pVDZ basis set. The RPFR values from the aug-cc-pVTZ
calculations were approximately 2 � 10�4 lower than those
Table 2
Reduced partition function ratios for the [Mg(OH2)6]

2+�12H2O cluster
298.15 K and different basis set combinations on the active atoms. Pople

XC/basis set/solvation

B3PW91

6-311++G(2d, 2p)(O, H)/6-311G(Mg)
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM

PBE0

6-311++G(2d, 2p)(O, H)/6-311G(Mg)
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/CPCM
cc-pVDZ(O, H, Mg)/PCM
cc-pVTZ(O, H, Mg)/PCM
def2-TZVP(O, H, Mg)/def2-SVP(2nd Shell)/PCM
aug-cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM
aug-cc-pVTZ(O, H)/cc-pVTZ(Mg)/cc-pVDZ(2nd Shell)/PCM
6-311++G(2d, 2p)(O, H)/cc-pVTZ(Mg, 2nd Shell)/PCM
calculated using cc-pVTZ on all atoms, which we consider
to be acceptably close. Similarly, the combination of
PBE0, def2-TZVP on the core atoms and def2-SVP on
the second shell in both the brucite and [Mg(OH2)6]

2+-
�12H2O model yielded a result that agrees well with the
computations at PBE0/cc-pVTZ on all atoms. The def2
basis sets are effective core potential (ECP) basis sets and
it was of particular interest to evaluate these basis sets with
future, transition-metal-containing systems in mind.

The similarity of the results obtained with the combina-
tion of def2-TZVP/def2-SVP with those from the cc-pVTZ/
cc-pVDZ combination is important and suggests that the
reactivity trend is robust, and diffuse forms of the ECP
basis sets were not further investigated. The long-range-
corrected functionals LC-xPBE and xB97XD give RPFRs
that are slightly higher than those obtained at the PBE0/cc-
pVTZ with PCM level of theory (Table 3).

The results of the electronic-structure calculations for
the brucite PBS model (Fig. 2b) are summarized in Tables
6–8. Similar to the RPFR calculations for the aqueous
[Mg(OH2)6]

2+�12H2O model, PBE0/cc-pVTZ with PCM
was used as a reference because it has the highest number
of basis functions and gives an RPFR of 1.025775
(Fig. 4). As was observed for the [Mg(OH2)6]

2+�12H2O
model, the combination of triple- and double-zeta basis
functions along with the PBE0 exchange-correlation func-
tional generally gave similar results to a calculation using
cc-pVTZ for all atoms (Table 7).
using the B3PW91 and PBE0 exchange-correlation functionals at
basis sets used 6-31G* basis set on second shell waters.

b(RPFR)

1.023714
1.020256

1.023721
1.020972
1.022450
1.021792
1.025066
1.022559
1.022466
1.022339
1.022367
1.022458



Fig. 3. Convergence of the [Mg(OH2)6]
2+�12H2O RPFR as a

function of the number of basis functions from various basis set
combinations and solvation models used in this study and
calculations reproduced from the study of Schott et al. (2016)
(grey squares). Error bars indicate one standard deviation of the
range. For a list of basis set combinations and corresponding
number of basis functions used in this figure, the reader is referred
to Table SI-4.

Table 5
Calculated RPFRs in per mil, and hMgAOi bond lengths in
�Angströms for the [Mg(OH2)6]

2+ ion in this study and others.

Calculated hMgAOi (Å) RPFRa

Rustad et al. (2010) 2.096 23.66
Pinilla et al. (2015) 2.090 23.30
Schauble (2011) 2.100b 25.52c

This study 2.111d 22.31
This study 2.050e 27.61

a Calculated as 103ln(b) at 298.15 K.
b Average hMgAOi bond length from Schauble (2011).
c Mean value of hexahydrate ion in salts, Schauble (2011).
d Average hMgAOi bond length for all calculations in this study.
e Fixed hMgAOi bond length in this study.

Table 6
Reduced partition function ratios for the brucite cluster using the
BP86 and PBE exchange-correlation functionals at 298.15 K. Pople
basis sets used 6-31G* basis set on the second shell.

