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Abstract Apatite is ubiquitous in various planetary bodies in the Solar System. Because its structure contains a hydroxy
group, researchers have performed extensive investigations to determine the hydrogen isotopic composition of
apatite to reveal the origins and evolution of water in planetary bodies. The hydrogen isotopic composition in
apatite can change owing to diffusion. Although there have been several diffusion studies related to hydrogen in
apatite, they vary in experimental conditions, such as the diffusion source and pressure, making it difficult to
estimate the change in hydrogen isotopic composition. Herein, we report hydrogen diffusion experiments under a
*H,0/0, vapor flow at 550°C-700°C using apatite slices with better surface conditions by adapting new polishing
methods. *H concentration depth profiles were obtained via secondary ion mass spectrometry, and the diffusion
coefficients were obtained by fitting the profiles using Fick’s second law. The temperature dependence of the
diffusion coefficients at 550°C—700°C is represented as the following expression:

205+ 11[kJ/mol]

D=189x10"°
exp RT

[m*/s]

This indicates a reduction in the influence of fast diffusion paths, reported by Higashi ef al. (2017). These
diffusion coefficients would be the hydrogen self-diffusion coefficients in apatite by lattice diffusion and should
be employed instead. In addition, the activation energy of diffusion was consistent with oxygen diffusion under
wet conditions, thus suggesting that hydrogen diffuses via a mechanism similar to that of oxygen in apatite.
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Introduction

Apatite is ubiquitous in a wide range of the Solar System
material samples from the Earth (e.g., Piccoli and
Candela, 1994), the Moon (McCubbin et al., 2010;
Greenwood et al., 2011; McCubbin et al., 2015;
Ustunisik et al., 2015; Brounce et al., 2019; Wang et al.,
2019), as well as in Martian meteorites (Greenwood et
al., 2008; McCubbin and Nekvasil, 2008), chondrites
(e.g., Ebihara and Honda, 1987; Gopel et al., 1994),
achondrites (e.g., Steele and Smith, 1982), and Ryugu
(e.g., Yokoyama et al., 2023). Apatite is typically com-

posed of Cas(PO,),(F,CI,OH) and exhibits a hexagonal
crystal structure (a = 9.4-9.6 A, ¢ = 6.8-6.9 A) with a
P6y/m space group symmetry and anion-bearing sites
arranged along the c-axis (Hughes et al., 1989; Hughes
and Rakovan, 2015). The anionic components of apatite,
F, Cl, and OH, can interchange; thus, apatite is catego-
rized as fluorapatite, chlorapatite, or hydroxyapatite,
depending on the occupancy of these anion sites (Hughes
et al., 1989). Owing to the presence of highly volatile
elements, such as F, Cl, and OH, at the anion site, apatite
serves as a useful medium for recording volatile compo-
nents and water in fluids and magmas (e.g., Boyce and
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Hervig, 2008; Boyce and Hervig, 2009; Marks et al.,
2012; Harlov, 2015; McCubbin and Jones, 2015; Webster
and Piccoli, 2015; Kusebauch et al., 2015). Because
apatite contains hydrogen, researchers have performed
extensive investigations to determine its hydrogen iso-
topic composition to reveal the origins and evolution of
water of Solar System materials (e.g., Greenwood et al.,
2008, 2011; Yanai et al., 2012; Barnes et al., 2013;
Tartése et al., 2013; Jones et al., 2014; Usui et al., 2015).
Without considering the potential hydrogen isotope vari-
ations during water-rock interactions, the isotopic com-
position of the observed isotopes after crystallization
could have changed. Hence, understanding hydrogen dif-
fusivity in apatite during water-rock interactions is cru-
cial.

Several diffusion studies pertaining to volatile ele-
ments in apatite have been conducted (e.g., Brenan,
1993; Higashi et al., 2017; Li et al., 2020). These studies
were performed using various experimental setups, such
as closed, open, and flow systems. For example, Brenan
(1993) conducted an experimental study using a closed
system. In this study, the diffusion rate of F-Cl was esti-
mated experimentally under hydrothermal and dry condi-
tions at 1 GPa and 1 atm, respectively. By contrast, Li et
al. (2020) performed an experiment using an open sys-
tem. In particular, they performed F-CI-OH inter-
diffusion experiments at atmospheric pressure and
obtained the diffusion coefficient of OH using mathemat-
ical methods. However, to estimate hydrogen isotope
variations, the hydrogen concentration in the crystal must
be constant and the depletion of F or Cl must not occur.
Moreover, to estimate variations in the hydrogen isotopic
composition, one must determine whether hydrogen self-
diffusion or OH, F, or Cl interdiffusion is dominant.
Recently, Higashi et al. (2017) reported hydrogen diffu-
sion in apatite using a *H,0/O, vapor flow system. The
total concentrations of hydrogen and deuterium obtained
from secondary ion mass spectrometry (SIMS) measure-
ments remained constant, thus indicating hydrogen self-
diffusion. This suggests that '"H and “H can be exchanged
in flow-type diffusion experiments. Although there have
been studies on the diffusion of various volatile compo-
nents in apatite, experiments such as those by Higashi
et al. (2017) that directly determine hydrogen diffu-
sion using a H,0/0, vapor flow system are the best for
estimating the variations in the hydrogen isotopic com-
position. This is because estimating self-diffusion coeffi-
cients by inter-diffusion can lead to preferential use of
F-CI-OH sites.

