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Abstract. The infrared absorption spectrum of a natural antigorite sample from New Caledonia is compared to
its theoretical counterpart computed for the pristine antigorite m = 17 polysome within the density functional
perturbation theory framework. The theoretical model reproduces most of the bands related to Si-O stretching
in the 800-1300cm™! range, OH libration, hindered OH translation and SiO4 bending in the 400-800 cm™!
range, and OH stretching in the 3500-3700 cm™! range. Most of the observed bands have a composite nature
involving several vibrational modes contributing to their intensity, except the apical and one of the basal Si-O
stretching bands whose intensity is carried by a single mode. The peculiarity of the antigorite structure favors
a localization of the Si-O and OH stretching modes in specific regions of the unit cell. Weaker Si-O stretching
bands experimentally observed at 1205 and 1130 cm™! are related to the occurrence of 6- and 8-reversals in
the antigorite structure, respectively. The distribution of OH bond lengths leads to an asymmetric distribution
of frequencies consistent with the width and the shape of the experimentally observed OH stretching band. It
also leads to a strong distribution of OH libration frequencies ranging from 600 to 830cm™! explaining the

asymmetry of the band observed at 648 cm™! in the antigorite spectrum.

1 Introduction

Serpentine-group minerals are hydrous phyllosilicates pro-
duced by the hydrothermal alteration of anhydrous (Mg,Fe)
silicates. As serpentinites carry water and fluid-mobile el-
ements during subduction processes, they play a key role
in the geochemical coupling between external and internal
envelopes of the Earth (Deschamps et al., 2013). Natural
samples often display a mixture of different varieties of ser-
pentine minerals, which are characterized by the geometry
of their layered structure (Wicks and O’Hanley, 1988). The
three most common varieties are lizardite, antigorite, and
chrysotile, which display flat layers, corrugated layers, or
occur as multi-wall hollow nanotubes, respectively. Antig-
orite is dominant in high-grade metamorphic rocks (e.g.,

Schwartz et al., 2013) and its dehydration is expected to play
a key role in the rheology of oceanic lithosphere (e.g., Wun-
der et al., 2001), and in the generation of arc magmas (Ul-
mer and Trommsdorff, 1995) and intermediate depth (50—
200 km) seismicity (e.g., Dobson et al., 2002; Hilairet et al.,
2006).

Compared with other phyllosilicates, antigorite has an un-
usual wavy structure with sectors of TO layers (associating
one tetrahedral and one octahedral sheet) extended along the
[010] direction but displaying an alternation of the polarity of
the tetrahedral sheet along the [100] direction (Fig. 1). The
trioctahedral sheets have a wavelike geometry and the polar-
ity of the tetrahedral sheets reverses at each inflection point
of the latter. Compared with other serpentine varieties, the
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Figure 1. Structure of the antigorite m = 17 polysome. Blue: silicate tetrahedra, brown: MgQOg octahedra, red: oxygen, light pink: hydrogen.
Note the different reversals involving 6-members silicate rings (6-reversals) and alternating 4-members and 8-member silicate rings along
the [010] direction (8-reversals). Histograms of O-H, Si-O and Mg-O bond lengths are reported at the bottom. Note the distribution of bond

lengths related to the layer corrugation.

presence of reversals reduces the relative Mg and OH con-
tents with respect to Si. A nominal antigorite formula has
been proposed as Mg3,,—3Si2,, 05, (OH)4,, —¢ Where m is the
number of tetrahedra along a wave projecting down [010]
(e.g., Capitani et al., 2009). The m values, typically ranging
between 13 and 24, define the various antigorite polysomes
and have been related to the growth conditions of antigorite
(Mellini, 2013).

The first structure of antigorite was proposed by Kunze
(1956, 1958, 1961) who showed that only discrete wave-
lengths were possible. As exposed by Capitani and Mellini
(2004) and Mellini (2013), the experimental determination
of the antigorite structure, using single-crystal X-ray diffrac-
tion or high-resolution electron microscopy (HRTEM) imag-
ing and selected area electron diffraction (SAED), is difficult
and has resulted in somehow contradictory results. Although
the basic structural features are similar, competing models of
the topology of the reversals have been proposed. According
to the studies of Dédony et al. (2002, 2006), the reversals
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only display 6-membered silicate rings and can be referred
to as 6-reversals. In contrast, the crystal structures proposed
by, for example, Uehara and Shirozu (1985), Uehara (1998),
Grobéty (2003) and Capitani and Mellini (2004, 2005, 2006)
are consistent with the initial model proposed by Kunze and
display 6-reversals alternating with another type of reversal
displaying juxtaposed 4- and 8-membered rings along the
[010] direction. These different reversals are referred to as
8-reversals. The structure of the antigorite m = 17 polysome
experimentally determined by Capitani and Mellini (2004)
was found to be more stable (AE = 0.5kJ mol~! per atom)
than the structure determined by Ddédony et al. (2002) in the
theoretical study performed at the density functional level by
Capitani et al. (2009).

