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The thermoelasticity and stability of diaspore (α-AlOOH, Al1.002Fe0.003OOH) were
investigated in this study by in situ synchronous X-ray diffraction (XRD) and Raman
spectroscopy methods at high pressure and high temperature conditions. The results
indicate that diaspore is stable within the pressure and temperature (P-T) region examined
in this study. With increasing pressure, the Raman peaks move toward the high wave
number direction, the intensity of the Raman peaks increases, and the vibration mode of
diaspore changes linearly. Pressure-volume data from in situ high-pressure XRD
experiments were fitted by the third-order Birch-Murnaghan equation of state (EoS)
with the zero-pressure unit-cell volume V0 � 118.15 (4) Å3, the zero-pressure bulk
modulus KV0 � 153 (2) GPa, and its pressure derivative K’V0 � 2.4 (3). When K’V0 was
fixed at 4, the obtained KV0 � 143 (1) GPa. The axial compressional behavior of diaspore
was also fitted with a linearized third-order Birch-Murnaghan EoS, showing slight
compression anisotropy with Ka0 � 137 (5) GPa, Kb0 � 169 (7) GPa and Kc0 � 178 (6)
GPa. In addition, the temperature-volume data from in situ high-temperature XRD
experiments were fitted by Fei’s thermal equation with the thermal expansion
coefficients αV � 2.7 (2) × 10–5 K−1, αa � 1.13 (9) × 10–5 K−1, αb � 0.77 (5) × 10–5 K−1,
and αc � 0.85 (9) × 10–5 K−1 for diaspore, which shows that diaspore exhibits slightly
anisotropic thermal expansion. Furthermore, in situ synchrotron-based single-crystal XRD
under simultaneously high P-T conditions indicates that theP-T stability of diaspore is up to
∼10.9 GPa and 700 K. Combined with previous results, we infer that diaspore can be
subducted to ∼390 km under cold subduction conditions based on existing experimental
data and is a good candidate for transporting water to the deep Earth.
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INTRODUCTION

Subduction zones are the bridge between the Earth’s surface and
the deep Earth (Hwang et al., 2021). Subduction transports
crustal hydration minerals to the mantle, and the hydrous
minerals in the subduction zone under the volcanic arc are
often dehydrated under the temperature and pressure of the
mantle, which leads to the generation of island arc magma (Zheng
and Zhao, 2017). This process plays an important role in the
water cycle of the deep Earth. In addition, the migration of water
to the mantle has important geodynamic and geochemical
significance. The dehydration of hydrous minerals in the
mantle hydrates nominally anhydrous minerals there and
affects the viscosity and density structure of the mantle
(Hebert and Montesi, 2013). Moreover, dehydration of
hydrous minerals also leads to the brittle fracture of plates,
triggering medium-depth earthquakes (Zheng, 2019).
Therefore, the structural stability and thermoelastic properties
of hydrous minerals under high-pressure and high-temperature
(high P-T) conditions are often regarded as a window through
which to study the geodynamic process of the deep Earth (Nakao
et al., 2016; Kakizawa et al., 2018; Liu et al., 2019; Zhang et al.,
2019; Liu et al., 2021).

During the subduction process, the water-rich fluids react with
the gneiss or metamorphic argillaceous rocks of the subducted
continental crust along the wet solid phase line to form water-rich
melts, which are granitic components and the main source of
magmatic material in island arcs (Zheng, 2019). In addition, the
Al-rich hydrous silicate minerals in the subduction zone can
transport not only water but also Al to the deep mantle, and the

entry of Al as a crustal element into the mantle will affect the
composition of the mantle (Tropper and Manning, 2007).
Diaspore (α-AlOOH), which contains 28.3 wt% water and has
a wide range of temperature and pressure stabilities (Mao et al.,
1994; Sugiura et al., 2018), is an important Al-rich hydrous
mineral in subduction zones (Vanpeteghem et al., 2002; Sano
et al., 2008; Wang and Yoshino, 2021). During the eclogite
lithification of bauxite, diaspore decomposes into corundum at
approximately 1073 K under 7 GPa and releases 6–8 wt% water
(Grevel et al., 2000; Feenstra andWunder, 2002). However, under
cold subduction conditions, diaspore transforms to a high-
pressure phase (δ-AlOOH) and continue to subduct to the
core-mantle boundary (Sano et al., 2008). Therefore, the study
about the thermal equation of state (EoS) and the high P-T
stability of diaspore is of great significance for understanding the
migration of Al and water in the deep Earth, especially in
subduction zones.

The symmetry of diaspore is orthorhombic Pbnm. In the
crystal structure of diaspore (Figure 1) (Hill, 1979), Al3+

occupies the center of the octahedron position, and the O
atom is closely packed hexagonally along the a-axis. Adjacent
[AlO6] octahedrons share four sides, forming “double rutile
strings” parallel to the c-axis and connected with each other
through corner sharing (Ewing, 1935; Friedrich et al., 2007a).
There are two types of O atoms: O1 with corner sharing and O2
with edge sharing. H is chemically bonded to O2 and forms a
hydrogen bond with O1.

The pressure-volume (P-V) EoS of diaspore has been studied
experimentally and theoretically (Table 1) (Mao et al., 1994; Xu
et al., 1994; Winkler et al., 2001; Friedrich et al., 2007a, 2007b; Li

FIGURE 1 |Crystal structure of diaspore at ambient conditions with the style of ball-and-stick (A) and the style of polyhedron (B). Blue for aluminum, red for oxygen,
light red for hydrogen. The crystal structure data is obtained from Hill, (1979) and it is drawn by VESTA software.
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TABLE 1 | Elastic parameters of diaspore.

