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Abstract

Despite many studies reporting the presence of S-bearing apatite in igneous and
hydrothermal systems, the oxidation states and incorporation mechanisms of S in the apatite
structure remain poorly understood. In this study, we use ab-initio calculations to investigate the
energetics and geometry of incorporation of S with its oxidation states S°*, S*', and S* into the
apatite end-members fluor-, chlor-, and hydroxylapatite, [Ca;o(PO4)s(F,C1,OH),]. The relative
stability of different oxidation states of S in apatite is evaluated by using balanced reaction
equations where the apatite host and a solid S-bearing source phase (e.g., gypsum for S° and
troilite for S*) are the reactants, and the S-incorporated apatite and an anion sink phase are the
products. Here, the reaction energy of the balanced equation indicates the stability of the
modeled S-incorporated apatite relative to the host apatite, the source, and sink phases. For the

incorporation of S into apatite, coupled substitutions are necessary to compensate for charge
1
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imbalance. One possible coupled substitution mechanism involves the replacement of La’" +
PO, & Ca*" + SO,4”. Our results show that the incorporation of SO,* into La- and Na-bearing
apatite, CagNaLa(PO4)s(F,C1,OH),, is energetically favored over the incorporation into La- and
Si-bearing apatite, CagLa(PO4)s(Si04)(F,Cl,OH), (the difference in incorporation energy, AE,,,,
is 10.7 kJ/mol). This thermodynamic gain is partially attributed to the electrostatic contribution
of Na®, and the energetic contribution of La’" to the stability of SO,* incorporated into the
apatite structure. Co-incorporation of SO,* and SOs” is energetically favored when the lone pair

electrons of SO;” face towards the anion column site, compared to facing away from it.

Full or partial incorporation of S* is favored on the column anion site in the form of
[Cajo(PO4)6S] and [Caz0(P0O4)12SX7)], where X = F, Cl, or OH. Upon full incorporation (i.e.,
replacing all column ions by sulfide ions), S* is positioned in the anion column at z = 0.5 (half
way between the mirror planes at z = 1/4 and z = 3/4) in the energy-optimized structure. The
calculated energies for partial incorporation of S demonstrate that in an energy-optimized
structure, S is displaced from the mirror plane at z = 1/4 or 3/4, by 1.0 to 1.6 A, depending on
the surrounding species (F, CI" or OH); however, the probability for S* to be incorporated into

the apatite structure is highest for chlorapatite end-members.

Our results describe energetically feasible incorporation mechanisms for all three oxidations
states of S (S®, S*', S*) in apatite, along with structural distortion and concurring electronic
structure changes. These observations are consistent with recently published experimental results
(Konecke et al. 2017) that demonstrate S®*, S*" and S* incorporation into apatite, where the ratio
of S®/YS in apatite is controlled by oxygen fugacity (fO,). The new computational results

coupled with published experimental data provide the basis for using S in apatite as a
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geochemical proxy to trace variations in oxygen fugacity of magmatic and magmatic-

hydrothermal systems.

Keywords: apatite, S incorporation, S oxidation state, energetics, geometry, column anion,

lanthanum, oxybarometry

INTRODUCTION

Apatite group minerals, with the general chemical formula [Ca;o(PO4)s(F,C1,OH),], are the
most abundant phosphate minerals on Earth (Rakovan et al. 2013; Harlov 2015). The diverse
chemistry of apatite is related to its flexible structure, which can accommodate a large number of
cations and anions (Hughes and Rakovan 2002). The Ca cation sites can be replaced by alkali,
alkali earth and transition metals (e.g., Na, Ba, Sr, Mn, Pb) and rare earth elements (e.g., La, Ce),
whereas the major oxyanions such as SiO4", SO4>, CO;” can occupy the phosphate (PO,”) site

(Hughes and Rakovan 2002).

Despite several studies demonstrating the evolution and variation of S recorded in apatite
phases from igneous systems (Peng et al. 1997; Streck and Dilles 1998; Imai 2002; Parat et al.
2002; Parat and Holtz 2004, 2005), little is known about the structure and thermodynamic
stability of S in apatite. The recent study by Konecke et al. (2017) is the first to show
qualitatively that variable abundances of S°*, S*", and S* are incorporated into apatite as
crystallized from a mafic silicate melt under varying oxygen fugacity (fO,) conditions. The new
experimental data on S redox chemistry in apatite highlight the need for theoretical

understanding of the structural incorporation of different S species in apatite.
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In this study, the thermodynamics and geometry of S incorporation in the apatite structure
were investigated computationally. While common trace element impurities (e.g., Na, Si, REEs)
in natural apatite are taken into account (Hughes et al. 1991), we focus on evaluating some of the
most plausible scenarios that are consistent with experimental observations (e.g., 2P°" < S¢* +
S* and 2(F,CI',OH) & S% + vacancy; Konecke et al. 2017). From a computational standpoint,
each type of reactant and product must be treated independently, while the same system
configuration and computational settings must strictly be applied for all species in a given
chemical equation (Walker and Becker, 2015). In our approach, all phases considered are solids,
and are quantum-mechanically modeled at ambient pressure (P) and temperature (T) conditions,
because calculations at elevated P and T are currently beyond the capability for the applied
approach. The relative stability of S with different oxidation states (S°*, S*", and S*) in apatite is
evaluated using balanced reaction equations, where the host apatite and the source phase for S
(e.g., gypsum for SO4* and troilite for S*) are the reactants, and the S incorporated apatite and
the sink phase that accommodates the replaced anions from apatite (e.g., monazite for PO,>) are
the products. The host apatite, source, and sink phases are required for achieving a stoichiometric
and balanced reaction equation. Thus, the reaction energy of the balanced equation indicates the
stability of the S incorporated apatite, relative to coexisting solid phases. This computational
evaluation permits the determination of: [1] the energetic favorability of S incorporation into
apatite depending on substitutions required for charge balance, and [2] the electronic structure of
atoms and the structural distortion of the incorporation site upon S incorporation. Based on the
results of this study, chemical and crystallographic parameters that control the S incorporation

into apatite are identified, and provide the computational and thermodynamic framework
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required to investigate the potential role of S in apatite as a proxy to trace redox in magmatic

systems.

PREVIOUS WORK

Historically, sulfate (S°) has been suggested as the only oxidation state of S in the apatite
structure (cf. Parat et al. 2011) based on the observation that S-rich (terrestrial) apatite,
containing up to 0.8 wt.% S, exists in oxidizing (anhydrite-bearing) environments, where sulfate
S and sulfite S** are the dominant (or only) S oxidation states in the melt and fluid, respectively
(e.g., Rouse and Dunn 1982; Liu and Comodi 1993; Tepper and Kuehner 1999). Direct evidence
for the presence of S°" in the apatite structure was reported by Paris et al. (2001) who used
synchrotron-radiation S K-edge micro X-ray absorption near-edge structure (u—XANES)
spectroscopy to document the presence of sulfate in Durango apatite. Their results supported the
hypothesis that S is incorporated as S°" into the apatite structure. There are, however,
experimental data from reduced systems, where sulfur is present mostly as sulfide (S*) in the
melt (Jugo et al. 2005), which suggests that apatite crystallizing from the melt may incorporate
S*. For instance, S concentrations in apatite from reduced lunar mare basalts (i.e., IW; iron-
wiistite fO, buffer; Sato et al. 1973) exceed 400 pg/g S (Greenwood et al. 2011; Boyce et al.

2014).

