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ABSTRACT

Precise prediction of hydrogen (H) isotope fractionations among different substances is a long-standing
challenge in isotope geochemistry, as it needs treatments beyond the harmonic approximation.
Path-integral molecular dynamics (PIMD) simulations have recently been proved to be valid in predicting
equilibrium isotope fractionations for light elements. However, the lack of reliable force fields hinders the
application of PIMD to the condensed phases. In this work, the deep potential models trained on the first-
principles molecular dynamics (FPMD) data are applied to PIMD simulations to determine the D/H and
180/160 jsotope fractionation factors between brucite and water. To quantitatively assess the influence
of quantum effects, the D/H and '80/'®0 isotope fractionations between brucite and water are also deter-
mined under the framework of harmonic approximation.

By comparing the results of the PIMD and those of harmonic calculations, we find that H and O atoms in
brucite and water are strongly affected by the anharmonic effects. The accuracy of the harmonic isotope
fractionations mainly depends on the cancellation percentage of the anharmonic effects on the reduced
partition function ratios (RPFRs) of the two substances. The isotope fractionations predicted by PIMD sim-
ulations are close to the experimental results at high temperatures. However, at low temperatures, the
predicted isotope fractionations are different from those of experiments. The discrepancies are attributed
to the approximations in the density functional theory (DFT) functionals used in this work, i.e., the inac-
curacy in predicting the proton positions in brucite and water. Moreover, we find that the H isotope frac-
tionations are extremely sensitive to the change of pressure. The direction of H isotope fractionation
between brucite and water (at 300 K) will be even inversed as the pressure increases to more than 3
GPa. This strong pressure sensitivity may be a common characteristic of hydrous minerals and water sys-
tems. Therefore, the extrapolated H isotope fractionations used in the studies of dehydration of subduct-
ing slabs or deep Earth H distribution based on the isotope fractionations under low pressures may need
to be rechecked.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

dolomites and limestones (e.g., Tilley, 1947; Alabaster, 1977;
Nakajima et al., 1992; Bowles et al., 2011). It has a relatively simple

Serpentinization is one of the most important rock-water reac-
tions in geosciences. The possible water cycling between the man-
tle and the Earth’s surface largely depends on this reaction since
the emergence of the hydrosphere of Earth. Brucite, the mineral
form of Mg(OH),, mainly occurs as a secondary mineral in the ser-
pentinization zones of altered ultramafic rocks (e.g., Hostetler
et al., 1966; Page, 1967; Neal and Stanger, 1984; D’Antonio and
Kristensen, 2004) and as an alteration product of periclase in the
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octahedral structure and is considered to be a good analog for the
octahedral sheet of Mg-bearing phyllosilicates. The presence of H
and O in its crystal lattice makes it one of the most important
hydrous minerals in the lithosphere. Thus, knowing the isotope
fractionations between brucite and the aqueous fluids is particu-
larly important because it could shed light upon the origin of iso-
tope variations during the alteration process of silicate rocks and
the dehydration process of hydrous minerals.

Recent experimental works have reported the D/H isotope frac-
tionation factors between brucite and water at various tempera-
tures and pressures (e.g., Satake and Matsuo, 1984; Saccocia
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et al,, 1998; Xu and Zheng, 1999; Horita et al., 1999; 2002; 2018),
but significant discrepancies exist among some of these works. For
example, Satake and Matsuo (1984) applied the partial exchange
method (Northrop and Clayton, 1966) to determine the D/H iso-
tope fractionations between brucite and water at 100-510 °C and
reported a relatively narrow range of fractionations (—26.9%o to
—33.9%o0). These values are close to the results of later experiments
(Saccocia et al., 1998; Horita et al., 2002; 2018), but are signifi-
cantly larger than the isotope fractionations (—57%c to —78%o)
determined by Xu and Zheng (1999) at 25-100 °C. The D/H isotope
fractionations between brucite and water are found to be related to
the dissolved NaCl in the aqueous solutions and the pressure of the
experiments (Saccocia et al., 1998; Horita et al., 1999; 2002; 2018),
but these effects failed to explain the large discrepancy at temper-
atures around 100 °C. For O isotopes, Saccocia et al. (1998) exper-
imentally found that brucite is depleted in 30 relative to NaCl
solutions at 250-450 °C. Xu and Zheng (1999) reported an inver-
sion of oxygen isotope fractionations between brucite and water
at 60 °C. Together with previous experimental results, Saccocia
etal.(2015) obtained a smooth function of 10°In(0o) — temperature
valid from 15 to 450 °C.

Accurate prediction of H isotope fractionation at different con-
ditions is a long-term problem in the field. Theoretical studies
based on the density functional theory (DFT) seldom reproduce
the experimental H and O isotope fractionations between brucite
and water. Instead, additional corrections were used to improve
the agreement between theoretical and experimental results.
Reynard and Caracas (2009) calculated reduced partition function
ratios (RPFRs) of brucite and combined them with the experimen-
tal RPFRs of water vapor (Richet et al., 1977) and the experimental
water-vapor fractionations (Horita and Wesolowski, 1994) to pre-
dict the H isotope fractionations between brucite and water. They
considered the anharmonic corrections (e.g., Richet et al., 1977) to
the RPFRs and pressure corrections (Polyakov et al., 2006) to the
experimental fractionations, which yields an improved agreement
with the experimental values at high temperatures, but an
increased discrepancy at low temperatures. Similarly, Méheut
et al. (2010) combined the calculated isotope fractionation factors
of brucite-vapor with the experimental water-vapor fractionations
(Horita and Wesolowski, 1994) to predict the brucite-water iso-
tope fractionation. They also considered the pressure corrections
to the experimental fractionations. Additional empirical correction
obtained by fitting the difference between theoretical and experi-
mental brucite-vapor fractionations (Eq. (6) in Méheut et al,
2010) is also applied. Their results are in good agreement with
most of the experimental results and are further applied to the pre-
dictions of H isotope fractionations between water and other
hydrous minerals. Colla and Casey (2019) applied the cluster
method to predict the O isotope fractionations between brucite
and water. Their results are different from the experimental values.
By applying the corrections similar to Méheut et al. (2010), the cor-
rected results are in good agreement with the experiments and
those predicted by the semi-empirical increment method (Zheng,
1998). Overall, the corrections on the isotope fractionation factors
improved the performance of the theoretical results. However,
they are limited by the requirements of reliable experimental
properties (e.g., the pressure dependence of RPFRs and the experi-
mental isotope fractionation factors), which greatly hindered their
application to other cases.

The unsatisfactory performance of the DFT predictions suggests
that predicting the H and O isotope fractionations between brucite
and water needs treatments beyond the harmonic approximation.
Higher-order corrections to the Bigeleisen-Mayer equation
(Bigeleisen and Mayer, 1947; Urey, 1947) have been applied to pre-
dict the D/H isotope fractionations among various systems (e.g.,
Richet et al., 1977; Liu et al., 2010; Zhang and Liu, 2018). However,

208

Geochimica et Cosmochimica Acta 346 (2023) 207-222

the treatments are too expensive for the condensed phases. Recent
applications of the path-integral approach presented a new
method for predicting isotope fractionations of the light elements
(e.g., Markland and Berne, 2012; Pinilla et al., 2014; Dupuis et al.,
2017; Turner et al., 2021). The path-integral approach treats the
quantum particles as a set of ring polymer chains of P classical
“beads” connected by harmonic springs (e.g., Tuckerman, 2010).
The exact quantum statistics are achieved as the number of beads
(i.e., P) approaches infinite. The intrinsic nature of path-integral
formalism allows it to compute equilibrium isotope fractionations
of light elements exactly as it takes into account the quantum and
anharmonic effects (Ceriotti et al., 2016; Markland and Ceriotti,
2018). The isotope fractionation factor is related to the free energy
change corresponding to an isotope substitution process. Thus, it
can be computed by performing thermodynamic integration of
the mean quantum kinetic energy of the interested atom as a func-
tion of the isotope mass (e.g., Vanicek and Miller, 2007;
Zimmermann and Vanicek, 2009). However, the original thermo-
dynamic estimator needs a series of independent simulations with
different values of isotopic mass. For example, Pinilla et al. (2014)
performed eleven independent PIMD simulations with different
masses to compute the RPFR of hydrogen at a given temperature.
The calculations are time-consuming. Later works proposed sev-
eral more efficient estimators to accelerate the convergence and
reduce the errors of the calculations (Ceriotti and Markland,
2013; Cheng and Ceriotti, 2014; Marsalek et al, 2014;
Karandashev and Vanicek, 2017). The path-integral techniques
have been applied to predict H, O, C, Mg, and Li isotope fractiona-
tions and clumped-isotope effects for various systems (e.g.,
Markland and Berne, 2012; Pinilla et al., 2014; 2015; Dupuis
et al., 2017; Webb and Miller, 2014; Wang et al., 2014; 2020;
Webb et al., 2017; Eldridge et al., 2019; Turner et al., 2021). How-
ever, the systems investigated are often small molecules or simple
systems which have reliable force fields. This is related to the fact
that first-principles path-integral molecular dynamics (FP-PIMD)
simulation is too expensive, inhibiting its application to complex
systems like the condensed phases.

