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ABSTRACT: Subducting oceanic sediments and crusts, originating from the Earth’s surface and de‐
scending into its deep interior, are important carriers of volatiles. The volatiles have significant effects 
on materials cycling and the dynamic evolution of the subduction zones. A simplified Al2O3-SiO2-H2O 
(ASH) ternary system models the relationship of minerals in the hydrated and alumina-silica rich sedi‐
mentary layer. Topaz Al2SiO4(F,OH)2 is an important mineral in the ASH system and comprises two vol‐
atiles: H2O and fluorine (F). In this study, the thermoelasticity of a natural F-rich topaz was investigated 
using synchrotron-based single-crystal X-ray diffraction combined with diamond anvil cells up to 29.1 
GPa and 750 K. The pressure-volume-temperature data were fitted to a third-order Birch-Murnaghan 
Equation of state with V0 = 343.15(7) Å3, K0 = 166(1) GPa, K0' = 3.0(1), (∂K0/∂T)P = -0.015(9) GPa/K and 
α0 = 3.9(5) × 10-5 K-1. The isothermal bulk modulus increases with the F content in topaz, and the various 
F contents present significant effects on its anisotropic compressibility. Our results further reveal that 
the isothermal bulk modulus K0 of the minerals in ASH system increases with density. F and H contents 
in hydrous minerals might greatly affect their properties (e.g., compressibility and stability), providing 
more comprehensive constraints on the subduction zones.
KEY WORDS: topaz, hydrous mineral, water, fluorine, subduction zones.

0 INTRODUCTION 
Volatiles, such as H2O and halogens, play key roles in the 

dynamic evolution of the Earth’s interior and the geochemical 
cycling of materials between the crust and mantle (Wang et al., 
2020; Bucher and Stober, 2019; Galvez et al., 2016; Turner et 
al., 2012; Zhu et al., 2011). Hydrogen is probably the most 
abundant and consequently the most important volatile compo‐
nent in the deep earth, it can significantly affect the elasticity, 
rheology and transport properties of mantle rocks in the condi‐
tions of the Earth’s interior (Huang et al., 2019; Ohtani et al., 
2018; Nakagawa, 2017). Subduction zones are supposed to be 
the primary locations where surface water is delivered into 
deep earth, high pressure and high temperature (HPHT) experi‐
ments reveal that water reserved in the slabs can be transported 
into the depth of the transition zone and lower mantle even in 
relatively hot subduction slabs (Faccenda, 2014; Nishi et al., 
2014). Recently, limited attention has been paid to the deep sub‐
duction of fluorine (F), which is probably the most abundant 

halogen in the Earth’s mantle (e.g., Li X et al., 2020; Grützner 
et al., 2018; Yoshino and Jaseem, 2018). Halogens (F, Cl, Br, I) 
are enriched in marine sediments, the altered oceanic crust and 
the serpentinized mantle lithosphere (Barnes et al., 2018). Com‐
pared to other heavy halogen elements (Cl, Br and I), which are 
hydrophilic, F behaves as a lithophile element and is never sig‐
nificantly extracted by degassing processes (Barnes et al., 
2018; Balcone-Boissard et al., 2010; Bureau et al., 2000). Thus, 
F is likely to be retained in subducting slabs compared to other 
heavy halogens during devolatilization processes. It is estimat‐
ed that 95% of the subducted F has been believed to be trans‐
ported down to mantle depths (Straub and Layne, 2003). The 
hydroxyl group is often substituted by F in hydrous minerals be‐
cause of the similarity of F- and OH- both in ionic charge and ra‐
dius (e.g., Ross and Crichton, 2001); therefore, certain amounts 
of F might be incorporated into subducting hydrous minerals 
and transported into the Earth’s deep interior.

