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Abstract

Apatite is widely distributed in terrestrial and extraterrestrial environments and may therefore crystallize in relatively oxidized
environments found here on Earth, and in reduced settings such as the Moon. We present a series of oxygen fugacity-buffered
apatite stability and apatite-fluid solubility experiments conducted at 1 atm and in a piston cylinder, respectively. The first style of
experiments involved enclosing polished slabs of Durango apatite in evacuated silica tubes with a solid-state oxygen fugacity
buffer, followed by heating to ~1100 °C for 65 or 90 h. At oxygen fugacities equal to and lower than the Fe-FeO equilibrium,
crystals revealed alteration often in the form of convoluted features, which may to be related to the stability of the apatite
component P,Os under reducing conditions. Preferential evaporation of P,Os from a haplobasalt heated to 1350 °C under
reducing conditions — compared to similar experiments conducted under oxidizing conditions — also supports this interpretation.
Fifteen solubility experiments were conducted in a piston cylinder device at 900 or 925 °C and 1 GPa, in either ~3.4 N NaCl or
2 N NaOH fluids. The oxygen fugacity was buffered at about 4 log units below the fayalite magnetite quartz equilibrium (FMQ-
4) to 8 log units above this buffer (FMQ + 8). Apatite solubilities were determined by crystal weight loss. There is no systematic
sensitivity to solubility vs. oxygen fugacity in H,O-NaOH fluid. In the H,O-NaCl fluid, apatite is less soluble by about a factor of
2 under the most oxidizing experimental conditions. This change in solubility is relatively subtle when compared to intensive
variables explored in other studies, such as temperature, pressure, and Xy, in the fluid. Overall, the apatite crystal structure is
resilient across a range of different imposed oxygen fugacities, which contrasts with experimental results for another phosphate,
monazite.
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Introduction

Apatite [Ca;g(PO4)s(OH, F, Cl),] is widely distributed on
Earth and is a common accessory mineral found in igneous
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(mafic—felsic), metamorphic, and sedimentary rocks (Spear
and Pyle 2002; Piccoli and Candela 2002; Belousova et al.
2002). It may also crystallize from high water activity fluids
(e.g., Young et al. 1969) and is a common extraterrestrial
mineral with known occurrences on the Moon, Mars, and 4
Vesta (Leshin 2000; McCubbin et al. 2011; Sarafian et al.
2013). Apatite may incorporate H-C-O-S species into its crys-
tal structure, a characteristic used to explore past volatile
abundances in terrestrial and planetary rocks (e.g.,
McCubbin et al. 2010; Marks et al. 2012; McCubbin et al.
2014). The large ionic radii of the V"'Ca and Ca sites in
apatite (Hughes and Rakovan 2002) indicate large ion
lithophile elements — some of which are redox sensitive —
may be compatible in the lattice. This is confirmed by detec-
tion of weight-percent levels of these cations (e.g., rare earth
elements; REEs) in natural apatite and the large apatite/liquid
partition coefficients determined in the laboratory (Watson
and Green 1981; Belousova et al. 2002; Ayers and Watson
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1993; McCubbin et al. 2011). Apatite also incorporates acti-
nides, making it a frequent target of geochronology (Rakovan
etal. 1997; Chew et al. 2014; Wohlgemuth-Ueberwasser et al.
2017) and thermochronology (e.g., Gleadow et al. 1986)
investigations.

Its widespread occurrence, diverse chemistry, and potential
applications to the study of planetary processes make apatite a
frequent target of trace element and isotope studies, but it may
also be a liability, unless knowledge of the stability and solu-
bility under P-T-X conditions is well understood. Several ear-
lier studies recognized this; for example, apatite solubility in
silicate melts was shown to be primarily a function of temper-
ature, SiO, content, and P,O5 content (Watson 1979; Watson
1980; Watson and Capobianco 1981). Subsequent work ex-
plored the alteration and solubility of apatite in aqueous fluids
(e.g., Ayers and Watson 1991; Antignano and Manning 2008;
Betkowski et al. 2016). Ayers and Watson (1991), for in-
stance, showed that apatite solubility and mobility varied
with fluid composition. Antignano and Manning (2008) dem-
onstrated a positive correlation between solubility and pres-
sure/temperature. They also noted a strong increase in solubil-
ity with rising NaCl mole fraction of the fluid, an observation
that also holds for KCI-H,O fluids (Mair et al. 2017).
Betkowski et al. (2016) conducted experiments from 300 to
600 °C in alkali-rich fluids with monazite+apatite, and docu-
mented selective alteration of these minerals to other phases,
such as vitusite and britholite. These studies help predict the
occurrence and stability of apatite during fluid alteration, and
they may also help facilitate the interpretation of apatite age
and trace element information.