XC/basis set/solvation b(RPFR)

BP86

6-31G*(O, H, Mg) 1.029552
6-31G*(O, H, Mg)/PCM 1.027653
6-311++G(2d, 2p)(O, H)/6-311G(Mg) 1.028122
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM 1.028866

PBE

6-311++G(2d, 2p)(O, H)/6-311G(Mg) 1.027473
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM 1.026318
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All of the above calculations exhibited a significant dis-
crepancy between the hMgAOi bond lengths calculated for
the [Mg(OH2)6]

2+�12H2O model and those measured in
crystal hydrates. The average calculated hMgAOi bond dis-
tances for the [Mg(OH2)6]

2+�12H2O cluster are compared
to the average measured bond distances measured in Mg-
hydrate salts in Table 4. In Table 5 hMgAOi bond distances
in aqua ions from previous studies are compared to results
from this study, along with the corresponding RPFR val-
ues. The GGA functionals (e.g. BP86) typically overesti-
mate bond distances, while hybrid functionals (e.g.
B3LYP) give better results. Uncompensated negative
charges lead to expansion as well. Big basis sets commonly
especially with diffuse functions, tend to give larger struc-
tures. Although the PBE0 functional is generally found
not to overestimate bond distances when compared to mea-
surements, we find the discrepancies to be considerable for
the magnesium ions. Bond lengths in the [Mg(OH2)6]

2+ ion
here, on average are overestimated by 0.044 Å, which intro-
duces a large change in the RPFR (see Fig. 6). The
hMgAOi bond distances obtained using the pure DFT
Table 4
Calculated average hMgAOi bond lengths in �Angströms for both
[Mg(OH2)6]

2+�12H2O and brucite. [Mg(OH2)6]
2+�12H2O is com-

pared to the average hMgAOi bond distances in epsomite and the
brucite model is compared to the average hMgAOi bond distances
in the mineral measured by neutron diffraction.

Calculated (Å) Measured (Å)

[Mg(OH2)6]
2+�12H2O

2.111 2.065a

Brucite

2.100 2.097b

a Bauer (1964).
b Zigan and Rothbauer (1967).
BP86 exchange-correlation functional agree best with those
in the Tutton’s salts, but the functional still overestimates
the bond distance by �0.02 Å, consistent with previous
observations (Rustad et al., 2010).

In contrast, the bond distances calculated from DFT for
solid brucite agree well with measured hMgAOi bond dis-
tances for the mineral (Table 4), but this result is to be
expected as the system is so heavily constrained. Whereas
the aqueous ion is connected to the frozen atoms only via
weak hydrogen bonds, in the brucite model the active core
is connected via strong covalent bonds, which severely
restrict the movement of atoms during structural optimiza-
tion. The average hMgAOi bond-length predictions for
brucite are 0.003 Å longer than those measured in
neutron-diffraction experiments (Zigan and Rothbauer,
1967). All bond distances as a function of the exchange-
correlation functional are tabulated in Tables SI-1 and SI-2
of the Supplemental Information.

The effect of the size of the mineral lattice on the calcu-
lation results was also explored, and found to be negligible.
In particular, increasing the number of Mg(O)6 octahedra
in the 001 plane at PBE0/6-311++G(2d, 2p) on O and H,
with the 6-311G basis set on the Mg of the core thirteen
atoms, and 6-31G* on the rest of the lattice (Model II) gives
an almost identical RPFR to Model I.

In summary, the computed Mg-isotope fractionation
factors (D26/24Mgsolid-solution) indicate that brucite should
always be enriched in 26Mg by +3 to +7‰ at 298.15 K
(Table 9). The calculations also indicate that brucite should



Table 7
Reduced partition function ratios for the brucite cluster using the B3PW91 and PBE0 exchange-correlation functionals at 298.15 K. Pople
basis sets used 6-31G* basis set on the second shell.

XC/basis set/solvation b(RPFR)

B3PW91

6-311++G(2d, 2p)(O, H)/6-311G(Mg) 1.028724
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM 1.026653

PBE0

6-311++G(2d, 2p)(O, H)/6-311G(Mg) 1.028900
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM 1.026888
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM 1.028215
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/CPCM 1.026376
cc-pVDZ(O, H, Mg)/PCM 1.025947
cc-pVTZ(O, H, Mg)/PCM 1.025775
def2-TZVP(O, H, Mg)/def2-SVP(2nd Shell)/PCM 1.026329
aug-cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM 1.025727
aug-cc-pVTZ(O, H)/cc-pVTZ(Mg)/cc-pVDZ(2nd Shell)/PCM 1.025772
6-311++G(2d, 2p)(O, H)/cc-pVTZ(Mg, 2nd Shell)/PCM 1.025919

Table 8
Reduced partition function ratios for the brucite cluster using the
LC-xPBE and xB97XD exchange-correlation functionals at
298.15 K.