Recently, Konecke et al. (2017) provided qualitative evidence for the presence of S°*, S*,
and S in apatite. Apatite crystals were crystallized from a hydrous, S-bearing mafic melt at
1,000°C, 300 MPa, and over a broad range of oxygen fugacities ((log(fO,) = FMQ to FMQ+3;
FMQ = fayalite-magnetite-quartz solid buffer). Those authors used S p-—XANES to document the

presence of distinct sulfate S°* (absorption edge energy of ~2482 eV), sulfite S** (~2478 eV) and
5
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sulfide S* (~2470 eV) in the apatite structure (Figure 1). Specifically, apatite is dominated by S
with a small contribution of S*" under oxidizing conditions (FMQ+1.2 and +3); whereas S* is
the dominant S oxidation state at more reducing conditions (FMQ). Their results demonstrate
that once the S incorporation mechanism is determined, the S oxidation state in apatite may be
used as a geochemical tool to quantify oxygen, and perhaps sulfur fugacity at redox conditions
relevant to arc and MORB settings. However, the incorporation mechanisms and bonding
environments of each S oxidation state in apatite remain unknown, and are imperative to the

development of a quantitative S-in-apatite oxybarometer.

METHODS
Computational parameters

The computational approach adopted in this study is based on density functional theory (DFT)
with planewaves representing functions for the overall wave function of upper valence and
conduction band electrons (basis functions), while inner valence and core electrons of an atom
and their interactions with the valence electrons are approximated using pseudopotentials. The
optimization was performed using the quantum-mechanical code CASTEP (Segall et al. 2002).
The Perdew-Wang generalized gradient scheme (GGA) was used in combination with ultrasoft
pseudopotentials. The GGA scheme was parameterized by the Perdew—Burke—Ernzerhof (PBE)
functional (Perdew et al. 1996). The energy cutoff for planewave expansion was 400.0 eV and
the Brillouin zone was sampled using a k-point separation of 0.05 A, according to the
Monkhorst-Pack scheme (Monkhorst and Pack 1976). Self-consistent field cycles were assumed

to converge with an energy difference of less than 2.0 x10™ eV/atom. A spin-polarized approach
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was implemented when the unit cell of a mineral included atoms with unpaired spins. For
example, ferrous iron, (Fe’) has four 3d unpaired spins in its high-spin state. The electronic
contribution of localized unpaired d states to materials properties may be incompletely described
using standard DFT approaches. For such cases, a Hubbard U correction was implemented to
account for the on-site Coulomb interaction (represented by the parameter, U) and the exchange
interaction (J). For this approach, the effective Hubbard U parameter, U,y (= U-J) values, was
adopted from previous studies investigating the Fe 3d states in various silicates (Uyr= 2.9 and

4.8; Hsu et al. 2011; Stackhouse et al. 2010) and sulfides (U = 2.0; Rohrbach et al. 2003).
Incorporation energy calculation

The reaction equation of S-incorporation consists of a pure (i.e., end-member) and impure
(i.e., trace elements-bearing) apatite in the form of host apatite (apatiten,s) and S-incorporated
apatite (apatites.incorporared)- Accordingly, appropriate solid sources for S (source;) and sinks for
ions replaced in the mineral host (sink;) were selected to maintain stoichiometry. A host apatite
phase and sources for S in different oxidation states are reactants, while S-incorporated apatite
and sinks for anions being liberated from the apatite host are products. The general equation for

this approach takes the form:
apatitehost + Z?:l a; source; < apatites—incorporated + Zﬁl bi Sinki (1)

The incorporation reactions are balanced in order to involve one atom of S on both sides of
the equation, such that the calculated reaction energy (E,.,,,) is defined as the energy required to

incorporate one mole of S in an apatite host phase (unless otherwise stated). In addition, this
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setup allows for a consistent quantum-mechanical treatment; i.e., using the same computational

parameters throughout the equation, which is crucial to obtain reliable energetic data.

The role of a reaction medium, where an incorporation reaction occurs, can be important for
computationally simulating incorporation into the mineral phase in geologically relevant systems.
Examples for incorporation using solid sources and sinks can be found in Shuller et al. (2013,
2014). The atomistic assessment for hydrated ions incorporated into host minerals is rather
complicated and computationally difficult, as it involves a series of reaction equations that have
to be combined in order to constrain species of different characters (hydrated vs. vacuum,
charged vs. neutral, clusters vs. 3D periodic) in one net equation, while using a consistent
approach (cf. Walker and Becker 2015; Smith et al. 2016). Additionally, it is more challenging to
take into account the role of silicate melts or hydrothermal fluids under geologically relevant
pressures and temperatures for a quantum-mechanical computational assessment of the
incorporation process. Modeling magmatic-hydrothermal systems would require a quantum-
mechanical molecular-dynamics simulation using large unit cells at high P-T conditions that
approach or exceed the current limits of computational capability, and is otherwise beyond the
scope of this study. Therefore, all source and sink phases are periodic solids, which commonly
play a role in accommodating atoms that will be incorporated into and/or liberated from apatite.
In order to increase the geological significance of our evaluation, minerals or ionic compounds
that occur and are stable in magmatic or hydrothermal environments are selected as sources and
sinks for the reaction equations. Once energies of all phases involved in the incorporation
equations are computationally constrained, reaction energies for each incorporation equation can

be calculated using the general approach:
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AEyyn = > Eprod -2 Ereac (2

The resulting incorporation reaction energy indicates the stability of the S-incorporated
apatite relative to the corresponding host apatite, and the source and sink phases. In addition, the
relative stability of various incorporated apatite phases can be compared when common source
phases are used. The incorporation energies calculated using CASTEP are well described by
Shuller et al. (2013). Energies calculated using CASTEP include contributions from electronic
properties such as electronic relaxations and spin-spin interactions. The AE,.,,, evaluated from the
CASTEP energies of the reactants and products are in good agreement with enthalpies, for the
reason that they are calculated at ambient pressure (VAP = 0). To evaluate AG,.,,, entropy
contributions (e.g., vibrational entropies of the solid phases used in our study) must be
considered. However, this requires significant computational efforts, and is outside the scope of

this study.

The structure model of apatite

The initial models for the apatite end-members are adopted from the natural apatite structure,
[Ca;o(PO4)s(F, OH, Cl),] (P63/m; see Hughes et al. 1990; Hughes and Rakovan, 2015), and are
depicted in Figure 2 and Figure S.1 (Supplemental material A). The column anion site [00z] of
the apatite structure (P63/m) is mainly occupied by F, OH", and CI'. Natural apatite end-members
are subdivided into fluorapatite [Cas(PO4);F], chlorapatite [Cas(PO4);Cl], and hydroxylapatite
[Cas(PO4)3(OH)] based on a single occupant of the anion column, but often occur as a solid

solution with binary or ternary anion columns (Hughes et al. 1990; Hughes and Rakovan 2002;
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Hughes et al. 2016). The column anion site has the potential to accommodate other anions with
different radii and/or charge. A well-known example is the incorporation of carbonate (CO;™)
into hydroxylapatite, which occurs in both the phosphate and column anion sites (Fleet and Liu,

2007).

The apatite structure has two types of Ca sites as Cal and Ca2. The Cal type is coordinated
to nine O atoms, while the Ca2 site is coordinated to six O atoms and one column anion. In the
P6;/m space group, Ca2 atoms form triangles on the planes at z = 1/4 and 3/4. Each of the three
Ca atoms at the triangle corners is bonded to the central anion in the [00z] column (Hughes et al.
1990). Fluorine, the smallest of the column anions, is positioned on the mirror planes at z = 1/4
and 3/4 such that it is located at the center of the Ca triangle (Fig. 2a). The OH" and CI  are too
large to be positioned in the center of the Ca2 triangle, and are thus displaced above or below the
planes. As a result of such displacement, OH™ and CI" have multiple possible positions along the
anion column in the apatite unit cell (see Hughes, 2015). Since all atoms in the apatite structure
are given full atomic occupancy in this study, the positions of CI" or OH™ below the planes at z =
1/4 and 3/4 were selected to complete the unit cell formula, [Ca;o(POu4)s(F, Cl, OH),] (Fig. S.1).
Thus, the chlorapatite and hydroxylapatite structures reduce the symmetry to the P63 space group.
Similar approaches to simulate hexagonal apatite without the m plane have been successfully
tested in previous computational studies (e.g., Corno et al. 2006; Ulian et al. 2013). Using the
structural and computational parameters above, a good agreement in the unit cell parameter
values was found between calculated and natural end-member apatites reported by Hughes et al.
(1989; see also Table 1 and Figure S.1). The resulting structures are then used to geometrically

optimize the host and S-substituted apatite models (Fig. 3).

