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A B S T R A C T

Hydrogen isotope retention of apatite is important in discussing hydrogen isotopic compositions in natural 
apatite. In order to estimate hydrogen isotopic variations associated with thermal processes, experiments on the 
normal diffusion of fluorapatite along the c-axis using 2H2O vapor as a diffusion source were performed at 
550–700 ◦C. The diffusion coefficients of fluorapatite were determined by secondary ion mass spectrometry 
(SIMS). Depth profiles of diffusion were obtained by SIMS, and diffusion coefficients were obtained by model 
fitting. The Arrhenius relationship for fluorapatite normal to the c-axis yielded a pre-exponential factor (D0) =
9.77 × 10− 6 [m2/s] and activation energy (Ea) = 208 ± 27 [kJ/mol] over the temperature range of the 
experiment. The diffusion coefficient normal to the c-axis was approximately three times greater than that 
parallel to the c-axis and the activation energies from both crystal orientations were consistent within the error 
margin. The difference in diffusion coefficients can be explained by using the nearest oxygen site and considering 
the diffusion mechanism with OH− as the diffusing species. Based on the similarity of the diffusion mechanism 
with crystallographic orientation, a closure temperature was calculated using the results of this study. This 
updated closure temperature is useful for discussing the retention of hydrogen isotopes and for determining the 
cooling rate from the hydrogen isotopic compositions in natural water-rock interaction under asteroids, planets, 
and terrestrial geological setting.

1. Introduction

Hydrogen is the most abundant element in the solar system. How 
hydrogen has migrated from space to the Earth’s deep interior over the 
time scale from the primitive solar system to the present is of great in
terest. Hydrogen isotopic composition in minerals is an important tracer 
for the origin and evolution of water in solar-system bodies, including 
the Earth (e.g. Graham et al., 1984). In order to use hydrogen isotope 
signatures in hydrous minerals to ascertain source characteristics, an 
understanding of how theses signatures can be altered due to hydrous 
alteration needs to be understood. Therefore, it is necessary to under
stand the hydrogen diffusivity in apatite during water-rock interactions. 
There are several diffusion studies of hydrogen diffusion in hydrous 
minerals(e.g., zoisite; Graham, 1981, ilvaite; Yaqian and Jibao, 1993, 
actinolite; Graham et al., 1984 from Suzuoki and Epstein, 1976, trem
olite, hornblende; Graham et al., 1984). Obtaining the diffusion coeffi
cient of hydrogen not only quantifies its isotopic retention, but also its 
temperature dependence, which allows us to estimate the diffusing 

species. Estimation of the diffusing species provides information on the 
magnitude of the isotope effect when considering hydrogen isotopic 
variations. The activation energy estimated from the temperature 
dependence of hydrogen diffusion in hydrous minerals is around 100 kJ/ 
mol, which indicates that the diffusing species of hydrogen in these 
minerals are protons.

Apatite, a hydrous mineral, has been particularly studied due to its 
occurrence in a wide range of solar-system bodies, such as the Earth (e. 
g., Piccoli and Candela, 1994), the Moon (e.g., McCubbin et al., 2010), 
Martian meteorites (e.g., Greenwood et al., 2008; McCubbin and Nek
vasil, 2008), chondrites (e.g., Ebihara and Honda, 1987; Göpel et al., 
1994), achondrites (e.g., Steele and Smith, 1982), and Ryugu (e.g., 
(Yokoyama et al., 2022). Apatite is a mineral that can be dated in various 
ways and is more resistant to metamorphism and alteration than other 
hydrous minerals, making it possible to discuss the origin and evolution 
of water in relation to its chronology. Apatite is a type of phosphate 
mineral with the chemical formula Ca5(PO4)3(F,Cl,OH), and has three 
endmember components: hydroxyapatite (Ca5(PO4)3OH), fluorapatite 
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(Ca5(PO4)3F), and chlorapatite (Ca5(PO4)3Cl). Hydrogen is contained 
not only in hydroxyapatite but also in fluorapatite and chlorapatite. For 
these reasons, apatite is a useful mineral for hydrogen isotopic compo
sition measurements.