In this study, we focus on flow-type experiments for
’H diffusion in apatite single crystals to account for the
fact that the study by Higashi et al. (2017) featured a
technical problem pertaining to surface treatment. This
problem resulted in fast diffusion paths in the *H diffu-
sion profiles, which consequently altered the results,

2 Geochemical Journal Vol. 58 No. 1 (2024)

such as the diffusion coefficient and activation energy.
We resolve this issue and present a new dataset for
hydrogen diffusion parallel to the c-axis of apatite single
crystals; subsequently, we propose a mechanism for
hydrogen diffusion.

Experimental Procedure

| Sample selection and preparation

Transparent natural fluorapatite from Durango, Mexico
was selected as the sample for this study. Durango
apatite is large and of gem quality, and has been investi-
gated extensively in terms of mineralogy and chemistry.
According to Young et al. (1969), the chemical composi-
tion of Durango apatite is Cayg;Nag 0531, 0 RE o(PO,)s 57
(504)0.05(S104)0.06(A804)0,01(CO3).01F1.00Clo.12(OH) .01
Meanwhile, the water content of Durango apatite is
reported to be approximately 500-1000 ppm H,O
(McCubbin et al., 2015).

Two single crystals were cut perpendicular to the c-
axis into slices measuring 1-2 mm thick and then
adjusted to a size of approximately 0.5-1 cm using a
low-speed diamond saw to obtain the hydrogen diffusiv-
ity of apatite parallel to the c-axis (Fig. 1a). The apatite
slices were polished with 9, 1, and 0.5 um diamond paste
via rotation, and a final chemical polish was applied with
colloidal silica via a vibratory method (Fig. 1b). Chemi-
cal polishing was employed to remove natural and/or
polishing-induced dislocations and fine scratches (Fig.
1c). Yurimoto et al. (1989) reported that chemical treat-
ments effectively removed the tail of a depth profile
caused by dislocations. Subsequently, the polished sam-
ples were cleaned ultrasonically with detergent, pure
water, and hot pure water.

| Diffusion annealing experiments

Hydrogen diffusion experiments using apatite slices were
conducted in a reactor at Kyoto University (Fig. 1d).
This reactor was specifically optimized for flow-type dif-
fusion experiments, thus enabling the surrounding tem-
perature and the humidity of the gas flowing through the
sample to be controlled. A K-type thermocouple (TC)
was placed near the sample to control the temperature
precisely. Because of the natural hydrogen isotopic com-
position of the samples, heavy water (*H,O > 99.75% *H
abundance) was used. The diffusion source comprised a
mixture of oxygen (as a carrier gas) and heavy water
vapor. The pressure of the diffusion source was main-
tained at approximately 0.57 atm (with saturated vapor at
85°C) using a mantle heater (as calculated by Tetens,
1930). The flow rate of the oxygen carrier gas was set to
600 sccm at 1 atm. A flow-type experiment was designed
to maintain a constant concentration of H,O gas on the
sample surface during annealing. The furnace was
equipped with a valve to allow switching between dry
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Fig. 1.

(a) Durango apatite crystals cut vertically to c-axis into 1-2-mm-thick specimens. (b) Apatite slices polished using 9, 1, and 0.5

pm diamond paste via rotation. (c) Apatite slices chemically polished using colloidal silica with vibration. (d) Overview of diffusion
reactor used in experiment. Furnace interior is shown in cross section, which shows the sample placed in the center of the tube. Wet
course can be selected only when diffusion occurs. Partial pressure of heavy water vapor is controlled using mantle heater, and gas

mixture with oxygen establishes contact with apatite sample.

and wet flows, and the experiment was conducted by
switching to wet flow only when diffusion occurred. The
temperature of the hydrogen diffusion treatment ranged
from 550°C to 700°C. The annealing duration ranged
from 3600 s (at 700°C) to 57600 s (at 550°C). Prior to
each diffusion annealing experiment, a pre-annealing
step at 150°C for 3600 s under dry flow was performed
to eliminate adsorbed water on the sample surfaces.