Fortunately, recent developments in machine learning force
fields (ML-FFs) allow one to generate force fields or potential
energy surfaces (PESs) with first-principles accuracy for nearly
any system. The pioneering work of Behler and Parrinello (2007)
proposed a model called the Behler-Parrinello neural network
potential (BNNP), which uses symmetry functions as input and
standard neural networks as fitting functions. It provides the ener-
gies and forces with DFT accuracy and is several orders faster than
DFT calculations. Later studies have also reported several models,
including Gaussian approximation potential (GAP) (Bartok et al.,
2010), spectral neighbor analysis potential (SNAP) (Trott et al.,
2014), deep tensor neural network (DTNN) (Schiitt et al., 2017),
gradient-domain machine learning (GDML) method (Chmiela
et al., 2017), and deep potential molecular dynamics (DPMD)
scheme (Zhang et al., 2018; Wang et al., 2018). Among these mod-
els, the DPMD scheme assigns each atom a local reference frame
and a local environment to respect the extensive and symmetry-
invariant properties of a potential energy model. The scheme has
been proved to be valid in many systems, including water (Ko
et al,, 2019; Zhang et al., 2021), molten alkali chlorides (Liang
et al., 2021), and alloy materials (e.g., Zhang et al., 2019; Xu
et al., 2020). In the field of geoscience, the DPMD scheme has also
been proved to be effective in predicting diffusional isotope frac-
tionation (Luo et al., 2021a; 2021b), viscosity, and electrical con-
ductivity (Luo et al, 2021c) of silicate melts. These studies
suggest that the DPMD scheme has the ability to generate efficient
and accurate PESs for further calculations.

In this work, we combine the PIMD simulations with the trained
deep potential (DP) models to predict the D/H and '80/'€0 isotope
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fractionations between brucite and water. To quantitatively assess
the influence of quantum effects, we also calculated the isotope
fractionations within the framework of harmonic approximation
for comparison. The predicted fractionations with or without the
quantum effects are systematically compared with previous exper-
imental and theoretical data. Our results suggest that applying DP
models in PIMD simulations could provide reasonable isotope frac-
tionation factors for the condensed phases, which makes it a
promising new tool for predicting H isotope fractionations.

2. Methods
2.1. Theories for predicting isotope fractionation factors

2.1.1. Direct estimators for isotope fractionation factors

Predicting the isotope fractionation factors using the original
thermodynamic estimator needs multiple independent PIMD sim-
ulations for the discretization of the integral. To accelerate the cal-
culations and reduce the errors, several estimators have been
proposed by previous works (Ceriotti and Markland, 2013; Cheng
and Ceriotti, 2014; Marsalek et al., 2014; Karandashev and
Vanicek, 2017). Here, we will briefly introduce the estimator used
in the present work, and the details of the estimator can be found
in Cheng and Ceriotti (2014).

Assuming a system of volume V contains N particles at temper-
ature T, the path-integral representation of its partition function
has the form (e.g., Tuckerman, 2010):

3p/2 N
) /Hdri]dr?mdr"
i1

m,P
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where each atom in the system is represented by a ring polymer
containing P classical beads connected by harmonic springs with
the frequency of P"?/gh. When P approaches infinite, the exact
quantum statistic is achieved. g denotes the inverse temperature
1/ksT and m; is the mass of the ith atom. U(¥;,.. ., ¥y) denotes the
interaction potential and the coordinates of the jth bead of the ith
atom are represented by ;.

Considering a simple isotope exchange reaction between phase
AX and X, where only one atom in AX is substituted by the heavy
isotope X*. Insert Eq. (1) into the partition function ratio of
Qax+/Qax and derive the equation:

N
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where the (- - -) represents the ensemble average over a simulation. r

represents the coordinates of the substituted atom and “*” denotes
the heavy isotope. The exponential function in Eq. (2) is the direct
thermodynamic estimator (Z™) proposed by Cheng and Ceriotti
(2014). The direct thermodynamic estimator has large fluctuations
in the exponential, which is growing with the number of beads P.
This makes the estimator impractical for systems with large isotope
mass ratios (e.g., D/H, T/H) or in low-temperature situations (below
room temperature). To reduce the statistical errors, a new estimator
is obtained by applying a change of the variables into the partition
function ratio:

104 1/m* (P —r)
m

where r© = 3.7 /P represents the position of the centroid. Simi-
larly, the direct scaled-coordinates estimator (Z°) is introduced:

3)
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Zsc—exp{—ﬁi (rj’, . )—U(r’;,~~~,r’,'\,)] (4)
=1

The estimator requires computing the interatomic potentials,
thus it is more expensive than the direct thermodynamic estima-
tor. However, the statistical errors are much smaller at low-
temperature or for large isotope mass ratio situations.

Similar formulations of estimators can also be deduced for
Qx+/Qx. Thus the fractionation factor between AX and X can be
computed as:

g QeQ (@) )
-x QuQx (2™,
SC _ QAX‘ QX _ <ZSC>AX (6)
X QuxQx (2,

where “(---)” denotes the ensemble average of the estimators over

the simulations of phase AX or X. In this work, the direct scaled-
coordinates estimator (Eq. (4)) is used to compute the D/H and
180/150 isotope fractionation factors. Note that the direct scaled-
coordinates estimator is the path-integral representation of the
reduced partition function ratio (RPFR). In order to distinguish it
from the harmonic RPFRs, we still noted it as “Z5¢".

2.1.2. The classical isotope fractionation theory

In this work, we also calculated the H and O isotope fractiona-
tions using the harmonic approximation. The classical equilibrium
isotope fractionation theory, i.e., the Bigeleisen-Mayer equation
(Bigeleisen and Mayer, 1947; Urey, 1947) is used to calculate the
RPFRs of brucite and water.

According to the theory, the RPFR is closely related to the vibra-
tional frequencies of the substance:

(=%)01 - exp(-u)
5)[1 —exp(-u;)]

where N is the number of atoms in the cell and the asterisks repre-
sent the heavy isotope. u; has the form:

hV,'
U = m (8)

where h is the Planck’s constant and ; is the harmonic vibrational
frequency of the i" mode. kj represents the Boltzmann’s constant
and T is the temperature in Kelvin. Thus, the RPFR of a substance
could be calculated by computing the harmonic frequencies.

3N Uy exp
RPFR = H

(7)

ujexp (—

2.2. Computational details

2.2.1. Preparation of the training datasets

The training datasets are prepared by performing FPMD simula-
tions. Ideally, the trained models can reproduce the accuracy of the
training data. Wang et al. (2014) checked the isotope fractionation
between water in liquid and gaseous phases by FP-PIMD simula-
tions with several different functionals (e.g., PBE, PBEO, BLYP, and
B3LYP). They found that the isotope fractionations are sensitive
to the functionals. In this work, we prepare the training datasets
with two functionals, i.e., the generalized gradient approximation
(GGA) of PBE (Perdew et al., 1996) with D3 dispersion correction
(Grimme et al., 2011) and the hybrid functional of PBEO (Adamo
and Barone, 1999). The FPMD simulations are based on the canon-
ical ensemble (NVT) with the Nose thermostat, where the plane-
wave energy cutoff is set as 600 eV and the k-point grid is
1 x 1 x 1 to accelerate the running. The time step is set as
0.25 fs. The 3 x 3 x 2 supercell containing 90 atoms is used for bru-
cite, and a supercell of 32 water molecules is used for water. The
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initial cell parameters are set as experimental values at room tem-
perature. To better cover the configurational space, the volumes of
initial structures are scaled by multiplying the lattice parameters
with 0.975, 1.00, and 1.025 for brucite and 0.975, 1.00, 1.025,
1.050, 1.100, and 1.150 for water. The atomic positions of each
structure are also perturbed. We perform the simulations at six
temperatures (i.e., 273 K, 300 K, 350 K, 400 K, 500 K, and 600 K)
at each volume with different initial configurations. For simula-
tions with PBE functional, simulations are run for 80,000 steps,
and the last 40,000 steps are selected as training data. For simula-
tions with PBEO functional, the initial structures are taken from
equilibrated PBE simulations. The simulations are run for 4,000
steps for equilibration and another 8,000 steps for the selection
of training data. Finally, at least 70,000 frames of the data are used
for the training of each DP model, and another 6,000 frames of data
are used for validation. All of the FPMD simulations are carried out
with the Vienna ab initio simulation package (VASP) (Kresse and
Furthmuller, 1996).