To the best of our knowledge, there is no work that has
evaluated the stability and solubility of apatite as a function
of oxygen fugacity (f5,). Recent experiments have shown that
another phosphate, monazite, undergoes incongruent dissolu-
tion in alkali-rich solutions at f5,s equal to or greater than the
fayalite-magnetite-quartz (FMQ) equilibrium (Trail 2018).
Secondary phases with compositions along the CeO,—ThO,
join were found in some experimental products. In some re-
spects, the investigation of apatite stability over a wide fo,
range has broader applications than monazite, because apatite
is found in reduced settings such as the Moon and 4 Vesta
(McCubbin et al. 2010; Sarafian et al. 2013) and in more
oxidized settings present on Earth. If these different planetary
settings are considered, apatite may form or interact with geo-
chemical reservoirs 2—4 log units below the iron wiistite (IW)
buffer to the magnetite-hematite (MH) equilibrium (e.g., Sato
et al. 1973; Pringle et al. 2013; Frietsch and Perdahl 1995).
This covers an fo, range of ~12 log units. Moreover, estimates
of Mercury’s mantle fq, range from 2.3 to 6.3 log units below
IW (Zolotov 2011; McCubbin et al. 2012), so even more
reduced planetary settings are plausible.

The primary purpose of this contribution is to explore the
stability and solubility of apatite as a function of fo, by
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laboratory experiment. It is possible that fo, may influence
the phase stability space of apatite for a couple of reasons.
First, it incorporates redox-sensitive elements into its crystal
structure, such as Fe?™3*, Ce****, Eu****, Mn>**, where
experiments predict greater compatibility of Fe**, Mn?",
Ce®*, and Eu®* (Watson and Green 1981; Prowatke and
Klemme 2006; Miles et al. 2014). These redox-sensitive ele-
ments are typically present at the 100 s to 1000s of ppm,
though wt% levels are possible (Rakovan and Hughes 2000;
Belousova et al. 2002; Ptacek et al. 2016). Second, some sol-
ubility models for Ca-bearing minerals such as apatite, calcite,
and fluorite predict dissolution into charged species (Ayers
and Watson 1991; Antignano and Manning 2008; Dolejs
and Manning 2010). If the activities of these species are influ-
enced by fo,, then the solubility of the mineral may be partial-
ly controlled by this intensive variable.

Materials and methods
Samples

Durango apatite slabs were cut from a large crystal perpendic-
ular to the c-axis. Slabs were attached to an aluminum disk
with crystal bond and polished with 1 pm alumina using a
MiniMet™ automated polisher. After cleaning, they were fin-
ished with a final polishing step using a suspension of colloi-
dal silica. Subsequently, slabs were scribed with a tungsten-
carbide tip, and then fractured to produce ca. 2 to 6 mg chips.
The chips were inspected optically for inclusions or cracks. In
a few cases, unpolished, unorientated Durango apatite frag-
ments were used as starting material.

One atmosphere experiments

A series of simple one-atmosphere experiments was conduct-
ed to explore the stability of apatite at different oxygen pres-
sures. This type of experiment was motivated by the fo,-buff-
ered olivine/pyroxene-basalt partitioning of several elements
— including P — by Mallmann and O’Neill (2009). In this
study, fo, was buffered from FMQ-13.3 to FMQ + 11.4 at
1 atm. Under conditions close to and below the iron-wiistite
equilibrium, Mallmann and O’Neill (2009) documented sys-
tematic changes in the partitioning of P, and proposed the
presence of P>*. If correct, the stability of apatite — or any
phosphate mineral — may be affected at f,s close to or below
IW. This hypothesis, was explored with two separate types of
experiments.

In the first style of experiments, apatite stability vs. fo, was
explicitly assessed at 1 atm. The general experimental design
is presented in other studies (e.g., Trail et al. 2013; Richter et
al. 2014; Trail et al. 2016) which is briefly reviewed here
(Fig. 1a). First, solid-state fo, buffers (Si-SiO,, Fe-FeO, Ni-
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Fig. 1 a Schematic showing the experimental set-up of 1 atm, fo,-buft-
ered experiments. The fo, buffers used were Si-SiO,, C-CO-CO,, Fe-
FeO, Ni-NiO, Fe;04-Fe, 03, ranging from ~FMQ-12 to FMQ + 5.8 at
~1100°C. The design is similar to that used in Richter et al. (2014) (b)
Capsule configuration used for fo,-buffered experiments conducted in a
piston cylinder device, after the technique described in Trail (2018). The
capsule rims contain concentric rings (tool marks) from machining. These
are purposely left which help form a water-tight seal during pressure