Topaz is an F/OH-bearing aluminosilicate mineral with 
the ideal formula Al2SiO4(F,OH)2. F is dominant in natural to‐
paz and generally the substitution of F by OH only occurs to a 
limited extent (OH/(OH + F) < 0.5) (Gatta et al., 2014). The 
highest OH content of topaz (OH/(OH + F) = 0.55) was found 
in the ultrahigh-pressure belts of the Sulu terrane, China 
(Zhang et al., 2002). The content of OH in natural topaz is con‐
trolled by the crystallization temperature and pressure condi‐
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tions (Wunder et al., 1999). Instead, the OH endmember topaz-
OH Al2SiO4(OH)2 was first synthesized at pressures between 
5.5 and 10 GPa and temperatures up to 1 000 ℃ by Wunder et 
al. (1993). Many studies have focused on the crystal chemistry 
of the solid solution series Al2SiO4F2-Al2SiO4(OH)2 to deter‐
mine the location of protons (H) (e.g., Watenphul et al., 2010; 
Churakov and Wunder, 2004). The space group of natural to‐
paz belongs to Pbnm (Z = 4) with one independent H-site, 
while topaz-OH displays two nonequivalent H-sites. Although 
topaz-OH was initially regarded as belonging to the lower sym‐
metry Pbn21 (Northrup et al., 1994), subsequent studies sug‐
gested that its space group should also be Pbnm (Komatsu et 
al., 2008; Chen et al., 2005).

At the top of the subducting slab, pelagic sediments and 
oceanic crusts have greater alumina and silica than mafic man‐
tle rocks. It has been indicated that the hydrous aluminosilicate 
phases (simplified in the Al2O3-SiO2-H2O (ASH) system) have 
significantly greater thermal stability than the magnesio-silicate 
hydrous phases based on the HPHT experiments and are likely 
to be important reservoirs of water in subduction zones (Duan 
et al., 2018; Pamato et al., 2015). Previous studies have shown 
that topaz-OH could occur as one of the breakdown products of 
phengite or lawsonite and can be stable up to 12 GPa and          
1 100 ℃ (Ono, 1998); accordingly, it might play an important 
role in water transportation at the depth of the upper mantle. On 
the other hand, the accommodation of F in phengite and lawso-
nite suggests that F could be transported to a depth of 300 km in 
the cold subduction zones and has contributed to the deep      
cycling of F (Pagé et al., 2018, 2016). The eventual decomposi‐
tion of phengite and lawsonite may lead to a redistribution of F 
in topaz, and thus topaz might be an important potential carrier 
of hydroxyl groups and F in subduction zones.

Here, we conducted single crystal X-ray diffraction 
(XRD) experiments of natural topaz Al2SiO4F1.64(OH)0.36 up to 
23.7 GPa at room temperature to explore the influence of F and 
OH on its compressibility. We simultaneously measured its 
thermal equation of state (EoS) up to 29.1 GPa and 750 K us‐
ing an external heating diamond anvil cell (DAC). We focused 
on the compositional and temperature range over which the 
high-pressure behavior of F/OH-bearing topaz can be modeled. 
The results will improve our understanding of the effects of F 
and hydroxyl groups in hydrous phases and provide feedback 
for volatiles deep cycling and the constraints on the fine seis‐
mic velocity profiles in subduction zones.

1 METHODS 
A gem-quality, pale blue and transparent, natural single 

crystal of topaz was used for this study. Sample characteriza‐
tions were performed using electron microprobe analysis, XRD 
and Raman spectroscopy. Analysis of the chemical composi‐
tions was conducted with a JEOL JXA-8100 electron probe mi‐
croanalyzer at China University of Geosciences (Wuhan), oper‐
ating with an acceleration voltage of 15 kV and beam current 
of 20 nA. The chemical formula was determined to be 
Al2SiO4F1.64(OH)0.36. The crystal structure was determined to be 
orthorhombic phase (Pbnm and Z = 4) with lattice constants of 
a = 4.648 3(1) Å, b = 8.795 3(2) Å, c = 8.388 3(2) Å, and V = 
342.94(1) Å3 by a XtaLAB PRO MM007HF single-crystal X-

ray diffractometer equipped with Cu Kα radiation at Huazhong 
University of Science and Technology, Wuhan. The crystal 
structure (Fig. 1) was drawn by the VESTA software (Momma 
and Izumi, 2011). The Raman spectra were collected by a 
HORIBA LabRAM HR Evolution spectrometer equipped with 
a 532 nm laser at China University of Geosciences (Wuhan). 
The OH concentrations in topaz as a function of the position of 
Raman band attributed to the stretching mode of the hydroxyl 
group has been reported by Pinheiro et al. (2002). We fitted the 
Raman peak using Lorentz function and the fitting standard er‐
ror is 0.02 cm-1. Accordingly, the electron microprobe analysis 
result is in good agreement with the calculated OH content 
based on the Raman spectrum (Fig. S1).

