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Abstract: Lepidolite is widespread in the upper crust and can be used as a lithium ore. In the present
study, in-situ high-temperature Raman and infrared spectroscopic measurements of natural Rb/Cs-free
2M, lepidolite in pegmatite were conducted up to 700 °C for investigating the thermal response of
lepidolite. In addition, single-crystal X-ray diffraction and electron microprobe analyses were also
conducted to determine the polytype and composition of the lepidolite sample. The results show that
(1) in the temperature range from 25 to 700 °C, the crystal structure of 2M, lepidolite is not expected
to undergo remarkable transformations upon heating and cooling; (2) the stabilities of hydroxyls in
high-charge environments are lower than those in low-charge environments at elevated temperatures
up to 700 °C. As a result, hydrogen ions in 2M, lepidolite can transfer from the non-silicate oxygens in
high-charge environments to those in low-charge environments during heating; (3) the transfers of the
hydrogen ions between non-silicate oxygens in high-charge and low-charge environments may lead
to the dehydration of lepidolite. Thus, lepidolites in subduction zones at temperatures below 700 °C
can be sufficient to trigger partial melting and result in the release of lithium in subducted oceanic and
continental slabs during subduction and exhumation.

Keywords: lepidolite; trioctahedral mica; high-temperature Raman spectroscopy; high-temperature
infrared spectroscopy; hydroxyl

1. Introduction

Lithium mica generally occurs in rare-metal granites, pegmatites, and metasomatic
rocks. It acquires specific chemical compositions, crystal structures, and physical properties
in different forming environments. According to the composition, lithium micas are
commonly divided into three main categories: Fe-poor lithium-aluminum (lepidolite,
polylithionite), ferrous lithium (zinnwaldite, protolithionite), and lithium-magnesium
(taeniolite, spodiophyllite) [1-3]. As a typical Fe-poor lithium mica, lepidolite (ideal formula
KLi; 5Al; 5A1Si3010F;) is widespread in the upper crust and can be used as a lithium ore.
Natural lepidolite is generally formed via the replacement of muscovite or biotite, or
through the reaction among other Li-bearing silicates, K-feldspar, and F-rich fluids. It has
a complex chemical composition that varies between trilithionite (KLi; 5Al; 5A1Si3019F7)
and polylithionite (KLiy AlSi;O10F,). In addition, it is also considered as a potential source
of rubidium and cesium, since a variety of lepidolite is usually enriched in these important
rare metals [4-8].

Lepidolite has a tetrahedral-octahedral-tetrahedral (T-O-T) layered structure where
the tri-octahedral layer is located between two tetrahedral sheets. The interlaminar spaces
are normally filled with K* cation. Based on different octahedral ordering schemes, it crys-
tallizes in several polytypes [9-11]. The 3T polytype (space group P3112) contains two large
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octahedral sites (M1 and M2) that are occupied by lithium ion and a small aluminum-rich
octahedral site (M3). In contrast, the 1M (space group C2/m), 2M; (space group C2/c), and
2M, (space group C2/c) (Figure 1) polytypes have only one large octahedral site (M1) that
contains lithium ion and two small symmetry-related octahedral sites (M2) that can be oc-
cupied by both lithium and aluminum cations. In all polytypes, the non-silicate oxygen site
is the potential position for protonation (such as O3 in the lepidolite-2M, structure) [10,12].
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Figure 1. Projection of crystal structure of 2M; lepidolite modified after [10]. M1 and M2 represent
two symmetrically distinct octahedral sites; Sil and Si2 represent two symmetrically distinct tetrahe-
dral sites; K represents interlaminar cation. a, b, and c represent three axes.

Natural lepidolite commonly has a high fluorine content. Therefore, experimen-
tal data related to the hydroxyl groups in its crystal structure is relatively limited [13].
Robert et al. (1989) [13] identified the octahedrally coordinated cations bonded to different
types of hydroxyl and investigated the factors that affect the features of O-H bands in the
infrared and Raman spectra of synthetic lepidolites. The observations in their study indi-
cated that the wavenumbers of OH-stretching bands are determined by bond-valence sum
received by hydroxyl oxygen from its three adjacent cations. In addition, the wavenum-
ber gap among different OH-stretching band-types increases with increasing aluminum
(VIAL + IV Al) contents of lepidolite.