Useful insights into fine details of mineral structures can
be also obtained using vibrational spectroscopic methods
(e.g., Farmer, 1974; Madejova et al., 2011). In this respect,
the infrared (IR) spectrum of antigorite displays significant
differences with that of lizardite, the more symmetric serpen-
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tine variety. Additional bands and significant shifts are ob-
served in the Si-O stretching range whereas the OH stretch-
ing bands are shifted to lower frequencies (Farmer, 1974;
Yariv and Heller-Kallai, 1975; Uehara and Shirozu, 1985;
Mellini et al., 2002). However, the interpretation of the dif-
ferences may prove to be difficult because of the chemical
variability of the samples, related to structural incorporation
of trace elements such as iron and aluminum in various con-
centrations. Broadening effects related to electrostatic inter-
actions in powder spectra may also add some complexity to
the measured spectra because they depend on macroscopic
parameters such as the shape and aggregation states of the
particles (e.g., Farmer, 1998, 2000).

Independent constraints for the interpretation of the vibra-
tional spectra of minerals can be gained from a theoretical
approach. Previous modeling studies (e.g., Balan et al., 2001,
2002; Kendrick and Burnett, 2016) have shown that it is pos-
sible to compute the powder IR spectra of minerals from first-
principles quantum mechanical calculations with enough ac-
curacy to provide useful constraints for the interpretation of
experimental spectra. In the present study, we apply this well-
tested approach to the pristine antigorite m = 17 polysome
whose structure has been previously investigated experimen-
tally (Capitani and Mellini, 2004) and theoretically (Capitani
et al., 2009). Comparison of the theoretical spectrum with
that of a representative antigorite sample from New Caledo-
nia (Fritsch et al., 2016) allows us to assign most of the exper-
imental bands to specific vibrational modes of the antigorite
structure.

2 Samples and methods

The monophasic antigorite sample has been collected in
the saprock of a Ni-laterite deposit from New Caledo-
nia (sample A2, Fritsch et al.,, 2016, 2019). Antigorite
occurs as wavy laths on corrugated greenish brown
to faint colored walls of major detachment faults. Its
chemical composition reveals the presence of minor
amounts of impurities leading to the structural formula
(Mg2.66Fe0.08Ni0.05A10.03Cr0.01) £=2.83512.0805(OH)4)
(Fritsch et al., 2019). Note, however, that a fraction of these
impurities can also occur as trivalent cations in tetrahedral
sites. Its transmission Fourier-transform infrared (FTIR)
spectrum was obtained at room temperature on a KBr pellet
prepared with a sample-to-KBr mass ratio of 1/150mg
using a Thermo Scientific Nicolet 6700 FT-IR spectrom-
eter equipped with an EverGlo source, KBr beam splitter
and DTGS-KBr detector. The experimental spectrum was
recorded over the 4004000 cm™! range with a resolution of
4cm™! and co-addition of 100 scans.

The theoretical modeling framework is the same as that
previously used for investigating the structural and vibra-
tional properties of other phyllosilicates and hydrous min-
erals (e.g., Balan et al., 2001, 2002). The initial guess of the
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pristine antigorite structure was built using the experimen-
tal structure of the m = 17 polysome determined by Capitani
and Mellini (2004). Relevant properties were obtained us-
ing the density functional theory (DFT) and the generalized
gradient approximation (GGA) to the exchange-correlation
functional (xc-functional) as proposed by Perdew, Burke
and Ernzerhof (PBE) (Perdew et al., 1996) and a plane-
wave/pseudo-potential scheme, as implemented in the PWscf
and Phonon codes from the Quantum-ESPRESSO package
(Giannozzi et al., 2009; http://www.quantum-espresso.org,
last access: 15 July 2021). The ionic cores were described
by optimized norm-conserving pseudo-potentials from the
SG15-ONCV library (Hamann, 2013; Schlipf and Gygi,
2015). The wave functions and the charge density were ex-
panded in plane waves with 80 and 480 Ry cutoffs, respec-
tively. The discrete sampling of the Brillouin zone for elec-
tronic integration was restricted to the I point. Convergence
of the total energy to within 0.3mRy per atom was as-
certained by testing with more strict numerical parameters
(120Ry, 1 x 2 x 2 k points). Structure relaxations were per-
formed until the residual forces on atoms were less than
10~* Ry/a.u. Absolute value of the residual stress over the
cell was smaller than 4 kbar.