Recently, Yoshimoto et al. (2024) reported hydrogen diffusion in 
apatite using a 2H2O/O2 vapor flow system. The total concentration of 
hydrogen and deuterium obtained from secondary ion mass spectrom
etry measurements was constant, indicating hydrogen self-diffusion; the 
hydrogen diffusion coefficient results for the apatite c-axis parallel at 
550–700 ◦C indicate that hydrogen self-diffusion can sufficiently change 
the hydrogen isotopic composition, not only F-Cl-OH interdiffusion as 
reported by Brenan (1993) and Li et al. (2020). The activation energy for 
hydrogen diffusion at 550–700 ◦C reported by Yoshimoto et al. (2024)
was 205 kJ/mol. Since this is consistent with the activation energy of 
oxygen diffusion Farver and Giletti (1989), it was proposed that a 
diffusion mechanism is using oxygen sites and OH− is as the diffusing 
species. However, since apatite has a hexagonal crystal structure, the 
hydrogen isotopic composition of natural apatite cannot be estimated 
unless the diffusion coefficient is determined not only parallel to the c- 
axis but also normal to the c-axis and the diffusion mechanism is iden
tified. In fact, differences in diffusion coefficients have been observed in 
the diffusion of other elements in apatite (e.g., Farver and Giletti, 1989). 
Therefore, in this study, in order to estimate hydrogen isotopic varia
tions in natural apatite, we present hydrogen diffusion coefficients 
normal to the c-axis and propose a hydrogen diffusion mechanism. In 
addition, to discuss the hydrogen isotope retention of natural apatite, 
the relationship between closure temperature and cooling rate was 
calculated from the obtained diffusion coefficients.

2. Experimental methods

2.1. Sample selection and preparation

Natural fluorapatite from Durango, Mexico, was used in this study. 
Durango apatite is readily available in large sizes and gem quality, its 
mineralogy is well studied (e.g., Young et al., 1969; Hughes et al., 1989), 
it is used in studies of the physicochemical properties of apatite, 
including diffusion experiments (e.g., Farver and Giletti, 1989; Brenan, 
1993; Cherniak, 2005; Higashi et al., 2017; Yoshimoto et al., 2024). 
Among the rare earth elements, La, Ce, and Nd were each present at 
concentrations of several thousand ppm (Higashi et al., 2017). The 
water content of Durango apatite is reported to be 500–1000 ppm H2O 
(e.g., McCubbin et al., 2015; Greenwood, 2018).

One Durango fluorapatite single crystal was used for the experi
ments. The apatite sample was cut into slabs approximately 2 mm thick 
both parallel to the c-axis and the a-axis for diffusion experiments 
normal to the c-axis, using a low-speed diamond saw. Multiple sections 
were obtained from a single apatite crystal. The cut surfaces of the 
specimens were polished to a specular surface using several grades of 
diamond paste and vibratory polishing by chemical polishing. The 
chemical polishing was to remove microscopic dislocations and other 
defects caused by polishing (see Yurimoto et al., 1989; Sakaguchi et al., 
1992; Yoshimoto et al., 2024). The polished samples were then ultra
sonically cleaned with ethanol, detergent water, deionized water, and 
deionized hot water.

2.2. Pre-annealing treatment

Pre-annealing is effective in removing defects, dislocations, and 
other damage in the crystal. In previous studies, pre-annealing of apatite 
has been performed at temperatures above 1000 ◦C (e.g., Cherniak, 
2005); Yoshimoto et al. (2024) avoided loss of volatiles from the apatite 
surface in the process, and the pre-annealing process is not performed. 
The hydrogen‑deuterium diffusion profiles in Fig. 3 of Higashi et al. 
(2017) show a discrepancy between the depth profiling data and the 
fitting curves in the deeper regions. Such discrepant diffusion profiles 

are referred to as “tailing” profiles. Tailing diffusion profiles are thought 
to be caused by the presence of ionic pathways outside the crystal lattice 
such as defects and dislocations (Zhang et al., 2007). Yoshimoto et al. 
(2024) attempted to remove it by chemical polishing and succeeded in 
obtaining tailing-free diffusion. Chemical polishing did not result in a 
well-resolved diffusion profile normal to the c-axis, likely due to 
anisotropy associated with crystal orientation.