10
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Energy-dependent density of states (DOS) analysis was performed to obtain the electronic
structure of the apatite and S-bearing apatite configurations investigated in this study. Density of
states analysis can be further delineated into partial density of states (PDOS) plots for certain
angular momenta on atoms of interest (s, p, and d orbital characters in this study). The PDOS
spectra of apatite configurations are consistent with a previous report on the electronic structure
of Ca-phosphate crystals (Rulis et al. 2004). The electronic structure of non-S-bearing apatite

and S-bearing apatite configurations are described in detail in Supplemental Material A.

Sulfur replacement mechanisms in S-bearing apatite

An important step in the incorporation energy calculations is to identify replacement
mechanisms that may play a critical role in hosting S in natural apatite. All mechanisms tested in

this study are based on previous reports of natural and experimentally produced apatite.
Sulfate incorporation mechanisms

It has been suggested that the P site is the most likely location where substitution of SO4*
occurs in the apatite structure (Streck and Dilles 1998; Pan and Fleet 2002; Parat et al. 2011),

where possible replacement mechanisms include:
P +Ca” - S+ Na” (3)
2P 8%+ Sit (4)

In the current study, all calculations for SO,* substitution are based on replacement

mechanisms (3) and (4). We used geologically relevant solid source and sink phases for the

11
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calculations. For instance, anhydrite (CaSO,) commonly coexists with S-rich apatite in oxidized
magmatic systems (Baker and Ruther 1996a; Streck and Dilles 1998) and, thus, isa geologically

relevant candidate as a source phase for SO4”.

Moreover, in relatively oxidized magmatic systems (e.g., where the S°"/ZS ratio of the melt
is > 0.5), Na" (replacing Ca*") and SiO4* (replacing PO,’) can be concomitant ions for S°*
incorporation in apatite to maintain charge neutrality (Eq. 3 and 4). In addition, rare earth
elements (REE*) can substitute for Ca*" in the apatite structure via the coupled substitutions
REE* + Si*" <> Ca* + P°" and REE’"+ Na' « 2Ca”*" (Hughes et al. 1991; Pan and Fleet 2002).
Hughes et al. (1991) reported a total REE®" concentration range of 2 to 16 wt% in REE-bearing
apatite samples and a good linear correlation between [Na™ + Si*] vs. [YREE’"] (~1:1 atomic
ratio), which can be well explained by the coupled substitutions reactions above. Streck and
Dilles (1998) reported variations in the S content in apatite, reaching up to 0.56 wt% S in apatite
from the Yerington batholith (Nevada), and a strong correlation between [Si*™+Na"-YREE*] vs
[S®*] (~1:1 atomic ratio), which supports the coupled substitution of Si*" and Na" with S° and/or
REE’". Based on these considerations, La-bearing apatite is selected as the host apatite phase,
which incorporates SO4> in the structure. Two distinct scenarios involving La-bearing apatite,
[CagNaLa][(PO4)s] X, and [CagLa][(PO4)s(Si04)] X, are evaluated individually, and the effects of
Na' and Si*" on incorporating SO4> into apatite are discussed in detail. Lanthanum-monazite
(LaPQy4), which commonly occurs as a P-bearing accessory mineral in igneous rocks (Foerster
1998), is selected as a mineral sink phase for PO,>” being replaced by SO,* in order to account
the formation of La-bearing apatite. In models of apatitejs (S-free) and apatites incorporated; Na"
and La’" are positioned on the Ca2 atomic sites at the mirror plane at z = 3/4 and one of the three

PO, sites nearest to the column anion is replaced by SiO4* or SO4> (Fig. 2b and Fig. S.1).
12
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Sulfate and sulfite incorporation mechanisms

A recent study identified the co-existence of S*" and S°' in natural and experimentally
produced apatite, and suggested a possible coupled substitution mechanism involving the
replacement of two phosphate atoms by SO4> and SO5* via the coupled substitution (Konecke et

al. 2017):
2P SO+ 8 (5)

The plausibility of the proposed co-incorporation of S** and S°" into fluor-, chlor-, and
hydroxylapatite (eq. 5) is examined by balancing an incorporation reaction equation, in
combination with the nickel-nickel oxide (ANNO) oxygen fugacity buffer (e.g., to simulate
geologically relevant fO, conditions). A Na- and Si- apatite, [Cas;La;Na][(PO4)s(S104)](F, CI,
OH),, is selected as the host phase. Anhydrite and La-monazite are used as source and sink
phases, respectively. In models of apatites.incorporaiea, ON€ 0Of the three nearest phosphate sites at
the mirror plane at z = 1/4 and 3/4 to the anion column is replaced by SO and SO,”,

respectively (see Fig. 2 and 3a).
Sulfide incorporation mechanisms

Henning et al. (2000) used single crystal X-ray diffraction to determine the structure of
synthetic S*-bearing apatite in the form Ca;o(PO4)sS, and reported that S occupies the anion

column via the following coupled substitution (Eq. 6):
2(F, Cl, OH) < S* + vacancy (6)

13
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Hence, a testable scenario for the incorporation of S* into the anion column in apatite
involves Fe$ (troilite) and Na,S as solid S* sources and is based on the affinity of Fe*" and Na”
for S* in geological processes (Fiege et al. 2015; Burns and Fyfe 1966). When F~ and CI in
apatite are replaced by S* from these sources, metal fluorides and chlorides are produced as a
solid sink. To consider OH released from apatite, the metamorphic amphibole grunerite,
[Fe;Si3022(0OH),], is selected as a sink phase, while ferrosilite (FeSiOs) and quartz (SiO;) are
added as reactants to balance the composition of grunerite. Grunerite, as a key amphibole end-
member, possesses a broad stability field in the simple system of FeO-SiO,-H,O (Lattard and
Evans, 1992). Thermodynamic equilibria between grunerite and other Fe-silicates, such as
ferrosilite and fayalite, have been adopted as a tool to estimate temperature, pressure, and H,O
activity in metamorphic, hydrothermal, and volcanic systems (e.g., Lattard and Evans 1992;
Elliott 2001). This makes it a suitable phase to investigate magmatic and magmatic-hydrothermal

scenarios.

When building initial models (i.e., ones subjected to geometry optimization), S* replaces two
F, CI', or OH™ anions in fluor-, chlor- or hydroxylapatite (Eq. 6). Once placed in the column, S*
can be re-positioned to any unoccupied position of the column during the course of the geometry
optimization. The optimization algorithm calculates local minima in the energy landscape by
adjusting the lattice parameters, and the coordinates of each atom within the initial model.
Therefore, it is important to ensure an energetic or geometric variation in the optimization result
as the initial position of S* varies in the anion column. The position of F", CI" and OH in the
apatite anion column (i.e., (00z) calculated from the end-member apatite; see Table 1) is selected
as the position of S* in the initial models. Where necessary, initial S* is referred to as S(F, Cl,

OH),y;, when a position near the anion column is chosen as the initial S* position replacing F, CI,
14
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or OH" anions. For this type of replacement, full incorporation of S* in apatite is considered in
the form of Ca;o(PO4)sS. Moreover, we considered the partial incorporation of S* in the 1x1x2
supercell of apatite in the form of Cayo(PO4)12S(F, OH or Cl), (Fig. 3b). Notably, in the supercell,
a S” atom is located between two of column anions such that the optimized positions of the
column anions are the result of S* interacting with surrounding F~, CI', or OH™ anions. The
calculated reaction energy defines the energy required for the incorporation of one S* ion in the

1x1x2 supercell of apatite.