| SIMS analysis

After the diffusion experiments, depth profiling was per-
formed on all the apatite samples via SIMS (Cameca 4f-
E7, Kyoto University). The post-experimental apatite
slices were coated with Au (~50 nm) to prevent charge
accumulation on the surface during SIMS analysis. A
+14.5 kV accelerated '**Cs" primary ion beam with cur-
rents of 3—5 nA and a spot size of ~15 pm was used for
all measurements. The primary ion beam was rasterized
to more than 100 pm x 100 um at each analysis point to
create flat-bottomed bore craters. To avoid contamina-
tion from residual hydrogen in the sample chamber, the
vacuum was maintained below 5 x 10 Pa throughout
the measurements using a large liquid nitrogen cold-trap
system manufactured by Techno-IS Corporation. Sput-
tered secondary ions were acquired from the central area
of ~30 um diameter, which was cut off using a mechani-
cal aperture to minimize artifacts arising from the bor-
der of the primary ion beam crater. A normal-incident
electron gun (with an accelerating voltage of 4.5 kV)
was used to flood electrons onto the surface to ensure
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charge compensation. Negative secondary ions 'H,
’H", and "*O" were acquired sequentially using an elec-
tron multiplier. Each secondary ion, i.e., 'H, *H", and
80", were measured for 1 s per cycle. The depth of the
SIMS craters were measured using a surface profiler
(Surfcorder ET200; Kosaka Lab. Ltd., Osaka, Japan).
The sputtering rates were 0.05-0.1 nm/s.

| Diffusion analysis

To determine the lattice diffusion coefficient (D)), the
profile of C[*H] = *H/('"H + *H) was adjusted to fit the
solution of the diffusion equation obtained by assuming a
constant concentration of *H at the sample surface and
diffusion in a semi-infinite medium (Crank, 1975). The
diffusion profiles were fitted to the following least-
squares equation:

C(x i CO ) X

—— | =erfc|—|. 1
( Cs— Gy 7 2Dyt M)
Here,

C,., = isotopic concentration at depth x from the surface,
also denoted as C[*H].

C, = surface concentration.

C, = background concentration.

D, = lattice diffusion coefficient.

t = duration of diffusion experiment.

erfc =1 — erf (where erfis the Gaussian error function).
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Fig. 2. Representative depth SIMS analysis data showing
relative intensity values of 'H/'®0, 'H/'®0, and ("H + 2H)/"®0 in
Durango apatite tested at 550°C for 57600 s.

Results

| Hydrogen diffusion profiles

Figure 2 presents the 'H/"*0, *H/**0, and ('"H + *H)/"*0O
values from the SIMS depth analysis of an apatite diffu-
sion sample treated at 550°C. The value of 2H/'O
decreased from approximately 1.4 x 107 at the surface
to approximately 4 x 107, whereas the 'H/**O value
increased from approximately 1.1 x 107 to 2.0 x 1072
The (‘H + *H)/"*O values, which correspond to the total
hydrogen concentration, remained constant at approxi-
mately 2 x 102 within the apatite crystal. This shows
that the experimental hydrogen diffusion was driven by
an isotope-exchange reaction. Similar characteristics
were observed in the diffusion profiles from experiments
conducted at other temperatures.

The concentration of *H, represented as C[*H] (calcu-
lated as *H/('"H + 2H)) for the 550°C experiment, is
shown in Fig. 3 (see Fig. S1 in Supplemental Materials
for fitting results from experiments at other tempera-
tures). The C[*H] at the surface was approximately 0.6,
which decreased to the background concentration at a
depth of 600 nm. The C[*H] decreased monotonically,
thus implying that *H diffusion occurred via a single
mechanism. The background concentration was approxi-
mately 1.4 x 107, which is almost equal to the natural
deuterium isotopic concentration in apatite (Greenwood,
2018). Figure 3 shows the results fitted using Eq. (1), as
indicated by dotted curves. The curve fitted well with the
depth data from the surface to the background and
yielded a diffusion coefficient (D) of 2.15 x 107" m?%s.
The mean values and standard deviations of the diffusion
coefficients for each temperature derived by fitting the
diffusion data at other temperatures are listed in Table 1
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Fig. 3. Representative diffusion profile of the concentration
(C[?H] = 2H/('H + 2H)) with depth in apatite crystal, which was
tested in hydrothermal condition for 57600 s at 550°C; least-
squares linear regression was performed fit to the data points.

Table 1. Hydrogen diffusion coefficients in two apatite crystals

Sample T (°C) Time () D (m?%/s)

Ap_a*9 550 57600 2114032 % 10
Ap_a*6 600 14400 9.09 +1.00 x 107"
Ap_b*10 650 3600 521+0.54x10"8
Ap_a*§ 700 3600 1.82+£0.42 x 107"

*a and b: represent different crystals. The errors for D are the standard
deviation calculated from the mean value for each analysis.