Fig. S2 in supplementary materials shows a typical diffusion profile 
of apatite crystals annealed at 600 ◦C for 14,400 s under 2H2O/O2 
conditions without pre-annealing and its fitting curve by error function. 
In Fig. S2, the fitting curve is in good agreement with the diffusion 
profile in the region from the sample surface to a depth of 300 nm. On 
the other hand, in the region deeper than 300 nm, there is a large 
discrepancy between the diffusion profile and the fitting curve. This 
region is the tailing region, and diffusion through this region could be 
faster than volume diffusion. In order to evaluate the effect of fast 
diffusion on the profile down to this 300 nm depth, a comparison with a 
profile in which tailing is almost eliminated by the pre-annealing 
treatment is necessary. See Supplementary Materials for details on the 
removal of fast diffusion by pre-annealing and its effect on diffusion 
coefficients.

Pre-annealing was performed on the diffusion samples (Ap_12b, 
Ap_14b) at 650 ◦C and 600 ◦C. These samples were prepared by 
regrinding Ap_12a and Ap_14a, respectively, which had been previously 
used in diffusion experiments. The affected surface layers from the 
initial experiments were completely removed by polishing before re- 
experiment. It was performed at 700 ◦C for about 3 h in a mixed H2O/ 
O2 gas atmosphere using a Kyoto University reactor (Heat Tec, Kana
gawa, Japan). The pure water reservoir was maintained at 85 ◦C, the 
oxygen carrier gas passed through the H2O, and the sample was exposed 
to the H2O/O2 mixture (~0.57 atm H2O, saturation vapor pressure at 
85 ◦C, as calculated by Tetens, 1930). The flow rate of the oxygen carrier 
gas was 600 sccm (standard cubic centimeters per minute) at 1 atm. To 
take care of 1H contamination in subsequent diffusion annealing ex
periments, the reactors were co-washed with a mixture of 2H2O and O2 
gas at approximately 300 ◦C for about 1 h after the pre-annealing 
treatment.

2.3. Diffusion annealing experiments

Hydrogen diffusion experiments using apatite slices were performed 
in a reactor at Kyoto University (Yoshimoto et al., 2024). The experi
mental technique is the same as that of Yoshimoto et al. (2024). 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 
57,600 s (at 550 ◦C). To eliminate adsorbed water on the sample sur
faces, apatite slices were heated at 150 ◦C for 3600 s under dry flow 
before each diffusion annealing experiment.

2.4. SIMS analysis

SIMS (Cameca 4f-E7, Kyoto University) was used to obtain 2H con
centration vs. depth profiles of the apatite samples.After experiments, 
apatite was coated with Au (~50 nm) and held in the airlock for >1 day 
to remove surface adsorbed water contamination. A 14.5 kV accelerated 
133Cs+ primary ion beam, current 3–5 nA, spot size ~15 μm was used for 
all measurements. The primary ion beam was rasterized to 150 μm ×
150 μm at each analysis point, forming a flat crater on the surface of the 
apatite sample. To avoid contamination by residual hydrogen in the 
sample chamber, the vacuum was maintained below 5 × 10− 8 Pa during 
the measurement (using a large liquid nitrogen cold trap system man
ufactured by Techno IS Co.) Sputtered secondary ions were acquired 
from a central region ~30 μm in diameter that was cut out using a 
mechanical aperture to minimize artifacts arising from the crater edge of 
the primary ion beam. A normal-incident electron gun (acceleration 
voltage 4.5 kV) was used for charge compensation. Negative secondary 
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ions1H− , 2H− , and 18O− were sequentially acquired using an electron 
multiplier for 1 s per cycle. Each crater depth from SIMS was measured 
using a surface profiler (Surfcorder ET200; Kosaka Laboratory, Osaka, 
Japan) and measurement times were converted to depths.