2.2.2. The training of DP models

The DP models are trained with the DPMD scheme (i.e.,
DeePMD-kit v2.0) (Wang et al., 2018), which applies deep neural
networks (Goodfellow et al., 2016) to map the functions (i.e., the
PES) between the atomic positions and energies/forces of the sys-
tem. The total energy is evaluated by summing the atomic energies
of all the atoms in the system. Each atomic energy is determined by
its local environment within a cutoff radius of R.. To preserve the
translational, rotational, and permutational symmetries of the sys-
tem, the original atomic coordinates are transformed into the “de-
scriptors” (Wang et al., 2018; Zhang et al., 2018), where the
“descriptors” serve as input for a deep neural network and the total
energies/forces serve as output. By training the deep neural net-
work with sufficient data, one can map the PES of a system.

For all four models trained in the present work (brucite and
water with PBE and PBEO functionals), the sizes of the embedding
and fitting nets are set as {25, 50, 100} and {240, 240, 240} follow-
ing those of Zhang et al. (2021). The start learning rate and decay
steps are set as 0.001 and 5,000. The loss function is defined by
combining the energy and force differences between the training
data and DPMD predictions (in which the nuclei are classically
treated with the DP models) (Wang et al., 2018; Zhang et al.,
2018). The start tunable prefactors in the loss function of energy
and force are set as 0.02 and 1,000 to ensure the fast convergence
of the force. Each model is trained for at least 1,500,000 steps. The
root-mean-square errors (RMSEs) of the energies and forces reach
the accuracy levels of 1 x 1074 eV/atom and 1 x 1072 eV/ A
(Table 1). After the models have been trained, the models are com-
pressed by the deep potential compress (Lu et al., 2022) scheme to
speed up the later simulations.

2.2.3. PIMD simulations

In this work, the direct scaled-coordinates estimator (Z°¢) is
used to calculate the isotope fractionations between brucite and
water. The PIMD simulations are carried out with the i-PI package
(Ceriotti et al., 2014), where the potential energies and forces are

Table 1
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calculated with the LAMMPS package (Plimpton, 1995) by applying
the DP models. To generate temperature-dependent isotope frac-
tionation factors, we considered the brucite-water isotope frac-
tionations at several different temperatures (i.e., 273 K, 300 K,
350 K, 400 K, 500 K, and 600 K). Firstly, the isobaric-isothermal
(NPT) PIMD simulations are performed with zero pressure at each
temperature for 8 x 10* steps (20 ps). The equilibrium volumes of
the substances at each temperature are obtained by averaging the
volumes of the last 10 ps trajectories where the average pressure is
close to zero. Then the equilibrium volumes are used for the NVT
simulations for 6 x 10° ~ 8 x 10° steps (150 ~ 200 ps) including
the equilibration of 8 x 10* steps (20 ps). The time step is
0.25 fs. Each atom is modeled by 32 beads, which is sufficient to
generate converged Z5¢ values for both O and H (See Section 3.4.1).
A white noise Langevin thermostat is attached to the normal mode
representation (Ceriotti et al., 2010). The Z5¢ values are computed
and output every ten steps, and the final values are taken as the
average of the Z5€ values after equilibration (>20 ps). Pinilla et al.
(2014) found that the system size has a small effect on D/H isotope
fractionations and a system with 32 water molecules could give a
good estimation of the isotope fractionation factor. In this study,
supercells containing 90 and 96 atoms are used for brucite and
water. Note that the PIMD simulations are performed with two
kinds of DP models which are trained on the FPMD data of PBE
and PBEO functionals. Thus we denote the simulations with the
two models as “PIMD-PBE” and “PIMD-PBEOQ".

Previous works found that D/H isotope fractionations are sensi-
tive to the change in pressure (Polyakov and Kharlashina, 1994;
Polyakov et al., 2006; Horita et al., 1999; 2002; 2018). Systemati-
cally investigating the pressure effect on D/H isotope fractionations
needs dozens of PIMD simulations, which is beyond the scope of
the current study. To simply test the pressure effect, only the pres-
sure effect at room temperature (300 K) is considered. By perform-
ing PIMD-PBEO simulations at pressures close to 1 GPa, 2 GPa, and
3 GPa for brucite and water, the pressure-dependent isotope frac-
tionations at 300 K could be obtained. Note that water will be in a
solid phase (i.e., ice VI) when pressure is over 1 GPa at room tem-
perature (e.g., Wagner et al., 2011; Zhang et al., 2021). By checking
the radial distribution functions (RDFs) of water under high pres-
sures (Fig. S1), we find that water may still be in the liquid phase
during our simulations because the RDFs are similar to those under
0 GPa and have characteristics of short-range order and long-range
disorder. Nevertheless, the isotope fractionations at high pressures
presented here are the “hypothetical” values, which are used to
evaluate the pressure effect on H and O isotope fractionations.

2.2.4. The computation of harmonic RPFRs

For comparison, we calculated the H and O isotope fractiona-
tions between brucite and water using the harmonic approxima-
tion. We follow the method used in our previous work (Gao and
Liu, 2021) to calculate the RPFRs of brucite and water. The PBEO
functional is used to allow the harmonic RPFRs comparable to
the Z5€ values of PIMD-PBEO simulations. The plane wave energy
cutoff is set as 600 eV. For brucite, the unit cell is firstly relaxed
without constraining the atomic positions and cell parameters.

The root-mean-square errors (RMSEs) of the energies and forces of the DP models evaluated with the training, validation, and test sets.

System Energy (meV/atom) Force (meV/A)

Training Validation Test Training Validation Test
Brucite (PBE) 0.13 0.17 0.11 13.48 14.95 10.78
Brucite (PBEO) 0.11 0.13 0.14 11.98 11.25 9.22
Water (PBE) 0.44 0.47 0.69 37.00 35.70 38.63
Water (PBEO) 0.48 0.57 0.46 33.53 37.21 34.80
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The k-point grid is set as 9 x 9 x 7. The force convergence criterion
is set as 1e-3 eV/A. After relaxation, a 4 x 4 x 2 supercell is built
based on the relaxed unit cell and then used for frequency calcula-
tion. The harmonic frequencies are calculated with the finite dis-
placement method.

For water, the NPT simulation with the Langevin thermostat is
performed to get the equilibrium volume at zero pressure and
300 K. The simulation cell is cubic and contains 32 water mole-
cules. The simulation step is set as 0.25 fs and the total running
time is 20 ps. The equilibrium volume is taken as the average vol-
ume of the last 10 ps, which is slightly smaller than those predicted
by the PIMD simulations (10.62 + 0.26 A%/atom vs. 10.83 + 0.30 A3/
atom). To include the configurational disorder of the liquid (e.g.,
Pinilla et al., 2015; Dupuis et al., 2015; Gao and Liu, 2021), 5 snap-
shots with volumes equal to the equilibrium volume are taken
from the last 10 ps trajectory. The intervals of the snapshots are
roughly 2 ps. Then the atomic positions of the snapshots are
relaxed with the cell parameters fixed. The force convergence cri-
terion is also set as 1e-3 eV/A and the k-point grid is set as
1 x 1 x 1. Finally, the harmonic frequencies of the 5 snapshots
are calculated. Note that there are 32 oxygen and 64 hydrogen
atoms in the water cell. To better include the configurational disor-
der, we treat all the atoms as the interested atom and totally calcu-
lated 5 x 32 RPFRg and 5 x 64 RPFRy values, the final RPFRs are
taken as the average of them.

3. Results
3.1. The accuracy of the trained DP models

The energy and force root-mean-square errors (RMSEs) of the
DP models evaluated with the training, validation, and test sets
are summarized in Table 1. During training, the initial RMSEs of
the energies and forces for training and validation sets are large,
then the RMSEs decreased dramatically and finally stabilized. The
average RMSEs of the energies are smaller than 1 meV/atom for
all four models, and the average RMSEs of the forces are no more
than 40 meV/A. The small RMSEs imply that a good match is
obtained between the DP models and FPMD calculations. The accu-
racy of the models is enough for the isotope fractionation calcula-
tions because the errors are much smaller than the energy change
corresponding to the isotope substitution (see Section 3.3). A test-
ing set containing 200 frames of data is used to evaluate the accu-
racy of the trained DP models. The energies and forces predicted by
the DP models are in good agreement with those predicted by
FPMD (Fig. 1, Fig. S2). The RMSEs of energy and force are compara-
ble to those of the training and validation sets (Table 1), suggesting
that the DP models are not affected by the overfitting effect.