XC/basis set/solvation b(RPFR)

LC-xPBE
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM 1.026562

xB97XD
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM 1.029022

70 C.A. Colla et al. /Geochimica et Cosmochimica Acta 227 (2018) 64–74
become isotopically lighter with increasing temperature
(Fig. 5). In contrast to the computations, experiments show
that brucite is isotopically light at temperatures below
313.15 K and isotopically heavy at elevated temperature.

4. DISCUSSION

The convergence of the RPFR with increasing size of
basis set for both the [Mg(OH2)6]

2+�12H2O and for the bru-
cite models agrees well with previous studies (Rustad et al.,
2010), and allowed us to select a combination of PBE0 and
split-valence triple- and double-zeta basis sets which gives
RPFR results that agrees with findings by previous groups
(Rustad et al. (2010) and Pinilla et al. (2015)) on the aque-
ous model. Furthermore, it is important to justify the calcu-
lation of RPFRs for solvated ions within the harmonic
approximation, as anharmonicity can affect the outcome.
Dupuis et al. (2017) find that an anharmonic treatment
via path integral molecular dynamics is absolutely neces-
sary for the calculation of isotopic fractionation between
Li(I) species. The necessity of calculating fractionations
among solvated Li(I) species is crucial because of the vari-
able first hydration shell of Li(I) species. Li(I) exhibits coor-
dination numbers in aqueous solution ranging anywhere
from three to six solvating waters (see discussion in
Wimpenny et al., 2015). Pinilla et al. (2015) found that cal-
culating RPFRs for solvated Mg(II) via path-integral
molecular-dynamic simulations within the harmonic
approximation is still valid provided that the disorder of
the liquid is considered.

We also found that the size of the brucite cluster did not
affect the RPFR, indicating that the termination method is
robust. However, the calculations always predict that bru-
cite becomes relatively isotopically lighter as temperatures
increase, as the fractionation between brucite and the sol-
vated ion decreases (Fig. 5). Both trends disagree with
experimental observations. The experiments show that bru-
cite becomes isotopically heavier with temperature, is iso-
topically light below 40 �C, and is only isotopically heavy
at elevated temperature. While calculating a fractionation
factor to accuracy of within one per mil is challenging, pre-
dicting the temperature variation of the fractionation fac-
tors should be more easily attainable. Here the
temperature dependence could only be clearly achieved by
fixing the hMgAOi bond distances in the [Mg(OH2)6]

2+-
�12H2O model (Fig. 6).

The relative hMgAOi bond lengths in brucite and in the
[Mg(OH2)6]

2+ ion are key to recovering the experimental
observation. From crystal structures one expects the Mg
(II) aqua ion in solution to be isotopically heavier because
the crystals have shorter, stronger hMgAOi bonds, while
brucite should incorporate isotopically lighter Mg, as its
hMgAOi bond distances are greater and thus weaker. The
DFT calculations clearly overestimate hMgAOi bond dis-
tances for the [Mg(OH2)6]

2+ ion (see Table 4).
Fixing those bond distances to the values found in epso-

mite (�2.065 Å) comes much closer to the experimental
temperature dependence (Fig. 6). Decreasing the hMgAOi
bond distances even further to 2.050 Å agrees well with
the trend of the temperature dependence (Fig. 6). Fig. 6
shows the trend of the fractionation factors over the tem-
perature range 0 to 80 �C as a function of hMgAOi bond
distances in the [Mg(OH2)6]

2+�12H2O complex. This result
indicates that it is not entirely necessary to decrease the
bond distances to 2.050 Å; rather, the bond distances could
be dynamically changing over this temperature range. How-
ever, Ohtaki and Radnai (1993), in their comprehensive
review, report no strong experimental evidence that



Table 9
Predicted 26/24Mg isotopic fractionation factors (D26/24Mgsolid-solution) at 298.15 K. Positive values indicate the solid is enriched in the heavy
isotope. Experiments indicate that it should be negative.