2.5. Calculation of diffusion coefficients

To get the diffusion coefficient (D), the profile of C[2H] = 2H/(1H +
2H) was adjusted to fit the solution of the diffusion equation obtained by 
assuming C[2H] at the surface and diffusion in a semi-infinite medium 
(Crank, 1975). The diffusion profiles were fitted to the following least- 
squares equation: 
(

C(x,t) − C0

CS − C0

)

= erfc
(

x
2
̅̅̅̅̅
Dt

√

)

. (1) 

Where C(x, t) is isotopic concentration at depth x from the surface, 
also denoted as C[2H]; Cs = C(0, t) is surface concentration; C0 = C(x, 0) is 
background concentration; D is diffusion coefficient; t is duration of 
diffusion experiment; and erfc is the complementary error function.

3. Results

3.1. Hydrogen diffusion profiles

The isotopic concentration of 2H, expressed as C[2H] (calculated as 
2H/(1H + 2H)) in the experiment at 650 ◦C is shown in Fig. 1. The C[2H] 
at the surface is about 0.6 and decreases linearly with depth on the log 
scale. The blue fitting curve fitted using Eq. (1) fits well with the depth 
data from the surface to background, yielding a D of 1.82 × 10− 17 m2/s. 
The values of diffusion coefficients for each temperature obtained by 
fitting diffusion data at other temperatures and their mean values and 
standard deviations are shown in Table 1. The diffusion coefficient of 
hydrogen in apatite was 5.98 ± 0.47 × 10− 19 m2/s at 550 ◦C and 5.78 ±
0.14 × 10− 17 m2/s at 700 ◦C.

3.2. Temperature dependence of hydrogen diffusion in apatite

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

D = D0exp
(

−
Ea

RT

)

, (2) 

where D0 is a pre-exponential (frequency) factor, Ea the activation en
ergy, and T the temperature. Fig. 2 illustrates the Arrhenius relationship 
for hydrogen diffusion in Durango apatite parallel to the c-axis at 

550 ◦C–700 ◦C, which is expressed as 

D = 9.77×10− 6exp
(

−
208 ± 27kJ/mol]

RT

)
[
m2/s

]

Fig. 2 shows an Arrhenius plot of the diffusion coefficient as a 
function of temperature. Fig. 2 also shows the temperature dependence 
of the diffusion coefficients for Durango apatite parallel to the c-axis. 
The diffusion coefficients normal to the c-axis are approximately 3 times 
faster than that parallel to the c-axis for each temperature. However, the 
activation energy of 208 ± 27 [kJ/mol] for normal to the c-axis 
hydrogen diffusion in the present study agrees with the activation en
ergy of 205 ± 11 [kJ/mol] obtained from the experiment for parallel to 
the c-axis direction within the margin of error.

Fig. 1. Representative diffusion profile of the concentration (C[2H] = 2H/(1H 
+ 2H)) with depth in apatite crystal, which was tested in hydrothermal con
dition for 3600 s at 650 ◦C; least-squares linear regression was performed fit to 
the data points.

Table 1 
Hydrogen diffusion coefficients in apatite and ratio to parallel to the c-axis.

Sample T (◦C) Time (s) D (m2/s)

Ap_13a 550 57,600 6.32 × 10− 19

550 57,600 5.68 × 10− 19

550 57,600 6.54 × 10− 19

550 57,600 5.48 × 10− 19

mean (σ) 5.98 ± 0.47 × 10− 19

ratio to //c (σ) 2.84 ± 0.48
Ap_12a* 600 14,400 2.62 × 10− 18

600 14,400 3.03 × 10− 18

600 14,400 2.78 × 10− 18

Ap_12b* 600 14,400 4.84 × 10− 18

600 14,400 1.76 × 10− 18

600 14,400 3.52 × 10− 18

mean (σ) 2.97 ± 1.07 × 10− 18

ratio to //c (σ) 3.09 ± 0.41
Ap_14b* 650 3600 1.55 × 10− 17

650 3600 1.58 × 10− 17

650 3600 1.77 × 10− 17

650 3600 1.56 × 10− 17

mean (σ) 1.62 ± 0.10 × 10− 17

ratio to //c (σ) 3.10 ± 0.38
Ap_14a* 700 3600 5.76 × 10− 17

700 3600 5.66 × 10− 17

700 3600 5.93 × 10− 17

mean (σ) 5.78 ± 0.14 × 10− 17

ratio to //c (σ) 3.18 ± 0.74

The errors (σ) are the standard deviation for each analysis.
* it means same slice and Ap12b and Ap14b are pre-annealed after polishing 

Ap12a and Ap14a respectively.