In subduction zones, mica is a significant mineral host for fluid-mobile elements and
it dictates the recycling behavior of lithium in the crust and mantle. The devolatilization
of lithium-rich mica may generate the partial melting and drive the lithium release of
the subducted slabs [14]. The aim of the present work is to reveal the thermal response
of lepidolite and the stability of hydroxyl ion in the crystal structure of lepidolite at el-
evated temperatures. Thus, in-situ high-temperature Raman and infrared spectroscopic
measurements of a natural Rb/Cs-free lepidolite sample were conducted up to 700 °C.
Single-crystal X-ray diffraction and electron microprobe analyses were also conducted to
determine the polytype and chemical composition of the lepidolite sample.
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2. Experimental Methods

The lepidolite sample in pegmatite dyke was collected from the Koktokay area in
Altay. A photograph of the sample is shown in Figure 2. The chemical composition of
lepidolite was measured via a JEOL JXA-8230 electron probe microanalyzer in Testing
Center of Shandong Bureau of China Metallurgical Geology Bureau, at an accelerating
voltage of 15 kV, a beam current of 20 nA, and a beam size of 1 um. Mineral and metal
standards were used: Aluminum (Al), Fluorite (F), Jadeite (Na, Si), and Sanidine (K).
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Figure 2. Photograph of lepidolite sample from the pegmatite dyke in Koktokay area.

Single crystal of natural lepidolite (about 60 x 40 x 20 um in size) was mounted
on glass fiber for single-crystal X-ray diffraction analysis. Intensity data were collected
with a Bruker D8 Venture diffractometer equipped with a four-circle goniometer and a
CCD detector at Center for High Pressure Science and Technology Advanced Research,
Beijing. X-ray (A = 0.71073 A) was generated using a rotating Mo anode of InS 3.0 generator.
The collection strategy was optimized with the APEX4 software. The crystal structure
of lepidolite was refined from the intensity data via SHELXL-2018 [15] in the package
WINGX [16], based on the previously reported scattering factors and absorption coefficients
from the International Tables for Crystallography, Volume C [17].

Raman spectra of a lepidolite flake (about 200 x 150 x 50 um in size) were collected
at 25, 100, 200, 300, 400, 500, 600, and 700 °C during heating and cooling, using a WITec’s
confocal Raman imaging microscope alpha300 R at the Institute of Geology and Geophysics,
Chinese Academy of Sciences. A Linkam TS1400 heating stage equipped with a SiO,
window and a Rh/Pt thermocouple was used for in-situ high-temperature measurements.
The spectra were excited by a 488-nm solid-state laser at a power of 50 mW. A 20x objective
was employed to focus the incident laser and collect the scattered light. All spectra were
collected in the wavenumber range from 100 to 4000 cm ™!, using 15 accumulations with
20 s exposure time. Increasing and decreasing rates of temperature were 100 °C/min and
—100 °C/min, respectively. The sample was held at each temperature for at least 10 min to
reach equilibrium during data collection.

Unpolarized infrared absorption spectra of a lepidolite chip (about 100 x 70 x 50 pm
in size) were collected at 25, 100, 200, 300, 400, 500, 600, and 700 °C during heating and cool-
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ing, using a Bruker INVENIO-R FTIR spectrometer with a 20 x objective on the HYPERION
1000 microscope at Institute of Geology and Geophysics, Chinese Academy of Sciences. A
Linkam TS1400 heating stage equipped with a SiO, window and a Rh/Pt thermocouple
was also employed. Each spectrum was collected in the range from 3000 to 3800 cm !
with a resolution of 2 cm~! and accumulated over 128 scans. Increasing and decreasing
rates of temperature were set at 100 °C/min and —100 °C/min, respectively. During data
collection, the sample was held at each temperature for over 10 min to reach equilibrium.

3. Result and Discussion

The unit-cell determination of the single-crystal X-ray diffraction analysis indicates
that the lepidolite sample in this study belongs to 2M; polytype (space group C2/c).
The refined unit-cell parameters are a = 9.014(6) A, b =5202(4) A, ¢ =20.223(14) A,
B = 99.330(17)°. The estimated atom positions and polyhedral volumes are given in
Table 1. Previous studies of mica group minerals from a variety of geological localities
showed that natural micas (include certain lithium-rich mica samples) commonly have a
stacking-disordered structure or present a complex layer-stacking sequence [18,19]. In this
case, the accuracy of the crystal structure refinement (Rint, Rsigma, R1 and GooF are 0.1152,
0.0514, 0.0615 and 1.001 respectively) can be limited.