(see Table S1 in Supplemental Materials for all results).
The diffusion coefficients of hydrogen in apatite ranged
from 2.11 x 107 m?%s at 550°C to 1.82 x 107" m%s at
700°C.

| Temperature dependence of hydrogen diffusion
in apatite

D, generally exhibits temperature dependence, as
expressed by the Arrhenius equation:

D= Dyexp - ). &
where D, is a pre-exponential (frequency) factor, E, the
activation energy, and 7 the temperature. Figure 4 illus-
trates the Arrhenius relationship for hydrogen diffusion
in Durango apatite parallel to the c-axis at 550°C-700°C,
which is expressed as

205+ 11[kJ/mol] [m/s]
RT ’

D, =1.89 x 10*6exp(
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Fig. 4. Arrhenius plots of hydrogen self-diffusion results for
apatite, showing diffusion coefficient results at each temperature
and their least-squares fitting in two studies (this study and
Higashi et al., 2017); modeled fit lines when dislocation areal
density, d = 1 x 10", 1 x 10", and 2 x 10" m™. Temperature
dependence of this study is D = 1.89 x 107 exp(—%&“’m”)
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Discussion

| Effects of fast diffusion

The fitting results of Higashi e al. (2017) did not fit well
with the concentration profile at locations deeper than
200 nm, where the C[*H] was approximately 40%. By
contrast, our data demonstrated good fit with the profile
and background. This indicates that improving the condi-
tions of the apatite surface reduces the effect of fast dif-
fusion, thus enabling the lattice diffusion coefficients to
be estimated experimentally.

Fast diffusion is postulated to occur through disloca-
tions. Hart (1957) indicated that the effective diffusion
coefficient (apparent diffusion coefficient) D.; can be
approximated as:

Dcff:fDdJ'_(l_f)D]n 3)

where f'is the volume fraction of the material in the dis-
locations, D, the dislocation diffusion coefficient, and D,
the lattice diffusion coefficient. If the dislocation diffu-
sion follows the dislocation pipe model, then f can be
expressed as follows:

Hydrogen diffusion in apatite

f=mdd, 4)

where a is the pipe radius and d is the dislocation areal
density. Yurimoto et al. (1989) provided empirical data
pertaining to the Dy and D, of melilite crystals. The tem-
perature dependences of D, for Dy/D, =1 x 10°, a = 0.5
nm, and d=1 x 10", 1 x 10", 2 x 10" (plausible values
provided by Yurimoto et al., 1989), as well as D, from
this study are shown in Fig. 4. We note that the specific
values are for melilite and may not be suitable for
apatite. The modeled line for d = 1 x 10" m™ intersected
the line from Higashi et al. (2017) at approximately
700°C, intersected it at approximately 600°C for d =1 x
10" m™, and overlapped with the exterior line of the
model line for d = 2 x 10" m™ at 500°C. The dislocation
density at each temperature was estimated based on the
position of each intersection. Because d (i.c., f) should be
reduced due to the annealing of the crystals, the value of
d for the intersecting lines decreased as the temperature
increased, thereby resulting in Arrhenius plots with a
gentle slope, as observed by Higashi et al. (2017). More-
over, dislocations minimally affect D, for d values less
than 1 x 10" m? (e.g., when d = 1 x 10 m™?, D/D, =
1.08). The value of d in this study was likely less than 1
x 102 m™ Consequently, the dislocations on the surfaces
of the apatite single crystals polished with colloidal silica
were likely eliminated, thus yielding lattice diffusion
coefficients.

| Diffusion mechanism of hydrogen in apatite
Figure 5 illustrates the temperature dependence of the
diffusion coefficient for ions occupying the anion sites in
apatite. Studies pertaining to O, OH, F-Cl, and H, includ-
ing our study, used different experimental techniques.
These varying techniques resulted in different diffusion
coefficients and activation energies. In the following sec-
tion, we discuss our hydrogen diffusion mechanism.

The self-diffusion coefficient for oxygen reported by
Farver and Giletti (1989) was derived from the isotope
doping method using water as the diffusion source and
applying SIMS depth profiling. This method is similar to
the method used in our diffusion experiment, except that
different systems were used (a closed system with tubes
vs. a flow-type system) because a pressure of 100 MPa
was applied during oxygen diffusion. The activation
energies for oxygen diffusion at 205 + 12 kJ/mol
reported by Farver and Giletti (1989) were consistent
with ours at 205 + 11 kJ/mol within the margin of error,
and the diffusion mechanisms are expected to be similar.
As oxygen diffusion is presumed to occur via oxygen
vacancies, hydrogen diffusion may be associated with
oxygen vacancies.

Brenan (1993) conducted diffusion experiments paral-
lel to the c-axis in two closed systems, i.e., wet at 1 GPa
and dry at 1 atm. The starting materials were fluorapatite
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Fig. 5. Arrhenius plot of diffusion in apatite in this study,
compared with literature data for the diffusivities of ions
occupying anion sites in apatite. Farver and Giletti (1989):
oxygen, 100 MPa, wet; Brenan (1993): F-Cl, wet, 1 GPa, F-Cl,
dry, 1 atm; Li et al. (2020): OH, 1 atm.

from Durango and chlorapatite from Snarum, Sweden,
and their interdiffusion coefficients were subsequently
determined. Our data may appear as an extension of the
Arrhenius plot for wet condition data from Brenan
(1993). However, the diffusion coefficient for OH was
not obtained directly from Brenan (1993) because of the
limitation of spatial resolution, and the diffusion coeffi-
cient at 1 atm can potentially increase owing to the effect
of the activation volume. Notably, the diffusion coeffi-
cient under dry conditions at 1 atm was lower than that
under wet conditions at 1 GPa. Brenan (1993) explained
that the OH contents affects diffusivity. F~ and CI” dif-
fused faster than O*, thus suggesting that the monova-
lent anion OH™ can diffuse more rapidly than oxygen.
Hydrogen diffused faster than oxygen, which is
attributable to the diffusion of monovalent anions being
faster than that of divalent anions. This is consistent with
the finding that the diffusion coefficient of F-CI from wet
and dry experiments by Brenan (1993) was larger than
that of oxygen by Farver and Giletti (1989).