Fig. 2. 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 Yoshimoto et al., 2024).
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4. Discussion

4.1. Diffusion mechanism of hydrogen in apatite

The activation energies obtained from the temperature dependence 
are consistent within a margin of error with those obtained from ex
periments parallel to the c-axis, indicating that the diffusion mecha
nisms are similar. Yoshimoto et al. (2024) proposed a diffusion 
mechanism using OH− as the diffusing species with oxygen sites based 
on the similarity with the activation energy of oxygen diffusion (Farver 
and Giletti, 1989). The activation energy of about 200 kJ/mol is large 
for the Grotthuss mechanism. Considering the similarity of the activa
tion energy with oxygen diffusion, it is reasonable to consider OH− as a 
diffusing species for hydrogen diffusion through oxygen vacancies. For 
OH− diffusion through vacancies, the diffusion coefficient is given by 
the following Eq. (3): 

D = D0exp

(

−
HVo

f + HOH
m

RT

)

, (3) 

Where HVo
f is the enthalpy of formation of oxygen vacancy, HOH

m is 
transfer enthalpy involved in the jumps of OH− into oxygen vacancies. 
Comparing Eq. (2) and Eq. (3), it can be seen that the activation energy 
of diffusion is the sum of HVo

f and HOH
m . Considering the simple bond 

valence theory, oxygen ions with large valence diffuse more slowly and 
have larger activation energies than OH− ions. However, when HVo

f >

HOH
m , the activation energy of diffusion is mainly provided by HVo

f , 
consistent with the similarity of the activation energy with oxygen 
diffusion. Furthermore, the activation energy of OH− calculated by this 
study and Yoshimoto et al. (2024), about 200 kJ/mol, is significantly 
lower than that of OH− self-diffusion, about 400 kJ/mol, in Li et al. 
(2020). As discussed in Yoshimoto et al. (2024), the discrepancy in 
activation energy between them is likely due to fundamental differences 
in diffusion mechanisms. While Li et al. (2020) derived OH− self- 
diffusion coefficients from F-Cl-OH inter-diffusion profiles, which may 
reflect site-specific exchange processes. Yoshimoto et al. (2024) ob
tained hydrogen diffusivity directly under hydrothermal conditions 
using 2H2O vapor in fluorapatite, where diffusion is more likely 
controlled by migration through oxygen sites rather than isolated OH−

site hopping.
As shown in Table 1, the diffusion coefficients at each temperature 

are 2.8–3.2 times larger than those for the parallel to the c-axis. 
Although pre-annealing at 600 ◦C effectively reduced the tail in the 
diffusion profile, it did not significantly affect the calculated diffusion 
coefficient. This indicates that the apparent profile tail is likely due to 
near-surface damages or natural dislocation, rather than changes in the 
bulk diffusion behavior. If OH− diffusion is mainly controlled by the 
concentration of oxygen vacancies, the lack of change in diffusivity 
despite pre-annealing suggests that pre-annealing did not substantially 
affect the oxygen vacancy concentration. It is more reasonable to infer 
that pre-annealing primarily reduced the density of fast diffusion path
ways. In this section, we discuss the diffusion mechanism focusing on the 
difference in the magnitude of the diffusion coefficients.

Fluorapatite has a hexagonal crystal structure with space group P63/ 
m (Hughes et al., 1989; Hughes and Rakovan, 2015). Fig. 3 shows the 
crystal structure of apatite drawn using VESTA(Momma and Izumi, 
2008); we used the crystal data for Durango apatite from Hughes et al. 
(1989). The apatite structure has three cation sites, M1, M2, and T. The 
M1 site is Ca(1)O9, the M2 site is Ca(2)O5XO polyhedral with X = F, Cl, 
and OH, and the T site is PO4 tetrahedral. In the apatite structure, 
hydrogen atoms are stable at the X-site as OH. To consider the migration 
pathway with OH− as the diffusing species, the migration from one X- 
site to another is considered as a jump between the OH and oxygen sites 
in the unit lattice. In the drawn crystal structure, there are six possible 
jumps from an X-site to an oxygen site, and after that, the choices of 