Harmonic vibrational (displacements and frequencies of
the normal vibrational modes at the Brillouin zone center
(I" point)) and dielectric (Born effective charge tensors and
electronic dielectric tensor) properties were calculated from
the second-order derivatives of the total energy with respect
to atomic displacements and external electric field using the
linear response theory (Baroni et al., 2001). The theoretical
powder infrared absorption spectra were obtained from the
low-frequency dielectric tensor of antigorite using the ap-
proach developed by Balan et al. (2001, 2008). This approach
computes the orientational average of the electromagnetic
power dissipated in an ellipsoidal particle (including needles
and plates as limit cases of oblate or prolate ellipsoids, re-
spectively) inserted in an infinite isotropic matrix, which is
characterized by a real dielectric constant, assuming that the
size of the isolated particle is significantly smaller than the IR
wavelength. In the calculation of the low-frequency dielectric
tensor (Eq. 1; Balan et al., 2001), a damping coefficient of
6cm™! was arbitrarily used to account for the homogeneous
width of absorption bands. Note that identical results can
be obtained by averaging the imaginary part of the particle
polarizability tensor, which corresponds to the high-dilution
limit of the effective medium absorption in the Maxwell—
Garnett approach (Egs. 19 and 24 of Kendrick and Burnett,
2016; https://github.com/JohnKendrick/PDielec, last access:
15 July 2021).
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3 Results and discussion
3.1 Theoretical structural properties of antigorite

The unit cell of the antigorite m = 17 polysome (S.G. Pm)
contains 291 atoms. The relaxed cell parameters are a =
43.86A, b=9.35A, c=7.39A and 8 =91.125°, in very
good agreement with the theoretical values (a =43.84 A,
b=9.33A, ¢ =7.38A) reported by Ghaderi et al. (2015)
with the same xc-functional. The theoretical edge lengths
overestimate their experimental counterparts (a = 43.505 A,
bh=9.2509 A, ¢ = 7.2625 A; Capitani and Mellini, 2004) by
0.8%, 1.1 % and 1.7 %, respectively. This theoretical over-
estimation is consistent with that observed on other minerals
in previous studies performed using the PBE xc-functional
(e.g., Ducher et al., 2016; Balan et al., 2019). The cell di-
mensions and the average (Mg-O), (Si-O) and (O-H) bond
lengths (2.107, 1.647 and 0.967 A, respectively) are also
slightly larger than those obtained by Capitani et al. (2009)
using the same xc-functional but performing the relaxation
of the cell geometry at constant volume. Besides these mi-
nor differences, the structural properties of the two theoret-
ical models are quite consistent regarding the distortion of
cationic polyhedra and dispersion of bond lengths (Fig. 1).
For example, the average length of apical Si-O bonds is
0.45 A shorter than that of the basal bonds, in excellent agree-
ment with the distortion of 0.44 A determined by Capitani et
al. (2009). Because of the low symmetry and large size of
the unit cell, a significant dispersion of cation—oxygen bond
lengths (Fig. 1) is observed around the average value as pre-
viously reported by Capitani et al. (2009).