XC/basis set/solvation D26/24Mgsolid-solution (‰)

BP86

6-31G*(O, H, Mg) +4.81
6-31G*(O, H, Mg)/PCM +5.56
6-311++G(2d, 2p)(O, H)/6-311G(Mg) +5.50
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM +6.23

PBE

6-311++G(2d, 2p)(O, H)/6-311G(Mg) +5.37
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM +7.21

B3PW91

6-311++G(2d, 2p)(O, H)/6-311G(Mg) +4.88
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM +6.25

PBE0

6-311++G(2d, 2p)(O, H)/6-311G(Mg) +5.05
6-311++G(2d, 2p)(O, H)/6-311G(Mg)/PCM +5.78
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM +5.62
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/CPCM +4.48
cc-pVDZ(O, H, Mg)/PCM +0.86
cc-pVTZ(O, H, Mg)/PCM +3.14
def2-TZVP(O, H, Mg)/def2-SVP(2nd Shell)/PCM +3.77
aug-cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM +3.31
aug-cc-pVTZ(O, H)/cc-pVTZ(Mg)/cc-pVDZ(2nd Shell)/PCM +3.32
6-311++G(2d, 2p)(O, H)/cc-pVTZ(Mg, 2nd Shell)/PCM +3.38

LC-xPBE
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM +3.65

xB97XD
cc-pVTZ(O, H, Mg)/cc-pVDZ(2nd Shell)/PCM +5.75

Fig. 4. Convergence of the brucite RPFR as a function of the
number of basis functions from various basis set combinations and
solvation models used in this study. Error bars indicate one
standard deviation of the range. For a list of basis set combinations
and corresponding number of basis functions used in this figure,
the reader is referred to Tables SI–5.

Fig. 5. Predicted isotopic-fractionation factors (blue diamonds)
and measured isotopic fractionation factors (red diamonds)
between aqueous [Mg(OH2)6]

2+ and brucite. The predicted frac-
tionation factors were computed at PBE0/cc-pVTZ + PCM. The
dashed line indicates zero fractionation. (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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Mg(II)AOH2 bond distances lengthen over the small tem-
perature range of Li et al. (2014) and Wimpenny et al. (2014).

An important observation is that a temperature depen-
dence similar to the experimental results (Fig. SI-2) could
be achieved by leaving the geometry of the [Mg(OH2)6]

2+

cluster equal to that found in the experimental crystal struc-
tures. Although if done without geometry optimization, this
calculation yielded several imaginary frequency values and
is thus considered suspect. However, similar calculations



Fig. 6. Fractionation factors for partitioning of magnesium
between aqueous [Mg(OH2)6]

2+ ion and brucite optimized at
PBE0/cc-pVTZ + PCM, as a function of temperature. The RPFR
for the [Mg(OH2)6]

2+�12H2O model was computed as a function of
the hMgAOi bond distance (labeled on plot). The black line and
diamonds indicate the experimental work of Wimpenny et al.
(2014) and Li et al. (2014).
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where geometries were optimized, and thus had no imagi-
nary frequencies, gave a similar result. Specifically, if bond
lengths within the [Mg(OH2)6]

2+�12H2O cluster were con-
strained to be similar to the averaged value found in the
minerals (Fig. 6), the experimental temperature dependence
is approximately recovered yet without imaginary frequen-
cies because the cluster is optimized. Apparently, the few
imaginary frequencies in the fixed-point calculation did
not heavily influence the results.

Relaxation of the bulk mineral surface in contact with
solution could also affect the isotopic fractionation if the
interfacial structure affected the experiments. Wimpenny
et al. (2014), for example, attempted to reverse the experi-
ments by diluting the experimental solutions. They
attempted to change the saturation state of the solution
from one where equilibrium is approached from oversatu-
ration to a state where equilibrium is approached by under-
saturation. The new equilibrium would be established by
dissolving only a few surface layers from brucite.

Surface relaxation means that bonds change from the
bulk values near the immediate interface with another
dielectric medium, here the aqueous solution. Such relax-
ation has been exhibited both experimentally and theoreti-
cally in geochemically relevant materials (Rustad et al.,
1999; Chambers et al., 2000). The hMgAOi bond distances
in brucite are also observed to increase with increasing tem-
perature (Chakoumakos et al., 1997). While it is clear that
hMgAOi bond lengths in brucite change as a function of
temperature, the change in bond length observed by
Chakoumakos et al. (1997) at higher temperatures does
not coincide with a lighter isotopic signature experimentally,
as it should. Theoretically, brucite solid is still enriched in
the heavy isotope at high temperatures, but the fractiona-
tion decreases and brucite does become lighter (Fig. 5).

