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Hydrogen diffusion in the apatite-water system:
Fluorapatite parallel to the c-axis
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Many studies in the past decade have sought to explore the origin and evolution of water in planetary bodies based on
the hydrogen isotopic compositions of apatite. However, no investigation has studied hydrogen diffusivity in apatite. This
work reports hydrogen diffusion experiments using a natural Durango fluorapatite carried out under a saturated 2H,0/0,
vapor flow at temperatures of 500-700°C. Diffusion depth profiles for 'H and *H were measured using secondary ion
mass spectrometry (SIMS), indicating that H diffusion occurred by an exchange reaction between the original 'H and *H
during annealing. Hydrogen diffusion coefficients were obtained by the fitting of diffusion profiles of >H using Fick’s
second law; they followed an Arrhenius-type relationship. The temperature dependence of hydrogen diffusion parallel to
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the c-axis at 500-700°C can be expressed as

D=671x10"13 exp(

2

80.5+3.3
———— | |m~ /s

RT

[

Hydrogen diffusion coefficients in apatite are several orders of magnitude greater than those of other elements. Hy-
drogen diffusion in apatite occurs at relatively low temperatures (below 700°C). This study indicates that the hydrogen
isotopic compositions of apatite are readily affected by the presence of water vapor through the 'H-?H exchange reaction

without changing the total water content in the crystal.
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INTRODUCTION

Hydrous minerals are important because they provide
information on the behavior of water during the forma-
tion and subsequent history of minerals and rocks
(Suzuoki and Epstein, 1976). Their hydrogen isotopic
compositions have been used as an important tracer of
the isotopic composition of water (e.g., Taylor, 1977;
Graham et al., 1984). However, without an understand-
ing of hydrogen diffusivity in these hydrous minerals, it
is difficult to estimate whether original hydrogen isotopic
compositions from crystallization are preserved, or the
subsequently modified by reactions with water after crys-
tallization. Therefore, it is necessary to understand the
hydrogen diffusivity in the mineral during water-rock in-
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teractions. For example, hydrogen diffusion has been in-
vestigated in hydrous minerals such as epidote, zoisite,
muscovite (Graham, 1981), amphibole (Graham et al.,
1984), ilvaite (Yaqgian and Jibao, 1993), and tourmaline
(Jibao and Yaqian, 1997).

Among the hydrous minerals, apatite-group minerals
receive attention because they are able to survive in a
wide range of geological settings on Earth and on extra-
terrestrial bodies such as the Moon, Mars, chondrites, and
achondrites (McCubbin and Jones, 2015). Apatite, which
is a calcium phosphate with the general formula
Cas;(PO,);(F,CI,OH), has a hexagonal crystal structure, a
=9.4-9.6 A, c=6.8-6.9 A, with a space group symmetry
of P6;/m and sites bearing anions arranged along the c-
axis (Hughes et al., 1989; Hughes and Rakovan, 2015).
Apatite could contain various cations such as Ca, Pb, Sr,
Ba and Mn in two of the cation site, and P, V and As in a
third cation site (Hughes and Rakovan, 2015). The anion
components of apatite, F, Cl and OH, can substitute for
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Fig. 1. Quantitative evaluation of trace elements in Durango apatite by LA-ICP-MS, (a) vertical 17 spots and (b) horizontal 23
spots. Trace elements are uniformly distributed in the c-plane of Durango apatite.

each other and apatite is called fluorapatite, chlorapatite = and magmas (e.g., Boyce and Hervig, 2008, 2009; Marks
and hydroxylapatite by the occupancy of the anion sites et al., 2012; Harlov, 2015; McCubbin and Jones, 2015;
(Hughes et al., 1989). It contains highly volatile elements =~ Webster and Piccoli, 2015; Kusebauch et al., 2015). In
such as F, Cl, and OH in the anion sites, making it a use- the past decade, a number of publications have studied
ful recorder of volatile components and water in fluids the origin and evolution of water in solar system bodies
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by considering the hydrogen isotopic compositions of
apatite (e.g., Greenwood et al., 2008, 2011; Barnes et al.,
2013; Tartese et al., 2013; Jones et al., 2014; Itoh et al.,
2015; Usui et al., 2015; Singer et al., 2017).