possible jumps increase even more. Here we describe the migration path 
of the diffuse species to the other X-sites with jumps to the nearest sites 
to avoid complexity and with fewer jumps. The distance between 
neighboring sites in apatite crystals was determined using VESTA. If 
each jump distance is short and easy to jump, two patterns are expected 
for the movement between X-sites in the c-axis direction and one pattern 
in the a-axis direction. Table 2 shows the travel paths and jump distances 
for each. Fig. 3 shows Route 1 and Route 2 for the c-axis direction. Route 
1 moves to an X-site 1/2c away, whereas Route 2 moves to an X-site c 
away. Fig. 4 shows route 3, which moves a in the direction of the a-axis. 
The number of jumps is the same for all routes. Since the activation 
energies for hydrogen diffusion parallel and normal to the c-axis are 
indistinguishable within error, it is reasonable to infer that the rate- 
limiting step is shared between the two crystallographic directions. 
Specifically, the jump between the X-site and the O3 oxygen site (X ↔ 
O3), which is common to both diffusion pathways, is likely to represent 
the rate-limiting process. The ratios of the diffusion coefficients in each 
direction of the experiments and the distance moved between the X-sites 
are compared: since the axial lengths of the Durango apatite are c =
6.87820 [Å] and a = 9.39730 [Å], the length ratios of the possible routes 
are expressed as follows: 
̅̅̅
3

√

2
a
/

1
2

c = 2.366 (neighboring,Route1/Route3), (4) 

̅̅̅
3

√

2
a
/

c = 1.183 (skipping over,Route2/Route3) (5) 

The 
̅̅̅
3

√
/2 factor is used to compensate for the experimentally 

determined direction normal to both the a-axis and the c-axis. Since the 
diffusion length x is expressed as x =

̅̅̅̅̅
Dt

√
(t is diffusing time), the 

square root of the ratio of the experimental value and the length ratio are 
compared. The square root of diffusion coefficients between normal and 
parallel to the c-axis is ranged in 1.69–1.78 (Table 1) and is in the ratios 
of the eventual distance (Eqs. (3) and (4)). The above results suggest that 
OH− jumps between oxygen sites as a diffusing species regardless of 
crystallographic direction, and that the difference in diffusion co
efficients depending on crystallographic direction is due to the differ
ence in the eventual distance of OH− migration in the lattice.

4.2. The comparison between apatite and other hydrous minerals

Hydrogen diffusion in other hydrous minerals than apatite also plays 

Fig. 3. Schematic diagram of hydrogen diffusion mechanism parallel to the c- 
axis. Two routes (route 1 and route 2) are possible for the migration from one X 
site to another X site using nearby oxygen sites. The final migration distances 
for each route are 3.43910 and 6.87820 [Å].
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a very important role. Obtaining diffusion coefficients between different 
minerals helps to obtain cooling histories in the rock fragments or bodies 
containing those minerals (e.g., oxygen diffusion; Farver, 1989). 
Measuring hydrogen isotopic compositions for minerals with different 
diffusion coefficients and activation energies can constrain closure 
temperatures and cooling rates for water-related events at relatively low 
temperatures relative to other elements. From the perspective of 
studying hydrogen diffusion, on the other hand, it is possible to compare 
and estimate the diffusion mechanisms. A comparison of the diffusion 
coefficients obtained in this study with those of other hydrous minerals 
is shown in Fig. 5. Comparing the diffusion coefficients of these hydrous 
minerals (zoisite; Graham, 1981, ilvaite; Yaqian and Jibao, 1993, 
actinolite; Graham et al., 1984 from Suzuoki and Epstein, 1976, trem
olite, hornblende; Graham et al., 1984) with those of apatite, there is a 
significant difference in activation energy for hydrogen diffusion. The 

activation energy of apatite in this study is about 200 kJ/mol, whereas 
the other hydrous minerals have activation energies in the range of 
60–120 kJ/mol.