OH is considered to be the diffusing species in this
study, but the value is significantly different from the
self-diffusion coefficient of OH obtained by Li et al.
(2020), and the activation energy is also about half (Fig.
5). Note that the two results may not be directly compa-
rable due to the difference in the temperature ranges. The
OH self-diffusion coefficients in Li et al. (2020) were
obtained analytically from the F-CI-OH interdiffusion
experiment, so the OH self-diffusion coefficients may be
due to the mechanism using the F-CI-OH site. In our
experiment, on the other hand, the self-diffusion coeffi-
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cient was obtained directly from flow experiments using
heavy water vapor as the diffusion source. Since
Durango fluorapatite has very low OH content (500—
1000 ppm), it is difficult to consider that hydrogen dif-
fused using only OH sites, which have longer distance
from each other, and it is reasonable to consider our dif-
fusion using oxygen sites. The difference in their self-
diffusion coefficients should be due to this difference in
diffusion mechanisms. Therefore, we conclude that OH™
serves as a diffusing species for hydrogen diffusion
under hydrothermal conditions.

Conclusions

The hydrogen-diffusion coefficient in apatite was deter-
mined experimentally using deuterium as a tracer. To
minimize potential damage during polishing, colloidal
silica was used to finish the polished apatite. The diffu-
sion coefficients in apatite parallel to the c-axis at
550°C-700°C indicated temperature dependence, as fol-
lows:

D =1.89 x 10 %exp

205+ 11[kJ/mol] \ [
RT )[m /s].

This indicates a diminished effect of the fast diffusion
pathways as compared with the results of Higashi et al.
(2017). Furthermore, the activation energy for diffusion
obtained in this study was consistent with that reported
by Farver and Giletti (1989), thus implying that the dif-
fusion mechanisms are likely related and that OH™ serves
as the diffusing species.

Acknowledgments We are grateful for review and improving
manuscript from Dr. Romain Tartese and the anonymous reviewer and
the editor Dr. Conel M. O’D. Alexander. We would also like to thank
Editage (www.editage.jp) for English language editing. This research
was partly supported by JSPS KAKENHI (22K18280, 21H04519,
21HO04511, 21HO01177, 20H01994, 19H00716, 18H04367, 18H01296,
16HO1118).

References

Barnes, J. J., Franchi, I. A., Anand, M., Tartese, R., Starkey, N. A.,
Koike, M., Sano, Y. and Russell, S. S. (2013) Accurate and precise
measurements of the D/H ratio and hydroxyl content in lunar
apatites using NanoSIMS. Chem. Geol. 337, 48-55. https://doi.org/
10.1016/j.chemge0.2012.11.015

Boyce, J. W. and Hervig, R. L. (2008) Magmatic degassing histories
from apatite volatile stratigraphy. Geology 36, 63-66. https:/
doi.org/10.1130/G24184A.1

Boyce, J. W. and Hervig, R. L. (2009) Apatite as a monitor of late-
stage magmatic processes at Volcan Irazu, Costa Rica. Contrib.
Mineral. Petrol. 157, 135-145. https://doi.org/10.1007/s00410-
008-0325-x

Brenan, J. (1993) Kinetics of fluorine, chlorine and hydroxyl exchange
in fluorapatite. Chem. Geol. 110, 195-210. https://doi.org/
10.1016/0009-2541(93)90254-G

Yoshimoto, C. et al.


https://doi.org/10.1016/j.chemgeo.2012.11.015
https://doi.org/10.1016/j.chemgeo.2012.11.015
https://doi.org/10.1130/G24184A.1
https://doi.org/10.1130/G24184A.1
https://doi.org/10.1007/s00410-008-0325-x
https://doi.org/10.1007/s00410-008-0325-x
https://doi.org/10.1016/0009-2541(93)90254-G
https://doi.org/10.1016/0009-2541(93)90254-G

Brounce, M., Boyce, J., McCubbin, F. M., Humphreys, J., Reppart, J.,
Stolper, E. and Eiler, J. (2019) The oxidation state of sulfur in lunar
apatite. Amer. Mineral. 104, 307-312. https://doi.org/10.2138/
am-2019-6804

Crank, J. (1975) The mathematics of diffusion 2nd Edition. Clarendon
Press, 414 pp.