Samples P (GPa) T (K) KV0

(GPa)
K9

V0 KSV Ka0

(GPa)
K9

a0 Kb0

(GPa)
K9

b0 Kc0

(GPa)
K9

c0 Methods Pressure
medium

References

AlO(OH) — — 145.3 (4) — 150.7 (3) — — — — — — UEa — Haussuhl (1993)
— 24.54 300 168 (2) 4 (fixed) — 92 (5) 4 (fixed) 225 (6) 4 (fixed) 221 (21) 4 (fixed) P-XRDb methanol-ethanol (4:1) Mao et al. (1994)
— 24.54 300 170 (14) 3 (1) — 133 (12) 3 (2) 202 (21) 6 (2) 223 (56) 11(15) P-XRDb methanol-ethanol (4:1) Mao et al. (1994)
AlO(OH) 27 300 227 (5) 4 — 136 (9) 4 136 (9) 4 260 (22) 4 XRD no pressure medium Xu et al. (1994)
AlO(OH) 50 300 147 (2) 4.5 (1) — — — — — — — DFTc — Winkler et al. (2001)
AlO(OH) 50 300 151 (2) 4 (fixed) — 104 (2) 4 (fixed) 180 (6) 6 (fixed) 184 (3) 3.44 (fixed) SC-XRDd Helium Friedrich et al. (2007a)
AlO(OH) 50 300 149 (4) 4.1 (2) — 102 (2) 4.2 (2) 194 (16) 5 (1) 189 (11) 3.2 (5) SC-XRDd Helium Friedrich et al. (2007a)
AlO(OH) 50 300 150.4 (9) 4 (fixed) — — — — — — — DFTc — Friedrich et al. (2007a)
AlO(OH) 50 300 143.7 (9) 4.44 (6) — 107.8 (7) 4.14 (5) 166 (2) 6.1 (1) 174.2 (5) 3.44 (2) DFTc — Friedrich et al. (2007a)
AlO(OH) 7 300 150 (3) 4 (fixed) — 103 (2) 4 (fixed) 191 (14) 6 (fixed) 188 (9) 3.44 (fixed) SC-XRDd methanol-ethanol (4:1) Friedrich et al. (2007b)
AlO(OH) 40 300 150.4 (9) 4 (fixed) — — — — — — — DFTc — Friedrich et al. (2007b)
AlO(OH) 40 300 143.7 (9) 4.44 (6) — 107.8 (7) 4.14 (5) 166 (2) 6.1 (1) 174.2 (5) 3.44 (2) DFTc — Friedrich et al. (2007b)
(Al0.995Fe0.005)
OOH

12 300 146 (1) 4.0 (1) 152 (1) — — — — — — BSe methanol–ethanol–water (16:3:1) Jiang et al. (2008)

Al1.002Fe0.003OOH 13.42 300 143 (1) 4 — 137 (5) 4 169 (7) 4 178 (6) 4 SC-XRDd Neon This study
Al1.002Fe0.003OOH 13.42 300 153 (2) 2.4 (3) — — — — — — — SC-XRDd Neon This study

—, No data.
aUltrasonic elasticity.
bPolycrystalline X-ray diffraction.
cDensity functional theory.
dSingle-crystal X-ray diffraction.
eBrillouin scattering.
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et al., 2008). However, the previous P-V EoS results for diaspore
are controversial. Xu et al. (1994) investigated the high-pressure
behavior of diaspore using in situ synchrotron X-ray diffraction
(XRD) up to ∼27 GPa with no pressure medium and obtained a
zero-pressure bulk modulus KV0 � 227 (5) GPa, and its pressure
derivative (K’V0) was set to 4. Mao et al. (1994) also investigated
the compressibility of diaspore up to 24.51 GPa with a methanol-
ethanol (4:1) pressure medium by in situ synchrotron
polycrystalline XRD and obtained KV0 � 168 (2) GPa, which
is ∼26% lower than that of Xu et al. (1994). Subsequently, using an
in situ synchrotron single-crystal XRD method, Friedrich et al.
(2007a, and 2007b) investigated the P-V EoS of diaspore with
two different pressure media (helium and methanol-ethanol
(4:1)) up to ∼50 and ∼7 GPa, respectively, and obtained very
consistent results for the bulk modulus (KV0 � 151 (2) GPa and
150 (3) GPa, respectively). However, the obtained bulk moduli
of diaspore by Friedrich et al. (2007b) are still ∼11% lower than
those of Mao et al. (1994). Additionally, Jiang et al. (2008)
further studied the elastic properties of diaspore by the
Brillouin light-scattering method up to 12 GPa with
methanol–ethanol–water (16:3:1) pressure medium and
obtained the adiabatic zero-pressure bulk modulus KS0 �
152 (1) (KV0 � 146 (1) GPa), which is relatively consistent
with that of Friedrich et al. (2007b) but ∼13% lower than that
of Mao et al. (1994) within their uncertainties (Mao et al., 1994;
Friedrich et al., 2007b; Jiang et al., 2008). On the other hand,
there are also some theoretical calculation studies on the P-V
EoS of diaspore. Winkler et al. (2001) and Friedrich et al.
(2007a) studied the P-V EoS of diaspore up to 50 GPa using the
density functional theory method and obtained KV0 � 147 (2)
GPa and 143.7 (9) GPa and K’V0 � 4.5 (1) and 4.44 (6),
respectively (Winkler et al., 2001). However, the K’V0 of
Friedrich et al. (2007a) is 8.8% lower than that of Winkler
et al. (2001), while the KV0 of Friedrich et al. (2007b) is 2.2%
lower than that of Winkler et al. (2001) with the same K’V0. In
summary, all recent studies by different methods acquired
lower KV0 than Xu et al. (1994) and Mao et al. (1994). More
importantly, Yoshino et al. (2019) has discussed the reason
why Xu et al. (1994) yielded extremely high value of KV0 �
230 GPa, which is the data correction by Xu et al. (1994) is
under high stress from the absence of a pressure medium.

To date, there have also been some experimental studies on the
thermal expansion of diaspore at high temperatures (Holland
et al., 1996; Grevel et al., 2000; Sugiura et al., 2018). Pawley et al.
(1996) calculated the volume thermal expansion coefficient (αV0
� 4.0 (1) × 10–5/K) of diaspore up to 533 K based on high-
temperature powder XRD data (Pawley et al., 1996).
Subsequently, Grevel et al. (2000) recalculated the volume
thermal expansion coefficient of diaspore at higher
temperatures up to 1073 K using XRD and obtained αV0 � 2.8
× 10–5/K (Grevel et al., 2000), which is ∼30% lower than that of
Pawley et al. (1996) (Pawley et al., 1996). Furthermore, Pawley
et al. (1996) also calculated the axial thermal expansion
coefficients of diaspore and obtained αa0 � 1.6 (2) × 10–5/K,
αb0 � 1.3 (2) × 10–5/K and αc0 � 1.1 (2) × 10–5/K (Pawley et al.,
1996). Recently, Sugiura et al. (2018) reinvestigated the axial
thermal expansion of diaspore up to 698 K by single-crystal XRD

and obtained αa0 � 0.903 × 10–5/K, αb0 � 0.828 × 10–5/K and αc0 �
0.770 × 10–5/K (Sugiura et al., 2018), which are ∼44%, ∼36 and
∼30% lower, respectively, than the results of Pawley et al. (1996).
Thus, there is still great controversy regarding the thermal
expansion coefficients of diaspore, which needs to be further
investigated.