However, no previous investigation has measured hy-
drogen diffusivity in apatite, in contrast to other hydrous
minerals, despite such data being important in evaluating
existing and future hydrogen isotopic analyses of apa-
tite. Therefore, this study reports hydrogen diffusion ex-
periments in apatite carried out under *H,0/O, vapor
flows to estimate the hydrogen diffusivity of apatite and
its temperature dependence. The use of 2H,0/O, vapor is
helpful in estimating the hydrogen diffusion as well as
any variations in total hydrogen concentration in the apa-
tite during water-rock interaction.

EXPERIMENTAL PROCEDURE

Sample details and preparation

The sample selected for this study was a transparent
natural hexagonal fluorapatite from Durango, Mexico.
Durango apatite is easily obtained in large sizes and gem
quality, and its mineralogy has been well studied (Young
etal., 1969; Hughes et al., 1989; Sha and Chappell, 1999),
making it the standard crystal used in studies of the physi-
cochemical properties of apatite, including diffusion ex-
periments (e.g., Farver and Giletti, 1989; Brenan, 1993;
Cherniak, 2005). The chemical composition of the
Durango fluorapatite, as reported by Young et al. (1969),
is Cag g3Nag 05510 01RE( 09(PO4)s5 57(S04) 05(S104)0 06
(AsO4)01(CO3)g01F | 90Cly 12(OH)g ;- The water content
of Durango apatite is ~500 ppm H,O (Greenwood et al.,
2008).

Specimens of two Durango apatite crystals were cut
normal to the c-axis into slabs about 1-2 mm thick using
a low-speed diamond saw. Slices of samples were pol-
ished using several grades of diamond paste to obtain a
mirror surface, and cleaned ultrasonically in deionized
water and ethanol.

Impurity analyses by LA-ICP-MS

The variation of hydrogen diffusion coefficients in
hydrous minerals could result from the differences in
major elements of these minerals (Graham et al., 1984).
Moreover, radioactive decay (e.g., nuclear fission) could
affect diffusivity, as this would affect the defect concen-
tration. Therefore, zoning of trace elements in apatite
could influence the hydrogen diffusivity.

Since Boyce and Hodges (2005) report zoning of U
and Th in Durango apatite, we evaluated the trace ele-
ment abundances by traversal analysis using laser abla-
tion inductively coupled plasma mass spectrometry (LA-
ICP-MS) (Fig. 1). Trace element abundances were mea-
sured at Kyoto University, Japan, using a single-collec-