A short symmetry-type DAC equipped with Boehler-type 
diamond anvils (400-µm flat culets with 60° opening) was em‐
ployed to achieve high pressure for room temperature experi‐
ments (Boehler, 2006). A 260-μm-diameter hole was drilled in 
a 35 μm-thick pre-indented rhenium gasket as the sample 
chamber. A single-crystal sample of grain size ~20 × 35 × 15 
μm3 was loaded into the sample chamber. Platinum and neon 
were employed as the pressure scale and pressure transmitting 
medium, respectively (Rivers et al., 2008; Fei et al., 2007). In 
situ high-pressure single crystal XRD experiments were car‐
ried out at beamline 13-BMC of the Advanced Photon Source 
(APS), Argonne National Laboratory (ANL) (Zhang et al., 
2017). A monochromatic X-ray beam with a wavelength of 
0.434 09 Å was focused on a 15 × 15 µm2 spot. The sample-to-
detector distance and beam center positions were calibrated us‐
ing a LaB6 standard. The XRD patterns were recorded with a 
Pilatus3 1M detector. Stepped exposures were collected in a ro‐
tation range from -30° to 30° with a 1° step, and the exposure 
time was 3 seconds per frame. Experimental data were ana‐
lyzed using Bruker APEX3 software.

In situ HPHT single crystal XRD experiments were con‐
ducted up to 29.1 GPa at four temperatures (300, 450, 600 and 
750 K) at beamline 13-BMC of the APS. A BX90-type DAC 
equipped with 400-µm flat culet diamond anvils was used for 
HPHT experiments (Kantor et al., 2012). A double-polished 
single-crystal sample with a size of ~20 × 30 × 15 µm3 was 

Figure 1. The crystal structure of topaz in this study under ambient condi‐

tions (space group Pbnm, Z = 4). The blue, tile blue, red, orange and pink 

balls represent Si, Al, O, F and H atoms, respectively. The color divided 

balls represent the site occupancies.
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loaded into the chamber, which was prepared in the same man‐
ner as the high-pressure experiments. Platinum and neon were 
used as the pressure marker and pressure transmitting medium, 
respectively (Rivers et al., 2008; Fei et al., 2007). One plati‐
num wire that was 200 µm in diameter and approximately 45 
cm in length was coiled around the alumina ceramic, which 
was used as a ring heater, and its resistance was approximately 
2 Ω. A K-type thermocouple attached to one of the diamond an‐
vils and close to the sample chamber was used to determine the 
temperatures, and the thermal gradients between thermocouple 
and sample were less than 25 K in our experiments (Fan et al., 
2010). The GE PACE5000 membrane pressure controller at the 
beamline 13-BMC was employed to remotely increase the pres‐
sure. For each pressure-temperature (P-T) point, the sample 
chamber was stabilized for at least 20 minutes to minimize the 
thermal gradient and pressure instability. Due to the limitation 
of the heater, the opening angle of the high-temperature DAC 
is limited, and the diffraction peaks are not enough to recon‐
struct a 3-D lattice in reciprocal space. The step scan images 
were merged into a single image file, and the merged image 
was integrated using Dioptas software (Prescher and Prakapen‐
ka, 2015). The d-spacing of each available diffraction peak was 
then fitted, and the UnitCell program was used to calculate the 
lattice parameters (Holland and Redfern, 1997). The P-V data, 
P-V-T data and P-x (i.e., a/b/c axes) data were fitted by the Eos‐
Fit7-GUI program (Gonzalez-Platas et al., 2016).