Computational scopes and errors

In a computational study like this, the sources of errors have more of a systematic character
and less of a random one as they occur in experimental studies. One source of variability is the
computational parameters, such as density functionals, pseudopotentials, as well a quantity and
types of basis functions. Testing all parameters for the examples used in this study would
increase the computational effort by at least an order of magnitude. Therefore, testing can be
done only with a limited number of examples and computational parameters. Importantly, we
concluded that the energy for stoichiometric reaction equations may be minimally susceptible to
the DFT functional chosen for calculation, as long as all computational parameters are consistent
within such equations. For example, two sets of the incorporation energy data for an
incorporation reaction equation were produced using the GGA scheme parameterized with the
PBE and the PerdewWangl991 (PW91) functional (the reaction equation in Table S.1 in
Supplemental Material A concerns all three different monovalent column anions). Although the

energy of respective mineral phase differs by up to a few tens of eV, the incorporation energy
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difference of calculation using the PBE and PW91 is only on the order of ~0.015 eV (or ~1.5

kJ/mol) and the relative stability among the apatites remain unchanged.

More important than such parameter testing is a good understanding of the limitations of the
model setup. This includes the structural model setup with a limited-sized unit cell, which
increases the relative concentration of the incorporated species, as well as the decision to use
selected solid source and sink phases. All of these decisions have been made to model
geologically relevant scenarios in reasonable computation times. Our approach is suitable to
learn about the thermodynamic stability with respect to references, and the atomic and electronic
structure of mineral phases. The thermodynamic energies of incorporation are relative quantities
that would change by choosing different sink/source phases or transitioning to dynamic
hydrothermal fluids, whereas the results for the electronic/atomic structure of incorporation

would remain unaffected.

RESULTS
Incorporation energy and geometry
Sulfate (SO4%)

The reaction equations and energies for S°" incorporation into La-apatite phases are
presented in Table 2. In the equations, charge imbalance of La®" in place of Ca*" is compensated
by coupled substitution with Na™ or Si*" in the apatite structure. Incorporation energies

calculated from the Na-bearing apatite phases are lower than those of the Si-bearing phases for

16

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-6044

all tested scenarios. In the Na-bearing system, the lowest incorporation energy is found in
fluorapatite, followed by chlorapatite and hydroxylapatite. Energy differences between those are
relatively small (3 to 6 kJ/mol). In the Si-bearing apatite, the incorporation of S°* into
chlorapatite is energetically more favored than the incorporation into fluorapatite and

hydroxylapatite (by 10.4 kJ/mol).

The unit cell volume is changed as a function of cell parameters and, thus, can be indicative
of the net effect of replacing phosphate by SO4> in the optimized structure. The cell volumes of
S-incorporated apatite phases are presented in Table 3. Exchange of P°" + Ca** < S°" + Na"and

of 2P”" S + S* in the unit cell of fluor-, chlor-, and hydroxylapatite leads to a volume

expansion by 3 to 5 and 6 to 8 /ig, respectively. The ionic radius of 4-coordinated S°* (0.12 A) is
smaller than that of P>" (0.17 A; Shannon, 1976). Thus, the volume expansion by the coupled
exchanges should be mainly due to the larger ionic size of Na” compared to Ca’", and Si**
compared to P>". Cations occupying the Ca2 site are 7-coordinated, and the size of 7-coordinated
Na' and Ca®" are approximately 1.12 and 1.06 A, respectively. The 4-coordinated Si*" is 0.26 A
and thus its occupancy in place of P° would lead to a volume expansion of the unit cell.
Although, accounting for less than 1.4 % of the unit cell volume, such a variation in the unit cell
volume shows a monotonic increase with increasing column anion size (CI"' > OH™ > F) in the

S®" incorporated Si-bearing apatite series.

In the optimized S®* incorporated Na- and Si-bearing apatite phases, bond lengths and angles
measured from incorporated SO42' molecules are similar to reported values for the SO42'
molecule (109.5%nd 1.49 A) with a maximum deviation of 2.7°and 0.02 A. The nearest PO,*

and SO,4” to the column site have two O atoms displaced above and below the planes at z = 1/4
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and 3/4 while the other two O atoms are placed on the planes (Fig. 4a). The former two O atoms
face toward S on the (0 0 z) column anion such that their positions may be more susceptible to
the property of the column ion than the latter two. The angle formed between the S center and
the column-oriented O atoms (O-S-O) are presented in Fig. 4a and Table 3. In the S
incorporated Na-bearing apatite series, the O-S-O angle tends to increase with increasing column
anion size from 107.9°to 108.4° whereas the O-P-O angle in fluorapatite changes from 107.2°

(X =F) to 107.7° in chlorapatite (Table 3).

Sulfate (SO,%) and sulfite (SOs%)

The reaction equations and energies for co-incorporation of sulfite (S*") with sulfate (S°")
into La-bearing fluor-, chlor-, and hydroxylapatite are presented in Table 2. In the reaction, La-
monazite (LaPQOy) is used as a sink phase to accommodate phosphate released from the host
apatite. Solid nickel (Ni)) is introduced to play a role as an oxygen buffer to take up one O atom
of the sulfate SO42' molecule forming a sulfite Sng' molecule (reduction of S to S4+). The
molecular geometry of SOs” is a trigonal pyramid with a lone pair of electrons at one corner. As
mentioned above, two of the four PO4> (or SO4*) O atoms are displaced from the planes at z =
1/4 and face toward the (0 0 z) anion column. The other two are placed on the plane and face
away from the column (Fig. 4a). In building a model for SO;” replacing PO,>", one of either the
former two or the latter two O atoms is replaced by a lone pair of electrons (Fig. 4b and c). In

Figure 4 and Table 2, the two cases are labeled A-type and B-type SO;%, respectively.

The incorporation energy is the lowest in chlorapatite compared to fluorapatite and

hydroxylapatite, and the energy difference between the former and the latter two are 19 kJ/(1 mol
18
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SOs* + 1 mol SO4*) and 22 kJ/(1 mol SOs* + 1 mol SO,%), respectively (Table 2). The
orientation of the SO3;” loan pair influences the stability of the incorporated apatite. Lower
incorporation energy is found for A-type SOs*-incorporated apatite when compared to B-type
SO;”-incorporated apatite (the energy difference is 14 to 16 kJ/(1 mol SO;* + 1 mol SO4>) for
each apatite end-member). Thus, the co-incorporation mechanism of sulfate and A-type sulfite is

energetically more likely than the mechanism involving B-type sulfite.

In the optimized S-incorporated apatite phases, bond lengths and angles measured from the
incorporated SO;> molecules are in good agreement with previous reported values (104.3° and
1.53 A) (Andersen and Lindqvist, 1984). The cell volumes and distances between S* and F, CI,
or OH™ in optimized S-incorporated apatite phases are presented in Table 4. Larger cell volumes
are found for B-type SO;>-incorporated apatite when compared to A-type SOs>-incorporated
apatite. B-type SO;”-incorporated apatite has 0.05 to 0.2 A longer (E, Cl, OH)-S*" and (F, CI,
OH)-S°" distances than A-type SOs> apatite. The cell volume results coincide with the (F, Cl,
OH)-S distance variation in the sense that the longer atomic distance generally contributes to the
larger cell volume of the mineral. The calculated z fractional coordinate of the S center of SO4*
is barely displaced from the plane at Z = 3/4 (< 0.03 A). The S atom of A-type SOs> is displaced
~0.2 A from the plane at Z = 1/4 whereas the B-type SO5> deviates by less than 0.05 A from the

same plane.
Sulfide (S*)

The equations and calculated energies of reactions for S* incorporation into fluor-, chlor-,
and hydroxylapatite in the Fe-S and Na-S, and Fe-Si-S systems are presented in Table 5. Lattice

parameters of the initial and optimized S* incorporated apatite structures are summarized in
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Table 6. The calculated reaction energies for S~ incorporation are highly dependent on selected
source and sink phases. Energies calculated by using Fe-bearing phases (Fe-S system) are higher
than incorporation energies calculated using Na-bearing phases (Na-S system). This effect arises
from the higher stability of troilite (FeS) used as a source phase relative to Fe-bearing sink phase
solids than the stability of Na,S relative to Na sink phases. However, in a given system, where
source phases and/or sink phases are fixed, the stability of S-incorporated apatite phases can be
evaluated relative to host apatite phases. In case of hydroxylapatite, because Si-bearing minerals
are used as source phases in addition to FeS, the stability of apatite phases is not comparable
between the Fe-S and Fe-Si-S systems. Full incorporation of S* into the Cl site (denoted by
S(Cl)ini in Table 5) of chlorapatite is more stable than into the F site (S(F)ini) of fluorapatite. The
calculated incorporation energy difference between fluorapatite and chlorapatite is 256 and 265
kJ/mol in the Fe-S and Na-S systems, respectively. Full incorporation of S* into the
hydroxylapatite structure achieves appreciable stability relative to Fe-silicates (-71.9 kJ/mol;

Table 5).