To further assess the accuracy of the DP models, we calculated
the radial distribution functions (RDFs) and the coordination num-
bers (CNs) of water by performing FPMD, DPMD, and PIMD simu-
lations. Typically, the RDFs and the CNs obtained from DPMD
and FPMD simulations are well overlapped with each other
(Fig. S3), suggesting that the trained DP models reproduced the
accuracy of the FPMD simulations in predicting the structural
properties of the liquid water. The PIMD RDFs and the CNs are
close to those of DPMD and FPMD simulations, but some small dif-
ferences exist. For example, the PIMD O—O RDFs have slightly
lower first minimums and higher second peaks, this is similar to
the reported quantum and classical RDFs for water in previous
works (Marsalek and Markland, 2015; Gasparotto et al., 2016;
Ceriotti et al., 2016); The PIMD CNs are slightly lower than DPMD
and FPMD CNs at the large distance (>2.5 ~ 3 A). As compared with
the experiments (Soper, 2000), the theoretical RDFs roughly cap-
tured the shape of the experimental RDFs, but the theoretical RDFs
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are steeper and narrower, and have higher peaks and lower mini-
mums. This suggests that the DFT-based MD simulations predicted
a more structured water environment than the experiment.

3.2. The equilibrium volumes of brucite and water at different
temperatures

The DP models trained on FPMD data are used for the PIMD
simulations to predict the isotope fractionations. To get fully theo-
retical results, the isobaric-isothermal (NPT) PIMD simulations are
first conducted with zero pressure to estimate the equilibrium vol-
umes of brucite and water at different temperatures. The results
are compared with the experiments in Fig. 2. Generally, the vol-
umes of the brucite and water increase as the temperature
increases. The volume of water is much more sensitive to the tem-
perature than brucite. At 300 K, the volumes of the water predicted
by PIMD-PBE and PIMD-PBEO are larger than the experimental val-
ues by about 8%, this is consistent with previous studies which
overestimate the structural parameters of the substances by about
several percent with PBE functional (e.g., Méheut et al., 2007; Gao
and Liu, 2021). For brucite, the volume predicted by PIMD-PBE is
larger than the experimental value by about 5% at 300 K, and the
results of PIMD-PBEO are consistent with those of experiments.
To further assess the predicted volumes, we calculated the equilib-
rium volumes of brucite and water at 300 K with the FPMD simu-
lations (NPT with PBEO functional). The predicted brucite volume is
in excellent agreement with those of the PIMD-PBEO simulation
(i.e., 8.22 £ 0.11 A3/atom vs. 8.22 + 0.09 A3/atom). For water, the
predicted equilibrium volume is smaller than the PIMD-PBEO
result by about 1.9%, (i.e., 10.62 + 0.26 A3/atom vs. 10.83 + 0.30 A
3Jatom), but they are in the error range of each other. The equilib-
rium volumes obtained from the NPT simulations are used for later
NVT simulations to ensure the pressures are close to zero
(Table S1).

3.3. The kinetic energies of H and O

Isotope fractionation is related to the free energy change corre-
sponding to an isotope exchange reaction, where the change of the
free energy can be estimated by integrating the quantum kinetic
energy of the substituted atom as a function of the mass. Thus,
checking the kinetic energies of H and O with different isotopic
masses could provide important information for understanding
the isotope behaviors. The quantum kinetic energy can be calcu-
lated by summing two terms, i.e., the term of classical kinetic
energy independent of neighboring atoms and the term of kinetic
energy associated with the quantum confinement of a particle
(e.g., Vanicek and Miller, 2007; Zimmermann and Vanicek, 2009).
The second term depends on the forces exerted on the particle
by the surrounding atoms. If the term equals zero, then there is
no isotope fractionation exists. Thus, the equilibrium isotope frac-
tionation is a purely quantum mechanical effect (e.g., Markland
and Berne, 2012; Ceriotti and Markland, 2013).

We calculated the H (Ky) and O (Kp) quantum kinetic energies in
water and brucite by performing PIMD-PBEO simulations with dif-
ferent isotopic masses (H vs. D and '°0 vs. 180). The calculated Ky
and Ky as a function of temperature are presented in Fig. 3. The
classical limit of kinetic energy (3kgT/2) is also included for com-
parison. All the kinetic energies are positively correlated with the
temperature. For both H and O, the quantum contribution to the
kinetic energy is significant, suggesting that both H and O in bru-
cite and water are affected by the quantum effects. As the temper-
ature increases, the quantum effects become less important and
the kinetic energies tend to converge to the classical limit. Hydro-
gen has larger kinetic energy than oxygen, suggesting that H atoms
in brucite and water experience more significant quantum confine-
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Fig. 1. Comparison of water energies and forces predicted by DPMD and FPMD (PBEO functional). 200 frames of data are plotted in the figure. The forces of three orientations
(X, ¥, z) acting on each atom are compared. The dotted lines represent the 1:1 correlation.

ment. Substitution of H and O in brucite and water with heavy iso-
topes yields smaller Ky and Ko. For hydrogen, the Ky decreases by
~26% as changing H to D, while for oxygen the K, decreases by ~3%
as the oxygen change from '°0 to 20 (at 300 K). This is similar to
the water kinetic energies reported by Pinilla et al., (2014). As com-
paring the kinetic energies of brucite and water, we find that water
has larger Ky and Ky at all the temperatures studied in this work,
suggesting that the quantum effects in water are slightly stronger
than in brucite. This also suggests that the free energy changes of
isotopic substitution reactions in water are larger than those in
brucite, implying that water tends to be enriched in heavy isotopes
relative to brucite.

To assess the pressure effect on the kinetic energies, we also cal-
culated the Ky and K, for brucite and water at 1 GPa and 300 K. The
kinetic energies are compared with those at 0 GPa in Table S2. Gen-
erally, the kinetic energies at 1 GPa are larger, suggesting that pres-
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sure leads to an increase in free energy change associated with
isotope exchange reaction and finally yields a larger Z°¢ value.
However, an exception happens in the case of H in water. The Ky
and Kp in water under 1 GPa are smaller than those under 0 GPa,
which is opposite to other cases. This suggests that the free energy
change associated with H-D exchange under 1 GPa is smaller than
that under 0 GPa, which yields a smaller Z°€, As increasing pressure
yields larger Z5¢ for H in brucite, the H isotope fractionations
between water and brucite will dramatically decrease with
increasing pressure.

3.4. The direct scaled-coordinates estimator (Z°)
3.4.1. The convergence of the direct scaled-coordinates estimator

PIMD treats the quantum particles as a set of ring polymers of P
classical beads. As P approaches infinite, the exact quantum statis-
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tics are achieved. In practice, a limited number of beads are applied
to accelerate the PIMD simulations. Therefore, the convergence of
the calculated properties with the number of beads P is important
for the PIMD simulations. Here, the convergences of the direct
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scaled-coordinates estimators and the isotope fractionation factors
with the number of beads are assessed. The results suggest that the

direct estimators (Z; and Z°) of brucite and water are almost con-
verged at P = 32 beads (Fig. 4). As for the isotope fractionation fac-
tors, the differences between the predicted 10°In(oy) and 10°In
(0lp) with P=32 and P = 40 are no more than 2.5%0 and 1.5%., which
suggests that 32 beads are sufficient to generate acceptable isotope
fractionation factors. This is consistent with previous works which
showed that 32 beads are enough to provide converged values of
10°In() for the liquid-vapor system (Markland and Berne, 2012;
Pinilla et al., 2014). Moreover, Ceriotti and Markland (2013) sug-
gested that the number of beads needed for convergence of the
conventional PIMD simulations is proportional to fhup., Where
Umax 1S the maximum vibrational frequency of the studied system.
For water and brucite (#mex ~ 3700 cm™!) at room temperature,
P = 32 is a safe choice to get converged isotope fractionation fac-
tors. Thus, we use 32 beads for all the PIMD simulations in the pre-
sent work.