3.2 Experimental and theoretical infrared absorption
spectrum of antigorite

The FTIR spectrum of the antigorite sample (Fig. 2) is
fully consistent with those previously reported by, for ex-
ample, Farmer (1974), Yariv and Heller-Kallai (1975), Ue-
hara and Shirozu (1985), Mellini et al. (2002) and Jovanoski
and Makreski (2016). In the mid-IR (MIR) range, the spec-
trum displays characteristic bands related to Si-O stretch-
ing modes in the 800-1300cm™! range. The main band is
split, with two components at 962 and 997 cm~!. A well-
defined band is observed at 1085 cm™! and two weaker bands
at 1130 and 1205cm™". At lower frequency, a triplet is ob-
served at 568, 618 and 648 cm™!. The band at 648 cm™! is
broadened toward higher frequencies, and weak features are
observed at 710 and 778 cm™!. Finally, a strong and split
band is observed at 436 and 446cm~! and a weaker shoul-
der at 505cm™!. All these features are also present in the
spectrum reported by, for example, Farmer (1974), suggest-
ing that they correspond to intrinsic vibrational properties of
antigorite and that they are not related to the presence of
impurities in the investigated sample. In the OH stretching
range (Fig. 2), the antigorite spectrum displays a broad and
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dominant band with a maximum at 3675 cm~! and a shoul-
der at 3696cm™!. A broad and weaker contribution can be
identified at ~ 3615cm™".

The diagonalization of the analytical part of the dynam-
ical matrix of the antigorite m = 17 polysome leads to 870
normal vibrational optical modes, including 62 OH and 84
Si-O stretching modes (see the Supplement). Due to the low
symmetry of antigorite, all these modes display some degree
of IR activity. The theoretical infrared spectrum (Fig. 2) was
derived assuming a platy particle shape parallel to the (001)
plane and inserted in an external isotropic medium charac-
terized by eexy = 2.25, as in Balan et al. (2002). Well-defined
absorption features are observed on the theoretical spectrum
despite the large number of vibrational modes, and most of
the bands experimentally observed can be related to a theo-
retical counterpart (Table 1). The linear correlation observed
between the experimental and theoretical positions of the
bands in the 400—-1200cm~! range supports the proposed
assignment. It indicates that theoretical values tend to be
systematically lower than the experimental values by ~ 4 %
(Fig. 3). Such frequency scaling is consistent with the over-
estimation of the unit cell volume by the theoretical model
and is a common feature of studies performed using the same
approximations (e.g., Ducher et al., 2016).

The systematic underestimation of vibrational frequen-
cies is, however, not valid for the OH stretching modes. In
this case, the difference between experimental and theoret-
ical frequencies also depends on the cancelation of errors
introduced by the harmonic approximation and the use of
the PBE xc-functional (Balan et al., 2007). Depending on
the investigated system, systematic differences between the
theoretical (harmonic) and experimental (anharmonic) OH
frequencies can range from ~0 to ~ 100cm™! (e.g., Jol-
lands et al., 2020; Balan, 2020). In the present case, the main
band at 3675 cm™! can be related to the theoretical band at
3732cm™!. The shoulder at 3696cm™! is the feature ob-
served at the highest frequency in the experimental spectrum
and for this reason is most likely related to the highest shoul-
der at 3772 cm™! in the theoretical spectrum (Fig. 2). These
assignments correspond to a theoretical overestimation of ex-
perimental frequencies by 57 to 76cm™!.

3.3 Analysis of vibrational modes and interpretation of
IR absorption bands

The relations established between experimental and theoret-
ical absorption bands makes it possible to assign the ob-
served bands to specific vibrational modes (Table 1). How-
ever, due to the large number of atoms and peculiar structure
of antigorite, it is not possible to reach as straightforward a
description as that previously obtained for the more symmet-
ric lizardite (e.g., Balan et al., 2002; Prencipe et al., 2009) be-
cause the vibrational modes can involve the coupling of dif-
ferent types of atomic displacements. In addition, the modes
can be extended over the full cell or restricted to a smaller

https://doi.org/10.5194/ejm-33-389-2021
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Figure 2. Experimental (top) and theoretical (bottom) IR absorption spectra of antigorite: (a) OH-stretching region, (b) mid-IR range. The
major features of the experimental and theoretical spectra are indicated by their wavenumber. The theoretical spectrum is computed for a

(001) plate inserted in a KBr matrix.

Table 1. Interpretation of experimental absorption bands. The mode number refers to the Supplement.

Experiment  Theory ~Mode number TO frequency? Polarization? Interpretation

(cm_l) (cm_l) (cm_l)

3696 3772 859-873 3763-3781 Z inner OH stretching

3675 3732 812-858 3649-3756 b4 interlayer OH stretching
1205 1166 811 1164 7, X Si-O stretching at 6-reversals
1130 1081 807 1079 Z Si-O stretching at 8-reversals
1085 1057 776 1005 z apical Si-O stretching

997 924 740 924 X basal Si-O stretching

962 901 731,732 901 y basal Si-O stretching

778 742 673 742 X OH libration

648 650 593 651 X OH libration

618 622 573,574 622 X,y OH libration

568 577 535,538 521, 528 z hindered OH translation

505 490 508 493 y Si-O bending

446 428 392 413 X Si-O bending

436 398 365, 366 397, 398 X,y hindered OH translation

@ Theoretical transverse optical (TO) frequency. b x,y,z correspond to the [100], [010], [001]* directions, respectively.

region of the structure. In the following, the interpretation
of the IR absorption bands will be proposed by considering
the vibrational frequency in conjunction with the polarization
and the IR activity of the modes (Fig. 4).