In this study, we investigated the thermoelasticity and stability
of diaspore by in situ synchronous XRD and Raman spectroscopy
methods at high pressure and high temperature. By fitting the
present P-V and T-V XRD data, we obtained the thermoelastic
parameters of diaspore at high pressures/temperatures.
Furthermore, the P-T stability of diaspore in this experimental
P-T range was determined using our high P-T XRD data and
Raman spectral data. Finally, combined with the previous results,
we discussed the P-T phase diagram and stability of diaspore and
its great influence on water migration in the cold
subduction zone.

SAMPLE AND EXPERIMENTS

Sample
A natural, colorless and transparent diaspore sample with good
crystal morphology was used in this study. As shown in
Supplementary Table S1, the chemical composition of the
diaspore sample was estimated as Al1.002Fe0.003OOH based on
the results of electron microprobe analysis (EMPA) using a JXA-
8230 electron microprobe in Chang’An University with an
accelerating voltage of 15 kV, a beam current of 20 nA, and a
beam diameter of 5 μm.

Experiments
We conducted single-crystal XRD experiments up to 700 K and
13.42 GPa, powder XRD experiments up to 713 K under ambient
pressure.

A short symmetrical diamond-anvil cell (DAC) and
BX90-type external-heating DAC (EHDAC) (Kantor et al.,
2012) were selected for ambient temperature and high
pressure (up to 13.42 GPa) and high temperature and high
pressure (up to 10.9 GPa and 700 K) single crystal XRD
experiments, respectively. In the above two XRD
experiments, the rhenium gasket, neon pressure medium,
and gold pressure calibration material were selected. The
sample size and thickness of diaspore are 70 × 80 μm2 and
22 μm, respectively.

In the in situ ambient pressure and high temperature (up to
713 K with 30 K temperature interval) powder XRD experiment,
a Merrill-Bassett type DAC and the T301 gasket were used. The
sample size and thickness of diaspore in the sample chamber are
120 × 100 μm2, and ∼110 μm, respectively.

In addition, the short symmetrical DAC and T301 gasket were
used for the high-pressure Raman spectroscopy experiment. The
maximum experimental pressure was ∼24.4 GPa, and the Raman
spectrum collected from 100 cm−1–1200 cm−1. In all experiments,
the pressure fluctuation range was not more than 0.1 GPa, and the
temperature fluctuation range was not more than 1 K before and
after each spectrum collection.
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The ambient temperature and high pressure single-crystal
XRD experiment was conducted at 13-BMD station,
GSECARS, APS, while the high temperature and high pressure
single-crystal XRD experiment was conducted at 13-BMC
station, GSECARS, APS. LaB6 powder was used as the
diffraction standard at both 13-BMD and 13-BMC stations
(Fan et al., 2010; Zhang et al., 2017; Huang et al., 2020; Xu
et al., 2020). However, the high-temperature and ambient-
pressure powder XRD experiment was carried out at station
4W2, Beijing Synchrotron Radiation Station (BSRF), and
calibrated by CeO2 powder diffraction spectrum. Room-
temperature and high-pressure Raman spectroscopy
experiments were carried out at the Center for High Pressure
Science and Technology Advanced Research. Details of the single
crystal XRD experimental setup and cell assembly were described
in Fan et al. (2010) and the powder XRD experiment were
described in Huang et al. (2020) and Xu et al. (2020).

RESULTS

P-V Equation of State
The unit-cell parameters of diaspore up to 13.42 GPa were refined
by APEX3 software from single-crystal XRD, as shown in
Supplementary Table S2 and Figure 2. The XRD patterns of
diaspore showed that no phase transition occurred throughout
the whole pressure range in this study (Supplementary
Figure S1).

Furthermore, the P-V data (Supplementary Table S2) were
fitted using the third-order Birch-Murnaghan EoS as follows:

P � (3/2)KV0[(V0/V)7/3 − (V0/V)5/3] × [1

+ (3/4) (KV0′ − 4) [(V0/V)2/3 − 1]] (1)

WhereV0,KV0, andK’V0 are the unit-cell volume, isothermal bulk
modulus, and its pressure derivative at zero pressure, respectively.
With all parameters unfixed during fitting, we yieldedV0 � 118.04
(3) �A3, KV0 � 153 (2) GPa, and K’V0 � 2.5 (3) for diaspore. With
fixed K’V0 � 4, the fitting results yielded V0 � 118.15 (4) �A3 and
KV0 � 143 (1) GPa.

Figure 2 shows pressure-induced volume compression (V/V0)
of diaspore in this study and previous studies (Mao et al., 1994;
Xu et al., 1994; Grevel et al., 2000; and Friedrich et al., 2007a and
2007b). The relationship between the Eulerian definition of finite
strain fE (fE � [(V0/V)

2/3 – 1]/2) and “normalized stress” FE (FE �
P/3fE(1 + 2fE)

5/2) is shown in Figure 3 (Angel, 2000). The
weighted linear fit of the data points yielded the intercept
value of FE (0) � 154 (1) GPa, which is consistent with the
isothermal bulk modulus obtained by the third-order
Birch–Murnaghan EoS (KV0 � 153 (2) GPa). Moreover, it is
clear from Figure 3 that the data points lie on an inclined straight
line with a relatively large negative slope, thus indicating that K’V0
� 2.5 and the third-order Birch-Murnaghan EoS are reasonable
descriptions of the P-V data in this study.