2 RESULTS AND DISCUSSION 
Natural F-rich topaz was compressed up to 23.7 GPa at 

room temperature and no phase transition was observed over 
this pressure range. The lattice parameters are summarized in 
Table S1 and the examples of recorded XRD patterns at differ‐

ent pressures are presented in Fig. S2. The unit cell volumes 
monotonously decrease with increasing pressure, compared 
with those of previous studies shown in Fig. 2 (Ulian and Val‐
drè, 2017; Mookherjee et al., 2016; Gatta et al., 2014, 2006; 
Komatsu et al., 2008, 2003). The volume dependence of pres‐
sure is adequately described by a third-order Birch-Murnaghan 
equation of state (BM EoS) (Gonzalez-Platas et al., 2016; An‐
gel et al., 2014). The derived EoS parameters are as follows: 
V0 = 343.15(14) Å3, K0 = 166(3) GPa, and K0' = 3.0(2), which 
are consistent with the previous studies on natural topaz with 
little difference in the amounts of F from the present study 
(Gatta et al., 2014, 2006) and the results from F-bearing topaz 
based on the first-principle simulations (Ulian and Valdrè, 
2017). However, the K0 in this study is significantly larger than 
the values of synthesized OH(D)-endmember topaz from Grev‐
el et al. (2000b) with K0 = 143(2) GPa and Chen and Larger 
(2005) with K0 = 145(4) GPa.

Topaz is a representative aluminosilicate mineral contain‐
ing F and OH. A recent study has demonstrated that F and OH 
contents have important effects on the elasticity and sound ve‐
locity of topaz under high temperature conditions (Tennakoon 
et al., 2018). In our present study, we explored the effects on 
isothermal bulk moduli and their pressure derivatives of topaz 
caused by various F/OH contents at high pressures. The nor‐
malized stress (FE = P/[3fE(2fE + 1)5/2]) as a function of the Eule‐
rian finite strain (fE = [(V0/V)2/3 – 1]/2) of topaz from our pres‐
ent experiments and previous studies (Gatta et al., 2014, 2006; 
Komatsu et al., 2008, 2003) are plotted in Fig. S3. The linear fE-
FE relationships suggest that the third-order BM EoS is ade‐
quate, and the negative and positive slopes indicate that K' < 4 
and K' > 4, respectively (Angel, 2000). Isothermal bulk moduli 
and their pressure derivatives of topaz in this and previous stud‐

Figure 2. Unit cell volumes of topaz as a function of pressure. The solid black circles, open orange and green squares and red and blue squares represent the experi‐

mental data from this study, Komatsu et al. (2008, 2003) and Gatta et al. (2014, 2006) at ambient temperature, respectively. The solid black line represents the fit‐

ting result from our data using the third-order BM EoS. The dashed dark wine-red (monoclinic topaz-OH), wine (orthorhombic topaz-OH), blue and red lines rep‐

resent the theoretical calculation results from Mookherjee et al. (2016), Ulian and Valdrè (2017) at 0 K. The error bars are smaller than the symbol size for our data.
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ies are plotted in Fig. 3. The contrastive results reveal that in‐
creasing the substitution of F for OH in topaz leads to its struc‐
ture being less compressible. This finding is consistent with the 
first-principle simulation study on the compressional behavior 
of different F contents of topaz, in which the zero pressure 
athermal bulk modulus K0 increases with the F content (Ulian 
and Valdrè, 2017).

The HPHT single crystal XRD data of natural F-rich to‐
paz were collected up to 29.1 GPa and 750 K. The P-V-T data 
are plotted in Fig. 4, and lattice parameters are summarized in 
Table S1. Both the unit cell volumes under high-pressure at 
room temperature and HPHT conditions were used to fit the 
third-order BM thermal EoS as follows (Angel et al., 2014)
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where KT0, K'T0 and VT0 are isothermal bulk modulus, its first 
pressure derivative, and unit-cell volume at temperature T and 
ambient pressure, respectively. VT0 (thermal dependence of the 
zero-pressure volume) and bulk modulus KT0 on different iso‐
therms are given in the expressions (2) and (3), respectively. V0 
is the unit-cell volume at ambient conditions. K0 is the reference 
bulk modulus at ambient conditions. αT is thermal expansion co‐
efficient at temperature T and ambient pressure, it is proposed 
to be a function of temperature by Fei and defined in the expres‐
sions (4) (Fei, 1995). The limited number of high-pressure high-