3.4.2. The predicted direct scaled-coordinates estimator

The estimated direct estimators are evaluated as the average of
the 103In(Z5) values (after equilibration) computed during PIMD
simulations. The calculated 10%In(Z;) and 10%In(Z") values and
their accumulative averages of brucite and water at 300 K are pre-
sented in Fig. S4 and Fig. S5. As shown in the figures, the fluctua-
tions of 10°In(Z5¢) values are large during the simulations, and
the standard deviations are more than #170%. and +14%. for H
and O isotopes, respectively. However, the accumulative averages
of brucite and water are stabilized after the first 20 ps, and their
values are clearly different. The estimated values of 10%In(Z)
(PIMD-PBEO) for brucite and water are 2466.1 + 0.73%0 and 2527.
0 + 0.61%. at 300 K, and the 10%In(Z5) values are 63.0  0.04%o
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Fig. 4. The variations of 10°In(Z5%) and 10%In(a) (%) with the number of beads
(PIMD-PBEO at 300 K). The squares and circles represent the 10°In(Z°¢) values of
brucite and water, and the hexagons denote the corresponding isotope fractiona-
tions. (a) H isotope; (b) O isotope.
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and 71.7 = 0.05%. (Fig. S4 and Fig. S5). The standard errors are
smaller than 1%, which ensures the accuracy of the estimated
direct estimators.

The estimated direct estimators and equilibrium isotope frac-
tionation factors at temperatures between 273 K and 600 K are
presented in Table 2 and Fig. 5. Generally, the 10%In(Z°¢) values
decrease as the temperature increases. The values estimated by
PIMD-PBEO and PIMD-PBE are different, this is related to the fact
that the DP models are trained on FPMD data of different function-
als. For H isotopes, both the results of PIMD-PBEO and PIMD-PBE
suggest that water is enriched in D relative to brucite, this is con-
sistent with previous experimental and theoretical results (Satake
and Matsuo, 1984; Xu and Zheng, 1999; Saccocia et al.,, 1998;
Horita et al, 1999; 2002; 2018; Reynard and Caracas, 2009;
Méheut et al., 2010). For oxygen isotope, our results suggest that
water is also enriched in heavy O isotope relative to brucite. By
comparing the predicted 103In(Z5¢) values, the isotope fractiona-
tion factors between brucite and water can be estimated (Table 2).

Table 2
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The pressure effects on H and O isotope fractionations at 300 K
are investigated by performing PIMD simulations at pressures
close to 1 GPa, 2 GPa, and 3 GPa. The pressure dependences of
10°In(Z5) values are presented in Fig. 6 and Table S3. For H, the
calculated 10°In(Zi") values of brucite are gradually increasing

with the increase of pressure, but the 10°In(Z") values of water
are decreasing as the pressure increase, indicating that the D/H iso-
tope fractionation between water and brucite decreases with the
increase of pressure. This is consistent with the demonstrations
based on the kinetic energies in Section 3.3 and those reported
by previous works (Polyakov and Kharlashina, 1994; Horita et al.
2002). The 10°In(Z;F) values of brucite and water are nearly iden-
tical around the pressure of 3 GPa, as the pressure increases, the
D/H isotope fractionation between brucite and water will be
inversed. For O, both the 10°In(Z3") values of brucite and water
are increasing with the increase of pressure. Thus the change of
180/160 isotope fractionation with pressure is relatively small as

The predicted 10°In(Z°) (%) of brucite and water at different temperatures (PIMD-PBEO and PIMD-PBE). The H and O isotope fractionation factors (%0) between brucite and water
at different temperatures are also presented. Note that the pressures of the PIMD simulations are not strictly zero (Table S1). The values in the brackets are the 10°In(Z5)corrected

values at zero pressure and 300 K (see Table S3 for details).

T (K) Brucite Water Brucite vs. Water
10%In(ZC) 10%In(zX) 10%In(ZC) 10°In(Z5) 10%In(ow) 10%In(ato)
PIMD-PBEO
273 2757.0 73.0 28354 81.2 —78.3 -8.2
300 2466.1 (2466.3) 63.0(63.0) 2527.0(2529.9) 71.8(71.7) ~60.9(—63.7) ~8.7(—8.6)
350 2045.3 49.6 2087.0 57.4 —41.7 -7.9
400 1730.8 40.2 1761.7 47.6 -30.9 -7.4
500 1295.0 28.2 1322.2 34.6 —27.2 —-6.4
600 1009.6 211 1036.1 26.8 —26.6 -5.7
PIMD-PBE
273 2618.6 67.4 2677.7 78.2 -59.1 -10.8
300 23393 58.3 2379.8 69.4 —40.5 -11.1
350 1936.1 45.8 1959.1 55.6 -23.0 -9.8
400 1635.6 371 1648.5 45.7 -12.9 -8.6
500 1220.3 26.1 1235.5 329 —15.2 -6.8
600 948.5 19.5 968.7 25.1 -20.2 -5.6
T(K) T(K)
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Fig. 5. The temperature dependence of 10°In(Z5) (%o) of brucite and water (PIMD-PBEO and PIMD-PBE). The harmonic RPFRs in %o are presented for comparison. The insets
represent the differences (Aq, in %0) between harmonic RPFRs and the Z5€ at different temperatures. (a) H isotope; (b) O isotope.

214



C. Gao, Y. Zhang, Q. Liu et al.

2540 T T T T T T T
o550 a W Brucite [0
T e, @® Water
N« o—10%n(a) -60
2520 - N>\
\ I -50
2510 o
Bx AR C
N 2500 L\ ~.. =
2490 4 S =
- N - Lo
N === "" u
L Be-
meT F-10
24704 __.-="
L Lo
2460 -
T T T T T T T 10
80 T T T T T T T -9.0
78
b 88
76 |
74 S~ _@--- r-8.6
~ e . ————— .
72 _g--mon <®- "
5 - 84 5
£ 70 ~ £
@ ~— o
S ] 822
66 -| _.--H |
_____ R 8.0
644 - ==
e F-7.8
62 |
60 T T T T T T T -76
0 500 1000 1500 2000 2500 3000

Pressure (MPa)

Fig. 6. The pressure dependence of 10°In(Z5) (%0) of brucite (squares) and water
(circles) at 300 K (0-3 GPa, PIMD-PBEO). The dashed lines represent the fitting
curves of the 10%In(Z%C) values (Table S3). The isotope fractionations (hexagons) at
different pressures are also presented. (a) H isotope; (b) O isotope.

compared to the D/H isotope fractionation. Note that the pressures
in Fig. 6 are taken as the average pressures of the PIMD simula-
tions, their values are not strictly equal to the expected pressures
(i.e., 0 GPa, 1 GPa, 2 GPa, and 3 GPa), especially for water
(Table S3). We can easily correct the 10%In(Z5) values to those at
the expected pressures by fitting the 10°In(Z5%)-pressure relations
(Table S3). At zero pressure, the 10°In(Z )correctea Value of water
(~2529.9%0) is larger than the calculated value (~2527.0%c) by
about 3%o (Table 2). At other pressures, the 10°In(Z5 )correctea Val-
ues deviate from the calculated values by about 2%. (Table S3).
The corrections are related to the differences between the PIMD

Table 3

Geochimica et Cosmochimica Acta 346 (2023) 207-222

pressures and the expected pressures. As for the O isotope, the cor-
responding corrections are small (<0.2%o0), suggesting its fractiona-
tion is less sensitive to the pressure change relative to the H
isotope. For brucite, the PIMD pressures are close to the expected
pressures, so the corrections for both H and O isotopes are small
(<0.5%o).

3.5. The harmonic RPFRs

To assess the contribution of the quantum effects and anhar-
monicity, we calculated the harmonic RPFRs for brucite and water.
The structural and vibrational parameters of brucite are compared
with previous measurements (Chakoumakos et al., 1997; Dawson
et al., 1973) and calculations (Méheut et al., 2010; Reynard and
Caracas, 2009) in Table S4. The predicted RPFRs are shown in
Table 3 and Fig. 5. Generally, water has larger RPFRs than brucite,
indicating that the heavy isotopes tend to be enriched in water
rather than brucite. As compared with the Z5¢ values of PIMD-
PBEO, RPFRs are significantly larger than Z5€, which suggests that
the quantum effects have a large influence on the isotope behav-
iors in brucite and water. As the temperature increases, the RPFR
values tend to converge to the Z5€ values. This is similar to the tem-
perature dependence of the quantum kinetic energies (Fig. 3), sug-
gesting that the quantum effects are less relevant at high
temperatures. The H and O isotope fractionations calculated with
harmonic RPFRs are also listed in Table 3. The errors of the isotope
fractionations are taken as the standard deviations of water RPFRs.