The unit-cell parameters of the a-, b- and c-axes as a function
of pressure are summarized in Supplementary Table S2 and
plotted in Figure 4. By fitting a “linearized” third-order Birth-
Murnaghan EoS and following the procedure implemented in the
EoSFit7c program (Angel, 2000), we can obtain the axial-EoS
parameters Ka0 � 137 (5) GPa, Kb0 � 169 (7), and Kc0 � 178 (6)
GPa for the a-, b- and c-axes with fixedK’0 � 4, respectively. Then,
the axial compressibilities (with β � 1

3 K0, where K0 is the axial
bulk modulus under ambient conditions and β is the
compressibility) of diaspore were found to be βa � 0.00243
GPa−1, βb � 0.00197 GPa−1 and βc � 0.00187 GPa−1 for the a-,

FIGURE 2 | Volume compression (V/V0) of diaspore at high pressure and
room temperature. The black solid circles represent the data points measured
in this experiment, and the black lines were obtained by BM3 EoS-fitting with
K’V0 unfixed. The black hollow triangles represent the data points of Mao
et al. (1994), the blue hollow triangles represent the data points of Xu et al.
(1994), the purple hollow squares represent the data points of Grevel et al.
(2000), and the red hollow diamonds represent the data points of Friedrich
et al. (2007a, and 2007b).

FIGURE 3 | Volume Eulerian strain–normalized pressure (FE–fE) plot. The
solid line is the linear fit to the data.
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b- and c-axes, respectively. The ratio among the lattice
compressibility parameters, βa:βb:βc � 1.30:1.05:1.00, shows
that diaspore has a weak axial compressional anisotropy.

Thermal Expansion
High-temperature synchrotron powder XRD experiments were
conducted up to 713 K at ambient pressure. Figure 5 shows some
typical full XRD patterns at high temperatures for diaspore. From
Figure 5, we can find that as the temperature increased, all the
peaks shifted continuously toward lower 2θ, but the overall
pattern did not change; hence, the high-temperature XRD
patterns of diaspore showed that no phase transformation
occurred at high temperatures up to 713 K. Supplementary
Figures S2A–D shows the typical Le Bail profile fitting results
of the XRD profiles at 298, 413, 533 and 713 K. The full spectrum
fitting results of unit-cell parameters and volumes (a, b, c, and V)
of the Le Bail profile at each temperature are also shown in
Supplementary Table S3.

Figure 6 shows the variations of a/a0, b/b0, c/c0 and V/V0 with
the temperature for diaspore in this study and previous studies. In
general, a/a0, b/b0, c/c0 and V/V0 correlate continuously with
temperature. As the temperature increases from 297 to 713 K, a, b
and c increase by 0.3%, 0.26 and 0.25%, respectively, and volume
increases by 0.79%. We used Fei’s thermal expansion equation
(Fei, 1995) to fit our high-temperature XRD data:

VT � V0 exp (α0 (T − Tref ) + (1/2) α1 (T2 − T2
ref )

− α2 ((1/T) − (1/Tref ))) (2)

Where VT represents the unit-cell volume at high temperatures
and ambient pressure, V0 represents the unit-cell volume at
ambient conditions, and Tref is the reference temperature. α0,
α1 and α2 are the three parameters used to describe the
relationship between the thermal expansion coefficient and the
temperature in the form of αT � α0 + α1T + α2T

−2. Since our

experimental temperature range was limited, we fixed α1 and α2 as
0 in the fitting. The volumetric and axial thermal expansion
coefficients under ambient conditions are αV � 2.7 (2)×10–5
K−1and αa � 1.13 (9) × 10–5 K−1, αb � 0.77 (5) × 10–5 K−1,
and αc � 0.85 (9)×10–5 K−1. Furthermore, from Figure 7, the axial
thermal expansion coefficients of diaspore along the b-axis and
c-axis are comparable, while the thermal expansion coefficient
along the a-axis is the smallest at 300–600 K but is the largest
above 600 K. Therefore, diaspore has slightly anisotropy of
thermal expansion. Moreover, the single-crystal XRD
experiments of diaspore under high P-T conditions show that
diaspore can exist stably at conditions of up to 700 K and
10.9 GPa.

Raman Spectroscopy
The high-pressure Raman spectroscopy experiment was
conducted up to ∼24.4 GPa. To study the lattice vibration
modes of Al-O-Al and AlO6 polyhedrons, Raman spectra were
collected during the experiment ranging from 150 to 1300 cm−1.
There are a total of 11 peaks corresponding to five vibration
modes: ν1-a rotation of two edge shared AlO6, ν2-Al–O–Al
symmetric stretching, ν3-Al–O–Al deformation, ν4-Al–O–Al
bending, and ν5-OH bending (Ruan et al., 2001; Juan-Farfán
et al., 2011). The nine peaks with wave numbers less than
1000 cm−1 are lattice vibration modes (ν1, ν2, ν3, and ν4),
which mainly include the rotational vibration of AlO6 and the
stretching, bending and deformation vibration of Al–O–Al (Ruan
et al., 2001; Juan-Farfán et al., 2011). The remaining two peaks are
the OH bending vibration mode (ν5), whose wave numbers are
1050.3 and 1189.9 cm−1 (Delattre et al., 2012). Figure 8 shows
that with increasing pressure, the Raman peak moves toward the
high wave number direction, and the intensity increases. Figure 9
shows that the wave number of each peak increases linearly with
increasing pressure. However, the absence of Raman peaks with

FIGURE 5 | Typical X-ray diffraction patterns of diaspore from powder
X-ray diffraction experiments at ambient pressure and high temperature.

FIGURE 4 | Pressure dependence of the unit-cell parameters a, b, and c
of diaspore at ambient temperature. The error bars for the data points are not
displayed because they are smaller than the symbols.
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wave numbers of 154.3 and 1050.3 cm−1 is due to the weak peak
intensity under high pressures. The missing Raman peak with a
wave number of 1189.9 cm−1 at high pressures is mainly due to
the peak moving toward the high wave number, which exceeds
the wave number range in this study. Table 2 summarizes the
Raman spectra of diaspore in this and previous studies at high
pressures, showing that the pressure derivative (dω/dP) of the
Raman shift of diaspore is in the range of 0.33–6 cm−1/GPa, and
the Grüneisen parameter (γ � (dω/dP) × KV0/ω0, where ω0 is the
wave number at zero pressure) is in the range of 0.11–2.27.