3.3.1 Si-O stretching modes in the 800-1300 cm—!
range

As in other hydrous phyllosilicates, vibrational modes ob-
served in the 8001300 cm™! range are assigned to modes
involving the stretching of Si-O bonds. According to the po-
larized measurements of Yariv and Heller-Kallai (1975), the
main band at 1085cm™! is polarized along the [001]* di-

https://doi.org/10.5194/ejm-33-389-2021

rection, whereas the two components at 962 and 997 cm™!

are in the (001) plane. The dominant polarization of the
corresponding resonances of the dielectric tensor and re-
lated vibrational modes (Fig. 4) confirms the attribution
of the 1085cm™" to the stretching of apical Si-O bands,
whereas the 962 and 997 cm~! bands dominantly correspond
to the stretching of basal Si-O bonds with polarization along
the [100] and [010] directions and computed at 901 and
924 cm™!, respectively. Note that macroscopic electrostatic
effects can upshift the bands with respect to the correspond-
ing mode frequencies (e.g., Balan et al., 2002, for lizardite).
This is the case for the band computed at 1057 cm™!, which
corresponds to a mode frequency of 1005cm™! (Table 1).

Eur. J. Mineral., 33, 389-400, 2021
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tal absorption bands. The linear correlation supports the proposed
assignment (Table 1) and indicates that theoretical frequencies are
underestimated by ~ 4 %.

These effects are discussed in further detail below (Sect. 3.4).
It is noteworthy that additional calculations performed on
lizardite using the same numerical parameters lead to a basal
Si-O stretching at 882 cm™!, indicating that the model also
reproduces the frequency increases in the antigorite bands
with respect to lizardite whose basal Si-O stretching band
is observed at ~ 950 cm™! (e.g., Mellini et al., 2002). The
IR intensity of each of the 997 and 1085 cm™~! bands is car-
ried by a single vibrational mode involving the collective vi-
bration of the whole cell (Fig. 5). In contrast, the band at
962 cm~! has a more composite nature (Fig. 4), with several
modes restricted to specific regions of the unit cell. The two
dominant modes are mostly localized in two different regions
of the cell separated by tetrahedral reversals (Fig. 5).
Interestingly, the two weak bands at 1205 and 1130 cm™!
also have theoretical counterparts (Fig. 2). The analysis of
the dielectric tensor indicates a dominant polarization of
these bands along the [001]* direction (Fig. 4). The former
band is related to a localized vibrational mode involving the
stretching of Si-O bonds whose oxygen atom is located on
the 6-reversal of the structure (Fig. 5). The later band has a
similar origin but involves a mode computed at 1079 cm™!
(mode 807) corresponding to vibrations localized on the 8-
reversal of the structure (Fig. 5). Note that the mode com-
puted at a frequency just below (1076.5cm™!, mode 806)
only has a weak contribution to the theoretical absorption
band, which supports the assignment of the band experimen-
tally observed at 1130cm™! to the occurrence of 8-reversals
in the antigorite structure. The observation of this band in
the FTIR spectrum of antigorite (Farmer, 1974; Mellini et
al., 2002) could thus be considered as an independent ar-
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range. The IR activities of the vibrational modes in (D /A)Z/amu
are reported at the bottom as vertical sticks. Difference between IR
activities computed with and without the contribution of hydrogen
(see text) is also reported. Note that the position of the resonances
of the dielectric tensor can differ from that of the bands in the ab-
sorption spectrum computed for a specific particle shape.

gument in support of the structural model proposed by, for
example, Uehara (1998), Grobéty (2003) and Capitani and
Mellini (2004).