4. Discussions
4.1. Comparing the estimated pressure effect with previous studies

The pressure effect on H isotope fractionation between brucite
and water has been studied by previous theoretical and experi-
mental works (Polyakov and Kharlashina, 1994; Polyakov et al.,
2006; Horita et al.,, 1999; 2002; 2010; 2018), the experimental
works are mainly focused on the situations of 200-600 °C and 0-
800 MPa. The pressure effect is usually quantified by the ratio of

RPFRs of the substance at a given pressure (pg) and a reference
RPFRy,
RPFR, ¢

lated the 10%In(Z5¢) values at 300 K in the pressure range of 0-3
GPa (Table S3, Fig. 6). We find that the estimated 10%In(Z5) values
all increase with the increase of pressure, except for the 10°In(Z)
values of water, which are in the opposite direction. This is related

pressure (pres), Nnamely 10%In( ). In this work, we only calcu-

The harmonic RPFRs (%) of brucite and water at different temperatures. The H and O isotope fractionations (%.) are also presented. The RPFRs are calculated with PBEO functional.
For water, the values of RPFRy and RPFRg are taken as the average of 5 x 64 and 5 x 32 RPFR values, respectively. The errors of the isotope fractionations are taken as the standard

deviations of the RPFRs of water.

T (K) Brucite Water Brucite vs. Water

10°In(RPFRy;) 10°In(RPFR,) 10°In(RPFRy;) 10°In(RPER,) 10°In(oyy) 10°In( o)
273 2969.3 78.3 3053.8 86.7 —84.5+17.0 -841+25
300 2646.9 67.6 27144 76.6 —67.5+ 149 -9.0+2.1
323 2414.0 60.2 2469.2 69.4 -552+13.9 -931+1.8
348 2199.2 53.5 2242.9 62.8 —43.7 +13.3 -93+15
373 2014.8 48.0 2048.7 57.2 -339+13.1 -93+13
398 1854.9 433 1880.3 52.4 —25.4+13.2 -9.1+1.1
423 1714.9 394 17331 48.2 -18.1+134 -891+1.0
448 1591.6 36.0 1603.4 44.6 -11.8 +13.6 -8.6+09
473 1482.1 33.0 1488.4 413 -6.3 +13.8 -8310.8
498 1384.2 304 1385.8 38.5 -1.6 +13.9 -8.0+0.7
523 1296.4 28.2 1293.8 35.9 2.6 £14.1 -7.7+0.6
548 1217.0 26.2 12109 33.6 6.1 +14.1 -7.4+0.6
573 1145.1 24.4 11359 31.5 9.2 +14.2 -7.1+05
598 1079.6 22.8 1067.7 29.6 119 +14.2 -6.9+0.5
623 1019.7 213 1005.6 27.9 14.2 + 141 -6.6 + 0.4
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to the fact that the mole volume (V) of the H,0 in the liquid phase
is smaller than that of D,0 (Kell, 1977). Thus the differential of the
RPFR with respect to the pressure is smaller than O, i.e,

(m“({’f#)T:—%<0 (4V = V¥ — V) (Clayton et al, 1975;

Polyakov, 1998), while most of the other compounds have

AIn(RPFR)
ap

works (Polyakov and Kharlashina, 1994; Horita et al. 2002).
Horita et al. (2002) theoretically predicted the pressure effect

on RPFRs of brucite, they found that the 10°In(RPFR) of brucite

increased by 12.58%. from 0 MPa to 800 MPa with an error of

+5~10% (i.e. 1031n('*"FRv:s°°) =12.58% at 300 K). Zhu et al.

RPFR,_o
(2019) considered the anharmonic contribution to the pressure
effect on brucite RPFRs, their results are slightly smaller than those

of Horita et al. (2002) at 300 K (10%In (Rg,f’;ngﬂ) = 12.17%o). Reynard
-

and Caracas (2009) predicted the pressure effect on RPFRs of bru-
cite based on the quasi-harmonic approximation, which yields

1031“(%%) =10.39%0 at 300 K. In this work, the estimated

)T = — A% > 0. Similar results are also found by previous

SC
pressure effect of brucite is 10°In (Z;’;gﬂ> = 5.8 £+ 4.5%0, which is
Hp=0
in the same direction of the previous results, but the magnitude
of pressure effect is smaller. For water, Polyakov et al. (2006)
developed a theoretical approach based on equations of state to
estimate the RPFRs of water at elevated temperatures (up to 527

°C) and pressures (0-100 MPa). They found that the

103ln<R,§£§,g:g°) value of water is about —0.9%. at 30 °C and

—1.4%0 at 10 °C (see Fig. 6 in Polyakov et al., 2006). In this work,
SC
the estimated 10°In (Z;‘;;ﬂ> is —2.7 £ 12.6%0 for water at 300 K.

H.p=0

Despite the large standard errors, the result is close to that of
Polyakov et al. (2006). The pressure dependence of the D/H isotope
fractionation factor is also presented in Fig. 6. The fractionation
factors increase from —63.7%o at 0 GPa to —2.4%. at 3 GPa. As the
pressure continuously increases, the D/H isotope fractionation
between brucite and water has the trend to be inversed. The trend
is consistent with that of Horita et al. (2010), which suggested that
the D/H isotope fractionations between brucite and water under
high pressures will be different from those of near-surface
environments.

Previous experimental works found no measurable O isotope
pressure effect in mineral-water systems at pressures up to 2.2
GPa (400-700 °C) (e.g., Clayton et al., 1975; Matsuhisa et al,
1979; Matthews et al., 1983a; 1983b). However, Polyakov and
Kharlashina (1994) and Polyakov (1998) theoretically found a mea-
surable O isotope pressure effect on minerals. In this work, the pre-
dicted 10%In(Z5’) values of brucite and water are increasing with
the increase of pressure (Fig. 6, Table S3). The estimated
10°In <Zgzcgg—3‘;°°> values of brucite and water are 2.99%. and 2.44%o

o=

at 300 K, which are much less than those of the H isotope, suggest-
ing that the O isotope fractionation is less sensitive to the pressure
change. Because the estimated pressure effect on the O isotope of
brucite and water are comparable, the overall pressure effect on
the isotope fractionation factor is small (increased from -8.62%o
at 0 GPa to -8.07%. at 3 GPa). At high temperatures, the pressure
effect on the O isotope fractionation factors may be much smaller,
this might explain why previous experimental work found no dis-
cernible pressure effects on '80/1°0 isotope fractionations.

4.2. The influence of including the quantum effects

In this work, we calculated the H and O isotope fractionations
between brucite and water by PIMD simulations and harmonic cal-
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culations. The PBEO functional is used in both approaches to ensure
that the calculated Z5¢ and RPFR values are comparable. As shown
in Fig. 5, the inclusion of the anharmonic effects leads to decreases
in the RPFRs for both brucite and water, suggesting that both H and
O in the two phases are affected by the anharmonicity. This is dif-
ferent from those found by Dupuis et al. (2017), which observed
significant anharmonicity in the aqueous solution of Li*, but for
Li* in Li,O solid, the contribution of anharmonicity to the RPFRs
is negligible.

The influence of anharmonic effects can be evaluated by
Aann = 10°In(RPFR) - 10%In(Z5%). The temperature dependence of
Aann is shown in the insets of Fig. 5. For the H isotope, the A,np
value for water is ~218%o at 273 K and dramatically decreases to
~32%0 at 600 K. Brucite has A,,, values close to those of water
at low temperatures (<400 K), the anharmonicity could be largely
canceled when calculating the isotope fractionations (Méheut
et al., 2010; Webb and Miller, 2014). However, the anharmonicity
is only partially canceled at high temperatures (>400 K), because
the A,nn values for brucite and water are significantly different.
For the O isotope, the anharmonic contribution to RPFR is also sig-
nificant, e.g., A,nn has a value of 5.5%0 for water at 273 K and a
value of 2.9%. at 600 K. Similar to the H isotope, the cancellation
of anharmonicity exists at low temperatures (<300 K), but at tem-
peratures larger than 300 K, the anharmonicity is only partially
canceled. Note that the harmonic calculations in this work used
the volumes of low temperatures and neglected the temperature
dependence of the volumes (Fig. 2). The RPFRy of water may be
underestimated at high temperatures, whereas the RPFRs of bru-
cite and the RPFR of water may be overestimated because of the
pressure effect (Fig. 6). Thus the A,y values of water at high tem-
peratures are different from those of brucite for both H and O iso-
topes. Considering this, it is possible that the anharmonic effects on
brucite and water are comparable at all the temperatures studied
in this work and can be mostly canceled when calculating the iso-
tope fractionation factors (Méheut et al., 2010). The prerequisite is
including the temperature dependence of the volumes when calcu-
lating the RPFRs, especially for systems with their volumes sensi-
tive to the temperature (e.g., liquid water). Systematic
investigation of the cancellation of anharmonicity in the brucite-
water system needs a large number of calculations, which is
beyond the scope of the current study. Nevertheless, the results
suggest that the anharmonic effects have a large influence on the
RPFRs of both brucite and water. The similarity of the anharmonic
effect in the two phases leads to the cancellations of the Z°€ values
at low temperatures and yields isotope fractionations close to
those predicted by harmonic calculations.