NiO, Fe;04-Fe,03) were ground dry, and then packed firmly
into a 3 mm silica glass bucket. This was inserted into a 5 mm
inner diameter silica glass tube with a sealed bottom. The CO-
CO-CO, buffer was implemented by replacing the bucket
with a 2 mm plug of graphite. Together, these /o, buffers cover
a range from about 12 log units below the fayalite magnetite
quartz buffer (~FMQ-12) to 5.8 log units above this buffer
(FMQ + 5.8), where the FMQ buffer is defined by Myers
and Eugster (1983). Subsequently, shards of silica glass were
placed on top of the buffer within the silica tube, followed by
insertion of a Pt capsule containing a polished slab of apatite.
Silica tubes were evacuated and sealed. The finished am-
poules were placed in a 1 atm furnace pre-heated to ~1100
°C. Experiments were left to dwell for 65 or 90 h, and tem-
perature monitored with a type-K thermocouple. The buffers
are assumed to react with any residual O, in the ampoule,

sealing. ¢ A photograph of the 2 capsules, with the Pd foil in the right
of the image. The outer diameter of the Ag capsule is 7.4 mm. The fr, is
buffered by diffusion of H, through the Pd foil. The low profile, thick-
walled capsule mitigates against thermal gradients and therefore vapor
transport/recrystallization of dissolved solutes. d The NaCl-borosilicate
cell design used in these experiments, with capsule positioned at the mid-
point (length =45 mm). The borosilicate glass acts as a thermal insulator

thereby buffering the oxygen fugacity. The presence of fo,-
buffering phases was confirmed upon completion.

The second style of 1-atm experiments probed the volatility
of apatite components vs. fo, in a synthetic Fe-free
haplobasalt. About 2 g of reagent-grade chemicals were well
mixed by hand in a mortar and pestle in ethanol, and then
dried underneath a heat lamp. The target composition can be
found in Online Resource 1, which includes 29 wt% CaO,
6 wt% P,0Os, and 0.5 wt% F. About 50 mg of this mixture
was packed into Pt capsules and placed in a silica tube. The
tube was sealed with either a Ni-NiO or magnetite-hematite
(MH) buffer using the same experimental design described in
the previous paragraph (e.g., Fig. 1a). A separate experiment
was prepared in a slightly different manner, which involved
packing the rock mix directly into a machined graphite cap-
sule, which was then inserted into the silica tube. All ampoules
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were placed into a 1 atm furnace pre-heated to 1350 °C, and T
was monitored with a type-R thermocouple. At experimental
conditions, the oxygen fugacities of the three experiments
were FMQ-5.9 (graphite capsule), FMQ + 0.6 (Ni-NiO), and
FMQ + 5.6 (MH). Note that these experiments were conduct-
ed above the liquidus to avoid conflating effects associated
with the crystallization and partitioning of P, Ca, F into other
minerals, including apatite. After 19 h, samples were drop-
quenched simultaneously into a bucket of water. The fo,-buft-
ering phases were confirmed upon completion.

Hydrothermal solubility experiments

Apatite solubilities in fluids vs. fo, were investigated using a
modified version of the double capsule technique (e.g., Trail
2018). Six different fo, buffers fixed the oxygen fugacity from
~4 log units below the fayalite-magnetite-quartz buffer (FMQ-4;
Mo-Mo0,) to ~8 log units above the FMQ equilibrium (FMQ +
7.9; Ru-Ru0,). Our design uses two thick-walled Ag capsules,
machined from a solid 7.35 mm 99.9% pure Ag rod, with an
apatite chip and experimental fluid placed in one, and the buffer
(+H,0) placed in the other. This design been shown to yield
comparable solubilities, independent of experiment duration.
For example, FMQ-buffered monazite solubility experiments
conducted in 2 N NaOH fluid at 925 °C for 24, 70, and 188 h
yield respective solubilities of 0.19+0.03, 0.18 £0.028, and
0.20 +0.025 wt% (Trail 2018). During the experiment, the cap-
sules are separated by an H,-permeable Pd membrane (Fig.
1b,c). The thick-walled capsules limit the thermal gradient and
mitigate against C infiltration into the capsule from the graphite
furnace (Watson 1987; Brooker 1998).