The optimized structures of fully S* incorporated apatite are compared with a previous study
of synthetic sulfoapatite, [Ca;o(PO4)sS] (Henning et al. 2000; Table 6). Calculated cell
parameters are in good agreement with the measured parameters. In the optimized structure of
S* full incorporation, the position of S* is at z = 0.5018 and 0.5004 in the hydroxylapatite and
chlorapatite structures, respectively and at z = 0.75 in the fluorapatite structure where F~ is
replaced by S in the initial model. When located at (0, 0, 0.70) in the initial model of
fluorapatite, however, S* is relaxed to the position at z = 0.5 during geometry optimization,
resulting in the incorporation energy lower than one having S* at z = 0.75 (the energy difference

of 129 kJ/mol) (Table 5 and 6). This indicates that S* in the F~ position (z =1/4 or 3/4, at the
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center of the Ca triangle) is metastable for s* larger than F°, and (0, 0, 0.5) is the most likely
position of column anion S* in sulfoapatite, [Ca;o(PO4)6S]. This result is in good agreement with

experimental data for synthetic sulfoapatite (z = 0.5) (Henning et al. 2000).

Lower reaction energies are found in cases of partial incorporation into chlorapatite when
compared to those of fluorapatite (Table 5). The incorporation energy also depends on where S*
is incorporated in the anion column of the initial model structure (denoted by (F, Cl, OH)iy; in
Table 6). Upon the partial incorporation into fluorapatite, S on a F~ position (S(F)i) is less
stable than S* on CI” and OH™ positions (S(Cl)i, and S(OH)in) (energy difference of 55 to 56
kJ/mol). When partially incorporated into chlorapatite, the dependence of the S stability on the
column position is relatively lower and leads to energy differences between S(F, Cl, OH)y; less
than 6 kJ/mol. From these results, one can infer that the probability of S* being incorporated into
apatite is enhanced when S* is partitioned into the Cl-bearing apatite structure or when CI
coexists with S in the anion column site. Upon partial substitution of S* in hydroxylapatite, the

stability of incorporated S* is higher at the C1 or OH site relative to the F site.

Column anion positions in the optimized structures of partially S* substituted apatite are
depicted in Figure 5. The anion column S is located at z = 0.57 in the optimized structure of
fluorapatite when S* is initially positioned at the CI" or OH site (denoted by (F, Cl, OH)y,; in
Table 6). The minimum energy configurations are found when the position of $* is (0, 0, 0.61)
in the hydroxylapatite structure. The anion column S* is positioned at z = 0.51 in S*
incorporated chlorapatite, regardless of its initial position. Interaction with surrounding column
anions is an important factor that determines the position of S*. In the anion column

environment tested here where S is located between two anions—i.e. F', CI', or OH’, at or near z =
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1/4 and 5/4 (with respect to the initial 1x1x1 unit cell) in the 1x1x2 supercell (Fig. 5) —the
lowest-energy configuration shows that S* in the anion column is located at z = 0.50 to 0.61.
The presence of S* in the anion column results in displacing the remaining F~, CI', or OH™ above

or below the planes at z = 1/4.

DISCUSSION
Parameters that control the sulfur oxyanions (SO4* and SO5™) incorporation into apatite

Generally, higher reaction energies result from stable reactants or unstable products.
Therefore, the lower S°" incorporation energies observed for the La-Na-bearing apatite when
compared to La-Si-bearing apatite (Table 2) indicate that (i) the La-Si-bearing host apatite is
more stable than La-Na-bearing host apatite or (ii) that S°* incorporation into apatite becomes
energetically more stable when SO4> is coordinated with Na* and PO, than with Ca®" and
SiO4*. The incorporation energies of La’" and Na" versus La’* and Si'’ into apatite were
calculated in order to consider the stability of the impure apatite hosting S oxidation states
relative to the pure end-member fluor-, chlor-, and hydroxylapatite (Table 7). Incorporation
energies of La’" and Na* into apatite are higher than those of La’" and Si*" into apatite for
fluorapatite and hydroxylapatite. Hence, scenario (i) may be favored for fluorapatite and
hydroxylapatite. Scenario (ii) can be evaluated using linear combinations of equations for S°*
incorporation into La’*-bearing apatite (Table 2) and for La®* incorporation into end-member
apatite (Table 7). The incorporation energies of S and Na-bearing apatite are lower than those

of S° and Si4+-bearing apatite for all apatite end-members, which supports scenario (ii). In
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addition, comparison between equations for S incorporation into host apatite phases (Table 2
and 7) suggests that incorporation of SO4* into La-bearing apatite may be energetically more

favorable than the incorporation into the end-member fluor-, chlor-, and hydroxylapatite.

Since replacements of Ca®" and PO,” by other ions (Na*, La®>", SiO4* and SO4*) are made at
the nearest position to the column anions (F, Cl, OH) in all models tested, it is expected that
energy differences among fluorapatite, chlorapatite, and hydroxylapatite used as reactants and
products arise mainly from chemical or structural environments on the column anion sites (Fig.
2). In this regard, the first and second possibilities above ((i) and (ii)) can be understood in terms
of interatomic interactions. In host and S-incorporated apatite, the Ca2 triangle that surrounds the
column anion has one or two Ca”" ions replaced by Na” or La®>" (Fig. 2b). Cations positioned at
the triangle corners are electrostatically repelled from each other and attracted to the column
anion and surrounding phosphate and other oxyanions. The Coulomb energy between the
interacting ions is defined in a classical manner such that the energy is proportional to the
product of the charges of the two ions, g; and ¢;, and increases inversely with the distance
between the two, ;. When multiple atoms are present in a system, the Coulomb energy is

defined as Equation 7.

e? qi9;j
Ecoutomb = —— Zi>j # (7
4meg Tij

Here, the Coulomb force of the cations in a triangle involves two contributions: (i) repulsion
between the cations and (i1) attraction of the triangle cations with the surrounding anions. A
higher repulsive force is exerted on the triangle structure when La’" is located at a corner of the
triangle than when Na* or Ca®" is there. In this case, the effect of La’" ion can be counteracted by

coexistence with SiO4" that makes the triangle less unstable. That is, the attractive coulombic
23

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-6044

force between cations and SiO4* with a 4- charge is stronger than the force exerted by PO,> with
a 3- charge. This indicates that La-bearing apatites can be stabilized by coexisting with silicate
ions (the first possibility above). On the other hand, the presence of Na' or Si0,4* near SO4* can
make a large contribution to the stability of S"-incorporated apatites. Na" is electrically less
attractive to SO4> than Ca®" while SiO," is more repulsive to SO4* than PO,”". This means that
electrical interaction of SO,* with Na® or SiO,* alone does not increase the stability of
incorporated SO,*. However, Na™ on the Ca2 site and SiO4* on a neighboring phosphate site
both can contribute to energy lowering of the anion column triangle. Na" occupying the Ca2 site
has a lower repulsive force than Ca®*, which lowers the instability of the triangular arrangement
by cation-cation repulsion. The presence of a neighboring silicate anion will counteract the
repulsive force between the triangle Ca’" ions. However the effect of SiO4* on Ca®" ions will be
less than the case of La’" included in the host apatite. The net effect of these contributions might
enable some of the S-incorporated apatites to be more stable in the coexistence with Na" than

with Si*" (the second possibility).