Juan-Farfán et al. (2011) obtained 22 Raman peaks in the
range of 150–1300 cm−1 by theoretical calculation. However, only
13 Raman peaks were observed in the same wave number range in
experiments (Ruan et al., 2001; Juan-Farfán et al., 2011) because
the other peaks were too weak to be observed in the experiments
(Ruan et al., 2001; Juan-Farfán et al., 2011). Compared with the
experimental result of Juan-Farfán et al. (2011), this study has
three extra peaks (448.6, 611.3, and 1189.9 cm−1) and one
missing peak (793 cm−1). Compared with the experimental

result of Ruan et al. (2001), this study has one extra peak
(154.3 cm−1) and two missing peaks (381 and 790 cm−1). The
cause of this phenomenon is unknown. However, except for
these different peaks, our experimental results are basically
consistent with those of previous experiments (Table 2)
(Greene et al., 1994; Ruan et al., 2001; Juan-Farfán et al.,
2011; Delattre et al., 2012).

Based on the experimental results of the Raman spectra, the
dω/dP and isothermal Grüneisen parameters are calculated in
this study (Table 2). The value range of dω/dP was
0.91–4.94 cm−1/GPa by theoretical calculation and
0.33–6 cm−1/GPa according to experiments (Juan-Farfán et al.,
2011). The range of experimental results is wider than that of the
theoretical calculation. Compared with the experimental results
of Juan-Farfán et al. (2011), this study shows that the value of dω/
dP of ν5 is greater than that of the other vibration modes (ν1, ν2, ν3
and ν4). Because ν5 corresponds to the vibration mode of OH
bending with increasing pressure, the vibration of OH bending is
easier, resulting in a larger dω/dP value. Except for the difference

FIGURE 6 | The change of unit-cell parameters and unit-cell volume with increasing temperature. The black solid circles represent the data points of this study, the
hollow squares represent the data points of Pawley et al. (1996) and hollow triangles represent the data points of Sugiura et al. (2018).
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in ν5 value, our experimental results are basically consistent with
the experiment of Juan-Farfán et al. (2011).

The value range of the Grüneisen parameter is 0.32–1.59 by
theoretical calculation and 0.11–2.27 by experiment. The
experimental results show a wider range than the theoretical
results. The value of the Grüneisen parameter obtained by this
experiment at 1050.3 cm−1 is 0.88, while the value of the
Grüneisen parameter obtained by the experiment of Juan-
Farfán et al. (2011) is 0.3 at 1048 cm−1, which is 66% lower
than that in this study. Except for the abnormal value of the
Grüneisen parameter at 1050.3/1048 cm−1, the difference
between the Grüneisen parameter in this study and that in
previous studies is less than 25%. Therefore, the isothermal
Grüneisen parameters of the Raman peaks obtained by this
study are basically consistent with previous studies.

In conclusion, our high-pressure Raman spectroscopy is
consistent with previous results and shows that there is no
phase transition of diaspore at room temperature and high
pressures up to 24.4 GPa.

DISCUSSION

P-V Equation of State
To date, the P-V EoS of diaspore has been investigated extensively
with various experimental techniques. Of these investigations, Xu
et al. (1994), Mao et al. (1994), and Friedrich et al. (2007a, and
2007b) used high-pressure XRDmethods to study the P-V EoS of
diaspore. Table 1 summarizes the bulk moduli and their pressure
derivatives for diaspore determined with various experimental
techniques.

As shown in Table 1, the bulk modulus and its pressure
derivative of the diaspore obtained in this study are KV0 � 153 (2)
GPa and K’V0 � 2.5 (3), respectively. If K’V0 is set to 4, KV0 � 143
(1) GPa. The KV0 values from the literature exhibit discrepancies
with each other, ranging from 121.2 to 227 GPa. Xu et al. (1994)
reported a significantly higher value (227 GPa) by DAC with no
pressure medium. Subsequently, Mao et al. (1994) obtainedKV0 �
168 (2) GPa and K’V0 � 3 (1) for diaspore using methanol-ethanol
(4:1) pressure medium. However, their maximum experimental
pressure reached 24.54 GPa, which exceeded the hydrostatic
pressure limit (∼11 GPa) of the methanol-ethanol (4:1)
pressure medium. Thus, the results of Xu et al. (1994) and
Mao et al. (1994) should be affected by the nonhydrostatic
pressure condition. Later, Friedrich et al. (2007b)
reinvestigated the P-V EoS of diaspore using DAC with two
different pressure mediums (methanol-ethanol (4:1) and helium)
and obtained KV0 � 150 (3) GPa and 151 (2) GPa with fixed K’V0
� 4. The obtained KV0 value (143 (1) GPa) in this study with fixed

FIGURE 8 | Representative Raman spectra of diaspore up to 24.4 GPa
ν1, a rotation of two edge shared AlO6, ν2, Al–O–Al symmetric stretch, ν3,
Al–O–Al deformation, ν4, Al–O–Al bending, and ν5, OH bending mode.

FIGURE 7 | The relative axial thermal expansion of diaspore in this study.
FIGURE 9 | Pressure dependence of the observed Raman modes for
diaspore up to 24.4 GPa ν1, a rotation of two edge shared AlO6, ν2, Al–O–Al
symmetric stretch, ν3, Al–O–Al deformation, ν4, Al–O–Al bend, and ν5, OH
bending mode.
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K’V0 � 4 is slightly smaller than the results (150 (3) GPa and 151
(2) GPa) of Friedrich et al. (2007a, and 2007b) within their
uncertainties.

Obviously, as shown in Figure 2, the data points of Mao et al.
(1994) are consistent with our data points under pressures less
than 12.0 GPa. Therefore, we refitted the P-V data of Mao et al.
(1994) at pressures within ∼11.7 GPa and obtained KV0 � 140 (3)
GPa with fixed K’V0 � 4, which is consistent with the result of this
study (KV0 � 143 (1) GPa) within their uncertainties. Moreover,
the obtained KV0 value in this study is also very consistent with
the results of previous ultrasonic interferometry (KV0 � 145.3 (4)
GPa) and Brillouin light scattering studies (KV0 � 146 (1) GPa)
(Table 1) (Haussuhl, 1993; Xu et al., 1994; Grevel et al., 2000;
Jiang et al., 2008).

In summary, we infer that the reasonable ranges of the bulk
modulus and its pressure derivative of the diaspore should be
140–153 GPa and 2.4–4.5, respectively.