Apatite chips were dried, weighed, and placed into the capsule
with 60 puL of pre-mixed 2 N NaOH or ~3.4 N NaCl solution
added with a microsyringe. This corresponds to a mole fraction
of Xnaon =0.035 and Xyacp =0.058. The buffer capsule was
packed firmly with about 40 mg of pre-mixed buffer material,
followed by the addition of ~5 mg of water. The circular Pd foil
was placed on top of the apatite-hosted capsule. The buffer cap-
sule was then inverted and placed on top of the Pd foil. The
experimental cell (Fig. 1d.) was cold sealed by pressurizing the
samples to 1 GPa, followed by heating to 900 or 925 °C at a rate
of 100°/min. These temperatures were selected in part because
they are within the experimentally calibrated range of fi, buffer
equilibria. The temperatures were also sufficiently below the
melting point of Ag at 1 GPa (960 °C 1 atm; 1020 at 10 kbar;
Mirwald and Kennedy 1979), though high enough to facilitate
solubility measurements by the crystal weigh loss method using
a Sartorious CPA225D balance. The estimated precision is
~0.01 mg (1 s) based on repeated re-weighings over the course
of this study and Trail (2018). This precision about an order of
magnitude smaller than the apatite weight loss expected from
past studies for the fluid volume, T, and P (Antignano and
Manning 2008).
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Temperature was controlled using type-D thermocouple
wire, and pressure was monitored using a 20 cm Heise pres-
sure gauge and manually adjusted as needed. Experiments
were quenched after 24 to 38 h by cutting power to the trans-
former. The presence of phases defining the f, equilibria plus
fluid was verified for each experiment. Crystals were carefully
extracted, washed in H,O, ethanol, dried, and reweighed.

Analytical techniques

Durango apatite slabs were pre-characterized for REE concen-
trations with a Photon Machines 193 nm G2 laser ablation
(LA) system equipped with a HelEx 2-volume sample cham-
ber connected to an Agilent 7900 inductively coupled plasma
mass spectrometer (ICP-MS) quadrupole. A laser fluence of
5 J/em® with pulse rate of 10 Hz was used for 20 s of total
ablation time using a 35 pum spot. The data were reduced using
Iolite 3.1® (Paton et al. 2011). Phosphorus was used as an
internal standard, and concentrations were calculated by stan-
dardizing against NIST610 glass (Online Resource 2).

Doped haplobasalt glasses formed by fusion at 1350 °C were
characterized with a Cameca SX 100 electron probe micro-
analyser (EPMA) with previously described procedures (Trail
et al. 2012; Boehnke et al. 2013). Briefly, data were collected
using an accelerating voltage of 15 kV and a defocused beam of
30 um. All elements except P, F, and S were standardized against
fused AGV-1 obtained from the United States Geological
Survey. Fluorine and P were standardized against natural
fluoro-topaz (F), and synthetic CePOy, respectively. Sulfur was
standardized against BaSO, (NNO- and MH-buffered experi-
ments) or FeS, (CCO experiment). Sodium, Mg, Al, and Si K
X-rays were collected through TAP crystals while S, K, P, Ca,
and Ti K, X-rays were collected through large PET crystals. Iron
K X-rays were measured through a large LIF crystal. A beam
current of 7 nA was used for all elements except S (15 nA) and
elemental concentrations were calculated after counting for 10 s
on peak and 4 s on backgrounds.

Surface morphologies of apatite crystals were documented
using a Zeiss Auriga scanning electron microscope (SEM).
Afterwards, crystals were mounted in epoxy — with the c-axis
perpendicular to the surface — and polished to 0.3 pm with an
AlL,O5 slurry in preparation for follow-up electron beam in-
vestigations. Cross-sectioned slabs were imaged by SEM, and
then polished again to expose a fresh surface in preparation for
chemical analysis by EPMA. A carbon coat of ~200 A was
applied to the surface of the samples which matches the car-
bon coat thickness of the standards. The chemistry of the
apatite rims and cores were quantified with JEOL JXA-8200
EPMA broadly following the procedures developed by
Stormer et al. (1993) and Goldoff et al. (2012). All samples
were analyzed with the c-axis perpendicular to the electron
beam, an accelerating voltage of 10 kV, 6 nA beam current,
and a 10 wm defocused spot. Fluorine, Cl, Ca, and P were
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analyzed for 10 s on peak and 4 s on backgrounds using
LDEI, PETH, PETH, and PETJ crystals, respectively. The
elements were standardized against natural fluoro-topaz (F),
synthetic Bas(PO,4);Cl (Cl), and Durango apatite (P,Ca). Each
crystal was analyzed at least 6 times.

Results
One atmosphere experiments

The SEM images reveal various surface features that developed
during the experiment (Fig. 2). As a point of reference, Fig. 2a
presents a secondary electron (SE) image of a typical slab, pre-
treatment, which is free of observable surface imperfections. The
most reduced experimental product (~FMQ-12; Si-SiO,) con-
tains a mottled crystal surface accompanied by neo-formed
CaSiOz when viewed in cross section (Fig. 2b). Possible model
reactions are Ca;o(PO,)¢(F), — CaF; + 9CaO + 3P,0s, followed
by CaO + SiO, — CaSiO3, though no P/F phases were observed.
This implies loss (volatilization) of P and F to the inside of the
silica ampoule under these extremely reducing conditions.
Apatites buffered at C-CO-CO, (FMQ-5.3) and Fe-FeO (FMQ
—3.7) exhibit convoluted textures on the grain surfaces, though