tor quadrupole ICP-MS (iCAP-Qc, Thermo Fischer Sci-
entific, Bremen, Germany) coupled to an ArF excimer
laser ablation system (NWR193, ESI, Portland, USA). We
performed the analyses using a 50 um spot size, a 5 Hz
repetition rate, and 4.5 J/cm? fluence. The ICP-MS in-
strument was tuned to maximize the signal intensity of
139La by changing the position of the plasma torch and
the flow rate of the carrier gas (a mixture of He and Ar)
while reducing the formation rate of 23>Th'®O*. After
optimization of the ICP-MS, the apparent signal inten-
sity of 222Th'®0O* against 2*Th* was ca. 0.6%. Two per-
pendicular traversal analyses were employed, and each
traversal line consisted of 17 and 23 spot analyses with
200 um step. The measurement at each spot consisted of
(1) moving the stage to the target location; (2) surface
cleaning with three laser pulses; (3) washing out the aero-
sol used in cleaning for 20 s; (4) acquiring a gas blank
signal for 20 s; (5) ablating the sample for 30 s; and (6)
waiting for 40 s while the baseline level stabilized. In
total, 40 spots were analyzed. A silicate glass primary
standard (NIST SRM610) for quantification (Pearce et
al., 1997) was measured five times at the beginning of
each sequence and also five times after 10 unknowns. Raw
data were imported into Iolite 2.5 software (Paton et al.,
2011; Woodhead et al., 2007, 2008). The software’s data-
reduction scheme reduced the raw data to obtain the con-
centrations of trace elements using the internal standard
method and correct for instrumental drift. We used Ca
(**Ca) as an internal standard, assuming that CaO con-
centration in Durango apatite is 54.3 wt% (Douce et al.,
2011). The overall uncertainties in the quantitative analy-
sis were calculated based on error propagation of the ex-
ternal reproducibility of the E/**Ca ratio (E: monitored
isotopes such as !*°La) and the internal precision during
single spot ablation. Uncertainties of the concentrations
of trace element are quoted as twice the standard error,
and were typically 4% to 5%. Among the rare earth ele-
ments, La, Ce, and Nd (~1000 ppm) were each present in
concentrations of a few thousand ppm and were homoge-
neously distributed within the natural fluorapatite (mean
square weighted deviation, MSWD values are 1.7, 1.8 and
2.5, respectively, n = 40). The trace elements appeared
uniformly distributed in the c-plane of apatite, which is
consistent with previous findings (Sha and Chappell,
1999).

Diffusion annealing experiment

Slices of apatite normal to the c-axis were used in the
hydrogen diffusion experiments, which were carried out
in a reactor at National Institute for Materials Science
(NIMS, Tsukuba, Japan) that could independently con-
trol the temperature and humidity around the sample
(Watanabe et al., 2013, 2014). Given that Durango apa-
tite has an original H,O content, heavy water (2H20, >98%

Hydrogen diffusion in the apatite 117



N
-

10
ME1020
ST
19
s107;
g |
§107
o [
S, 7]
o 10 ¢ Durango apatite //c-axis
600°C 3600s annealed
1016' , 1 .
0.0 0.5 1.0 1.5
Depth (um)

Fig. 2. Representative diffusion profile showing concentrations
of 'H, *H, and total hydrogen in Durango apatite annealed at
600°C for 3600 s.

’H abundance) was employed as a diffusion source to
determine hydrogen diffusivity. The apatite specimens
were exposed to an oxygen carrier gas and the 2H,0 gas
(concentration 19.5%). A water reservoir was filled with
H,0 and maintained at 60°C. The flow rate of the oxy-
gen carrier gas was ~600 sccm at 1 atm. Samples on a
quartz glass boat, in a reactor initially completely filled
with pure O, gas, underwent the isotope-exchange reac-
tion in a humid gas mixture of O, and ?H,0. This experi-
ment was designed to maintain a certain ?H,O gas con-
centration at the sample surface during annealing. The
slices of apatite crystal were annealed at 500—700°C for
3600-5400 s using the heater; i.e., 5400 s at 500°C, 3600
s at 600°C, and 3600 s at 700°C.

SIMS analysis

After the diffusion experiments, hydrogen diffusion
profiles were acquired by SIMS (Cameca ims 4f-E7 at
LPS Kyoto University and Cameca ims 4f at NIMS). The
diffusion profiles were obtained by depth profiling. To
avoid charge accumulation on the surface, it was coated
with Au (~20 nm) and irradiated by a rasterized '3*Cs*
primary ion beam with an acceleration voltage of +14.5
keV, intensity of ~5 nA, and spot size of about 10 ym.
The primary beam was rasterized in a 100 X 100 ym area
during irradiation. Secondary ions from the sputtering
process were collected from the central area of 50 x 50
Um using a mechanical aperture to minimize artifacts. The
intensities of the negative secondary ions 'H-, ?H", and
180~ were measured. For charge compensation, a normal
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Fig. 3. Representative diffusion profile for °H concentration
with depth in an apatite crystal from a hydrothermal run for
3600 s at 600°C, and the least squares linear regression fit to
the data points.