Table 1. Unit-cell, atom position, and polyhedral volume parameters for lepidolite (2M).

a b c B Volume ? Space Group
9.014(6) 5.202(4) 20.223(14)  99.3302 935.59 C2/c

O M2 (Al/Li) K M1 (Li)  Sil (Si/Al) Si2 (Si/Al) g
X 0.579(3) 0.5 0.25 0.790(4) 0.131(5)
Y 0.220(11)  0.422(6) 0.25 0.417(10) 0.405(7)
Z 0 0.25 0 0.130(1) 0.135(3)

Volume P 10.203 - 12.118 2.254 2.147
g o1 02 O3(F) O4 05 06
X 0.770(5) 0.100(5) 0.442(5) 0.702(8) 0.254(9) 0.975(8)
Y 0.387(7) 0.425(8) 0.424(6) 0.179(12) 0.179 0.403(11)
z 0.050(3) 0.059(4) 0.047(1) 0.168(5) 0.164(5) 0.166(3)

Notes: ? unit-cell volume; P polyhedral volume.

According to electron microprobe analysis, the lepidolite sample contains 27.78 wt.%
Al,O3, 51.10 wt.% SiO,, 10.17 wt.% K5O, 6.74 wt.% F, and 0.40 wt.% NayO. Li,O content
is calculated to be 5.11 wt.% based on the previously reported relationship (expressed in
wt.% oxide): LipO = (0.287 x SiO,) — 9.552 [20,21]. Thus, the formula unit of lepidolite is
estimated to be K goNag o5(Lij 27Al7.17)(Si3.15Al0.85)O010.69F1.31Ho 63, assuming a total sum
of 100 wt.%. The estimated formula implies a tetrahedral Si/ Al molar ratio of 3.70 and a
Al/Limolar ratio of 2.54 at M2 site (the larger M1 site is only occupied by Li*).

The Raman spectrum of lepidolite collected at ambient condition (25 °C) displays five
strong bands at 259(vR1), 421(VRr2), 574(vr4), 708(vRs), and 753(VRe) cm ™!, and a weak band
at 466(vR3) in the wavenumber range of 100-1200 cm™! (Figure 3 and Table 2). The band at
259 cm~! can be ascribed to OH (hydroxyl), K (potassium) and O (oxygen) translational
motions [22,23]. The band at 421 cm ™! is due to M-O (cation-oxygen bonds at octahedral
sites) stretching motion and translations of T (cations at tetrahedral sites), M (cations
at octahedral sites), and O [24]. The band at 574 cm~! is related with O, T, K and M
translational motions [22]. The doublet bands at 708 and 753 cm ! are attributed to O-T-O
and T-O-T bending motions, M-O stretch, and translations of oxygens [24]. Although the
O-H bands (in the wavenumber range of 3000-3800 cm 1) can be observed in the infrared
spectra collected in this study, they can hardly be recognized in the recorded Raman spectra
due to the high fluorine concentration and the low water content of the lepidolite sample.
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Figure 3. Raman spectra of lepidolite in the wavenumber range of 100~-1200 cm™~! under varying
temperature from 25 to 700 °C. Spectra in red and blue were collected during heating and cooling,
respectively. * The signal from cosmic rays.

Table 2. The band frequencies (cm 1) of the spectra from in-situ high-temperature Raman spectro-
scopic measurements.

Upon Heating
T(°0)

VR1 VR2 VR3 VR4 VR5 VR6
25 259 421 466 574 708 753
100 265 421 466 574 708 747
200 259 415 466 574 708 747
300 259 415 466 570 708 741
400 415 461 568 708 742
500 409 461 568 703 736
600 409 455 568 697 736
700 409 455 563 736

T 0 Upon cooling
VR1 VR2 VR3 VR4 VR5 VRé6
600 409 455 568 697 736
500 409 461 568 697 742
400 415 461 574 703 742
300 415 466 574 708 747
200 421 466 574 708 747
100 421 466 574 708 753

25 421 472 580 708 753
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As shown in Figure 4 and Table 2, the Vg2, VR3, VR4, VR5, and VR bands show negative
shifts with an increasing temperature up to 700 °C at —0.018, —0.016, —0.016, —0.018, and
—0.024 cm~1/°C, respectively. All these bands (Vro_ge) are fully reversible in positions
upon cooling and no new bands are observed at ambient condition (25 °C) after the
experiment, indicating that the crystal structure of the lepidolite sample should not have
undergone remarkable transformations in the temperature range of the present study
(25-700 °C). The vry band shows a slight change in position at elevated temperatures
up to 300 °C and disappears at 400 °C. In addition, two new bands at about 125 and
945 cm~! occur in the Raman spectrum at 300 °C. However, they disappear with vg; at
higher temperatures and are irreversible upon cooling. According to [22], these two bands
are due to translational and librational motions of the tetrahedra, T-O stretching motion,
and translation of K.