Fig. 2 Scanning Electron [2) Untreated |
Microscope (SEM) images -

showing surface features; samples
are viewed with the electron beam
parallel to the c-axis of the crystal.
a Example secondary electron
(SE) image of an untreated
polished slab. b The most reduced
experimental product, sectioned
and shown in cross section with
the e-beam perpendicular to the
c-axis. The backscattered electron
image reveals that the surface is
altered extensively, and contains
neo-formed CaSiOs. (c-d)
Mottled surface textures persist at
foos of FMQ-5.3 and FMQ-3.7,
respectively. The brighter regions
in both secondary electron images
are related to surface roughness
and/or slight surface charging; no
secondary phases were identified.
e Minor recrystallization on the
slab surface is evident for the ex-
periment buffered at Ni-NiO.

f. No detectable difference — when
compared to the starting slab —
was noted for the sample buffered
at the magnetite-hematite
equilibrium

e) Ni-NiO

no secondary phases were detected (Fig. 2¢,d). At Ni-NiO, the
apatite surface exhibits only weak recrystallization, and no evi-
dence for alteration of any kind is present at the MH equilibrium
(Fig. 2 e,f). Thus, the main observation is that apatite is less stable
under more reducing conditions, which is most pronounced at
oxygen fugacities at or below the iron-wiistite equilibrium (Table
D).

Electron probe micro-analyser data of the three haplobasalt
glasses buffered at different oxygen fugacities are summarized
in Online Resource 1. This reveals that the P content in the
glass — but not F or Ca — is significantly depleted in the sample
that was buffered at FMQ-5.9 (Fig. 3).

Apatite solubility in aqueous fluids vs. fo,

When compared to the initial surfaces (e.g., Fig. 2a), experi-
mental products show evidence for dissolution at the crystal
surfaces (Fig. 4). In some cases, mottled features are present
on the crystal surfaces (Fig. 4a), while in others wavy or con-
voluted features exist (Fig. 4b-d). When crystals were aligned,
mounted, sectioned, and polished perpendicular to the c-axis,
evidence for dissolution/re-precipitation and new growth to
10s of um deep is evident, which sometimes coincides with
convoluted features near the rims of crystals (Fig. 4h-j).

b) Si-Si0,
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Table 1 Apatite 1 atm fo,-buffered heating experiment conditions observations on apatite grain surfaces
Experiment ID T (°C) t(h)* fo, buffer AFMQP Post experiment observations on apatite grains
PhB0O1_Ap_CCC 1083 90 C-CO-CO, -5.3 Mottled surface features, possible loss of P
PhBO1 Ap HM 1083 90 Fe;04-Fe O3 +5.8 No identifiable change to crystal surface
PhBO1_Ap IW 1083 90 Fe-FeO -3.7 Topographic highs/lows surface alteration
PhBO1_Ap NNO 1083 90 Ni-NiO +0.7 Regions of apatite recrystallization visible

on surface
PhB04_Ap_SiSiO, 1083 65 Si-SiO, ~—12 CaSiO; + apatite and probable loss of P

 Duration of the experiment in hours

® Difference in log units from the fayalite-magnetite-quartz equilibrium buffer

Changes in backscattered electron image (BSE) brightness
reveal defined boundaries between the original crystal and
the altered region in some images (e.g., Fig. 4j). Also present
are infrequent ~1-5 pum blebs of Ag mobilized during the
experiment. While these Ag blebs will lead to undetectable
mass additions to the crystal during post experiment re-
weighing, (Online Resource 3), they mark the termination of
the dissolution-reprecipitation front of the crystal. In some
cases, this is obvious (Fig. 4fh); the Ag blebs correlate with
the precise location of BSE brightness change. This provides
strong evidence that partial or full recrystallization of the outer
portion of the crystal occurred in at least some cases.

Almost all experiments were conducted with polished slabs
and at 925 °C. We report two additional experiments at 900 °C,
1 GPa, with the fo, buffered at FMQ, with unpolished,
unorientated Durango apatite fragments. In the NaOH-H,O so-
lution, secondary ThO, was discovered on the surface of the
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Fig. 3 Concentrations of F and P,Os post-experiment in silicate glass
(1 atm, 1350°C) showing that P,Os is lost under reducing conditions.
This supports the hypothesis that P-oxide is more volatile under very re-
ducing conditions, and is also consistent with surface features documented
for 1 atm apatite stability experiments. Fluorine and CaO do not show
diminished concentrations vs. fo, (also see Online Resource 1)
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sample (Fig. 3f) whereas the NaCl-H,O experiment contained
secondary monazite.