The axial compressibilities of diaspore obtained in this study
are Ka0: Kb0: Kc0 � 1.00:1.23:1.30 (βa: βb: βc � 1.30:1.05:1.00),
which shows slight axial compression anisotropy. Friedrich et al.
(2007a) also obtained the axial compressibilities of diaspore with
Ka0: Kb0: Kc0 � 1.00:1.73:1.76 (βa: βb: βc � 1.77: 1.02:1.00) up to

50 GPa with a helium pressure medium. The axial
compressibilities of this study are consistent with the axial
compression trend of Friedrich et al. (2007a). Both studies
show that the c-axis is the least compressible, followed by the
b-axis and a-axis, because the Al-Al and O-O bonds are almost
parallel to the c-axis, which makes the c-axis the hardest axis.
Although there is no bond parallel to the b-axis, the angle between
all bonds and the b-axis is 20°–30°, while the angle between all
bonds and the a-axis is greater than 65°, which makes the a-axis
the easiest to compress (Li et al., 2008). Furthermore, the
compression of the a-axis in the Friedrich et al. (2007a)
experiment is much easier than that in this study. We infer
that this is probably due to the different pressure ranges between
these two studies. Because the O-H bond is almost parallel to the
a-axis, the distance between O and H decreases more with
increasing pressure, resulting in a greater axial compressibility
of the a-axis (Friedrich et al., 2007a). Compared with the
compression of the a-axis with increasing pressure, the
compression of the b-axis and c-axis are much smaller. The
probable reason is that the compression of the a-axis is mainly
hydrogen bonding compression, while the compression of the b-
axis and c-axis is due to the rotation of the O1-Al-O2 octahedral

TABLE 2 | Mode shifts and isothermal Grüneisen parameters of diaspore.

Band
assignment

This study Juan-Farfán et al. (2011) Ruan
et al.
(2001)

Experimental Experimental Theoretical Experimental

ω0

(cm−1)
dω/dP

(cm−1/GPa)
isothermal
Grüneisen
parameters

ω0

(cm−1)
dω/dP

(cm−1/GPa)
isothermal
Grüneisen
parameters

ω0

(cm−1)
dω/dP

(cm−1/GPa)
isothermal
Grüneisen
parameters

ω0

(cm−1)

ν1 154.3 (1) 2.29 (6) 2.27 (8) 154 1.9 1.91 158 1.67 1.59 —

— — — — — — 182 1.01 0.83 —

ν2 290 (2) 2.2 (1) 1.16 (6) 288 2.8 1.46 273 2.35 1.29 287
— — — — — — 277 2.36 1.28 —

ν3 331.5 (1) 2.11 (7) 0.97 (5) 331 2.0 0.91 327 2.63 1.21 329
— — — — — — 357 1.88 0.79 —

ν3 367.7 (2) 2.84 (2) 1.18 (2) 368 2.6 1.06 362 2.25 0.93 364
— — — — — — 374 1.89 0.76 381

ν4 447.65 (3) 0.33 (5) 0.11 (2) 448 0.4 0.13 426 0.91 0.32 436
ν4 448.6 (2) 4.1 (1) 1.40 (6) — — — 433 3.79 1.31 446
ν4 498.36 (4) 2.81 (2) 0.86 (2) 499 2.7 0.81 480 2.6 0.81 495

— — — — — — 524 2.86 0.82 —

— — — — — — 546 2.25 0.62 —

— — — — — — 562 2.9 0.77 —

— — — — — — 592 4.02 1.02 —

ν3 611.3 (6) 4.15 (6) 1.04 (3) — — — 631 4.8 1.14 609
ν3 665.6 (1) 4.70 (1) 1.08 (2) 666 4.3 0.97 636 4.94 1.17 664

— — — 793 2.6 0.49 754 3.46 0.69 790
ν5 1050.3 (7) 6.0 (1) 0.88 (3) 1048 2.1 0.3 — — — 1045

— — — — — — 1092 4.43 0.61 —

— — — — — — 1097 4.42 0.6 —

ν5 1189.9 (6) 5.7 (2) 0.73 (3) — — — — — — 1186
— — — — — — 1222 4.51 0.55 —

— — — — — — 1227 4.45 0.54 —

— — — — — — 2895 −19.73 −1.02 —

— — — — — — 2918 −18.53 −0.95 2936

]1, a rotation of two edge shared AlO6, ]2, Al–O–Al symmetric stretch, ]3, Al–O–Al deformation, ]4, Al–O–Al bend, and ]5, OH bending mode.
c � (dω/dP)×KV0/ω0, where ω0 is the wave number at zero pressure.
—, Not observed.
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axis angle and the shortening of Al-Al and O-O bonds (Friedrich
et al., 2007a; Li et al., 2010), respectively. Although the
compressibility of diaspore obtained by Mao et al. (1994) (Ka0:
Kb0: Kc0 � 1.00:2.45:2.40, βa:βb:βc � 2.45:1:1.01) shows that the
a-axis is the easiest to compress and the b-axis instead of the
c-axis is the most difficult to compress, the b-axis is only slightly
more difficult to compress than the c-axis. The b-axis and c-axis
compression in previous studies are consistent with the results of
this study within the uncertainty. Therefore, the obtained axial
compressibility in this study should be reliable.

Thermal Expansion
The obtained volume thermal expansion coefficient of diaspore in
this study is αV � 2.7 (2) × 10–5 K−1. Table 3 summarizes the
thermal expansion coefficient of diaspore obtained in this study
and previous studies. As shown in Table 3, Pawley et al. (1996)
obtained a volume thermal expansion coefficient of 4.0 (1) × 10–5/
K through the powder XRD method at a maximum temperature
of 533 K. However, using the same method, Grevel et al. (2000)
obtained a volume thermal expansion coefficient of 2.8 × 10–5/K
at P-T conditions up to 7 GPa and 1073 K, which is 30% smaller
than the result obtained by Pawley et al. (1996). Subsequently,
Sugiura et al. (2018) used the single-crystal XRD method to
obtain the axial thermal expansion coefficient at the maximum
temperature of 698 K but did not give the volume thermal
expansion coefficient. The recalculated volume thermal
expansion coefficient is 3.0 × 10–5/K by fitting the data of
Sugiura et al. (2018) with Fei’s thermal expansion equation,
which is 25% lower than the result obtained by Pawley et al.
(1996).