temperature data points and the relatively limited temperature 
range (300–750 K) of our experiments might prevent a reason‐
able result of α1 and α2 (Nishihara et al., 2003), so we treated 
thermal expansion coefficient as a constant in this study and 
yielded the average thermal expansion coefficient α0. The ther‐
moelastic parameters (summarized in Table S2) derived from 
the fits are as follows: V0 = 343.15(7) Å3, K0 = 166(1) GPa, 
K0' = 3.0(1), (∂K0/∂T)P = -0.015(9) GPa/K, and α0 = 3.9(5) × 
10-5 K-1. The fitting results of V0, K0, and K' between the ther‐
mal EoS and the P-V data at room temperature are mutually 
equivalent. The negative ∂K0/∂T value indicates that the bulk 
modulus of topaz decreases with the increase of temperature. 
Komatsu et al. (2003) measured the thermal expansion of F-
rich topaz (Al2.01SiO4F1.57(OH)0.43) from 298 to 1 173 K at room 
pressure by powder XRD. The derived volume thermal expan‐
sivity α0 is 2.0(1) × 10-5 K-1, which is smaller than our result for 
Al2SiO4F1.64(OH)0.36 considering the standard deviation. The 
slight difference in compositions (amounts of F or OH) should 
be considered, but that should not be the main reason. For the 
reason that thermal expansion coefficient αT is correlated with 
the temperature range, we fitted the V-T data from Komatsu et 
al. (2003) at the temperature range of 298–723 K by Fei Equa‐
tion, which corresponds to the temperature range of our experi‐
ments. Here, we treated αT as a linear function of temperature 
because the third item α2T

-2 is small at high temperature and 
can be ignored. The results yielded are as follows: α0 = 3.8(16) 
× 10-5 K-1, α1 = -3.2(32) × 10-8 K-2, α0 is identified with our re‐
sults, but α1 is unreasonable. If we treated thermal expansion 
coefficient as a constant and obtained the average thermal ex‐
pansion coefficient α0 = 2.3(2) × 10-5 K-1. There are only four V-
T data points between 298 and 750 K at ambient pressure for 
both this study and results from Komatsu et al. (2003). Both of 
the two values of α0 are higher than 2.0(1) × 10-5 K-1. Previous 
studies on thermal expansion coefficients of hydrous minerals, 
carbonate minerals and silicate minerals also indicate inconsis‐
tence. For example, the thermal expansion coefficient α0 ((5 to 
6) × 10-5 K-1) from HPHT experiments is much larger than high-
temperature experimental results at ambient pressure (3.68(6) 
× 10-5 K-1) of clinohumite (Qin et al., 2017; Ye et al., 2013); the 
average thermal expansion coefficient α0 of calcite varies from 
1.6 × 10-5 to 2.9 × 10-5 K-1, despite using the same temperature 
range (Wang et al., 2019); the thermal expansion coefficient of 
pyrope at 300 K varies from 1.6 × 10-5 to 3.0 × 10-5 K-1 based 
on the different researches (Hartwig and Galkin, 2021); the αT 
of forsterite taken from different literatures also shows consid‐
erable discrepancies (Kroll et al., 2012). On the other hand, the 
thermal expansion coefficient α0 and ∂K0/∂ T in BM thermal 
EoS are coupled with each other. Thus, we propose that more 
experiments under HPHT conditions with smaller temperature 
interval and wider temperature range should be conducted to 
obtain accurate thermal expansion coefficient, which will pro‐
vide more reliable thermodynamic data to constrain the dynam‐
ical model of Earth.

Normalized axial compression data of F-rich topaz in this 
study and deuterated topaz (topaz-OD) (Komatsu et al., 2008) 
at high pressure and room temperature are plotted in Fig. 5a. A 
linearized third-order BM EoS fitting where each axial dimen‐
sion is cubed and treated as volume in the BM formulation 

Figure 3. Isothermal bulk moduli and their pressure derivatives of topaz 

from this study and literature values plotted as confidence ellipsoids at the 

95.4% level. The chemical formulas are as follows: Al2SiO4F1.64(OH)0.36 

(this study), Al2.01SiO4F1.57(OH)0.43 (Komatsu et al., 2003), Al2Si1.05O4F1.75

(OH)0.26 (Gatta et al., 2014, 2006), Al2SiO4(OD)2 (Komatsu et al., 2008) and 

Al2SiO4(OH)2 (Grevel et al., 2000b).
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was used to compare the axial compressibility of a, b, and c 
(Gonzalez-Platas et al., 2016; Angel et al., 2014). The zero-
pressure axial compressibility of linear dimension l, defined as 
βl0 = -(l-1) (δl/δP)P = 0, is related to the linear modulus by Ml0 = 
(βl0)

-1, and the linear moduli and their pressure derivatives de‐
fined in this way have numerical values three times those of the 
corresponding volume bulk modulus, i. e., M(i) = 3K0(i) and M'
(i) = 3K0'(i) (Angel et al., 2014). The fitted linear moduli and their 
pressure derivatives of a, b, and c are as follows: Ma = 463(8) GPa, 
Ma' = 7.4(7), Mb = 660(17) GPa, Mb' = 9.0(14), Mc = 431(9) GPa, 
Mc' = 9.7(8) for the F-rich topaz in this study, corresponding to 
axial compressibility values of βa = 2.16(4) × 10-3 GPa-1, βb = 
1.52(4) × 10-3 GPa-1, and βc = 2.32(5) × 10-3 GPa-1 (βa : βb : βc = 
1.42 : 1.00 : 1.53). These values are consistent well with the re‐
sults of βa : βb : βc = 1.47 : 1.00 : 1.63 in consideration of the 
small differences in component from Gatta et al. (2006). For 
comparison, we refitted the data of topaz-OD from Komatsu et 
al. (2008) using the third-order BM EoS and presented the re‐
sults in Table S3. The obtained linear moduli for the a, b, and c 
axes are as follows: Ma = 469(13) GPa, Ma' = 19(4), Mb = 548(24) 
GPa, Mb' = 10(6), Mc = 310(6) GPa and Mc' = 15.6(19), which 
correspond to axial compressibility values of βa = 2.13(6) × 10-3 
GPa-1, βb = 1.83(8) × 10-3 GPa-1, and βc = 3.23(6) × 10-3 GPa-1 (βa : 
βb : βc = 1.16 : 1.00 : 1.77), indicating consistent results on the 
anisotropic axial compressibility with least-squares fits (βa : 
βb : βc = 1.09 : 1.00 : 1.60) by Komatsu et al. (2008). It is re‐
ported that H/D isotope effects can affect the anisotropic of axi‐
al compressional behaviors. However, the effects of deutera‐
tion depend on the (O···O)H/D distance, which will be signifi‐
cant when the distance is in the range of 2.43–2.65 Å (Sano-Fu‐
rukawa et al., 2009). Accordingly, there should be no signifi‐
cant isotope effects on the anisotropy of axial compressibility 
of topaz-OD, because of its larger (O···O)D distance (>2.99 Å) 
(Komatsu et al., 2008). The compressibilities of the a, b, and c 
axes are distinguishable from each other with a consideration 
of the trade-off between the linear moduli and their pressure de‐
rivatives (Fig. 5b). Both phases reveal a significant anisotropy 
in axial compressibilities with βc > βa > βb, but the axial com‐

pressional behaviors are influenced by the contents of F (or hy‐
droxyl). It is revealed that increasing the F content leads to the 
b-axis and c-axis becoming relatively harder to compress while 
increasing the compressibility of the a-axis. The influence of 
the F content on the axial compressional behavior was also re‐
ported on chondrodite (Friedrich et al., 2002). Crystal chemis‐
try studies revealed that the substitution of hydroxyl groups by 
F induces reductions in the Al-(O,F) internal bond lengths and 
Al(O,F)6 polyhedral volumes and changes in the distortion in‐
dex of the Al(O,F)6 polyhedra, which will lead to variations in 
the compression responses of polyhedral contraction and tilting 
direction (Ulian and Valdrè, 2017). Furthermore, the frames of 
one independent H-site in F-rich topaz and two nonequivalent 
H-sites in topaz-OH display different hydrogen bonding geom‐
etries, and correspondingly, various pressure responses in dif‐
ferent directions have been observed (Ulian and Valdrè, 2017; 
Komatsu et al., 2008). Thus, the above atomic-scale compres‐
sion mechanisms are employed to explain the effects of the F 
content on the axial compressibilities. The anisotropy of axial 
compressibility and thermal expansion of F-rich topaz are also 
closely related to its crystal structure. The O-H covalent bond 
in F-rich topaz is almost perpendicular to b axis and forms a 
small angle with c axis, leading to a repulsion effect between 
the neighboring H atoms along the direction of O-H bond. 
Therefore, c axis will be the softest and most expansion direc‐
tion, while b axis will be the hardest and least expansion direc‐
tion, which are consistent well with the experimental results on 
axial compressibility in this study and axial thermal expansivi‐
ty (Komatsu et al., 2003).

3 IMPLICATIONS 
There is a wealth of knowledge regarding water transport 

by descending slabs and its implications for geodynamic pro‐
cesses. Nevertheless, other volatile elements, such as carbon, 
sulfur, nitrogen and halogens, draw increasingly more attention 
because they may also have significant effects on subduction 
processes, especially under the Earth’s upper mantle condi‐
tions (Li X Y et al., 2020; Hughes and Pawley, 2019). The hy‐
drous phases with hydroxyl groups in their formula (e.g., ser‐
pentine, amphibole, mica, lawsonite and humite-type minerals) 
are regarded as important carriers of volatiles (Pagé et al., 
2018, 2016). It is anticipated that F (25 μg/g) is more than one 
tenth of the H2O (50–200 μg/g) in the primitive mantle (Mc‐
Donough and Sun, 1995). F is an important substitutive ele‐
ment for hydroxyl groups and can always form complex solid 
solution series. Topaz, a typical mineral in the Al2O3-SiO2-H2O 
ternary system along with F (ASH + F), could be a potential 
carrier of H2O and F in subduction zones. Although topaz is an 
accessory mineral in the subduction zones and the possible vol‐
ume of topaz in subducting slabs might be limited, consequent‐
ly the F content carried by topaz should also be limited, but the 
results regarding the effect of F will provide more comprehen‐
sive constraints for the cycling of volatiles. HPHT experiments 
have demonstrated that OH-endmember topaz could transform 
to another high-pressure hydrous aluminosilicate mineral-
phase egg AlSiO3OH or decompose into kyanite Al2SiO5 (or 
even corundum and stishovite) and H2O at the base of the up‐
per mantle along the subducting slabs (Ono, 1998). The incor‐

Figure 4. P-V-T data obtained for topaz in this study. The solid lines repre‐

sent the isothermal compression curves from the high temperature third-or‐

der BM EoS at 300, 450, 600 and 750 K, respectively. The gray circles rep‐

resent the high-pressure experimental data at room temperature in this 

study. The error bars are smaller than the symbol size.
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poration of F might expand its stability fields to higher temper‐
atures (Liu et al., 2019). Thus, we proposed the following two 
scenarios, which would be helpful to explain the fate of F and 
hydroxyl groups in topaz. In the first scenario, F incorporates 
into the successive hydrous mineral-phase egg, and then it 
could be transported into the mantle transition zone or even 
lower mantle (Pamato et al., 2015), which might contribute to 
enriching the F concentration in the ocean island basalts 
(Joachim et al., 2015). In the second scenario, F is released 
from the decomposition of topaz, causing an accumulation of F 
at the base of the upper mantle. This accumulation could de‐
press the liquidus of mantle minerals and trigger a small degree 
of partial melting (Beyer et al., 2016), the fractionation of F be‐
tween melts and minerals would occur, and the incorporated F 
could influence their properties. Previous experimental studies 
on halogen partitioning data for partial melting processes at 
Earth’s upper mantle conditions suggested that F is more com‐
patible for silicate minerals (Joachim et al., 2015). It has been 
confirmed that F has significant effects on the stability of wads‐
leyite and consequently the depths of the mantle transition 
zone (Grützner et al., 2018). Accordingly, the properties of hy‐
drous minerals in the ASH system under HPHT conditions 
would provide important constraints on subduction zones. 
Here, we have plotted the bulk modulus as a function of densi‐
ty of the minerals in the ASH system based on the experimen‐

tal results (Fig. 6) (Duan et al., 2018; He et al., 2016; Komatsu 
et al., 2008; Nishihara et al., 2005; Angel et al., 2001; Grevel et 
al., 2000a; Zajonz et al., 1999; Dubrovinsky et al., 1998). It is 
obvious that the isothermal bulk modulus K0 increases with the 
increase of density.

We have evaluated the density and bulk velocity profiles of 
F-rich topaz as a function of pressure along the 1 000 and 1 300 
K isotherms (Fig. 7) using the thermoelastic parameters at the 
lower part of the upper mantle conditions. Our modeled results 
show that topaz is denser than the preliminary reference Earth 
model (PREM) (Dziewonski and Anderson, 1981) along both 
the cold and warm subducting slabs, indicating that the pres‐
ence of topaz can contribute a positive force for subducting de‐
spite its proportion being very limited. The velocities of topaz 
along the cold and warm slab geotherms are faster than those 
of the PREM (Dziewonski and Anderson, 1981), which can 
lead to a strong velocity contrast between the overlying mantle 
and thin sediment-origin layer. These results are useful for 
identifying the potential presence of topaz and may provide a 
constraint on the fine velocity structures in subduction zones. 
We also compared the density and velocity profiles of topaz 
with kyanite and phase egg in the ASH ternary system along 
the 1 300 K isotherm (Schulze et al., 2018; He et al., 2016). 
Here, we assumed that the thermal elastic parameters (∂K0/∂T 
and α0) of the phase egg were the same as those of topaz be‐
cause there are no available parameters. The transformation 
from topaz to either kyanite or phase egg will lead to increases 
in density and bulk sound velocity. Furthermore, different pro‐
portions of F/OH substitution in topaz and other hydrous alumi‐
nosilicate minerals might significantly affect their physical 
properties, and knowledge of the lattice preferred orientation 
of a continuous series of F/OH-bearing solid solutions will pro‐
vide more constraints on geophysical observations.

4 CONCLUSIONS 
In summary, we have investigated the compressibility of 

F-rich topaz under high P-T conditions. Our results show that F 

Figure 5. (a) Normalized lattice parameters (a/a0, b/b0, and c/c0) of topaz as 

a function of pressure at room temperature. (b) The confidence ellipsoids at 

the 95.4% level for the a, b, and c axes, illustrating the trade-off between 

the linear modulus M0 and their pressure derivatives Mʹ. Filled and open 

symbols represent the data for Al2SiO4F1.64(OH)0.36 (this study) and Al2SiO4

(OD)2 (Komatsu et al., 2008), respectively.

Figure 6. The bulk modulus as a function of density of the minerals in the 

ASH system. The data from literatures are as follows: quartz (Zajonz et al., 

1999); coesite (Angel et al., 2001); diaspore (Grevel et al., 2000a); topaz-

OD (Komatsu et al., 2008); kyanite (He et al., 2016); δ -AlOOH (Duan et 

al., 2018); corundum (Dubrovinsky et al., 1998); stishovite (Nishihara et al., 

2005), the data of F-rich topaz is from this study.
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contents in topaz present significant effects on the isothermal 
bulk modulus and anisotropic compressibility. And the isother‐
mal bulk modulus K0 of the minerals in ASH system increases 
with density. We also propose that large differences in thermal 
expansivity coefficient of minerals exist extensively, smaller 
temperature interval and wider temperature range at HPHT 
conditions will be useful to obtain accurate thermal expansion 
coefficient. The present modeled results show that the densities 
and velocities of F-rich topaz are higher than those of the 
PREM along both the cold and warm subducting slabs. These 
results are useful for identifying the potential presence of topaz 
and may provide a constraint on the fine velocity structures in 
subduction zones.
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