Ebihara, M. and Honda, M. (1987) Rare ecarth elements in Ca-
phosphates of Allende carbonaceous chondrite. Meteoritics 22,
179-190. https://doi.org/10.1111/7.1945-5100.1987.tb00618.x

Farver, J. R. and Giletti, B. J. (1989) Oxygen and strontium diffusion
kinetics in apatite and potential applications to thermal history
determinations. Geochim. Cosmochim. Acta 53, 1621-1631.
https://doi.org/10.1016/0016-7037(89)90243-3

Gopel, C., Manhes, G. and Allegre, C. J. (1994) U-Pb systematics of
phosphates from equilibrated ordinary chondrites. Earth Planet.
Sci. Lett. 121, 153-171. https://doi.org/10.1016/0012-821X(94)
90038-8

Greenwood, J. P. (2018). Hydrogen and D/H analysis of apatite by ele-
mental analyzer-chromium/high-temperature conversion-isotope
ratio mass spectrometry (EA-Cr/HTC-IRMS). Chem. Geol. 500,
175-181. https://doi.org/10.1016/j.chemgeo0.2018.09.029

Greenwood, J. P., Itoh, S., Sakamoto, N., Vicenzi, E. P. and Yurimoto,
H. (2008) Hydrogen isotope evidence for loss of water from Mars
through time. Geophys. Res. Lett. 35, L05203. https://doi.org/
10.1029/2007GL032721

Greenwood, J. P., Itoh, S., Sakamoto, N., Warren, P., Taylor, L. and
Yurimoto, H. (2011) Hydrogen isotope ratios in lunar rocks indi-
cate delivery of cometary water to the Moon. Nat. Geosci. 4, 79—
82. https://doi.org/10.1038/ngeo 1050

Harlov, D. E. (2015) Apatite: A fingerprint for metasomatic processes.
Elements 11, 171-176. https://doi.org/10.2113/gselements.11.3.171

Hart, E. W. (1957). On the role of dislocations in bulk diffusion. Acta
Metall. 510, 597. https://doi.org/10.1016/0001-6160(57)90127-X

Higashi, Y., Itoh, S., Hashiguchi, M., Sakata, S., Hirata, T., Watanabe,
K. and Sakaguchi, I. (2017) Hydrogen diffusion in the apatite-
water system: Fluorapatite parallel to the c-axis. Geochem. J. 51,
115-122. https://doi.org/10.2343/geochem].2.0460

Hughes, J. M. and Rakovan, J. F. (2015) Structurally robust, chemically
diverse: Apatite and apatite supergroup minerals. Elements 11,
165—170. https://doi.org/10.2113/gselements.11.3.165

Hughes, J. M., Cameron, M. and Crowley, K. D. (1989) Structural vari-
ations in natural F, OH, and Cl apatites. Amer. Mineral. 74, 870—
876.

Jones, R. H., McCubbin, F. M., Dreeland, L., Guan, Y., Burger, P. V.
and Shearer, C. K. (2014) Phosphate minerals in LL chondrites: A
record of the action of fluids during metamorphism on ordinary
chondrite parent bodies. Geochim. Cosmochim. Acta 132, 120-140.
https://doi.org/10.1016/j.gca.2014.01.027

Kusebauch, C., John, T., Whitehouse, M. J. and Engvik, A. K. (2015)
Apatite as probe for the halogen composition of metamorphic flu-
ids (Bamble Sector, SE Norway). Contrib. Mineral. Petrol. 170,
34. https://doi.org/10.1007/s00410-015-1188-6

Li, W., Chakraborty, S., Nagashima, K. and Costa, F. (2020) Multicom-
ponent diffusion of F, Cl and OH in apatite with application to
magma ascent rates. Earth Planet. Sci. Lett. 550, 116545. https://
doi.org/ 10.1016/j.epsl.2020.116545

Marks, M. A. W., Wenzel, T., Whitehouse, M. J., Loose, M., Zack, T.,
Barth, M., Worgard, L., Krasz, V., Eby, G. N. Stosnach, H. and
Markl, G. (2012) The volatile inventory (F, Cl, Br, S, C) of mag-

Hydrogen diffusion in apatite

matic apatite: An integrated analytical approach. Chem. Geol. 291,
241-255. https://doi.org/10.1016/j.chemge0.2011.10.026

McCubbin, F. M. and Jones, R. H. (2015) Extraterrestrial apatite: Plan-
etary geochemistry to astrobiology. Elements 11, 183—188. https://
doi.org/10.2113/gselements.11.3.183

McCubbin, F. M. and Nekvasil, H. (2008) Maskelynite-hosted apatite
in the Chassigny meteorite: Insights into late-stage magmatic
volatile evolution in martian magmas. Amer. Mineral. 93, 676—684.
https://doi.org/10.2138/am.2008.2558

McCubbin, F. M., Steele, A., Hauri, E. H., Nekvasil, H., Yamashita, S.
and Hemley, R. J. (2010) Nominally hydrous magmatism on the
Moon. Proc. Natl. Acad. Sci. 107, 11223-11228. https://doi.org/
10.1073/pnas.1006677107