The obtained volume thermal expansion coefficient in this
study (2.7(2)×10–5/K) is consistent with the results of Sugiura
et al. (2018) (3.0 × 10–5/K) and Grevel et al. (2000) (2.8 × 10–5/K)
within their uncertainties. Compared with the results of other
studies, the volume thermal expansion coefficient obtained by
Pawley et al. (1996) is abnormally larger. As shown in Figure 6,
the experimental results of Pawley et al. (1996) showed a poor
relationship between V/V0 and pressure; in particular, the
experimental data points at 110°C significantly deviated from
the trend line. Therefore, the volume thermal expansion
coefficient obtained by Pawley et al. (1996) was relatively
inaccurate. Thus, the volume thermal expansion value of
diaspore at 300 K is in the range of 2.7–3.0 × 10–5/K.

The axial thermal expansion ratios at 300 K obtained in this
study, by Pawley et al. (1996), and by Sugiura et al. (2018) are αa:
αb: αc � 1.47:1:1.10, 1.45:1.18:1, and 1.17:1.07:1, respectively,
which shows a slight axial thermal expansion anisotropy.,
mainly due to the different bond distances of Al-O1 and Al-
O2 in diaspore. With increasing temperature, the thermal
expansion rates of Al-O1 and Al-O2 are not consistent,
resulting in the distortion of the AlO6 octahedron instead of
the regular octahedron (Sugiura et al., 2018). This study is
consistent with previous studies and shows that the thermal
expansion along the a-axis is the largest. According to
analyses of Sugiura et al. (2018), the volume thermal
expansion of diaspore is larger than that of the AlO6

octahedron. The excess expansion comes from the expansion
of the hydrogen bond channel formed by O2. . .O1, which is
basically parallel to the a-axis. Thus, the axial thermal expansion
along the a-axis is greater than that along the b- and c-axes.
However, the axial thermal expansion ratio (1.17:1.07:1) among
the a-axis, b-axis and c-axis obtained by Sugiura et al. (2018) is
slightly lower than that of Pawley et al. (1996) (1.45:1.18:1).
Sugiura et al. (2018) considered the main reasons for the
difference to be the relatively narrow (298–533 K) temperature
range and relatively large unit-cell parameter error of Pawley et al.
(1996). Moreover, the temperature range of this study
(300–713 K) is similar to that of Sugiura et al. (2018)
(300–698 K), and the errors of unit-cell parameters in this
study are also relatively small. However, contrary to the results
of previous studies, the thermal expansion of the b-axis is slightly
less than that of the c-axis in this study. Considering that the
thermal expansion along the b-axis and c-axis are similar, we infer
that our diaspore sample contains 0.3 mol% Fe, which is different
from previous studies. The small amount of Fe may cause a slight
change in axial thermal expansion, resulting in the thermal
expansion of the b-axis being less than that of the c-axis. In
addition, Figure 6 shows that the axial thermal expansions of
Sugiura et al. (2018) are larger than those of this study; however,
the axial thermal expansion coefficients of the a-axis and c-axis
given by Sugiura et al. (2018) are smaller than those of this study
(Table 3). The main reason for this difference may be the
different fitting methods between these two studies. Thus, we
refitted the high-temperature XRD data of Sugiura et al. (2018)
using Fei’s thermal expansion equation and obtained αa � 1.2 ×
10–5/K, αb � 1.0 × 10–5/K, and αc � 1.0 × 10–5/K, which is close to

TABLE 3 | Comparison of isobaric thermal expansion of diaspore.

Samples P (GPa) T (K) αV
(10–5/K) at

300 K

αa
(10–5/K) at

300 K

αb
(10–5/K) at

300 K

αc
(10–5/K) at

300 K

Methods References

AlO(OH) 0.0001 533 4.0 (1) 1.6 (2) 1.3 (2) 1.1 (2) PC-XRDa Pawley et al. (1996)
AlO(OH) 7 1073 2.8 — — — XRD Grevel et al. (2000)
AlO(OH) 0.0001 698 3.0b 0.903 0.828 0.770 SC-XRDc Sugiura et al. (2018)
Al1.002Fe0.003OOH 0.0001 713 2.7 (2) 1.13 (9) 0.77 (5) 0.85 (9) PC-XRDa This study

—, No data.
aPowder X-ray diffraction.
bThe result by recalculating data of Sugiura et al. (2018).
cSingle-crystal X-ray diffraction.
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the findings of this study (αa � 1.13 × 10–5/K, αb � 0.77 × 10–5/K
and αc � 0.85 × 10–5/K).

P-T Phase Diagram of Diaspore and its
Stability Under High P-T Conditions
Water is one of the main volatile components in the Earth’s interior
and can significantly affect the physical and chemical properties of
the main minerals in the deep Earth (Bindi et al., 2020; Brovarone
et al., 2020; Doucet et al., 2020; Pieczka et al., 2020; Thompson et al.,
2020; Yang et al., 2020). Subducted slabs bring water into the deep
Earth, which has a profound influence on the geodynamics of the
Earth’s interior, such as earthquakes and the formation of island arc
magma (Zheng et al., 2016; Zheng and Zhao, 2017; Zheng, 2019;
Lempart et al., 2020). Since hydrous minerals are believed to exist in
subduction plates and subduct into the mantle together with slab
components, the P-T stability field of hydrous minerals under high
P-T conditions is vital for the proposed transportation of water into
the deep Earth (Chen et al., 2020; Thompson et al., 2020). Moreover,
slab geotherms strongly affect the depth at which hydrous minerals
dehydrated in subducting slabs, and thus affect water transport in the
deep Earth. For example, under the P-T conditions of cold
subduction, especially ultracold subduction, hydrous minerals can
survive under greater depth in cold subducting slabs, which can
transport a large amount of water into the middle and lower part of
the upper mantle, even into the transition zone and lower mantle,
thus exerting a profound influence on the geological processes of the
deep Earth (Wunder et al., 1993a; Pawley, 1994; Holland et al., 1996;
Ono, 1999).