There are two possible explanations for these differences: first, the 
diffusion mechanisms of these hydrous minerals, which are silicates, and 
apatite, which is a phosphate, are different. As mentioned above, the 
OH− in the phosphate apatite is suggested to be the diffusing species. 
Comparison between fluorapatite and hydrous silicates, at low water 
contents, as in fluorapatite, hydrogen diffusion may occur predomi
nantly via localized hopping of hydroxyl groups. With increasing water 
content, as in other silicate minerals, the formation of continuous 
hydrogen-bonding networks could promote long-range proton transfer, 
potentially involving the Grotthuss mechanism. On the other hand, the 
low activation energy of other hydrous minerals is said to support the 
idea that the diffusing species are protons (Norby and Larring, 1997). In 
considering hydrogen diffusion in solid acids, it is commonly assumed 
that hydrogen mobility is enhanced in structures containing more acidic 
anionic groups. Specifically, the PO₄3− is considered more acidic than 
the SiO4

4− , and thus, hydrogen is expected to diffuse more rapidly and 
easily in PO4

3− based materials such as apatite. However, this assumption 
is inconsistent with experimental results: hydrous silicates exhibit 
higher hydrogen diffusion coefficients and lower activation energies 
compared to fluorapatite.

The other possibility is that the diffusion coefficient and activation 
energy may have changed due to polishing, as shown in Yoshimoto et al. 
(2024). The hydrogen diffusion coefficients of the hydrous minerals 
shown in the figure were determined by powder experiments and their 
bulk mass spectrometry. This method does not provide an actual diffu
sion profile. As Yurimoto et al. (1989) have shown, results of diffusion 
experiments often show effective diffusion, a mixture of lattice diffusion 
and fast diffusion due to polishing damages, and in the case of hydrogen, 
which is considered to diffuse relatively fast, the diffusion profile should 
be checked more carefully. To verify these results, it will be required to 
estimate the diffusing species by hydrogen diffusion experiments in 
sectioned hydrous minerals and their SIMS diffusion profiling and/or 
molecular dynamics (MD) or Nudged Elastic Band (NEB) simulations.

4.3. Time-temperature conditions for hydrogen in apatite

As an example of the application of diffusion coefficients to natural 
samples, the retention conditions of the initial hydrogen isotopic 
composition of apatite will be discussed. An important concept for 
isotope retention in minerals using diffusion rates is the closure tem
perature, where the diffusion rate of an element slows sufficiently in a 
mineral during cooling that isotope exchange practically ceases to occur. 
By obtaining a relationship between closure temperature and cooling 
rate, it is also possible to discuss the cooling rate experienced by the 
sample from isotopic observations of the mineral (Farver, 1989). The 
relationship between cooling rate (r0) and closure temperature (Tc) is 
expressed as follows (Dodson, 1973): 

Tc = (Ea/R)
/
ln
{
ARD0T2

c
/
Eal2r0

}
(6) 

where Ea = the activation energy for diffusion of the element; R = the 
universal gas constant; A = a geometric factor dependent on the 
anisotropy of diffusion; D0 = the pre-exponential factor for diffusion; l =
the effective diffusion radius or halfthickness; r0 = the initial cooling 
rate; and Tc = the closure temperature. In this equation, both sides 

Table 2 
X-site to X-site migration routes.

Route direction first step distance (Å) second step distance (Å) third step distance (Å) final step distance (Å) Eventual distance (Å)

Route1 parallel to the c-axis 3.15 (X-O3) 2.53 (O3-O1) 2.97 (O1-O3) 3.15 (O3-X) 1/2 c = 3.44
Route2 parallel to the c-axis 3.15 (X-O3) 2.97 (O3-O1) 2.97 (O1-O3) 3.15 (O3-X) c = 6.88
Route3 parallel to the a-axis 3.15 (X-O3) 2.48 (O3-O2) 2.95 (O2-O3) 3.15 (O3-X) a = 9.40

Fig. 4. Schematic diagram of hydrogen diffusion mechanism normal to the c- 
axis. In the a-axis migration from one X site to another X site using the proxi
mate oxygen sites, only route 3 is considered. The final migration distance is 
9.39730 [Å], but a √3/2 term must be applied to these distances to correct for 
the experimental direction.