To further assess the influence of quantum effects, we calcu-
lated the partial vibrational density of states (PVDOS) of the H
atoms in brucite and water at 300 K using the trajectories of DPMD
and PIMD simulations. The PVDOS curves are calculated using
nMoldyn (version 3.0.11) (Rég et al., 2003). For water, the PVDOS
has three bands (Fig. 7a), which represent the intermolecular
vibrations, bending, and stretching vibrations of H,O molecules
in liquid water. The positions of the peaks are close to those of pre-
vious MD simulations for water (Praprotnik et al., 2004). For bru-
cite, the PVDOS also has three bands (Fig. 7b). The band of
stretching modes is located in the higher frequency region as com-
pared to the PVDOS of water, suggesting that the O—H covalent
bonds in brucite are stronger than those in water. The band of
bending vibrations remarkably shifts to the lower frequencies
because the O atom in brucite forms four covalent bonds with H
and Mg, which weakens the bending vibrations. The libration peak
of brucite is also located in the lower frequency region, suggesting
that the librations are suppressed in brucite.

As shown in Fig. 7, including the quantum effects for water
shifts the bands of bending and stretching vibrations to the lower
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Fig. 7. The PVDOS of the H atoms in water and brucite at 300 K. The curves generated from PIMD-PBEO, DPMD-PBEO, and PIMD-PBE trajectories are presented for comparison.

(a) Water; (b) Brucite.

frequencies and become broader and shorter, while the band of
intermolecular vibrations shifts to the higher frequencies and
becomes higher. This suggests that the quantum effects weaken
the O—H covalent bond in water molecules and strengthen the
hydrogen bonding among water molecules (e.g., Wang et al.,
2014; Ceriotti et al., 2016). Similarly, including the quantum effects
for brucite shifts the band of stretching vibrations to lower fre-
quencies and weakens the O—H covalent bonds. However, the
PIMD curves are nearly overlapped with those of DPMD in the
low-frequency region (<1500 cm™!), only the heights of peaks are
slightly lower. From these results, it is clear that including the
quantum effect will decrease the O—H stretching and bending fre-
quencies of relevance to the isotope fractionations. This could
explain why the Z°C values are smaller than the harmonic RPFRs

(Fig. 5).

4.3. The equilibrium D/H isotope fractionation factors between brucite
and water

The D/H isotope fractionation factors predicted by PIMD simu-
lations and harmonic calculations are compared with those of pre-
vious works in Fig. 8. Generally, the 10%In(ot) of PIMD-PBE and
PIMD-PBEO are different, with the results of PIMD-PBEO being clo-
ser to the experiments. This is consistent with previous FP-PIMD
work (Wang et al., 2014), which found that including the exact
exchange in functionals leads to a much-improved agreement for
isotope fractionation factors. As demonstrated by Wang et al.
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(2014), the PBE simulation predicts a larger proton excursion prob-
ability than PBEO simulations. The increased proton sharing in PBE
simulation weakens the O—H covalent bond in water and yields a
more negative water-vapor isotope fractionation. In this work, we
calculate the PVDOS of the H atoms in brucite and water by PIMD-
PBE and PIMD-PBEO simulations (Fig. 7). The PIMD-PBE simula-
tions shift the bands of stretching and bending vibrations to lower
frequencies as compared to the PIMD-PBEO simulations. This sug-
gests that the PIMD-PBE simulations predict more proton sharing
in both brucite and water, which yields smaller Z5¢ values relative
to those of PIMD-PBEO simulations (Table 2; Fig. 5). Thus the PIMD-
PBE simulations finally predict smaller absolute isotope
fractionations.

The isotope fractionations predicted by PIMD-PBEO simulations
are consistent with the harmonic calculations at temperatures
smaller than 400 K (Fig. 8). The consistency is the result of the can-
cellation effect, because the A,,, values of brucite and water are
very close (Fig. 5a inset), which leads to the cancellation of the
anharmonic effect when calculating the isotope fractionation fac-
tors. At higher temperatures, the isotope fractionations of PIMD-
PBEO are more negative than harmonic results, this is because
the A,nn values of brucite and water are different and the anhar-
monic effects are only partially canceled. As demonstrated in
Section 4.2, the anharmonic effects on brucite and water may be
comparable at all the temperatures studied in this work. If the tem-
perature dependence of the volumes is considered for brucite and
water, it is likely that the harmonic isotope fractionations at high
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Fig. 8. The PIMD and harmonic D/H isotope fractionation factors (%.) between brucite and water. Previous experimental (Horita et al., 2002, 2018; Saccocia et al., 1998;
Satake and Matsuo, 1984; Xu and Zheng, 1999) and theoretical (Reynard and Caracas, 2009; Méheut et al., 2010) results are presented for comparison. For experiments, only
the low-pressure (<51.5 MPa) data are presented. The black arrows denote the two-part 10°In(o)-temperature relations for the D/H isotope fractionation.

temperatures are also close to the PIMD results due to the cancel-
lation effect. Nevertheless, by comparing the results of PIMD and
harmonic calculations, we find that the accuracy of the harmonic
calculations largely depends on the similarity in anharmonic con-
tributions to the RPFRs (A,nn) of the materials (Dupuis et al., 2017).

The D/H isotope fractionations between brucite and water have
been investigated by several experimental works (Satake and
Matsuo, 1984; Saccocia et al., 1998; Xu and Zheng, 1999; Horita
et al.,, 1999; 2002; 2018). Based on the experimental data, the tem-
perature dependence of D/H isotope fractionations can be divided
into two parts (Fig. 8): (1) At low temperatures (<100 °C), the
10°In(o) is significantly increasing as the temperature increases;
(2) At high temperatures (>100 °C), the temperature dependence
of 10%In(at) is weaker than those at low temperatures. In this work,
the harmonic isotope fractionations are close to the experiments
(Xu and Zheng, 1999) at room temperature due to the cancellation
of the anharmonic effects. At high temperatures (>400 K), the
anharmonic effects are only partially canceled, and the harmonic
10°In(o) are significantly larger. For PIMD-PBEO simulations, the
results successfully captured the two-part temperature depen-
dence of the isotope fractionations and are in good agreement with
the experiments conducted at high temperatures (>100 °C) (Satake
and Matsuo, 1984; Saccocia et al., 1998; Horita et al., 2002; 2018).
However, at low temperatures, the 10%In(at) values are larger than
those of the experiment (Xu and Zheng, 1999) by more than 10%o
(—63.7%0 vs. —77%o at 300 K). The discrepancy may be related to
the errors involved in the PIMD simulations.

In this work, the non-zero pressures of the PIMD simulations
may introduce errors to the final isotope fractionations
(Table S1). For example, the predicted 10°In(oy;) between brucite
and water at 300 K is —60.9%0 (Table 2), and the corresponding
average pressures are —12.74 MPa and 125.25 MPa for the simula-
tions of brucite and water (Table S1). After correcting the pressure
effect, the predicted 10°In(ou;) decreased to —63.7%. (Table 2), indi-
cating that the non-zero pressures of the PIMD simulations have a
permil level effect on the 10%In(o) values. However, such an effect
is not enough to explain the discrepancy between this work and Xu
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and Zheng (1999). Moreover, most of the absolute average pres-
sures of the PIMD simulations are smaller than 65 MPa (except
for water at 273 K and 300 K) (Table S1), which further indicates
that the discrepancy between theoretical and experimental works
is not caused by the non-zero pressures of the PIMD simulations.