Table 2 presents the apatite solubility results for the two
different fluids. In NaOH fluid, apatite solubility exhibits
no systematic change as fo, was varied from FMQ-4 to
FMQ + 7.9 (Fig. 5a). For these 8 experiments, the average
solubility is 0.12+0.02 (1 s.d.) wt%. This contrasts with
solubility experiments conducted in the NaCl solution (Fig.
5b). Apatite solubility is largest between fo,s from FMQ-4
to FMQ, with an average solubility of 0.20+0.01 (1 s.d.)
wt%. Interestingly, the measured solubility decreases to 0.16
+0.02 wt% at FMQ + 2.8 and then down to 0.09 +0.02 wt%
at FMQ + 7.9.

Table 2 also presents the ratio of EPMA F and Cl rim con-
centrations, compared to the crystal core. Note that all concen-
trations reported were collected with the electron beam perpen-
dicular to the c-axis of the crystal. A complete summary of all the
EPMA concentrations can be found in Online Resource 4, which
shows that the interior regions of the crystals remain undisturbed
at the limits of analytical precision. In other words, the concen-
trations of Ca, Na, P, Cl, and F in the interior regions are in strong
agreement with published literature values for Durango apatite
(Young et al. 1969; Stormer et al. 1993; Goldoff et al. 2012).

More than half the F was lost from crystal rims in almost all
cases. Apatite F depletion in experiments conducted in NaOH
fluids exceeds that of the NaCl solutions, on average.
Experiments conducted in NaCl solutions contain apatite Cl nor-
malized concentrations comparable to core regions of the crys-
tals, whereas the experimental products of NaOH fluid experi-
ments are Cl-depleted. No systematic dependence for CI/F ex-
change vs. oxygen fugacity is evident; charge balance arguments
do require gain of OH in the reacted rims of the crystals, however.

Discussion
One atmosphere experiments

The main goal of the 1 atm experiments was to evaluate apa-
tite thermal stability in simple fo,-buffered environments. F-
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AT,

“b) PhBO6, SE; WWO

a) PhB02, SE; MMO

i) PhBO5, BSE; ReReO,

Fig.4 SEM images showing textures of the apatite slabs after completion
of piston cylinder experiments. Crystal slabs were prepared in the same
manner as the 1 atm experiments, so the secondary electron (SE) image
shown Fig. 2a is representative of the initial state of the apatite crystals. a-
d Representative textures of the crystal surfaces, with the electron beam
parallel to the c-axis. SE images also show traces of Ag on the crystal
surface (e.g. d). e Representative overview image of crystal slab, after
completion of the experiment (electron beam parallel to the c-axis). f
Backscattered election image of unorientated, unpolished apatite

apatite was predicted to be stable in air at the ~1100 °C tem-
perature investigated conducted here (Tonsuaadu et al. 2011).
This previously documented stability agrees with the most
oxidized experiments presented here, in which the oxygen
pressure was fixed at the MH equilibrium, or ~10™* bars.

c) PhB12, SE; MMO

j) PhB12, BSE; MMO

fragment. The phases with high aspect ratios are apatite, interpreted to
form on the quench. The BSE bright phases are ThO,. g-j Slabs were
mounted and polished to expose the crystal surfaces in cross section,
which reveal alteration of the original mineral to tens of pm deep. Small
blebs of Ag, identified by the arrows, are found within the apatite, and
near the apparent termination of the reaction boundary. In this case, all
crystals are viewed with BSE and the electron beam perpendicular to the
c-axis of apatite

However, the qualitative observations of crystal surfaces dem-
onstrate breakdown and alteration of apatite for oxygen fugac-
ities at or more reduced than the IW equilibrium. We speculate
that the reduction of P>* to P** is responsible for this instabil-
ity. This is consistent with the 1 atm fi,-buffered experiments
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Fig. 5 a Solubility of apatite in NaOH solution, represented as wt%
apatite dissolved in the fluid, showing no resolvable sensitivity to
oxygen fugacity. The x-axis represents the difference in log units relative
to the FMQ oxygen fugacity buffer. b Solubility of apatite in NaCl solu-
tion showing that apatite is more soluble by about a factor of two in highly
oxidizing experiments

conducted by Mallmann and O’Neill (2009). These workers
argued for the presence of P** at f,,s of FMQ-5 and lower,
based on apparent changes in P partition coefficients between
mantle phases and basaltic melt. We also speculate that P** is
more volatile than P>* since simple f,-buffered basalt exper-
iments conducted here show almost complete loss of P from
the melt under reducing conditions (FMQ-5.9).

It is important to iterate that these experiments were not
designed to specifically evaluate equilibrium conditions, or
to define an equilibrium reaction. They were designed to as-
sess the stability of apatite and its components with changes in
oxygen pressure. In this regard, anhydrous results imply apa-
tite stability is unlikely to be affected by fo,s common in any
present-day terrestrial settings. In planetary settings where the
foz is close to the IW equilibrium or below, these data indicate
apatite is less stable. From a planetary perspective, basaltic

eruptives that were exceptionally reduced may have delayed
or inhibited apatite saturation. Such conditions may be possi-
ble on Mercury or the Vesta 4 based on recent fq, estimates of
these bodies (Pringle et al. 2013; Zolotov 2011), though they
are less likely on the Moon or Mars.