Fig. 5. Several hydrogen diffusion coefficients in hydrous minerals. [1]Zoisite; 
Graham (1981), [2]Ilvaite; Yaqian and Jibao (1993), [3]Actinolite; Graham 
et al. (1984) from Suzuoki and Epstein (1976), [4]Tremolite, [5]Hornblende; 
Graham et al. (1984), [6]Apatite (normal to the c-axis); this study, [7]Apatite 
(parallel to the c-axis); Yoshimoto et al. (2024).
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include Tc, which was conventionally plotted by iterative calculations. 
However, this equation can be solved about r0. In this equation, the 
assumption that reciprocal temperature decreases linearly with time is 
used; dT− 1/dt = − 1/T2 • dT/dt = const.. Here, we use this equation for 
spherical setting. It gives A = 55.0 (12/π2 •

(
π2/6 • lnπ +

∑∞
1 lnn/n2)) 

to the geometric factor, and radius to the effective length, l.
The diffusion mechanism of hydrogen in apatite is a similar jump 

with oxygen vacancies for parallel and normal to the c-axis, and the 
diffusion coefficients are of the same order. The spherical model can be 
used for hydrogen diffusion in hexagonal apatite due to faster diffusion 
normal to the c-axis, without considering extremely fast local diffusion 
orientations. Fig. 6 shows the results of the above model calculations for 
different apatite grains of radius 10, 50, and 100 μm, using the hydrogen 
diffusion coefficient normal to the c-axis determined in this study. Note 
that outside the experimental temperature range of 550–700 ◦C, the 
curves are extrapolations. If it is above this curve for a given tempera
ture and a given initial cooling rate, it indicates that re-equilibration of 
the hydrogen isotopic composition has occurred. These curves would be 
very useful when discussing the origin of water using the hydrogen 
isotopic composition in apatite.

Fig. 6 also shows the closure temperature calculated based on the 
results of (Higashi et al., 2017), a previous study of hydrogen diffusion 
in apatite. The hydrogen diffusion coefficients in their study were ob
tained parallel to the c-axis, where surface damage was not considered, 
as shown in (Yoshimoto et al., 2024). The hydrogen isotope retention of 
natural apatite has been discussed using this hydrogen diffusion coef
ficient. However, it shows that at similar cooling rates of, for example, 
<10 ◦C/yr, there is a difference in closure temperature of more than 
100 ◦C. Since the diffusion coefficients of (Higashi et al., 2017) include a 
diffusion component due to polishing damage, the results of this study 
should be referred to when discussing the isotopic composition of nat
ural apatite samples more rigorously. Moreover, the diffusing species of 
hydrogen in oxides has been estimated from the activation energy 
(~100 kJ/mol) in diffusion experiments, but originally, it was expected 
that the OH− would be the diffusing species for hydrogen in oxides.(e.g., 
Norby and Larring, 1997), which is consisted with the results of this 
study. Therefore, we would like to strongly suggest that this means that 
we cannot estimate the transport phenomena of hydrogen in the true 
geological environment without reconsidering the hydrogen diffusion in 
other hydrous minerals.

5. Conclusions

The hydrogen diffusion coefficient in fluorapatite perpendicular to 
the c-axis was determined experimentally using deuterium as a tracer 
and by depth analysis using SIMS The diffusion coefficient in apatite 
perpendicular to the c-axis at 550 ◦C to 700 ◦C showed the following 
temperature dependence: 

D = 9.77×10− 6exp
(

−
208 ± 27kJ/mol]

RT

)
[
m2/s

]
.

The diffusion coefficient normal to the c-axis was approximately 
three times larger than that parallel to the c-axis, and the activation 
energies matched within error. This suggests that the diffusion mecha
nism with OH− as the diffusing species, as discussed by Yoshimoto et al. 
(2024), is also occurring in the perpendicular c-axis direction. Consid
ering this mechanism, the difference in diffusion coefficients can be 
explained by the difference in the distance OH− moves in different 
crystal orientations. Since the closure temperature calculated using the 
diffusion coefficient data of this study is more than 100 ◦C higher than 
that of Higashi et al. (2017) for slow cooling (<10 ◦C/yr), the results of 
this study should be referred to in a more rigorous discussion of 
hydrogen isotope retention in apatite.
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