3.3.2 The 400-800 cm~! range: OH libration and
hindered translation modes and SiO4 bending
modes

Based on the previous analysis of the vibrational properties
of lizardite (Balan et al., 2002; Prencipe et al., 2009), the
bands observed in the 500-800cm~! range should involve
the libration and hindered translation of OH groups. How-
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Figure 5. Views of oxygen displacements in selected Si-O stretching modes (green arrows whose length is proportional to the magnitude of
atomic displacement). Corresponding Vesta files are reported as supplementary information. Mode number and corresponding experimental
frequencies (Table 1) are reported. Note the localization of the modes 811 and 807 on 6- and 8-reversals, respectively. Both the modes 731

and 732 contribute to the band observed at 962 cm™!.

ever, the lower symmetry of antigorite leads to relatively
complex displacement patterns, complicating an interpreta-
tion solely based on a visualization of atomic displacements
in the vibrational modes. Some insight into the nature of
the observed bands can be gained by canceling the contri-
bution of hydrogen atoms to the infrared absorption, setting
the Born effective charge of hydrogen atoms to zero.

Comparing the IR intensity of the modes computed with
this setting to those obtained in the full calculation confirms
that the contribution of hydrogen displacements is major in
the bands between 600 and 800 cm™! but almost negligible
in the Si-O stretching bands (Fig. 4). The intensity of the
bands observed at 618 and 648 cm™! is dominantly related to
the libration of OH groups inducing their polarization in the
(001) plane. These bands correspond to about 50 vibrational
modes explaining the broadening of the 648 cm™! band to-
ward the high frequencies. A quasi-continuum of vibrational
states is observed up to 830cm™! among which a libration
mode (mode 673) polarized along the [100] direction and
involving the collective displacement of almost all the OH
groups of the cell corresponds to the weak feature experi-
mentally observed at 778 cm™!.

The setting of the hydrogen charge to zero does not always
decrease the absorption intensity. An increase in the whole
(negative) charge of the OH group leading to a stronger IR
absorption is expected for modes involving the rigid dis-
placement of OH units. A significantly negative contribution
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of hydrogen to the IR activity is observed for two modes at
521 and 528 cm~! (modes 535 and 538) and two modes at
397.3 and 398 cm~! (modes 365 and 366). The correspond-
ing modes can thus be identified as related to the hindered
translation of OH groups, even though a significant coupling
with other types of atomic displacements occurs. The polar-
ization of the mode at 521 cm™! along the [001]* direction
is consistent with the polarization of the 568 cm™! band ex-
perimentally determined by Yariv and Heller-Kallai (1975).
Two other hindered translation modes of OH groups lead to
the band computed at 398 cm™! corresponding to the exper-
imental band at 436 cm™!.

Finally, the bands experimentally observed at 446 and
505cm™! (Table 1) do not display a significant hydrogen
contribution in the related modes (Fig. 4). Based on the vi-
sualization of atomic displacements, they can be assigned to
modes dominantly related to the bending vibration of SiO4
tetrahedra.

3.3.3 The OH stretching modes of antigorite

The bands observed between 3550 and 3850 cm™! are unam-
biguously assigned to OH stretching vibrations. All the cor-
responding 62 theoretical modes are dominantly polarized
along the [001]* direction.

In total 16 modes with theoretical frequencies between
3756 and 3781 cm~! correspond to the stretching modes
of inner OH groups located in cavities formed by silicate
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rings. Each mode can be assigned to a single OH group. The
highest-frequency mode at 3781 cm™! corresponds to an OH
group located at the center of the 8-membered silicate ring of
the 8-reversals, whereas the mode at 3756 cm ™! corresponds
to OH groups in the 6-membered rings of the 6-reversals.
As in lizardite, these modes lead to a weak IR absorption
because of the small value of the related component of the
hydrogen Born effective charge tensor (Supplement).

The 46 other modes involve OH groups in interlayer con-
figuration and the corresponding OH vibrations display some
degree of coupling. A quantitative assessment of the local-
ized or delocalized character of these modes can be obtained
using an inverse participation ratio (P) restricted to the H
atoms. The inverse participation ratio of mode v is defined as
follows (Hage et al., 2020):

2
Py= > (Zegke;k> , (1)

i=1,N \k=1,3

where ei"’ « 18 the eigen displacement of atom i in direction k
for mode v and N is the number of atoms. For the analysis of
stretching modes, the sum is restricted to the displacements
of the N = 62 hydrogen atoms of the unit cell, and the dis-
placements are normalized by the following condition:

Yo (efvel) =1 @)

i=1,Nk=1,3

For a mode localized on a single OH bond, the inverse par-
ticipation ratio P (v) is close to 1 whereas it tends to 1/N
for a mode fully delocalized over the N atoms of the unit
cell with modules of individual H displacements approxi-
mately equal to each other. The factor P(v)~! thus measures
an effective number of H atoms participating in the vibra-
tional modes. In the case of antigorite OH stretching modes,
P(v)~! ranges from 1 for the inner OH groups to about 7
for the most delocalized modes observed around 3700 cm™!
(Fig. 6). This suggests that the symmetry lowering due to the
layer curvature has a significant effect on the dynamic of OH
groups leading to a localization of the vibrations. This lo-
calization can be related to the significant dispersion of OH
bond lengths observed in the relaxed structure (Fig. 1). The
corresponding dispersion of vibrational frequencies extends
over ~ 100 cm™!, which is consistent with the width and the
shape of the main band observed in the experimental spec-
trum (Fig. 2).

Interestingly, four modes (modes 812 to 815) observed
at low frequency (3649-3667 cm~!) display a single-bond
character (Fig. 6). They are associated with OH groups
sharing relatively short (2.05-2.08 A) hydrogen bonds with
basal oxygen atoms associated with the 8-membered or 4-
membered silicate rings belonging to 8-member reversals
(Fig. 7). The corresponding OH groups appear at the upper
edge of the distribution of OH bond lengths (Fig. 1). These
modes are expected to contribute to the infrared absorption
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Figure 6. Imaginary part of the diagonal element (z, z) of the antig-
orite dielectric tensor reported as a function of frequency in the
OH stretching range. The IR activities of the vibrational modes
10-(D/ ;\)2/amu on the left vertical scale) are reported as vertical
sticks at the bottom of the figure. The participation factors P(v)_1
of the modes are reported as circles with values on the right verti-
cal scale. Note the localized character (P(v)_l ~ 1) of stretching
modes related to inner OH groups observed on the high-frequency
side of the spectrum and the presence of localized modes associated
with 8-reversals on the low-frequency side.

at the lower-frequency side of the OH stretching bands and
could be related to the broad and weak shoulder observed at
~3615cm~! (Fig. 2), which is also present at 3622 cm™!
in the spectra reported by Mellini et al. (2002). Uehara and
Shirozu (1985) also proposed that the bands they observed
at 3660, 3645 and 3625 cm™! in the spectra of Al- and Fe-
poor samples were related to OH groups located around re-
versal regions where shorter H-bond may be expected. Our
results can support this interpretation, at least for the band at
3625 cm™~! which is observed at a frequency 60 cm™! below
that of the absorption maximum. However, this assignment
remains ambiguous because the impurities present in the in-
vestigated natural samples (e.g., Fe, Ni, Al, Cr) could also
contribute to the presence of absorption bands in this fre-
quency range.

3.4 Macroscopic electrostatic effects in the infrared
spectrum of antigorite

Macroscopic electrostatic interactions within and between
the powder particles are known to affect the FTIR spectra of
phyllosilicates as discussed by, for example, Farmer (1998,
2000) and Balan et al. (2001, 2002). These effects are re-
lated to the presence of a depolarization field in the particles,
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mode 814

mode 812

Figure 7. Views of the atomic displacements in the localized OH
stretching modes associated with the 8-reversals (green arrows
whose length is proportional to the magnitude of atomic displace-
ment). Corresponding Vesta files are reported as supplementary in-
formation. The modes 812 and 814 contribute to the theoretical
bands at 3649 and 3665 cm™!, respectively. They are related to the
modes 813 and 815, respectively, by the pseudo 2-fold axis corre-
sponding to the reversal.

which is determined by electrostatic boundary conditions at
the interface between the particle and the external medium.
Due to the platy shape of clay particles, these effects pref-
erentially affect the modes with a strong polarization in a
direction perpendicular to the plates, i.e., along the [001]*
direction. For example, kaolinite bands with this polarization
are shifted toward higher frequencies in fine-grained samples
with respect to coarser ones (Farmer, 1998). In the present
case, these modes correspond to the stretching of apical Si-
O bonds, to the hindered translation of OH groups along
the [001]* direction (Fig. 4), and to a lesser extent to the
stretching of OH groups. Comparing the position of the ab-
sorption bands to the corresponding transverse optical fre-
quencies (Table 1) reveals that the Si-O stretching and OH
translation bands are shifted by 52 and 56 cm™! respectively.
This compares to the values determined for the correspond-
ing modes in lizardite (57 and 66 cm ™!, respectively, Balan et
al., 2002). The shift between the maximum of the OH stretch-
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ing absorption band from the corresponding resonance of the
dielectric tensor amounts to 16 cm™1, which also compares
to the shift reported for lizardite (21 cm™1).