The effect of the anion column on S®" incorporation into La-bearing apatite is more
pronounced in the Si-bearing apatite system when compared to the Na-bearing apatite system.
That is, the Si-bearing system shows greater differences in the incorporation energies among the
apatite end members than the Na-bearing system (Table 2). In the former system, the lowest
incorporation energy is found for chlorapatite, followed by fluorapatite and hydroxylapatite. The
repulsive force between SO4> and column anion F', OH™ or CI is one possible contribution to the
stability of S®*-incorporated apatite. In the optimized S-incorporated apatite, the center-to-center

distance is 3.55 A between F~ and S®, 3.92 A between CI” and S®" and 3.61 A between OH™ and
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S®" (Table 3). Therefore, chlorapatite is expected to experience the smallest repulsive force

between the column anion (CI') and SO4>".

The lower energy of co-incorporation of S** with S°* into the La-bearing apatite is found for
chlorapatite when compared to flour- and hydroxylapatite (Table 2). This may again be attributed
to the longest distance and thus the lowest repulsive force between the sulfur oxyanions and
column anion CI" compared to F* and OH (Table 4). The stability of sulfite-substituted apatite
can be affected by the geometry mismatch with the phosphate site (trigonal pyramid vs
tetrahedron). Differences in incorporation energy and geometry between apatites with A- and B-
type SO;” indicate that the oxygen site replaced by the lone pair electron of SO5> can cause local
defects in the apatite structure and govern the stability of sulfite that substitutes the phosphate

site (Table 2 and Figure 3).

In summary, the relative stability of incorporated SO,* and/or SO5* into apatite can depend
on accompanying trace elements and the column anion. The replacement energies in Table 2
suggest that when La’™ and PO,> are replaced by Ca’" and SO4>, it is more energetically
favorable to do this in a system that compensates for the La’" charge by replacing Ca®" by Na
rather than PO, by SiO4*. The relative stability for the sulfur oxyanion substituted into
chlorapatite is greater than ones for fluorapatite and hydroxylapatite. The orientation of the
sulfite molecule can matter upon substitution with the phosphate site in apatite unlike sulfate

with the identical molecular geometry with phosphate.

Effect of site preference of trace elements on sulfur substitution into apatite
Site preference of atoms is important in understanding the crystal chemical behavior of trace
elements that substitute for the Ca sites in apatite (Fleet and Pan 1995). Na" has been found to
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occupy both Cal and Ca2 sites, but has a strong preference for the Cal site (Hughes et al. 1991;
Fleet and Pan 1995; Rakovan and Hughes 2000). REE including La** generally tend to occupy
the Ca2 site (Hughes et al. 1991). For consistency, we selected the Ca2 site that is closer to the
column anion than the Cal site, for the position of both Na* and La’", although this site is rather
uncommon for Na' in natural apatite. One important question is whether the site preference of
neighboring trace elements may influence the energetics and geometry of sulfur incorporation
into apatite. As an example, incorporation energy of sulfate into the La-Na bearing apatite is
calculated considering the site preference of Na” between the Cal and Ca2 site (Table 8). Na' is
swapped between the Cal and Ca2 site (denoted by S’ and S’’ in Fig. S.1a and b) in the model
configuration of S incorporated fluor- and chlorapatite. The incorporation energy of S° into
La-bearing apatite decreases by 2.1 and 9.0 kJ/mol for fluor- and chlorapatite, respectively, as
Na' is positioned at the Cal site than at the Ca2 site (compare with the equivalent reaction
equation and energy in Table 2). The energies required to exchange Na™ between the Ca2 and
Cal site of apatite in the form of [CagNa][(PO4)s(SO4)]X, (X = F and Cl) are negative, indicating
increase in the stability of SO4> incorporated apatite with Na positioned at the Cal site (Table
8). These results support that the site preference of elements in the apatite structure is an
important factor in predicting the stability of sulfur incorporated apatite. Future research could be
aimed at systematic investigation for the role of site preference of trace elements on sulfur

incorporation into apatite.
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Sulfide (S*) site stability in the apatite structure

The incorporation energy of S* into apatite is closely correlated with the optimized structure
of S-bearing apatite. Full or partial substitution of S* into fluor-, chlor-, or hydroxylapatite
results in lower incorporation energies when S* is positioned in the CI" and OH’ site relative to
the F~ site (Table 5 and 6). The occupancy of S* at (0, 0, 0.75) results in an increase in the Ca-Ca
distance in the Ca2 triangle at z = 3/4 by ~10 %. Such structural alteration by S on the F site can
significantly contribute to higher incorporation energy when compared to S* incorporation on
the CI" and OH site. It is inferred that the substitution of S* on the F~ site in the apatite structure
is energetically and geometrically less likely. In the lowest-energy configurations for the partial
substitution, the predicted position of the S* ion in fluor-, chlor- and hydroxylapatite is 1 to
1.6 A displaced from the mirror plane at z = 1/4 or 3/4 (Fig. 5 and Table 6), which is close to the
CI site in the natural apatite structure (0.182 displacement in the z value from the mirror planes;
Table 1). These results suggest that the CI site can be one of the energetically stable sites for s>

incorporation in the apatite structure.

The relative stability of a substituent ion in an atomic site of a mineral structure can be
explained on the basis of the Goldschmidt’s substitution rules, which states that the “native” ions
in a given site are more likely to be substituted by foreign ions with a similar radius, charge, and
ionic nature (e.g., chemical hardness and electronegativity; Klein et al. 2002). The reported ionic
radii of F, CI', and S* are 1.33, 1.81, and 1.84 A, respectively (Shannon, 1976). The ionic radius
of S is very close to that of CI (difference by 1.6 %) whereas there is an appreciable difference
in ionic radius between S* and F~ anions by 27.7 %. This confirms that incorporation of S* on

the F site is rather unlikely. In addition, S* is similar in its chemical nature to CI". The chemical
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hardness of S* is classified as a soft base, which gives rise to its affinity with various soft
transition metals such as Fe*', Cu", and Hg’" in geological processes, e.g., ore-formation
(Pearson 1968). Chlorine is chemically soft and less electronegative than fluorine. Such chemical

similarities between S* and CI” may contribute to affinity of the two anions in apatite.

Future work

As H5S in a silicate melt is deprotonated, S* may be partitioned into mineral phases as either
S* or HS". The possibility of HS incorporation into apatite was not addressed in this study
because the results of Henning et al. (2000) already indicate that S* may be the favored S species,
but future work should examine whether HS™ can also be an important component in the anion
column site as it may behave like OH. Moreover, examination by quantum-mechanical
molecular dynamics (MD) may enable evaluation of the energy and structure of periodic solids
(e.g., minerals) under high pressure or temperature (Segall et al. 2002). Recent studies have
successfully demonstrated applications of ab-initio MD approaches for evaluating hydrothermal
reactions involving molecular or aqueous species (e.g., Sherman 2007; Mei et al. 2013). To our
knowledge, however, the published literature is currently lacking studies applying MD tools to
incorporation into minerals under magmatic-hydrothermal conditions. In this regard, treatment of
high pressure and temperature dynamics (with or without H,O) on S-bearing apatite should be

the subject of future studies.