incident electron gun (with an accelerating voltage of 4.5
kV) was used to flood electrons onto the surface. To avoid
contamination from residual hydrogen gas in the sample
chamber, the vacuum was maintained below 8 x 10~® Pa
during measurements. The entrance and exit slits were
narrowed enough to minimize the contribution of '°0*H-
to the 80~ reading. The depths of the SIMS craters were
measured using a surface profiler (KLA_Tencor Alpha-
step D-120 and Kosaka Lab. Ltd. Surfcorder ET200) and
laser microscope (KEYENCE VK-X-100). The second-
ary ion intensity profiles were converted to depth pro-
files.

Quantitative analysis of hydrogen in apatite

The concentration of hydrogen in the apatites for this
diffusion experiment are estimated using H ion implanted
in the standard apatite sample. The relative sensitivity
factor (RSF) (e.g., Homma et al., 1992) was obtained by
analyzing the *H ions implanted in the sample slice (the
same crystal as for the diffusion experiment) parallel to
the c-axis using an ion implantation technique (Sakaguchi
etal.,2003,2004). The *H ions (37 keV acceleration volt-
age and 5 x 10" ion/cm? implanted dose) were implanted
at room temperature. The hydrogen concentration was
calculated with the ratio of secondary ion intensities with
'H/'80 and 2H/'80. After the determination of RSF, the
hydrogen concentration in two apatite crystals were esti-
mated to be ~1 x 10*%/cm? and ~2.5 x 10%%/cm?.



Table 1. Hydrogen diffusion coefficients in two apatite cystals

T(°C) Time (s) D (m?%/s) logD

Durango fluorapatite parallel to ¢

Ap500_lo 500 5400 1.61 x 107" -17.79
Ap500_2c 500 5400 2.65x 107" -17.58
Ap500_3c 500 5400 223 x 107" -17.65
Ap500_4f3 500 5400 328 x 10718 —-17.48
Ap500_5f 500 5400 3.90 x 10718 -17.41
Ap500_683 500 5400 2.01 x 10718 -17.70
Ap500_78 500 5400 224 x 10718 -17.65
Average 2.56+£0.79%x 107" -17.61£0.13
Ap600_lo 600 3600 8.53 x 107"® -17.07
Ap600_20; 600 3600 6.62 x 107" -17.18
Ap600_30 600 3600 9.17 x 107** -17.04
Ap600_4f 600 3600 1.26 x 107" -16.90
Ap600_5f3 600 3600 1.10 x 107" -16.96
Average 9.58+230x 10"  -17.03+0.11
Ap700_lo 700 3600 2.79 x 1077 -16.55
Ap700_2c 700 3600 2.96 x 10717 -16.53
Ap700_3c 700 3600 3.54 x 1077 —-16.45
Ap700_4p3 700 3600 3.77 x 1077 -16.42
Average 327+£047x 1077 -16.49 £0.06

o and B: These symbols designate the different crystal. Total hydrogen

concentration of o is ~2.5 x 10?° (/em®) and that of Bis ~1 x 100 (/
3

cm’).

Diffusion analysis

To determine the diffusion coefficient (D), the C[*H]
profile was fitted using the solution of the diffusion equa-
tion obtained by assuming a constant concentration of 2H
at the sample surface and diffusion in a semi-infinite
medium (Crank, 1975). The diffusion profiles were fit-
ted to Eq. (1) using least squares:

C..—C
(x,1) 0 = erfe )’L (1)

where C, , is the concentration at distance x from the
surface, C, is the surface concentration, C is the back-
ground concentration, and x is the penetration depth. D is
the diffusion coefficient, ¢ is the duration of the diffusion
treatment, and erfc = 1 — erf (where erf is the Gaussian
error function).