McCubbin, F. M., Kaaden, K. E. V., Tartése, R., Klima, R. L., Liu, Y.,
Mortimer, J., Barnes, J. J., Shearer, C. K., Treiman, A. H.,
Lawrence, D. J., Elardo, S. M., Hurley, D. M., Boyce, J. W. and
Anand, M. (2015). Magmatic volatiles (H, C, N, F, S, Cl) in the
lunar mantle, crust, and regolith: Abundances, distributions, pro-
cesses, and reservoirs. Amer. Mineral. 100, 1668—1707. https://
doi.org/10.2138/am-2015-4934ccbynend

Piccoli, P. and Candela, P. (1994) Apatite in felsic rocks; a model for
the estimation of initial halogen concentrations in the Bishop Tuff
(Long Valley) and Tuolumne Intrusive Suite (Sierra Nevada
Batholith) magmas. Am. J. Sci. 294, 92-135. https://doi.org/
10.2475/ajs.294.1.92

Steele, I. M. and Smith, J. V. (1982) Petrography and mineralogy of
two basalts and olivine-pyroxene-spinel fragments in achondrite
EETA79001. J. Geophys. Res.: Solid Earth 87, A375-A384.
https://doi.org/10.1029/JB087iS01p0A375

Tartése, R., Anand, M., Barnes, J. J., Starkey, N. A., Franchi, I. A. and
Sano, Y. (2013) The abundance, distribution, and isotopic composi-
tion of hydrogen in the Moon as revealed by basaltic lunar sam-
ples: Implications for the volatile inventory of the Moon. Geochim.
Cosmochim. Acta 122, 58-74. https://doi.org/10.1016/j.gca.2013.
08.014

Tetens, O. (1930) Uber einige meteorologische Begriffe. Z. Geophys. 6,
297-309.

Ustunisik, G., Nekvasil, H., Lindsley, D. H. and McCubbin, F. M.
(2015) Degassing pathways of Cl-, F-, H-, and S-bearing magmas
near the lunar surface: Implications for the composition and Cl iso-
topic values of lunar apatite. Amer. Mineral. 100, 1717-1727.
https://doi.org/10.2138/am-2015-4883

Usui, T., Alexander, C. M. D., Wang, J., Simon, J. I. and Jones, J. H.
(2015) Meteoritic evidence for a previously unrecognized hydro-
gen reservoir on Mars. Earth Planet. Sci. Lett. 410, 140-151.
https://doi.org/10.1016/j.epsl.2014.11.022

Wang, Y., Hsu, W. and Guan, Y. (2019) An extremely heavy chlorine
reservoir in the Moon: Insights from the apatite in lunar meteorites.
Sci. Rep. 9, 5727. https://doi.org/10.1038/s41598-019-42224-8

Webster, J. D. and Piccoli, P. M. (2015) Magmatic apatite: A powerful,
yet deceptive, mineral. Elements 11, 177-182. https://doi.org/
10.2113/gselements.11.3.177

Yanai, K., Itoh, S., Greenwood, J. P. and Yurimoto, H. (2012). H,O
contents and hydrogen isotopic composition of apatite crystals
from L, LL5-6 ordinary chondrites (abstract). Nat. Inst. Polar Res.,
35th Symposium on Antarctic Meteorites. E37.

Yokoyama, T., Nagashima, K., Nakai, I., Young, E. D., Abe, Y., Aléon,
J., Alexander, C. M. O. D., Amari, S., Amelin, Y., Bajo, K.-L.,
Bizzarro, M., Bouvier, A., Carlson, R. W., Chaussidon, M., Choi,

Geochemical Journal Vol. 58 No. 1 (2024) 7


https://doi.org/10.2138/am-2019-6804
https://doi.org/10.2138/am-2019-6804
https://doi.org/10.1111/j.1945-5100.1987.tb00618.x
https://doi.org/10.1016/0016-7037(89)90243-3
https://doi.org/10.1016/0012-821X(94)90038-8
https://doi.org/10.1016/0012-821X(94)90038-8
https://doi.org/10.1016/j.chemgeo.2018.09.029
https://doi.org/10.1029/2007GL032721
https://doi.org/10.1029/2007GL032721
https://doi.org/10.1038/ngeo1050
https://doi.org/10.2113/gselements.11.3.171
https://doi.org/10.1016/0001-6160
https://doi.org/10.2343/geochemj.2.0460
https://doi.org/10.2113/gselements.11.3.165
https://doi.org/10.1016/j.gca.2014.01.027
https://doi.org/10.1007/s00410-015-1188-6
https://doi.org/ 10.1016/j.epsl.2020.116545
https://doi.org/ 10.1016/j.epsl.2020.116545
https://doi.org/10.1016/j.chemgeo.2011.10.026
https://doi.org/10.2113/gselements.11.3.183
https://doi.org/10.2113/gselements.11.3.183
https://doi.org/10.2138/am.2008.2558
https://doi.org/10.1073/pnas.1006677107
https://doi.org/10.1073/pnas.1006677107
https://doi.org/10.2138/am-2015-4934ccbyncnd
https://doi.org/10.2138/am-2015-4934ccbyncnd
https://doi.org/10.2475/ajs.294.1.92
https://doi.org/10.2475/ajs.294.1.92
https://doi.org/10.1029/JB087iS01p0A375
https://doi.org/10.1016/j.gca.2013.08.014
https://doi.org/10.1016/j.gca.2013.08.014
https://doi.org/10.2138/am-2015-4883
https://doi.org/10.1016/j.epsl.2014.11.022
https://doi.org/10.1038/s41598-019-42224-8
https://doi.org/10.2113/gselements.11.3.177
https://doi.org/10.2113/gselements.11.3.177