800
Vie® ® ° » - LR PR e e B * Vg
e ® J—
700% VRS. ........ P YTTCTIRIN I YT, Beriiiinin., S L U O enenns o @rineernnes e @eenrerssrend L TR L JSUUUU . * VRS
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V3@ @ L - e, o, P N B — e P PR . 2V,
ViRo®e®e, e PR b, S, PR ° T g PRSI i @reieiinnnn PO o Vp)
400
300+
Vi o e R .
upon heating upon cooling
200— T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 600 500 400 300 200 100 0

Temperature (°C)

Figure 4. Variations in band wavenumbers (cm~!) in the Raman spectra with varying temperatures
upon heating and cooling.

At ambient condition (25 °C), the mid-infrared spectrum of lepidolite displays seven
absorption bands at 3284, 3392, 3560, 3581, 3625, 3645 and 3660 cm™! (Figure 5). The
five intense bands at 3560, 3581, 3625, 3645 and 3660 cm ™! are due to hydroxyl-stretching
vibrations [13,23,25,26], while the two weak bands at 3284 and 3392 cm ™! are attributed to
water molecules [27] and cannot be observed at elevated temperatures.

Robert et al. (1989) [13] indicated that the higher bond-valence sum received by the
non-silicate O3 from its three adjacent cations (AI** and Li*) at the octahedral sites, the
lower the bond valence exchanged within the hydroxyl, and therefore the lower wavenum-
ber of the O-H stretching band. According to their investigations, the five O-H bands
observed at ambient condition (Figure 5) in the present study belong to TRI-7 bands, which
are due to a 7-charge environment (hydroxyl bonded to Al,Li) (Figure 6).
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Figure 5. The infrared absorption spectrum (solid line) of lepidolite at ambient condition corresponding

to O-H stretching modes in the wavenumber range from 3000 to 3800 cm ™. Dashed lines indicate the

wavenumbers of the bands.

Figure 6. The two charge environments of the non-silicate O3 site (potential position for protonation)
in the 2M), lepidolite. The crystal structure of 2Mj; lepidolite is modified after [10]. According to [28],
cation radii of Li* and AI3* in octahedral sites are 0.76 A and 0.535 A, respectively. a, b, and ¢
represent three axes.

As shown in Figures 7 and 8, at elevated temperatures up to 400 °C, the bands at
3560 (vir1), 3581 (Vir2), and 3645 (virg) shift to higher frequencies, while the band at
3625 (virs) exhibits a linear negative shift (Table 3). In micas, the O-H dipoles commonly
lie nearly parallel to the (001) plane [29,30]. In this case, the O-H stretching bands show
a positive shift upon heating, resulting from strengthening of the O-H covalent bonds
and weakening of the hydrogen-bonding interactions between the hydroxyl protons and
the oxygen atoms of surrounding tetrahedra [18,23,31,32]. In addition, the O-H dipoles
in lepidolite can also show a higher angle of tilt [33]. As a result, the repulsion between
the hydroxyl protons (H") and the interlayer cations (K* or Na*) can be strong due to this
orientation [13]. Therefore, the shifts of the vir1, Vire, and vige bands can be due to the
thermal response of the O-H dipoles, which are nearly parallel to (001). The downshift of
the virz band can be explained by the weakening of the repulsion between the interlayer
cations and the protons that belong to the tilted O-H dipoles.
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Under varying temperature from 100 to 500 °C, a number of new bands (VIR8—vIR17)
at higher wavenumbers instantaneously appear in the mid-infrared spectra during heating
(Table 3). According to [13], many of these O-H bands belong to TRI-5 bands, which are due
to a 5-charge environment (hydroxyl bonded to Li2Al) (Figure 6). As shown in Figure 7, the
intensities of these bands increase with increasing temperature up to 700 °C. In contrast,
the bands at lower wavenumbers (such as TRI-7 bands) show remarkable decreases in
intensity upon heating and disappear at 600 °C (Table 3), implying that hydrogen ions
in 2Mj lepidolite can transfer from the non-silicate oxygens in high-charge environments
to those in low-charge environments. During cooling, the intensities of the bands at
higher wavenumbers decrease with decreasing temperature, while the bands at lower
wavenumbers reappear and exhibit slight increases in intensity (Figure 7 and Table 3),
indicating that the stabilities of the hydroxyls in low-charge environments are relatively
low compared to those in high-charge environments at low temperatures.