RESULTS

Diffusion profiles of 'H and *H in apatite
Figure 2 shows a representative diffusion profile for
the concentrations of 'H and 2H, and also total hydrogen
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Fig. 4. Arrhenius plot of hydrogen self-diffusion in apatite,
showing the results for diffusion experiments in natural
Durango apatite measured for diffusion parallel to the c-axis.
The line is a least-squares fit to the diffusion data. The fit of
Eq. (2) to the experimental data for hydrogen diffusivity in apa-
tite at 1 atm yields an activation energy of 80.5 + 3.3 kJ mol™’
and a pre-exponential factor of 6.71 x 10713 m? s, Each sym-
bol is the average value of each temperature (Table 1). The
errors are 10.

concentration, in Durango apatite annealed at 600°C for
3600 s. The concentrations of 'H and ?H starting at the
surface are 3 x 10' and 7 x 10'%/cm?, respectively. The
'H concentration increased with increasing depth, even-
tually reaching the original hydrogen concentration of 1
x 10%°/cm?. The *H concentration decreased with increas-
ing depth. The constant total hydrogen concentration (1
+0.04 x 10*°/cm? (20)) throughout the sample shows that
’H diffusion occurred via its initial exchange with the
original surface hydrogen and subsequent diffusion in the
lattice by a simple 'H->H exchange mechanism. Similar
profiles were obtained at the other considered tempera-
tures (500 and 700°C). Therefore, to estimate the hydro-
gen diffusion coefficient in the apatite lattice at each tem-
perature, the intensity ratio 2H/('"H +?H") (denoted as
C[H])) in the profile was fitted for use in the calculation
of the diffusion equation (1) (Fig. 3). The fitted values
show a good agreement in the surface region of up to about
200 nm depth. The obtained hydrogen diffusion coeffi-
cients at the different temperatures are listed in Table 1.

Temperature dependence of hydrogen diffusion in apatite
Diffusion coefficients (D) generally follow the
Arrhenius equation:

Hydrogen diffusion in the apatite 119
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Fig. 5. Comparison of hydrogen diffusion for apatite (black
line) and hydrous minerals (gray lines; Ingrin and Blanchard,
2006). Sources for data: epidote (Graham, 1981); lawsonite
(Marion et al., 2001); zoisite (Graham, 1981); ilvaite (Yaqgian
and Jibao, 1993); actinolite (Graham et al., 1984 from Suzuoki
and Epstein, 1976); tremolite (Graham et al., 1984); hornblende
(Graham et al., 1984); tourmaline (Jibao and Yaqian, 1997);
apatite (this study).

D= D, exp(— R"

) @)

where Dy, is the pre-exponential factor, E, is the activa-
tion energy for diffusion, and T is the temperature. In the
present study, the Arrhenius relation for the hydrogen dif-
fusion in apatite was calculated using the average value
of diffusion coefficients from two apatite crystals at each
temperature (Table 1). Figure 4 shows that an Arrhenius
relation was obtained for hydrogen diffusion in Durango
apatite parallel to the c-axis at 500-700°C:

B s 805433\ 1 »
D=6.71x10 exp(—Tj [m /s]. (3)

DISCUSSION

Hydrogen diffusivity in apatite and hydrous minerals
Hydrogen diffusion in hydrous minerals is important
because it can help us to understand the formation and
hydrothermal history of minerals and rocks. Several pre-
vious studies have reported hydrogen diffusion in hydrous
minerals, and their findings were reviewed by Ingrin and
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Fig. 6. Summary of diffusion data for cations and anions in
apatite. Gray lines are previously reported values, and the black
line indicates data of the present study. Sources for data: F-ClI-
(OH) (Brenan, 1993); O (Farver and Giletti, 1989); Sr
(Cherniak and Ryerson, 1993); Pb (Cherniak et al., 1991); REEs
(Cherniak, 2000); U and Mn (Cherniak, 2005); H (this study).
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14