Apatite-fluid solubility experiments vs. oxygen
fugacity

Comparison with other apatite solubility results

Figure 6 presents apatite solubility data conducted in NaCl-
H,O at 1 GPa, and variable temperature. This consists of 2
data points representing the effects of apatite solubility in
fluids vs. fo, from Table 2, and several of the solubility results
from Antignano and Manning (2008), who parameterized T, P,
and Xy of their apatite solubility data. Those experiments
were not explicitly fo,-buffered, though they were likely close
to the Ni-NiO equilibrium (Newton and Manning 2005;
Tropper et al. 2011). Our experiments conducted at oxygen
fugacities from FMQ-4 to FMQ are in broad agreement with
the previous results of Antignano and Manning (2008). On the
other hand, the measured RRO-buffered apatite solubility is
lower than those reported for more reduced experiments. To
explore the implications of this result, we use the following

1.0 @ 700°C (Literature)
= @ 800°C (Literature)
% 0.84 900°C (Literature)
Ehe O 925°C (This study)
>
= *
= 0.6
S
ko)
® 0.4
2
3.0.21 ¢
<

0.0+

00 01 02 03 04 05 06 07
XN
aCl

Fig. 6 Apatite solubility (1 GPa) experiments from Antignano and
Manning (2008) (Literature) and this study showing how fo, changes
solubility, in comparision to experiments conducted at different tempera-
tures, where Xy, is mole fraction. The oxygen fugacity of experiments
conducted by Antignano and Manning (2008) were probably close to the
NNO equilibrium. A change in the oxygen fugacity from FMQ to
FMQ + 2.8 would have the same effect as a 30° temperature change at
~900°C, whereas a change in oxygen fugacity from FMQ to the most
oxidized experiment conducted (Ru-RuQ,) is equivelent to about a ~120°
change in temperature. Note that this generalized comparison only applies
at 900°C and Xy, = 0.0582; that is, there is not enough data to speculate
on how this might change as other intensive variables are investigated
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parameterized fit that describes apatite solubility (C,p,, in ppm)
in NaCl fluids:

Cap = —3.56 +.0024217 + 9.17log (pp,0)
+ [(44 + 1.1P")exp(0.007T)] % (aacr)'? (1)

where T is in Kelvins, py»0 is the density of water, P is pres-
sure in GPa, and an,c; is the activity of NaCl in solution
(Antignano and Manning 2008). The ay,c of the solution is
defined by:

4(Xnucr)

ANaCl =~ 5
(1 4 Xyacr)?

(2)
where Xyaci i1s the mole fraction of NaCl in solution
(Aranovich and Newton 1996). When this fit is performed
on our data, treating T as an unknown, the FMQ-4 to FMQ
data predict an experiment temperature of ~885 °C, which is
lower than the true experimental temperature by 40 °C, but in
broad agreement with previous results. Instead, if the same
calculation is conducted for the oxidized experiment, the pre-
dicted experimental temperature is ~765 °C. In other words,
the difference in apatite solubility that results from changing
the experiment oxygen fugacity from FMQ to RRO is equiv-
alent to the same change in solubility that would result from a
120 °C change in temperature (holding P and Xy, constant).

The reason for the decrease in solubility in NaCl fluids at
high fo,s is not clear, though it is reasonable to assume that the
activities of the solute complexes that form during dissolution
may depend on oxygen fugacity. For instance, the reaction

H, + %0,<>H,0 is important for buffering the oxygen fugac-
ity, and furthermore, high fo, implies low fi1,. Consider for a
moment the half-cell reaction 2H, «>H"* + ¢, which implies
that the activity of H* (ay*) in the fluid may be lower at high

fozs. Starting then with the simple model reaction:

Cas(PO4),F(solid) = 5 Ca’" +3 POs* + F~ (3)

and assuming the phosphate ion interacts with H" in solution
implies the following series:

PO,* + H'—HPO,* +H"—H,PO,” +H"—H;P0, (4)

where the reactions are driven to the right with high ai* (low
Jfo2) thereby leading to higher apatite solubilites. The reaction
is driven to the left with low ay™ (high f5,), implying lower
apatite solubilities. Thus, if ag;* is involved in reactions that
define the dissolution complexes for apatite and the model
reactions are valid, this explains the diminished solubility de-
tected at higher fo,s. Dissolution and ion complexing that
involve H* are supported by Ayers and Watson (1991), who
showed that apatite weight loss was higher in HCI solutions
(vs. NaCl) for identical experimental conditions. On the other

@ Springer

hand, changes in ay* and agy vs. fo, in the (basic) NaOH
fluids appear to have little consequence on the state of the
system. This may be the case because the relative change in
ayg' vs. fo» plays a subordinate role when compared to the
apy of the initial NaOH solution.