We highlight that the interpretation of S behavior in this study is based on the traditional
paradigm that SO, and S* are the only relevant S species in silicate melts (Baker and
Rutherford, 1996b); however, this assumption has been challenged by the discovery of the S
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radical ions (e.g., Sy, S3) in hydrothermal fluids and silicate melts (Winther et al. 1998;
Jacquemet et al. 2014; Pokrovski and Dubessy 2015) and by the possible presence of (un-
quenchable) S*" in silicate melts (Métrich et al. 2009). Therefore, it is important to consider the
role of various S species and oxidation states in geological fluids and melts when S-bearing
phases (e.g., apatite) that are subject to high temperatures and pressures are investigated in future

studies.

IMPLICATIONS

This study addresses the structural incorporation of multiple oxidation states of S into apatite
and the response of the apatite structure to these substituents. The crystallographic characteristics
and energetic stability of the S-incorporated apatite structure vary depending on the S oxidation
state and can be significantly influenced by [1] the neighboring column anion (F’, CI', or OH), [2]
the concomitant substitutions for Ca>" and P°* (e.g., La’", Na', Si*") and their site preferences
(particularly between the Cal and Ca2 site), and [3] the molecular geometry and orientation of S

oxyanions in the structure.

Sulfide (S*) occupancy in the anion column site (S* + vacancy) in the apatite structure is a
likely mechanism in reduced geological systems (e.g., around fayalite-magnetite-quartz (FMQ)
buffer). Of the model configurations tested, the scenarios with S accommodated in the
chlorapatite structure and with S* positioned closely to CI site in the anion column are most
energetically plausible. In most natural systems, however, F', CI', and OH" are the three major
column anions in apatite, while S is a trace element, independent of its oxidation state (< 1 wt%

S; Parat et al. 2011; Konecke et al. 2017). Thus, the presence of S* in natural apatite is probably
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not limited to chloroapatite or Cl-rich apatite. The thermodynamic advantage of S* in the Cl site
may play a role in determining the S content in apatite that forms under Cl- and S-rich reduced
environments. This is consistent with the positive correlation between Cl and S contents found
from lunar apatite (Boyce et al. 2014) and the XANES-determined presence of S* in apatite

crystallized from a mafic melt under reducing redox conditions (~FMQ, Konecke et al. 2017).

The energetics data about S°* incorporation into the La-bearing apatite support that the
replacement mechanism of P°" + Ca®" < S + Na' is energetically more favored over the
mechanism of 2P°" « S* + Si*". However, it seems important to consider all replacement
mechanisms in natural systems where sulfate is only a minor substituent for phosphate in apatite
as documented for apatite from the Yerington batholith (Streck and Dilles 1998). The results for
oxidized sulfur species (S*", S**) presented in this study indicate that there are more energetic or
geometric constraints (e.g., the orientation of the S lone pair electrons) on SOs> incorporation
into the apatite structure than on SO4” incorporation. The data from this study and Konecke et al.
(2017) support the hypothesis that the substitution of SOs> into apatite is relatively minor, but

appreciable if coexisting with SO4” in apatite formed under oxidizing conditions.

The abundance and relative proportions of S*, S*"and S°® in geologic systems is a function of
oxygen fugacity (fO,), and recorded directly in the S chemistry of apatite (Konecke et al. 2017).
The modeling of different S species in the apatite structure in this study, combined with the
experimental results reported by Konecke et al (2017), implies that the oxidation state of S in
apatite has the potential to serve as a geochemical proxy to probe the fO, of magmatic and

hydrothermal systems.
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FIGURE CAPTIONS
Figure 1. S XANES analysis of apatite crystallized from a mafic melt at 1,000 °C, 300 MPa and

different fO, conditions (modified from Figure 2 in Konecke et al. (2017)).

Figure 2. (a) The column anion site and the nearest Ca (Ca2) and P atoms in the hexagonal

apatite structure viewed parallel to the c-axis. (b) The coordination environment of X (= F, OH,
Cl) on the plane of z = 3/4 in the host or S®"-incorporated apatite where A1 =P or Si, A2 =P or
S, C1 =Caor Na and C2 = Ca or La. Atoms Ca, C1 and C2 form the triangle whose corners are

Ca2 sites. In both (a) and (b), oxygen atoms are omitted.
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Figure 3. Examples of S-incorporated apatite models. (a) The unit cell of SO,*- and SO;*-
incorporated fluorapatite, CagNa(PO4)3(Si04)(SO4)(SO3)F and (b) the 1x1x2 supercell of S*-

incorporated apatite, Cayo(PO4)12SF,.

Figure 4. Atomistic-level view of (a) SO4* near the F column in S®*-incorporated Na-bearing
apatite and (b) A-type and (c) B-type SO;” near the F column in S°* and S* co-incorporated
apatite. Orbital contours for SO;” are shown to indicate the lone pair (L.p.) electrons and S-O

bonding (see text for more details).

Figure 5. The optimized positions of column anions in hexagonal end-member and partially S*-
incorporated apatite in the 1x1x2 supercell. (a) fluorapatite (b) chlorapatite and (c¢)
hydroxylapatite systems are depicted respectively. Initial S* is referred to as S (F, Cl, OH)jy; to
denote a position near the anion column chosen as the initial S* position replacing F~, CI” and
OH'. The fractional coordinate of z (with respect to the unit cell) in the optimized structure is
presented for S at or near z = 3/4. Note that the column anion site at z = 7/4 (coordinate with
respect to the original 1x1x1 unit cell, not shown) is vacant in the supercell whose zero charge is

compensated with a charge of 2- from S.
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834 TABLES

835

836  Table 1. Lattice parameters for natural and calculated (CASTEP) apatite

a(A) ¢ (A) z value’ of (F, C1, OH)
Fluorapatite
Calculated 9.469 6.894 0.2500
Natural® 9.397 6.878 0.2500
Deviation (%) 0.76 0.22
Chlorapatite
Calculated 9.525 6.895 0.0621
Natural® 9.598 6.776 0.0677
Deviation (%) 0.76 1.76
Hydroxylapatite
Calculated 9.763 6.757 0.2128
Natural® 9.417 6.875 0.1979
Deviation (%) 3.68 1.71

837

838  Notes: * Hughes and Rakovan (2002) ® The z value of anion column position (0, 0, z).

839
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840  Table 2. Reaction equations and energies of incorporation of S*" and co-incorporation of S*

841  with S° into apatite.

Incorporation reaction AEpn (kJ/mol)
S®*-incorporation into La-bearing apatite X=F Cl OH
Na-bearing: [CagNaLa][(PO4)s]X; + CaSO4 <
[CagNa][(PO4)s(SO4)]X, + LaPOy -1.74 1.16 4.34
Si-bearing: [CagLa][(PO4)s(S104)]X; + CaSO4 <
[Cai0][(PO4)4(Si04)(SO4) X, + LaPOy 15.44 5.02 15.44
S**, S*incorporation into La-bearing apatite X=F Cl OH

[Ca;La;Na][(PO4)s(Si04)](F, Cl, OH), + 2CaSO4 + Ni

<>

[CagNa][(PO4)3(5104)(SO4)(SO5)](F, Cl, OH), +
2LaPO, + NiO
A-type S* 117.71 95.52 117.71
B-type S** 132.19  111.92  131.22
842
843
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844  Table 3. Summary of geometric parameters for SO, incorporated apatite phases.

Optimized Cell volume  X-S distance” 0O-S-O angle”
structure (A%) (A) (degree)

Fluorapatite

S, Na-bearing 538.9 3.68 107.9
S, Si-bearing 541.1 3.55 107.6
End-member 5353 3.64 107.2
Chorapatite

S, Na-bearing 563.7 4.02 108.3
S, Si-bearing 568.4 3.92 108.2
End-member 560.6 3.97 107.7
Hydroxylapatite

S, Na-bearing 545.9 3.73 108.2
S, Si-bearing 547.6 3.61 108.4
End-member 541.8 3.67 107.6

845

846  Notes: * For the apatite end-members, (F, CI', or OH)-S distance and O-S-O angle is measured

847  for P in place of S.

848
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849  Table 4. Summary of geometric parameters for SO,> and SOs> incorporated apatite.