The sensitivity of absorption bands to macroscopic elec-
trostatic effects can be visualized by comparing the spectra
computed for different particle shapes, showing that signif-
icant variations mainly affect strong bands (Fig. 8). For ex-
perimental samples with arbitrary particle shapes, broadened
bands centered on an average frequency corresponding to
that computed for a spherical particle are expected. As elec-
trostatic effects marginally affect the weak bands, such as
those experimentally observed at 1205 and 778 cm™!, these
bands can be identified as narrower features on the experi-
mental spectra. Consistently, weak bands can be more sen-
sitive to the atomic-scale variability of the samples than the
intense bands.

The intense basal Si-O stretching bands can be signifi-
cantly broadened by long-range electrostatic interactions and
also by the presence of defects and impurities in the in-
vestigated natural samples. This can explain the absence of
the features theoretically predicted at 956 and 1006 cm™!
in the experimental spectrum, which instead displays an
asymmetric spreading of the absorbance from the 997 to
the 1085cm™~! band (Fig. 2). Similarly, macroscopic elec-
trostatic effects should contribute to the broadening of the
stronger stretching band related to interlayer OH groups,
whereas the unaffected inner-OH stretching band appears as
a marked shoulder at 3696 cm™! in the experimental spec-
trum (Fig. 2).

Although often reported as flat or tabular crystals, antig-
orite can also occur as an asbestiform material consisting of
bundles of lath-shaped particles elongated along the [010]
direction (e.g., Belluso et al., 2017). From a theoretical per-
spective, this shape can be approximated as a cylindrical nee-
dle extending along the [010] direction. In this case, dom-
inant spectral changes should affect the main band related
to the basal Si-O stretching along the [100] direction, whose
theoretical shift between (001) platy particles and [010] nee-
dles reaches ~ 50 cm ™! (Fig. 8).

4 Concluding remarks

We have theoretically computed the infrared absorption
spectrum of the antigorite m = 17 polysome using a first-
principles quantum mechanical approach. This computation
on a much larger system size (291 atoms) than that inves-
tigated in our previous study of lizardite (18 atoms; Balan
et al., 2002) was rendered possible thanks to the increase
in computing power over the years. The comparison of the
theoretical spectrum with an experimental one recorded on
a natural antigorite sample allowed us to assign most of
the observed bands to specific vibrational modes of antig-
orite, thus supporting the model proposed by Capitani and
Mellini (2004). Specific signatures of the antigorite rever-
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Figure 8. Theoretical infrared spectra of antigorite computed for three different particle shapes: (001) plate, sphere and cylindrical fiber
elongated along the [010] direction. The spectrum of the plate corresponds to that displayed in Fig. 2. Note the sensitivity of the strong bands

to the particle shape, whereas weak bands are weakly affected.

sals have been identified in the Si-O stretching range and
more tentatively in the OH stretching range. The obtained
results also allow us to explain the spectral changes observed
between antigorite and lizardite. They confirm the impor-
tance of combining experimental observations and theoret-
ical models to unravel the fine details of mineral structures
from spectroscopic observations. The present interpretation
of the antigorite infrared spectrum should support the spec-
troscopic identification of antigorite in complex natural sam-
ples displaying a mixture of serpentine-group minerals.

Data availability. Structure drawings have been produced with the
Vesta software (Momma and Izumi, 2011). PWscf and PHonon
codes (Giannozzi et al., 2009) are available at http://www.
quantum-espresso.org/ (last access: 15 March 2021). The pseu-
dopotentials (Mg_ONCV_PBE-1.0.upf, O_ONCV_PBE-1.0.upf,
Si_ONCV_PBE-1.1.upf, H_ONCV_PBE-1.0.upf) are available at
http://www.quantum-simulation.org/potentials/sg15_oncv/ (last ac-
cess: 7 June 2021). The structural, dielectric and vibrational prop-
erties of the model are provided as an electronic supplemen-
tary file, together with Vesta files enabling a visualization of the
modes. Additional requests should be addressed to Etienne Balan
(etienne.balan @sorbonne-universite.fr).
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