If an optimization calculation is allowed to converge
without fixed bond lengths, the hMgAOi bond distances
will be consistently overestimated, as found by Rustad
et al. (2010) and Schauble (2011). Even when employing
the plane-wave methods of Schauble (2011), hMgAOi bond
distances in salts that trap the Mg(II) aqua ion are grossly
overestimated, see Table 7 in Schauble (2011) and Table 5
of this study. The most striking disagreement from the
work of Schauble (2011) is the Mg(H2O)6Zn2Br6 salt, where
the difference between the measured and optimized
hMgAOi bond distance is 0.055 Å. Because of this discrep-
ancy, all salts that trap the Mg(II) aqua ion are not neces-
sarily good models if the bond lengths relax considerably
during optimization. The trend of higher RPFRs with
shorter bond distances as speculated by Pinilla et al.
(2015) is shown in Table 5, where the shortest hMgAOi
bond distance gives the highest RPFR value and the longest
bond distance gives the lowest RPFR value, which strongly
correlates hMgAOi bond distance with 26Mg/24Mg.

One referee asked why fractionation in the magnesite
system studied by Rustad et al. (2010) agrees well with
experiments. A detailed look at hMgAOi bond distances
in magnesite reveal that magnesite has longer hMgAOi
bond distances than the Mg aqua ion, both theoretically
and experimentally. Rustad et al. (2010) calculate values
for hMgAOi bond distances of 2.122 Å for magnesite and
2.096 Å for the Mg(II) aqua ion, and a fractionation of
�1.1‰. The negative isotopic excursion, or depletion of
heavy isotopes in magnesite, is expected based upon the
bond-length analysis.

In recent dissolution experiments of biotite by Ryu et al.
(2016), Mg isotopes in biotite are enriched in heavy iso-
topes, while the leachate is depleted in heavy isotopes.
Again, if one looks at the average hMgAOi bond distances
in the trioctahedral layer of biotite, they are 0.012 Å shorter
than in brucite and in some cases, the hMgAOi distance in
biotite is as low as 1.997 Å. The most profound result of
Ryu et al. (2016) is that Mg isotope temperature depen-
dence at higher temperatures favors the heavy isotope,
which agrees well with the experiments of Wimpenny
et al. (2014) on brucite.

One additional question arising from the calculations is
whether the first hydrolysis product of [Mg(OH2)6]

2+ ion,
the [MgOH(OH2)5]

+ ion, also contributes to the isotopic
record of growing brucite. If the first hydrolysis product
were involved in isotope exchange, it could considerably
change the isotopic fractionation, but dynamic simulations
would be required to capture the effect. The rate of inter-
conversion of the bound hydroxide and the bound waters
within the inner-coordination sphere of the [MgOH
(OH2)5]

+ is submillisecond in time scale. These interconver-
sions mean that rapid proton transfer among the bound
functional groups would average the bond shortening at
the time scale of brucite growth and result in a fractionation
factor that changes both with temperature and pH. Such a
dynamic process would be difficult to treat realistically
using static DFT but would appear naturally in ab initio

molecular-dynamic simulations.

5. CONCLUSIONS

When combined, the experimental results of Li et al.
(2014) and Wimpenny et al. (2014) indicate a
temperature-dependent reaction where brucite becomes
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enriched in heavy magnesium as temperature is increased.
Both experimental groups attempted to reverse their exper-
iments and found consistent fractionations upon reversal.
The inconsistency provides a clear target for theory and
for additional experimentation to examine potential causes.

Although consistent RPFRs could be calculated, using
methods of increasing sophistication, the observed tempera-
ture variation of isotope fractionation could only be achieved
by fixing hMgAOi bond distances in the aqueous ion to
resemble those measured in Tutton’s salts that capture the
hydrated metal. Electronic-structure calculations with fully
optimized models of the hydrated ion, with variable bond
lengths, predict brucite being consistently enriched in 26Mg
at low temperatures, which contrasts with experiment.

Although it is clear that DFT overestimates the
hMgAOi bond distances in aqueous magnesium ions, it is
worth pointing out that these fractionations are thermody-
namically controlled. Only if exchange between aqueous
solutions and brucite were kinetically controlled would
fractionations depend on molecular details of the process,
such as desolvation rates of [Mg(OH2)6]

2+ ion.
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