Optimized Cell volume X-S*" distance X-S%" distance z* of 7" of
structure (A% (A) (A) st S
Fluorapatite
Incorporation of
A-type SO5™ 542.3 3.63 3.61 0.2230  0.7507
B-type SO5* 543.9 3.68 3.68 0.2500 0.7500
Chlorapatite
A-type SO5™ 570.4 3.75 3.85 0.2204 0.7502
B-type SO 574.5 3.97 3.94 02462 0.7503
Hydroxylapatite
A-type SOs* 548.5 3.67 3.64 0.2186 0.7461
B-type SO~ 551.7 3.73 3.74 02432 0.7533

850  Notes: “ The z value of fractional coordination (X, y, z)

851
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852  Table 5. Reaction equations and energies of S* full and partial incorporation into apatite.

AEpn (kJ/mol)

Column geometry of S*
Fe-S system S(F)ini S(Clini S(OH)ini

Full incorporation

362.02
Calo(PO4)6F2 + FeS <« Calo(PO4)6(S) + Fer (23283)a) - -
Calo(PO4)6C12 + FeS « Calo(PO4)6(S) + FeC12 - 105.11 -
Partial incorporation
Cazo(PO4)12F4 + FeS « Cazo(PO4)12(S)F2 + Fer 399.53 343.37 34421
Can(POs)1:Cly + FeS > Can(POys)15(S)Cl, + FeCl, 101.77 97.10 102.83
Na-S system
Full incorporation
203.76
Ca10(PO4)6F2 + NaQS Ad Ca10(PO4)6(S) + 2NaF2 (7459)a) - -
Calo(PO4)6C12 + Nazs Ad Cam(PO4)6(S) + 2NaCl - -61.32 -
Partial incorporation
Caz()(PO4)12F4 + Nazs g Caz()(PO4)12(S)F2 + 2NaF2 241.27 185.11 185.95
Cazo(PO4)12CI4 + NaZS > Cazo(PO4)12(S)C12 + 2NaCl -64.66 -69.33 -63.60
Fe-Si-S system
Full incorporation
Calo(PO4)6(OH)2 + FeS + 6FCSIO3 + 28102 >
Calo(PO4)6(S) + Fe7Si3022(OH)2 -71.86
Partial incorporation
Cazo(PO4)12(OH)4 + FeS + 6FESIO3 + 28102 g
Cazo(PO4)12(S)(OH)2 + Fe7Si3022(OH)2 58.35 40.97 46.84

853

854  Notes: * The calculated incorporation energy of S into fluorapatite when initially positioned at
855  (0,0,0.7).
856

857

858
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859  Table 6. The cell and lattice parameters of initial and optimized configurations of S* fully and

860 partially incorporated apatite.

Full incorporation Partial incorporation
Optimized structure ~ z° of (F, CLOH)iw  a(A) b(A) z°ofS* z° of §*
S-apatite (experiment)” 9.462 6.834 0.5
S in the fluorapatite 0.25 and 0.75 9.825 6.739  0.7500 0.57
structure (0.5016)d
Deviation (%) 384 1.39
S in the chlorapatite 0.062 and 0.562  9.566 6.843  0.5018 0.51
structure
Deviation (%) 1.10  0.13
S in the hydroxyapatite ~ 0.213 and 0.713  9.542 6.859  0.5004 0.61
structure
Deviation (%) 0.85 0.36
861
862  Notes: * Henning et al. (2000)
863 ® The z value of column anion position (0, 0, z) used in the initial S* incorporation

864  models. In the models, (F, C1, OH) at or near the mirror plane at z = 3/4 is replaced by S*.

865 ¢ The z value of S* position (0, 0, z) in the lowest-energy configurations. See Figure 5 for

866  detalils.

867 9 The optimized position of S*" in fluorapatite when initially positioned at (0, 0, 0.7).

868
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Table 7. Reaction equations and energies of La’*- and S®"-incorporation into end-member apatite.

AExn (kJ/mol)
La’"-incorporation into end-member apatite X=F Cl OH
La’" and Na™: Ca o(PO4)¢Xs + 1/3NasPO, + LaPO, < 91.28 68.12 7729
[CagNaLa] [(PO4)6]X2 + 2/3Ca3(PO4)2
La’" and Si*": Cajo(PO4)sX; + CazSiO4 + LaPO4 75 45 69.76 70.72
[CagLa] [(PO4)5(SIO4)]X2 + Ca3(PO4)2
S®*-incorporation into end-member apatite X=F Cl OH
S® and Na': Ca o(PO4)¢Xz + 1/3NasPO, + CaSOy4 <> 89 54 69.28 81.63
[CagNa] [(PO4)5(SO4)]X2 + 2/3C3.3(PO4)2
S and Si*": Ca9(PO4)sX; + Ca;S8i04 + CaSO4 90.89 74.78 86.16

[Caio][(POL)4(Si04)(SO,)IXs + Cas(PO,),
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888  Table 8. Reaction equations and energies of incorporation of S° into La- and Na-bearing apatite
889  (Na' positioned at the Cal site and La*" at the Ca2 site) and of Na* exchange between the Ca2

890  and Cal site of S°" incorporated apatite.

891
Reaction AE;p (kJ/mol)
S®*-incorporation into La-bearing apatite with Na™ at the Cal site X=F Cl
Na-bearing: [CagNaLa][(PO4)s]X, + CaSO4 «
[CagNa][(PO4)s(SO4)]X; + LaPOy -3.85 -7.85
Exchange of Na" in the S*"-bearing apatite structure X=F Cl
[CagNa][(PO4)s(SO4)]X> (Na” at the Ca2 site)
> [CaygNa][(PO4)s(SO,)]X, (Na” at the Cal site) -22.46 -7.76
892
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Figure 1. S XANES analysis of apatite crystallized from a mafic melt at 1,000 °C, 300 MPa and
different fO, conditions (modified from Figure 2 in Konecke et al. (2017)).
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898

(b)

@ Z=3/4

899

900 Figure 2. (a) The column anion site and the nearest Ca (Ca2) and P atoms in the hexagonal

901  apatite structure viewed parallel to the c-axis. (b) The coordination environment of X (= F, OH,
902  Cl) on the plane of z = 3/4 in the host or S®"-incorporated apatite where A1 =P or Si, A2 =P or
903 S,Cl=CaorNaand C2=CaorLa. Atoms Ca, C1 and C2 form the triangle whose corners are
904  Ca2 sites. In both (a) and (b), oxygen atoms are omitted.
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907  Figure 3. Examples of S-incorporated apatite models. (a) The unit cell of SO4*- and SO5*-
908  incorporated fluorapatite, CagNa(PO4)3(SiO4)(SO4)(SO3)F and (b) the 1x1x2 supercell of S*-
909 incorporated apatite, Cayo(PO4)2SF>.
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(a)

910

(b) A-type sulfite

911

912
913  Figure 4. Atomistic-level view of (a) SO4> near the F column in S®"-incorporated Na-bearing
914  apatite and (b) A-type and (c) B-type SO;* near the F column in S°" and S*" co-incorporated

915  apatite. Orbital contours for SO;* are shown to indicate the lone pair (L.p.) electrons and S-O
916  bonding (see text for more details).
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919  Figure 5. The optimized positions of column anions in hexagonal end-member and partially S*-
920 incorporated apatite in the 1x1x2 supercell. (a) fluorapatite (b) chlorapatite and (c)
921  hydroxylapatite systems are depicted respectively. Initial S* is referred to as S (F, Cl, OH)jy; to
922 denote a position near the anion column chosen as the initial S* position replacing F, CI” and
923  OH'. The fractional coordinate of z (with respect to the unit cell) in the optimized structure is
924  presented for S at or near z = 3/4. Note that the column anion site at z = 7/4 (coordinate with
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925  respect to the original 1x1x1 unit cell, not shown) is vacant in the supercell whose zero charge is
926  compensated with a charge of 2- from S.

927

50

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld





