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Abstract

The equation of the state of a natural elbaite sample has been investigated at room temperature and up to 21.1 GPa for the first
time using in situ synchrotron X-ray diffraction in this study. No phase transition is observed on elbaite over the experimental
pressure range. The pressure—volume data were fitted by the third-order Birch-Murnaghan equation of state (EoS) with the
zero-pressure unit-cell volume V,, = 1540.7 (6) A3, the zero-pressure bulk modulus K, = 114.7 (7) GPa, and its pressure
derivative K'py=4.2 (1), while obtained V;, = 1540.1 (4) A’ and K19=116.4 (4) GPa when fixed K'y,=4. Furthermore, the
axial compressional behavior of elbaite was also fitted with a linearized third-order Birch-Murnaghan EoS, the obtained
axial moduli for a-axis and c-axis are K,;=201 (4) GPa and K_,=60 (1) GPa, respectively. The axial compressibilities of
a-axis and c-axis are #,=1.66x 10~ GPa~" and 8, =5.56 x 10~ GPa~! with an anisotropic ratio of $,: #,=0.30: 1.00, which
shows an intense axial compression anisotropy. The potential influencing factors on the bulk moduli and the anisotropic
linear compressibilities of tourmalines were further discussed.
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Introduction

Tourmaline group minerals are the most widespread and
abundant borosilicates. They typically occur in a wide
variety of granites, granitic pegmatites, sedimentary and
metamorphic rocks (Slack 1996; Dutrow and Henry 2011;
van Hinsberg et al. 2011; Han et al. 2020; Nabelek 2021;
Zhao et al. 2022) and has a wider range of pressure and
temperature stability in the Earth’s interior (Ota et al. 2008;
Dutrow and Henry 2011; van Hinsberg et al. 2011; Henry
and Dutrow 2012). The complex crystal chemistry of tour-
maline allows its structure to incorporate a large number of
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elements (Bosi and Lucchesi 2007; Bosi 2018) and tour-
maline is stable in the presence of a variety of geological
fluids (Meyer et al. 2008; Konzett et al. 2012; Berryman
et al. 2016). Furthermore, the compositional zone usually
occurred in tourmaline can also maintain stability under rel-
atively high-temperature conditions, mainly due to the very
low diffusion rate of major and trace elements and boron iso-
topes in tourmaline structure (van Hinsberg et al. 2011), thus
tourmaline is known as a very valuable indicator mineral of
the compositional evolution of their host rocks (e.g., Novak
et al. 2004; Maloney et al. 2008; van Hinsberg et al. 2011;
Berryman et al. 2017; Kotowski et al. 2020; Qiu et al. 2021).
More importantly, as a dominant carrier of boron, tourma-
line is the key component of the boron cycle in the deep
Earth, especially in subduction zone environments (Nakano
and Nakamura 2001; Bebout and Nakamura 2003; Ota et al.
2008; van Hinsberg et al. 2011; Liu and Jiang 2021).

The general formula of tourmaline is
XY3ZT¢0,3(BO5);V;W, where the site coordinations and
main elements at the different sites are as follows: X=Na™,
K*, Ca**, O (=vacancy); Y=Mg?>*, Fe**, AP, Lit, Fe’™,
Cr3*, V3*, Mn?*; Z= AP, Fe3*, Cr3*, V3, M2+, Fe?*;
T=Si**, AI**, B**; B=B**; V=(OH)", 0*~; W=(OH)",
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F~, 0>~ (Hawthorne and Henry 1999; Henry et al. 2011).
Tourmaline crystallizes in the trigonal system with the space
group of R3m (Fig. 1). Tourmaline is a ring-silicate mineral,
with its structure consisting of two basic structural layers.
One of the two basic structural layers is six-fold rings of
tetrahedral (T sites) with a three-fold axis in the ¢ direction.
On top of six-fold rings of tetrahedral, there are octahedral
clusters of the other basic structural layer, arranged of three
inner Y site and six outer Z site octahedral concentrically.
The X site sits in a nine-coordinated polyhedron above the
center of the six-fold ring. B atoms form [BO3]3_ triangles
that are linked to the Y site and Z site octahedra, roughly
perpendicular to the ¢ axis.

To date, there are about 25 elements that can occur
as major components at different sites in the structure of
the tourmaline supergroup minerals (e.g., London et al.
2006; Wunder et al. 2015; Setkova et al. 2019; Andreozzi
et al. 2020; Pieczka et al. 2020; Vereshchagin et al. 2020;
Kutzschbach et al. 2021; Scribner et al. 2021). Among them,
the light lithophile cation lithium (Li) can be an impor-
tant component of tourmaline (van Hinsberg et al. 2011).
Elbaite-Li-rich Al tourmaline preferentially forms in chemi-
cally evolved granites and related pegmatites, and it is also
an important resource of Li (e.g., Keller et al. 1999; Maloney
et al. 2008; Bosi et al. 2013; Trumbull et al. 2013; Bronzova
et al. 2019; Sunde et al. 2020). Most of the multicolored
tourmalines and almost all of the tourmaline gemstones are
of the elbaite variety (Pezzotta and Laurs 2011), and elbaite
is also one of the most promising pyroelectric materials due
to its high pyroelectric coefficient (Ogorodova et al. 2004;
Chen et al. 2021).

Insofar, the static compression and equation of state stud-
ies of tourmalines (e.g., uvite, dravite, schorl, maruyamite,
etc.) have been carried out using the X-ray diffraction (XRD)
technique (e.g. Li et al. 2004; Xu et al. 2016; O’Bannon III
et al. 2018; Berryman et al. 2019; Likhacheva et al. 2019).

Fig. 1 Crystal structure of elbaite at ambient conditions. The crystal
structure data is obtained from Gatta et al. (2012)
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Initially, Li et al. (2004) carried out an in situ high-pressure
energy-dispersive XRD experiments on a natural tourmaline
(schorl) up to 27.8 GPa, and obtained an abnormally high
isothermal bulk modulus K1, =184 GPa with fixed its pres-
sure derivative K'yy=4. Hereafter, Xu et al. (2016) studied
the thermal equation of state of a natural uvite at simultane-
ously high pressures and high temperatures up to 18 GPa and
723 K and obtained the thermal equation of state parameters
of uvite. And then, O’Bannon III et al. (2018) conducted the
synchrotron-based single-crystal XRD measurements of a
natural dravite tourmaline at high pressures up to ~24 GPa
and identified a phase transition of dravite from rhombohe-
dral R3m to rhombohedral R3 occurs at pressures near 15.4
GPa. In addition, Likhacheva et al. (2019) studied the com-
pressibility of a natural maruyamaite (potassium tourmaline)
using synchrotron-based single-crystal XRD up to 20 GPa,
and discussed the influence of the presence of potassium
at the X-site on the compressibility and structure behavior
of tourmaline at high pressures. Recently, Berryman et al.
(2019) collected the high-pressure synchrotron single-crystal
XRD patterns of five synthetic Mg—Al tourmalines up to 60
GPa at 300 K, which was used to constrain the equation of
state (EoS) of tourmalines with distinct X-site occupancies
and Mg—Al contents. However, to our knowledge, in addi-
tion to the thermal behavior of elbaite has been studied (e.g.,
Ogorodova et al. 2004; Bosi et al. 2019; Celata et al. 2021),
there are no reports in the previous literature about the static
compression and equation of state of elbaite (Li-rich Al tour-
maline) at high pressures. The high-pressure EoS investiga-
tion of elbaite will be helpful to understand the influence of
the Li component on the EoS and axial compressibility of
tourmalines at high-pressure conditions, and then to gain a
comprehensive understanding of the compression property
of tourmaline.

In this study, we investigated the EoS of elbaite at high
pressures up to 21.1 GPa using diamond anvil cell (DAC)
combined with in situ synchrotron radiation XRD. The com-
pression property of elbaite at high-pressure conditions was
obtained. In addition, the compressibilities of different tour-
malines were compared, and the potential influencing factors
were discussed. Moreover, the anisotropic linear compress-
ibilities of tourmalines were also discussed.

Sample and experiment
Sample

The elbaite selected in this study is a natural sample col-
lected from Pakistan with a good crystal morphology, light
green, transparent, and columnar. Backscattered electron
(BSE) image reveals that the elbaite sample is composi-
tion homogeneity and not zoned into different chemical
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Fig.2 Backscattered electron image of elbaite. Localities of analyzed
spots are also shown as a yellow pentagon

Table 1 Chemical composition

Bt Compositions Elbaite (6)*
of elbaite in this study (wt. %)

Sio, 36.76 (25)
TiO, 0.01 (1)
Al O, 41.37 (98)
Cr,04 0.01 (1)
MgO 0.01 (1)
FeOP 0.91 (76)
MnO 0.15 (8)
NiO 0.01 (1)
Zn0O 0.07 (3)
CaO 0.19 (7)
Na,O 2.03 (14)
K,O0 0.01 (1)
F 0.96 (5)
Total 82.49

Data in the parentheses of com-
positions  represent  standard
derivations

“Number of electron micro-
probe analyses in parentheses

bTotal Fe as FeO

domains (Fig. 2). Furthermore, the chemical compositions
of the elbaite sample (Table 1) were determined by electron
microprobe (EMPA) of thin sections with a JEOL JXA-
8230 using a 15 kV accelerating voltage, a 20 nA beam
current, and a beam diameter of 5 pm. Element peaks and
backgrounds were measured for all elements with counting
times of 10 s and 5 s, respectively. The following stand-
ards were used: hornblende (SiO,, TiO,, MgO, CaO, Na,0,
K,0, Al,0;), gahnite (ZnO), olivine (NiO), pyrope (FeO,
MnO, Cr,05) and fluorite (F). Data were reduced online

using the ZAF program. Under these conditions, detection
limits are approximately 60 ppm for K and Ca, 120 ppm for
Fe, Mn, and Ni, 160 ppm for Al, 190 ppm for Cr, Ti, and
Mg, 250 ppm for Na, 320 ppm for Si, 360 ppm for Zn, and
480 ppm for F. The chemical formulae of the tourmaline
sample was calculated from the results of the EMPA data
on a basis of 31 cations using a window program developed
by Yavuz et al. (2014). The B,0; content was calculated by
assuming 3.00 B apfu, while H,O was calculated by con-
sidering OH+ O +F=4 apfu and V=0H=3 apfu. The Li
(apfu) content was estimated by the formula Li (apfu) = 3-
(X Y-site) (Henry and Dutrow 1996). And then the chemi-
cal formula was estimated as (Na, c,Cag 040 34) (Al goLig og
Feg goMny 5) AlgSigO15(BO3)3(OH)3(OHy 50,Fp 4504 32)- This
chemical composition corresponds to the elbaite species
(Henry et al. 2011).

High-pressure and ambient-temperature
synchrotron powder XRD experiment

A symmetrical DAC containing a pair of diamond anvils
(500 pm culets) mounted on WC seats was employed for
the high-pressure and ambient-temperature measurements.
Two types of WC seats were used in our synchrotron pow-
der XRD experiment, one is a tapered WC seat (the open-
ing angle is about 60°) which is located at the side of the
incident light, and another is a slotted WC seat (the opening
angle is about 80°) which is located at the side of the trans-
mitted light. A rhenium (Re) foil with an initial thickness of
250 um was used as the gasket. The gasket was pre-indented
to a thickness of ~65 pm, and a hole of 300 um in diameter
was drilled at the center to serve as the sample chamber.
The elbaite sample powders mixed with 3 wt. % Au pow-
der which was used as the pressure calibrant for the XRD
experiments (Fei et al. 2007) as well as two ruby spheres
as pressure indicators for the neon gas-loading (Mao et al.
1986), were loaded into the sample chamber. Neon gas was
used as the pressure-transmitting medium by the gas-loading
system at the Center for High-Pressure Science and Technol-
ogy Advanced Research (HPSTAR), China. Because neon
gas will crystallize at 4.8 GPa and 300 K and the non-hydro-
staticity of neon will appear at 15 GPa and 300 K (Klotz
et al. 2009), we evaluated the hydrostatic environment of the
sample chamber at each pressure point in our XRD experi-
ment by comparing the measured pressures of two different
ruby spheres. We found that the pressure difference between
the two different ruby spheres located at different positions
of the sample chamber did not exceed 0.3 GPa even at the
maximum pressure condition (~21 GPa). This is very con-
sistent with the results of previous studies (e.g., Klotz et al.
2009; Berryman et al. 2019), which indicated that neon pres-
sure transmitting medium can provide a good hydrostatic/
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quasi-hydrostatic pressure environment in the sample cham-
ber under the maximum experimental pressure of 60 GPa.

The in situ room temperature and high-pressure synchro-
tron XRD experiments were carried out by angle-dispersive
diffraction with diamond-anvil cells at the BL15U1 beam-
line in the Shanghai Synchrotron Radiation Facility (SSRF)
(Zhang et al. 2015). Diffraction images were collected using
a MAR-165 charge-coupled device (CCD) detector, placed
at a distance of approximately 180 mm to the sample. The
detector geometry parameters were calibrated using a CeO,
diffraction standard. The X-ray beam was monochromatized
to a wavelength of 0.6199 A and focused down to a 2X3
um? area. The typical exposure time for collecting diffraction
images of elbaite sample and Au pressure marker was 300 s.
XRD patterns of Au were collected at each pressure before
and after sample data collection and the average pressure
value was taken. The XRD spectra were collected after the
experimental pressure was maintained for ~ 60 s. Pressures
were calculated from Fei’s EoS for Au (Fei et al. 2007) using
lattice parameters determined from XRD profiles at each
pressure point. The experimental pressure interval in this
study was ~ 1-2 GPa, and we finally obtained 17 pressure
data points at high pressures up to 21 GPa, which will ensure
the accuracy of EoS fitting.

Results

The diffraction patterns were integrated to generate the con-
ventional one-dimensional profiles using the Fit2D program
(Hammersley et al. 1996). There are about 30 diffraction
peaks identified from the XRD patterns and used for the
unit-cell parameters and volumes calculation (Fig. 3), which

Elbaite 2120 GPa

14.45 GPa

| |
' 8.80 GPa

(19 1)

Intensity (a.u.)

220

©12)
410]
112)

a3n

@o1

5 10 15 20 25
2theta (degree)

Fig.3 Representative X-ray diffraction patterns of elbaite in this
study up to 21.2 GPa
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demonstrates the high quality of XRD patterns in this study.
And then the diffraction peak positions were fitted by the
Origin 8.5 software. Finally, the unit-cell parameters and
volumes were calculated using UnitCell software (Holland
and Redfern 1997).

The XRD patterns of elbaite at various pressures up to
21.1 GPa are shown in Fig. 3. With increasing pressure at
room temperature, all the peaks just shifted toward higher
20 angles. Moreover, the overall diffraction patterns of the
elbaite sample did not change within the experimental pres-
sure range (Fig. 3), indicating that there was no structural
transition identified in this study. The unit-cell parameters
and volumes of elbaite at various pressure conditions are
listed in Table 2. Figures 4 and 5 show the volumetric and
axial compression of elbaite as a function of the pressure of
this study, respectively. The ambient XRD image of elbaite
was also collected using the MAR-165 CCD detector in
the SSRF and gives the unit-cell parameters and volume of
ay=15.8302 (12) A, ¢y=7.0988 (10) A, and Vo=1540.6 (2)
A’ for elbaite.

The pressure—volume (P-V) data (Table 2) were fitted
using the third-order Birch-Murnaghan EoS (Birch 1947):

P = (3/2)Kyo[(Vo/ V) = (Vo / V)]

, 1

X[143/4(K,, — 4 [Vo/V)*? = 1]] M
where V|, Ky, and K'y, are the zero-pressure volume, iso-
thermal bulk modulus and its pressure derivative, respec-
tively. Analyses of Eq. (1) by the EoSFit program (Angel

Table 2 Unit-cell parameters and volumes of elbaite at ambient tem-
perature and high pressure

P(GPa) a(A) c(A) V(A% ale

0.00 15.8302 (12)  7.0988 (10)  1540.6(2)  2.2300
0.82 15.8104 (13)  7.0676 (14)  1529.6 (4)  2.2370
1.95 15.7796 (13)  7.0276 (13) 15154 (4)  2.2454
3.24 15.7505 (15)  6.9805 (14)  1499.7(5)  2.2564
4.60 15.7208 (18)  6.9354 (18)  1484.4(7)  2.2667
5.80 15.6945 (15)  6.8991 (13)  1471.7(5)  2.2749
7.15 15.6653 (18)  6.8609 (15)  1458.1(6)  2.2833
3.80 15.6324 (14)  6.8123(12)  1441.7(4)  2.2947
9.80 15.6100 (16)  6.7879 (17)  1432.6(7)  2.2998
10.35 15.6001 (15)  6.7717(13)  1427.2(5)  2.3037
11.10 155851 (18)  6.7510(17)  1420.1(7)  2.3086
12.05 155651 (17) 67250 (19)  1411.0(7)  2.3145
14.45 155202 (18)  6.6662 (19)  1390.6(8)  2.3282
16.20 154916 (19)  6.6235(19)  1376.6(8)  2.3389
18.55 154558 (19)  6.5764(19)  1360.5(9)  2.3502
19.90 154358 (19)  6.5459(19)  1350.7(9)  2.3581
21.10 154161 (18)  6.5257(19)  1343.1(9)  2.3624

Numbers in parenthesis represent standard deviations
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Fig.4 The volumetric compression of elbaite as a function of pres-
sure, the solid circles represent the data points of elbaite in this study,
the hollow circles and and triangles represent the data points of olen-
ite and dravite from Berryman et al. (2019), respectively, and the
solid line was obtained by third-order Birch-Murnaghan EoS-fitting
of elbaite in this study
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Fig.5 The axial compression of elbaite as a function of pressure, the
solid circles represent the data points of elbaite in this study, the hol-
low circles represent the data points of olenite from Berryman et al.
(2019), and the solid lines were obtained by third-order Birch-Murna-
ghan EoS-fitting of elbaite in this study

et al. 2014; Gonzalez-Platas et al. 2016) were with all
parameters free and the obtained results were as follows:
Vy=1540.7 (6) A3, Ko=114.7 (7) GPa, and K'yy=4.2 (1).
The refined value of V|, (1540.7 (6) A3) was within 16 or so
compared with the measured V|, (1540.6 (2) A3) by XRD
at ambient conditions, indicating excellent accuracy of the
refined results (Angel 2000). With the fixed K'y, at 4, the
fitting results yielded V,=1540.1 (4) A%and Kry=116.4(4)
GPa. To evaluate the quality of our third-order Birch-Mur-
naghan EoS fitting, the relationship between the Eulerian
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Fig.6 Volumetric (a) and axial (b and ¢) Eulerian strain—normalized
pressure (Fg—f) plots. The solid line is the linear fit of the data

definition of finite strain fz(fz= [(VO/V)2/3—1]/2) and the
“normalized stress” F.(F = P/3f,(I1+2f;)>?) (Birch 1978)
is plotted and shown in Fig. 6a. The weighted linear fit of
the data points yielded the intercept value of Fip (0)=114.2
(4) GPa, which is in good agreement with the isothermal
bulk modulus obtained by the third-order Birch-Murnaghan
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EoS (K;y=114.7 (7) GPa). Moreover, the function of F
and f; had a slightly positive slope, indicating that K'y is
larger than 4 which is consistent with K';,=4.2 (1) from
the third-order Birch-Murnaghan EoS. Therefore, the third-
order Birch-Murnaghan EoS is a reasonable description of
the P-V data in this study.

The axial compressibility (a/a, and c/c,) of elbaite at room
temperature is plotted as a function of pressure in Fig. 5. By
fitting the unit-cell parameters of elbaite at room tempera-
ture using a “linearized” third-order Birch-Murnaghan EoS
with the EosFit program (Angel et al. 2014; Gonzalez-Platas
et al. 2016), the obtained a, and c, at ambient conditions are
15.8308 (17) A and 7.0999 (20) A, respectively. The refined
unit-cell parameters are consistent with the results obtained
from the XRD measurement at ambient conditions in this
study within their uncertainties (Table 2). Simultaneously,
the refined linear moduli and their pressure derivatives at
ambient conditions are K,,=201 (4) GPa, K ,=60 (1) GPa
and K',,=6.9 (4), K';o=2.8 (1), respectively. The slopes
obtained from the linear fits of the F—f;; plots are fairly posi-
tive and negative for the a and ¢ unit-cell parameters (Fig. 6b
and c), respectively. The results are in good agreement with
the K' ;>4 and K' ;<4 given by the “linearized” third-order
Birch-Murnaghan EoS fits, respectively.

The axial compressibility 3, at ambient conditions has the
following form:

In analyses of Eq. (2) with the K,), we obtained the axial
compressibility of a- and c-axes to be 1.66x 10~ GPa~! and
5.56% 1073 GPa™!, respectively. It can be known that elbaite
has a strong axial compressive anisotropy. The compressibility
of elbaite along the c-axis is 3.35 times larger than that along
a-axis (Fig. 5).

Discussion

Although no previous studies reported the P-V equation of
state of elbaite, the P—V equation of states of other tour-
malines (e.g., uvite, dravite, maruyamaite etc.) have been
investigated by some previous synchrotron-based XRD
experiments. Table 3 summarizes a comparison of the Ky
and K'p, of elbaite obtained in this study with the results of
other tourmalines given by previous studies. In general, the
obtained K, and K'y values (114.7 GPa and 4.2, respec-
tively) of elbaite are landing somewhere in between Mg—Al
tourmalines (dravite, K-dravite, oxy-uvite, and magnesio-
foitite, etc.) and Al-tourmaline (olenite) (Table 3). This is not
surprising because the ambient unit-cell volume of elbaite
(1540.7 10\3) is also falling in between Mg—Al tourmalines
(1556-1573 A%) and Al-tourmaline (1490 A®) (Table 3).
From Table 3, we can find that most K"y values of tour-
malines are within the range of 3.5-5.0, except a natural
uvite-dominated tourmaline from Xu et al. (2016), who

b= ! ) reported a larger K'y, value (12.4). The exact reason for
(3K10) the larger K'y, value reported by Xu et al. (2016) remains
unclear. However, Hofmeister (1993) showed that the K',
llizlli):it::teh(;z[l?gi:ztlbrggty Sample Kty (GPa) K'g Vo (AS) References
and compared with other Elbaite 114.7 (7) 42 (1) 1540.7 (6) This study
tourmalines 116.4 (4) 4.0 (fixed) 1540.1 (4)
Dravite 97 (6) 5.0(5) 1556 (4) Berryman et al. (2019)
110 (2) 4.0 (fixed) 1551 (3)
K-dravite 109 (4) 43(2) 1567 (3)
115 (1) 4.0 (fixed) 1564 (2)
Oxy-uvite 110 (2) 4.1(1) 1573 (2)
112.5 (6) 4.0 (fixed) 1571 (1)
Magnesio-foitite 116 (2) 3.5(1) 1560 (2)
105.8 (9) 4.0 (fixed) 1568 (2)
Olenite 116 (6) 47 4) 1490 (4)
128 (2) 4.0 (fixed) 1485 (3)
Maruyamaite 112 (3) 454) 1588 (1) Likhacheva et al. (2019)
115.6 (9) 4.0 (fixed) 15872 (7)
Dravite 110 (3) 4.6 (8) 15782 (2) O’Bannon et al. (2018)
112 (1) 4.0 (fixed) 15782 (2)
Uvite 97 (1) 12.4 (4) 1537 (1) Xu et al. (2016)
120 (2) 4.0 (fixed) 1537 (1)
Schorl 184 (4) 4.0 (fixed) - Li et al. (2004)
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value of solid materials exceeding 8.0 will lead to physically
unrealistic potentials and hence are not appropriate for the
EoS. Thus, the reported K' value of Xu et al. (2016) is
debatable. In addition, the obtained K'r, (3.5) of magnesio-
foitite by Berryman et al. (2019) is slightly smaller than the
results of other tourmalines. They indicated that the presence
of a fully vacant X site in magnesio-foitite is a possible cause
for the smaller K'ry compared with alkai and Ca tourmalines.
But for other tourmalines, their K'p, values are very consist-
ent within their uncertainties (Table 3). Thus, we conclude
that the compositional effect on K'y in tourmaline is very
limited, except for the fully vacant at X site of tourmaline.

In addition, a detailed analysis of the results of this
study and previous studies also shows that there is still
some debate about K, values of tourmalines (97-184 GPa)
(Table 3). We infer that there are three possible reasons for
the difference Ky, of tourmaline reported by this study and
previous studies, which are the different pressure mediums,
K’ values, and mineral compositions.

First, Li et al. (2004) measured the compressibility of a
natural tourmaline (schorl) at high pressures up to 27.8 GPa
using the energy-dispersive XRD method with methanol:
ethanol: water=16:3:1 pressure medium and obtained an
abnormally large result of Kp,=184 (4) GPa (with fixed
K'ty=4). The experimental maximum pressure (~27.8
GPa) of Li et al. (2004) seriously exceeds the hydrostatic
pressure condition (~ 10 GPa) of the methanol: ethanol:
water = 16:3:1 pressure medium (Angel et al. 2007; Klotz
et al. 2009), thus the obtained Ky, =184 (4) GPa by Li et al.
(2004) should be inaccurate.

In addition, in static compression studies, there is a trade-
off between the fitted K, and K'y,, which have a negative
correlation. Such as, the obtained K, values of Xu et al.
(2016) and Berryman et al. (2019) are 97 (1) GPa and
97 (6) GPa for uvite and dravite, respectively, which are
obviously smaller than those of other tourmalines (Table 3),
mainly due to the distinct larger K';, values (K'rp=12.4 and
K'1y=5.0 for uvite and dravite, respectively). However, when
fixed K'pry=4, Xu et al. (2016) and Berryman et al. (2019)
obtained K,=120 (2) GPa and K,=110 (2) GPa of uvite
and dravite, respectively, which are relatively close to the
results of previous studies for other tourmalines (Table 3).

Furthermore, the mineral composition of tourmaline may
also affect the K, when the Ky is fixed to 4. For example,
the obtained K, =116.4 (4) GPa for elbaite in this study and
K1o=110 (2) GPa for dravite from Berryman et al. (2019)
are~9.1% and ~ 14.1% lower than the reported K, =128 (2)
GPa by Berryman et al. (2019) for olenite (Fig. 4), respec-
tively. If we compare the effective ionic radii of cations in
the Y site of tourmaline, we can find that the effective ionic
radii of Li'*(VI) (0.751 A) and Mg?*(VI) (0.723 A) at ¥
site are ~37.3% and ~32.2% larger than AIP*(VI) (0.547 A)
(Bosi and Lucchesi 2007). These cause that the mean bond

lengths of Li'*-0O (2.211 A) and Mg?>*-0 (2.0991 10\) at Y
site in tourmaline are ~ 16.1% and ~ 10.2% larger than the
mean bond length of AI**-O (1.9043) at Y site in tourmaline
(Bacik and Fridrichova 2021). The bond strengths of Li'*-0
and Mg?*-O at Y sites in elbaite and dravite, respectively,
are weaker than that of the A1>*-O at Y site in olenite due to
the larger bond length; accordingly, elbaite and dravite have
larger compressibility and smaller isothermal bulk modulus.
In addition, the reported Kt,=105.8 (9) GPa for magnesio-
foitite from Berryman et al. (2019) is ~6.0% lower than that
of oxy-uvite (Kp,=112.5 (6) GPa), which is believed to be
correlated with the presence of a nearly completely vacant X
site in magnesio-foitite (Berryman et al. 2019). Thus, based
on the above discussion, we infer that the bond strengths
of the corresponding bonds at Y site and significant X site
vacancies likely have an important effect on the compress-
ibility of the tourmaline.

Finally, if the influence of external factors such as the
different pressure medium is excluded, we believe that the
reasonable ranges of the K, and K'y of tourmalines should
be 106—-128 GPa and 3.5-5.0, respectively.

The axial compressibility of the elbaite sample in this
study shows the compressive behavior of the c-axis direction
is comparably softer than the a-axis direction with a descrip-
tion of #,=1.66x 107 GPa™! and 8,=5.56 x 10 GPa™".
Our results confirm again that tourmaline is highly aniso-
tropic elasticity, where the c-axis is about 3.35 times more
compressible than the a-axis under ambient conditions. Sim-
ilar anisotropic compression behaviors have been reported
for natural dravite, uvite, maruyamaite, and synthetic Mg—Al
tourmalines (Xu et al. 2016; O’Bannon III et al. 2018; Ber-
ryman et al. 2019; Likhacheva et al. 2019). We infer there
are two possible reasons for the compression anisotropy
with g, > p, of tourmaline species. One possible reason is
the incorporation of relatively larger molecular water in the
c-parallel structural channels in tourmaline (Bosi 2018),
which results in the more compressible c-axis in the struc-
ture of tourmaline. Another possible reason is that the gaps
between [Si6018] rings in the g-axis direction of tourmaline
are relatively small and thus it is difficult to compress, while
the [Si6018] six-fold rings and cationic octahedral layers
are arranged in the c-axis direction of tourmaline (Bosi and
Lucchesi 2007; Bosi 2018), which can be refilled with larger
cations with large voids, so it is easy to be compressed in the
c-axis direction. Finally, the anisotropic compression behav-
ior of tourmaline is similar to other cyclosilicates (e.g., beryl
and cordierite) (e.g., Fan et al. 2015; Finkelstein et al. 2015)
and is interpreted to reflect the relative incompressibility of
the ring structure parallel to a-axis.

Furthermore, the axial compression of the a-axis and
c-axis for elbaite in this study is slightly smaller and
much larger than those of olenite in the Berryman et al.
(2019) (Fig. 5), respectively, which indicates that the axial
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compression anisotropy of elbaite in this study is larger than
that of olenite in the Berryman et al. (2019). Considering the
bulk modulus of elbaite is lower than that of olenite, we thus
infer that compared with olenite, the Li component at Y site
increases the compressibility of elbaite. And the possible
reason for the higher compressibility of elbaite is mainly
the reduced stiffness in the c-axis of elbaite. This is very
consistent with the conclusion of Berryman et al. (2019),
who pointed out that the lower compressibility of olenite is
primarily accounted for by its reduced axial compressibility
along the c-axis.

Conclusion

The P-V relationship of elbaite was carried out using the
synchrotron-based single-crystal XRD method up to 21.1
GPa in this study. There was no phase transition in the maxi-
mum pressure conditions in this study. Fitted the P-V data
by third-order Birch-Murnaghan EoS, obtained V,=1540.7
(6) 10%3, Kro=114.7 (7) GPa, and K';=4.2 (1) for elbaite.
Simultaneously, we also obtained the axial compressibility
for elbaite along a-axis (,=1.66 X 1073 GPa™!) and c-axis
(B.=5.56x107> GPa™"). In addition, we further discussed
the possible reasons for the different Ky, and K'ry among
tourmalines, and find that compositional effect on Ky, in
tourmaline is limited, except for the fully vacant at X site of
tourmaline, and the different pressure mediums, K'y, values
and mineral compositions may all affect the reported bulk
moduli of tourmalines. Finally, we also discussed the poten-
tial influencing factors on the anisotropic linear compress-
ibilities of tourmalines, and infer that the possible reason for
the higher compressibility of elbaite compared with olenite
is mainly the reduced stiffness in the c-axis of elbaite.
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