Antignano and Manning (2008) observed secondary mon-
azite during their Durango apatite dissolution experiments in
all experimental products (H,O and H,O-NaCl fluids).
Despite intensive searches for monazite resulting from incon-
gruent dissolution in our 925 °C experiments, none were ob-
served. The reason for this is unknown, but could be due to
differences in apatite chemistry among the Durango apatite
suite, or the slightly higher temperatures explored here (925
°C) vs. maximum 900 °C temperatures of the former study.
Ayers and Watson (1991) did not comment on monazite for-
mation in their higher temperature, 1000 °C, 1 GPa Durango
apatite solubility study in NaCl either.

The apparent absence of monazite in our run products may
also be because the flat polished surfaces or our crystal slabs
were poor retainers of secondary phases compared to rougher
surfaces. Two separate experiments were conducted with un-
polished, unorientated grains at 900 °C and 1 GPa, which
yield secondary monazite and ThO, in NaCl- and NaOH-
bearing fluids, respectively. The former is consistent with past
observations, though no comparison is possible for NaOH
fluids because no previous studies have explored apatite
solubilites in NaOH-H,O.

Implications of apatite-fluid experiments

These experiments enable an evaluation of apatite solubility
with consideration for another variable, oxygen fugacity.
While apatite in the presence of NaOH fluids shows little
sensitivity to changes in solubility, previous work demon-
strated that monazite is less stable in the presence of oxi-
dized fluids with the same composition (Trail 2018).
Therefore, in oxidized hydrothermal environments where
NaOH may be an important component, such as in granitic
pegmatites (Hetherington and Harlov 2008; Hetherington et
al. 2010; Harlov et al. 2011) or high-grade mineral alteration
of apatite in alkali-rich fluids (Bingen and van Breemen
1998; Forster and Harlov 1999; Hetherington and Harlov
2008), apatite will likely be more stable than monazite. As
researchers continue to test hydrothermal mineral replace-
ment reactions, such as those conducted for apatite-
monazite pairs (Harlov et al. 2005; Betkowski et al. 2016),
it is reasonable to expect that the products of these reactions
are also likely to depend on fo,.

On the other hand, the solubility of apatite in NaCl
fluid does change with f5,. While salinity is interpreted
to be an important agent involved in rock alteration and
mass transfer (Newton and Manning 2010; Manning and
Aranovich 2014), our results suggest that more oxidized
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NaCl-H,O fluids would diminish rare earth element mass
transfer involving apatite, if the lower solubilities reported
here are used. In natural settings, textures and analyses of
apatite show that REEs and halogens are not preserved
near the rims during interactions with briny fluids (e.g.,
Zhang et al. 2017). The occurrence of apatite in diverse
environments extends the applicability of these results be-
yond terrestrial settings. Consider, for example, the results
of Sarafian et al. (2013) who quantified the chemistry of
eucritic apatite, some of which contain abundant OH
found in the presence of quartz. Together, those results
were used to suggest interactions of hydrothermal fluids
with the early crust occurred on 4 Vesta. Finally, Rigali et
al. (2016) made the case for using apatite as a radioactive
waste repository phase, provided additional experiments
are as encouraging as those published thus far. The results
presented here strengthen this prospect, given that oxi-
dized fluids stabilize apatite. That said, the apatite struc-
ture mineral Belovite—(Ce) (Rakovan and Hughes 2000) is
likely to have a different response to oxidized fluids than
Durango apatite.

Conclusions and outlook

When compared to observations made for monazite, apatite
exhibits remarkable stability in extremely oxidized or reduced
fluids, though on balance it is more stable in oxidized settings.
In this regard, apatite may be a better phosphate to target for
the development of 1o, sensors for fluids and melts, especially
in oxidized environments. Under the most reduced conditions,
apatite stability is adversely affected, as shown for the 1 atm
experiments. Phosphorus exhibits volatile behavior under
very reducing conditions. These experiments show the mobil-
ity of REE and P from the dissolution of apatite will be
inhibited under oxidizing conditions in the presence of NaCl
fluids, though compiled data indicate that P, T, and fluid com-
position are more important intensive variables. Since apatite
does exhibit some sensitivity to changes in solubility vs. /o, a
reasonable inference is that the speciation of dissolved com-
ponents (or their activities) may depend on fg,. There is value
in exploring solubilities of other phases as a function of 1.,
even for minerals that do not contain redox-sensitive elements
as part of their formulae.
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