Diaspore is an accessory mineral in a metabauxite (metabauxite
make up ∼11% of continental sedimentary rocks) (Theye et al.,
1997; Gao et al., 1998), we roughly speculated that the content of
diaspore in the subduction zone is no more than 0.11 vol%.
Diaspore is an important hydrous mineral in subduction zones
and the high P-T stability of diaspore has been investigated widely.

The experimental results of Yoshino et al. (2019) indicated that the
dehydration temperature of diaspore increases monotonically from
1123 to 1523 K with increasing pressure from 5 to 15 GPa, while in
the experiments of Grevel et al. (2000) diaspore was stable at
∼1073 K under 7 GPa. Figure 11 shows the stability region of
diaspore at high P-T conditions (Ohtani et al., 2001; Sano et al.,
2004; Holland and Powell, 2011; Yoshino et al., 2019). Under
normal subduction zone geothermal gradient conditions (Pollack
and Chapman, 1977; Artemieva and Mooney, 2001; Zang et al.,
2002), diaspore breaks down into corundum and fluid above
∼180 km (Wunder et al., 1993b; Pawley et al., 1996; Feenstra
and Wunder, 2002; Yoshino et al., 2019). However, in the case
of hot subduction conditions, such as the Aleutian subduction
zone, diaspore will be transformed into δ-AlOOH at 1273 K and
20.9 GPa (Suzuki et al., 2000; Vanpeteghem et al., 2002; Yoshino
et al., 2019), while under ultracold subduction conditions, such as
the Tonga subduction zone, diaspore can be stabilized to at least
12.5 GPa (Friedrich et al., 2007a; Duan et al., 2018; Yoshino et al.,
2019).

Furthermore, the density profile of diaspore was also modeled
using its thermal EoS parameters and then compared with other
major hydrous minerals (epidote, lawsonite and antigorite) and the

FIGURE 10 | Typical X-ray diffraction patterns of diaspore from single X-
ray diffraction experiments at high pressure and high temperature.

FIGURE 11 | P-T stability of diaspore. The content of the Figure 10 is
divided into four aspects: metastable regions of diaspore, stable region of
diaspore, stable region of δ-AlOOH and stable region of Al2O3+H2O. The black
circles are the data from this study, while other symbles (including squares,
diamond squares, white circles, and grey circles) represent data of previous
studies. We add different geothermal gradients (Tonga slab geotherm, Aleutian
slab geotherm and normal geotherm) to observe the stability of diaspore. We
draw the stable region of diaspore according to Haussuhl (1993), Mao et al.
(1994), Xu et al. (1994), Pawley et al. (1996), Grevel et al. (2000), Ohtani et al.
(2001), Winkler et al. (2001), Sano et al. (2004), Friedrich et al. (2007a, and
2007b), Li et al. (2010), Sugiura et al. (2018), Yoshino et al. (2019) and this study.
The left and right metastable areas of diaspore are determined by the
experiments of Yoshino et al. (2019) and Jiang et al. (2008), respectively. The
dark-shaded area represents the stable region of diaspore, while light-shaded
areas represent metastable regions. The boundary between δ-AlOOH and
corundum + fluid is determined by Yoshino et al. (2019), Ohtani et al. (2001) and
Sano et al. (2004). The dotted lines represent the Tonga slab geotherm (blue),
Aleutian slab geotherm (red) (Bina and Navrotsky, 2000), Normal geotherm
(black) (Pollack and Chapman, 1977), and adiabatic geotherm (green),
respectively (Artemieva and Mooney, 2001; Zang et al., 2002).
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PREMmodel (Figure 12). As shown inFigure 12, the density profile
of diaspore is ∼8 and ∼24% higher than lawsonite and antigorite,
respectively, but ∼3% lower than epidote. The density profile of
diaspore is ∼4% higher than that of the PREMmodel above a depth
of 410 km. Although diaspore content is low in subducting slab (no
more than 0.11 vol%), it might contribute to subduction (Li et al.,
2021). However, below a depth of 410 km, the density profile of
diaspore is ∼5% less than that of the PREM model; thus, diaspore
may stagnate along the plate at the top of the mantle transition zone.

Our high P-T experiment indicates that diaspore is metastable
up to ∼10.9 GPa and 700 K (Figures 10, 11). Combined with the
density profile of diaspore (Figure 12), the density of diaspore,
eclogite (40% garnet + 55% omphacite + 5% epidote) and
harzburgite (74% olivine + 21% orthopyroxene + 3%
clinopyroxene + 2% spinel) are higher than ambient mantle
(PREM model). Furthermore, the density of diaspore is slightly
higher than that of harzburgite but lower than that of eclogite.
However, in view of the density of diaspore is higher than ambient
mantle (PREM model), diaspore still can subduct together with
subduction slabs. To sum up, we believe that diaspore could
contribute to slab subduction and bring water into the Earth’s
interior (at depth approximately 390 km under cold subduction
conditions based on existing experimental data) (Ye et al., 2021).
Moreover, diaspore dehydrates and releases free H2O when the
subducted slab is heated by the surrounding mantle to a higher
temperature. The released H2O may potentially affect the
geochemical behavior of the upper mantle (Gruetzner et al., 2018).

CONCLUSION

The P-V and T-V relationships and P-T stability of diaspore were
investigated using in situ synchrotron-based single-crystal XRD

and Raman spectroscopy methods up to 713 K and 24.4 GPa in
this study. There was no phase transition in the maximum P-T
conditions in this study. We fitted unit-cell volume and unit-cell
parameter data with third-order Birch–Murnaghan EoS and
obtained V0 � 118.15 (4) Å3, a0 � 4.3988(9) Å, b0 � 9.421 (2)
Å, c0 � 2.8474 (4) Å, KV0 � 153 (1) GPa, Ka0 � 137 (5) GPa, Kb0 �
169 (7) GPa andKc0 � 178 (6) GPa for diaspore. In addition, using
Fei’s thermal expansion equation, we obtained the thermal
expansion coefficients αV � 2.7 (2) × 10–5 K−1, αa � 1.13 (9) ×
10–5 K−1, αb � 0.77 (5) × 10–5 K−1, and αc � 0.85 (9) × 10–5 K−1 for
diaspore. Finally, combining the results in this study with those of
previous studies, we plotted the P-T phase diagram of diaspore
and concluded that diaspore can subduct to a depth of ∼390 km
under cold subduction conditions (temperature gradient <5 K/
km) based on existing experimental data.
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