B.-G., Dauphas, N., Davis, A. M., Di Rocco, T., Fujiya, W., Fukai,
R., Gautam, 1., Haba, M. K., Hibiya, Y., Hidaka, H., Homma, H.,
Hoppe, P., Huss, G. R., Ichida, K., lizuka, T., Ireland, T. R.,
Ishikawa, A., Ito, M., Ttoh, S., Kawasaki, N., Kita, N. T., Kitajima,
K., Kleine, T., Komatani, S., Krot, A. N., Liu, M.-C., Masuda, Y.,
McKeegan, K. D., Morita, M., Motomura, K., Moynier, F.,
Nguyen, A., Nittler, L., Onose, M., Pack, A., Park, C., Piani, L.,
Qin, L., Russell, S. S., Sakamoto, N., Schonbéchler, M., Tafla, L.,
Tang, H., Terada, K., Terada, Y., Usui, T., Wada, S., Wadhwa, M.,
Walker, R. J., Yamashita, K., Yin, Q.-Z., Yoneda, S., Yui, H.,
Zhang, A.-C., Connolly, H. C., Lauretta, D. S., Nakamura, T.,
Naraoka, H., Noguchi, T., Okazaki, R., Sakamoto, K., Yabuta, H.,
Abe, M., Arakawa, M., Fujii, A., Hayakawa, M., Hirata, N., Hirata,
N., Honda, R., Honda, C., Hosoda, S., lijima, Y.-I., lkeda, H.,
Ishiguro, M., Ishihara, Y., Iwata, T., Kawahara, K., Kikuchi, S.,
Kitazato, K., Matsumoto, K., Matsuoka, M., Michikami, T.,
Mimasu, Y., Miura, A., Morota, T., Nakazawa, S., Namiki, N.,
Noda, H., Noguchi, R., Ogawa, N., Ogawa, K., Okada, T,
Okamoto, C., Ono, G., Ozaki, M., Saiki, T., Sakatani, N., Sawada,
H., Senshu, H., Shimaki, Y., Shirai, K., Sugita, S., Takei, Y.,
Takeuchi, H., Tanaka, S., Tatsumi, E., Terui, F., Tsuda, Y.,
Tsukizaki, R., Wada, K., Watanabe, S.-1., Yamada, M., Yamada, T.,

Geochemical Journal Vol. 58 No. 1 (2024)

Yamamoto, Y., Yano, H., Yokota, Y., Yoshihara, K., Yoshikawa,
M., Yoshikawa, K., Furuya, S., Hatakeda, K., Hayashi, T., Hitomi,
Y., Kumagai, K., Miyazaki, A., Nakato, A., Nishimura, M.,
Soejima, H., Suzuki, A., Yada, T., Yamamoto, D., Yogata, K.,
Yoshitake, M., Tachibana, S. and Yurimoto, H. (2023) Samples
returned from the asteroid Ryugu are similar to Ivuna-type car-
bonaceous meteorites. Science 379, eabn7850. https://doi.org/
10.1126/science.abn7850

Young, E. J., Myers, A. T., Munson, E. L. and Conklin, N. M. (1969)

Mineralogy and geochemistry of fluorapatite from Cerro de Mer-
cado, Durango, Mexico. U.S. Geological Survey Professional
Paper 650-D, D84-D93.

Yurimoto, H., Morioka, M. and Nagasawa, H. (1989). Diffusion in sin-

gle crystals of melilite: I. Oxygen. Geochim. Cosmochim. Acta 53,
2387-2394. https://doi.org/10.1016/0016-7037(89)90360-8

Supplementary Materials
https://lwww.jstage.jst.go.jp/article/geochemj/58/1/
58_GJ24001/_article

Yoshimoto, C. et al.


https://doi.org/10.1126/science.abn7850
https://doi.org/10.1126/science.abn7850
https://doi.org/10.1016/0016-7037
https://www.jstage.jst.go.jp/article/geochemj/58/1/58_GJ24001/_article
https://www.jstage.jst.go.jp/article/geochemj/58/1/58_GJ24001/_article