Another main source of error in our calculations may arise from
the application of the Born-Oppenheimer (BO) approximation,
which allows the nuclear and electronic motions to be separated.
In this study, the training data are generated within the framework
of BO approximation. The application of the DP models assumes
that the potential energies of all the isotopologues are identical,
which is valid for most situations. However, for substances that
contain light elements (e.g., H), neglecting the difference between
the potential energies of the isotopologues may lead to large errors
in the predicted isotope fractionation factors (Zhang and Liu, 2018;
Turner et al., 2021). Here, the diagonal Born-Oppenheimer correc-
tions (DBOCs) (Born and Huang, 1956) are calculated for brucite
and water clusters (Table S5; Table S6). As demonstrated in the
Supplementary materials, considering the DBOCs has little impact
on improving the agreement between theoretical and experimen-
tal works. This suggests that the discrepancy in isotope fractiona-
tions at low temperatures is not caused by the application of the
BO approximation.

Previous PIMD works (Markland and Berne, 2012; Wang et al.,
2014) found that the overall water-vapor H isotope fractionation
is the consequence of the partial cancellation of the decomposed
isotope fractionations in the three directions of each water mole-
cule, i.e., the direction along the O—H covalent bond vector and
the other two directions perpendicular to the O—H covalent bond.
The H isotope fractionation in the O—H direction is negative, while
the fractionations in the other two directions are positive. In the
case of brucite-water, the overall 10°In(ou) can also be regarded
as the results of the partial cancellation of the decomposed isotope
fractionations in the different directions, i.e., the direction along
the O—H covalent bond vector and the other direction perpendic-
ular to the O—H covalent bond. The fractionation in the O—H direc-
tion is closely related to the stretching vibrations of O—H bonds in
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brucite and water, while the fractionation in the other direction is
related to the librations and bending vibrations. By checking the
PVDOS of H atoms in the two phases (Fig. 7), we find that brucite
possesses stronger O—H covalent bonds but weaker hydrogen
bonds relative to the water, suggesting that the O—H direction con-
tribution to the brucite-water isotope fractionation is positive, but
the contribution of the perpendicular direction is negative. Wang
et al. (2014) reported a large variation range of water-vapor
10%In(oy) (—17%0 ~ 102%. at 300 K) with different functionals
(PBE, BLYP, PBEO, and B3LYP). The accuracy of the 10°In(oty) values
depends on the cancellation percentage of the fractionations in dif-
ferent directions, i.e., the accuracy of the DFT functionals in pre-
dicting the proton delocalization. Their PBE functional
overestimated the proton excursion while other functionals pre-
dicted relatively accurate proton positions. Their result of PBEO
simulation differs from the experimental value by about 17%,
which is similar to the predicted fractionations in this work. From
these results, it is likely that the discrepancy between this work
and Xu and Zheng (1999) at low temperatures is related to the
approximations in the DFT functional. Maybe more accurate func-
tionals or higher-level theoretical methods are needed for the
PIMD simulations, but they are currently too expensive for the
FPMD simulations of the condensed phases. It is also possible that
the discrepancy is related to the quantum effects, as they are more
relevant at low temperatures.

4.4. The equilibrium '80/70 isotope fractionation factors between
brucite and water

The predicted '80/'%0 isotope fractionations between brucite
and water are compared with previous measurements and estima-
tions in Fig. 9. Similar to the H isotope fractionations, the O isotope
fractionations predicted by PIMD-PBE simulations are different
from those of PIMD-PBEO simulations. The harmonic isotope frac-
tionations are close to the PIMD-PBEO results at low temperatures
(<300 K) due to the cancellation of the anharmonic effects. At
higher temperatures, the anharmonic effects are only partially can-
celed, so the results of the two approaches are different. As com-
pare the predicted isotope fractionations with the experiments
(Saccocia et al., 1998; 2015; Xu and Zheng, 1999), the predicted
PIMD-PBEO 10%In(0o) values are different from those of experi-
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Fig. 9. The PIMD and harmonic '80/'°0 isotope fractionation factors (%.) between
brucite and water. Previous experimental (Saccocia et al., 1998; 2015; Xu and
Zheng, 1999) and theoretical (Zheng, 1998; Colla and Casey, 2019) results are
presented for comparison.
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ments at low temperatures, but in acceptable agreement with
those at high temperatures (>200 °C) (Fig. 9). This is similar to
the H isotope fractionations. At 300 K, the difference between the
predicted 10%In(o,o) values of the present work and the previous
experiment (Xu and Zheng, 1999) is more than 10%.. The non-
zero pressures of our PIMD simulations have little effect (~0.1%o)
on the final 10°In(0) values (Table 2). As for DBOC, the correction
factors for '80/'°0 isotope fractionations are no more than 0.3%o at
the temperature range of 273 K to 600 K (Table S6), which could
not explain the large discrepancy. It is possible that the discrep-
ancy is also related to approximations in the DFT functional. The
quantum effects relevant at low temperatures may also be the
source of the error. Nevertheless, our results at high temperatures
are close to those of the experiments, which suggests that the
method used in this work is promising in predicting isotope frac-
tionations at high temperatures.

4.5. Implications for H isotope fractionation in subduction zone

Hydrogen isotope has been widely used to trace the water
transported into the Earth’s deep interior in the subduction zone
(e.g., Shaw et al., 2008; 2012; Alt et al., 2012; Walowski et al.,
2015; Dixon et al., 2017; Kuritani et al., 2021). The D/H isotope
ratios of the subducting materials may change significantly with
increasing depth due to the dehydration of hydrous minerals.
Based on the experimentally determined isotope fractionation fac-
tors (e.g., Suzuoki and Epstein, 1976; Sakai and Tsutsumi, 1978;
Graham et al., 1980; 1984; Saccocia et al., 2009) between fluids
and the main hydrous phases in the slab lithologies, it is commonly
accepted that the dehydration of the subducting materials would
continuously release D-enriched fluids during subduction. The
pressure effect on the D/H isotope fractionations between fluids
and hydrous minerals is barely considered in recent studies. For
example, Walowski et al. (2015) modeled the evolution of D/H iso-
tope ratios of the released fluids during subduction to interpret the
observed H isotope compositions of the melt inclusions from the
Cascade Arc. They used the fluid-mineral isotope fractionation fac-
tors from the low-pressure experiments and ignored the pressure
effect. However, the pressure effect on D/H isotope fractionations
is found to be significant in the present work, the 10%In(aty) value
at 300 K increased from —63.7%o0 at zero pressure to —2.4%. at 3
GPa (Fig. 6a). Similarly, Horita et al., (2002) found that the 10°In
(o) between brucite and water at 380 °C increased by ~15%. as
pressure increased from 2.1 MPa to 800 MPa. The fractionations
between other OH-bearing minerals (e.g., hornblende, serpentine,
and epidote) and water would also be sensitive to the pressure,
indicating that using the 10%In(oty) values determined at low pres-
sures to model the isotope fractionation between slab materials
and fluids may have large errors. Thus, the D/H isotope ratios of
the released fluids and the residue materials transported to the
deep Earth may be completely different from what was thought
before. Present work only provides the pressure dependence of
10%In(oty) at a narrow situation (300 K, 0-3 GPa), systematic inves-
tigations of the pressure effect on the fluid-mineral fractionations
are necessary to reveal the evolution of H isotope compositions
of the fluids and slab materials during the subduction process.

5. Conclusion

This work determines the H and O isotope fractionation factors
between brucite and water by PIMD simulations. The harmonic
isotope fractionation factors are calculated for comparison. Based
on the results, we find that the quantum effects are significant
for both H and O in the two phases. The cancellation of the anhar-
monic effects has a large influence on the accuracy of the harmonic
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isotope fractionations. The anharmonic effects on the RPFRs of bru-
cite and water may be close to each other, the prerequisite is con-
sidering the temperature dependence of the volumes during
harmonic calculations. The isotope fractionation factors predicted
by PIMD-PBE simulations are significantly larger than the experi-
mental values, this is because the PBE functional overestimates
the proton excursion in the two phases. The results of PIMD-
PBEO are consistent with the results of the partial exchange exper-
iments at high temperatures but distinct from those of the synthe-
sis experiment at low temperatures. The discrepancies may be
caused by the inaccuracy of the DFT functionals in predicting pro-
ton positions. The pressure effect on the H isotope fractionations is
found to be significant at room temperature, whereas the O isotope
fractionations are much less sensitive to the pressure change.
Moreover, the H isotope fractionations between brucite and water
have the trend to be inversed at high pressures, indicating that the
H isotope fractionations between hydrous minerals and fluids in
the deep Earth may be significantly different from those at near-
surface conditions. This is important for investigations of water
cycling into the deep Earth during the subduction process. The
method used in this work generated acceptable isotope fractiona-
tion factors for brucite-water, especially at high temperatures.
With the DP models, the isotope fractionations of the light ele-
ments among the condensed phases could be easily predicted by
the PIMD simulations. The method is promising and has broad
applications in the geoscience field.
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