As shown in Figure 7, at ambient condition, the O-H bands in the spectrum after
cooling are significantly weaker than those before heating, revealing that the transfers of the
hydrogen ions between non-silicate oxygens in high-charge and low-charge environments
during heating and cooling may contribute to the dehydration of lepidolite. Therefore, in
subduction zones, lepidolites can be sufficient to trigger original partial melting of the slabs
and the release of lithium at temperature below 700 °C during subduction and exhumation.

upon heating
upon cooling
100 °
200 °C
W
400 °C
500 °C
[
Q
=
3 600 °C
-
o
w)
= 700 °C
—— T T —————
3500 3550 3600 3650 3700 3750 3800

Wavenumber (cm™')

Figure 7. Mid-infrared spectra of lepidolite in the wavenumber range from 3500 to 3800 cm ! under
varying temperature from 25 to 700 °C. Spectra in red and blue were collected during heating and
cooling, respectively.
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Figure 8. Variations in band wavenumbers (cm~!) in the mid-infrared spectra with varying temperatures
upon heating and cooling.
Table 3. The band frequencies (cm~!) of the spectra from in-situ high-temperature FTIR spectroscopic
measurements.
Upon Heatin
TCO £ S
VIRl VIR2 VIR3 VIR4 VIR5 VIR6é VIR7 VIR8 VIR9 VIR10 VIRl VIR12 VIR13 VIR14 VIR15 VIR16 VIR17
25 3560 3581 3625 «— — 3645 3660 — — — — — — — — — —
100 3565 3581 3625 «— — 3646 3658 — — — 3687 3693 — — — — —
200 3565 3587 3623 — — 3646 — — 3673 — 3689 — — 3735 — 3749 —
300 3565 3587 3621 — — 3648 — — 3673 — 3689 — — 3735 — 3749 —
400 3565 3587 3617 — — 3648 — — 3673 — — — — — — — —
500 3567 3590 — — — — — 3666 — 3681 — 369 3725 — 3741 — 3758
600 — — — — — — — 3666 — 3683 — 369 3725 — 3741 — 3758
700 — — — — — — — 3668 — 3683 — 3695 3725 — 3741 — 3760
Upon coolin
T(°O P &
VIRl VIR2 VIR3 VIR4 VIRS VIRé VIR7 VIRS VIR9 VIR10 VIR11 VIR12 VIR13 VIR14 VIR15 VIR16 VIR17
600 — — — — — — 3606 — — 3683 — 3695 3725 — 3743 — 3758
500 — — — — — — 3606 — — 3681 — 3695 3725 — 3743 — 3760
400 — — — — — — 3660 — — 3681 — 3695 3725 — 3745 — 3760
300 — — — — — — 3658 — — 3681 — 3695 3725 — 3747 — 3766
200 3565 3588 — 3612 3629 3646 3658 «@— — — — 3693 3723 — 3747 — —
100 3565 3590 — 3612 3629 3642 3660 — — 3677 — 3693 3723 — 3747 — —
25 3561 — — 3610 3629 3642 — — — 3681 — 3695 3725 — 3747 — —

4. Conclusions

High-temperature Raman spectroscopy indicates that the crystal structure of 2M,
lepidolite is not expected to undergo remarkable transformations in the temperature range
from 25 to 700 °C upon heating and cooling.
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Hydrogen ions in 2M, lepidolite can transfer from the non-silicate oxygens in high-
charge environments to those in low-charge environments in the temperature range from
100 to 700 °C upon heating, implying that the stabilities of hydroxyls in high-charge
environments are lower than those in low-charge environments at high temperatures.

The transfers of the hydrogen ions between non-silicate oxygens in high-charge and
low-charge environments under varying temperature from 25 to 700 °C may result in the
dehydration of lepidolite. Therefore, as an important reservoir for lithium in subduction
zones, lepidolite is expected to trigger partial melting and lithium release of subducted
slabs during subduction and exhumation at temperatures below 700 °C.
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