Blanchard (2006). The hydrogen diffusivities obtained in
the present study for apatite and those for various other
hydrous minerals under hydrothermal conditions from
Ingrin and Blanchard (2006) are shown in Fig. 5. The other
diffusivity data were also obtained from 'H-?H exchange
experiments. The diffusivities vary considerably, by about
five orders of magnitude. Hydrogen diffusivity in apatite
is relatively slow compared with the other hydrous min-
erals. Diffusivity generally depends on the number of ef-
fective sites, and the variation in Fig. 5 could be explained
by the OH contents of the various hydrous minerals. This
suggests that the OH content of apatite could increase
hydrogen diffusion rates.

The activation energies for hydrogen diffusion in these
minerals show less variation, and are in the range of 80
to 120 kJ/mol (Ingrin and Blanchard, 2006). The similar
activation energies suggest that hydrogen diffusion oc-
curs by the same mechanism in each case. Hydrogen in-
corporated into the lattice migrates mainly as a single
proton much as in oxides and silicates, jumping between
successive OH positions (Norby and Larring, 1997; Ingrin
and Blanchard, 2006). Considering that OH is stable in
hydrous minerals, the incorporated hydrogen diffuses by
displacing H originally bonded with O via the Grotthus
mechanism (Marion et al., 2001). The activation energy
for hydrogen diffusion comprises two contributions: the



energy needed to break the original O-H bond and the
migration energy of hydrogen diffusion between OH sites
in the lattice. Therefore, the crystal structure has been
suggested to make only a small contribution to the acti-
vation energy of hydrogen diffusion in hydrous minerals.
Moreover, this suggests that variation in OH content of
apatite will not lead to large changes in the activation
energy for hydrogen diffusion.

Comparison with the diffusivities of other elements in
apatite

For hydrogen diffusion data in apatite to be important
to geochemical and cosmochemical research, it has to be
analyzed in comparison with the diffusion coefficients of
other major components of the halogen site such as F and
Cl, as well as OH. The diffusion coefficients of various
cations and anions in apatite have been reported previ-
ously (e.g., Farver and Giletti, 1989; Brenan, 1993;
Cherniak, 2005), and are plotted in Fig. 6. The diffusion
rate of hydrogen in apatite in this study is several orders
of magnitude higher than that of the other elements, and
the activation energy for hydrogen diffusion is lower than
that for the other anions and cations, especially F and CI.
If OH diffusion in apatite is similar to F and Cl diffusion
(Brenan, 1993), hydrogen diffusion in apatite is more than
three orders of magnitude faster than hydroxyl diffusion
at 500-700°C. This is also consistent with our result that
the hydrogen isotopic compositions of apatite could be
easily affected by water through the 'H-?H exchange re-
action without changing the total water content (Fig. 2).
The hydrogen isotopic composition of apatite is there-
fore a sensitive indicator of water-mineral interactions in
the Earth and extraterrestrial bodies.

SUMMARY

SIMS was used to measure depth profiles of 'H and
’H concentrations after hydrothermal hydrogen diffusion
experiments in natural Durango fluorapatite. The diffu-
sion coefficients along the crystallographic c-axis in apa-
tite at 500-700°C were found to follow the expression

D=6.71x10"" exp(——go'5 * 33) [m2 /s].
RT

The diffusion profiles revealed the extent of the ex-
change of the original 'H by *H during annealing. The
diffusion coefficients of hydrogen in apatite are several
orders of magnitude higher than those reported for other
elements; the activation energy of hydrogen diffusion is
lower than those of other elements. As a result, this study
indicates that the hydrogen isotopic compositions of apa-
tite could be altered from the original isotopic composi-
tions through the '"H-?H exchange reaction between wa-

ter vapor and mineral without changing the water content
after crystallization.
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