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Abstract. Raman spectroscopy combined with electron microprobe analysis as well as Mossbauer spec-
troscopy was applied to a series of 18 samples along the phlogopite (KMg3zAlSizO19(OH);)—annite
(KFe§+AISi3010(OH)2) join to establish a truly non-destructive method for crystallochemical characterization
of biotite (A{M3T4010X2, M3 = M1M2M2). The Raman scattering arising from the framework (15-1215 cm™ 1)
and OH-stretching phonon modes (3000-3900 cm™~!) was used to build up correlation trends between the Raman
spectral features and crystal chemistry of biotite. We show that (a) the contents of MMg, MEeZ+ and MFe3t con-
tents can be quantified with a relative error of ~ 6 %, ~ 6 %, and ~ 8 %, respectively, by combining the integrated
intensities of the OH-stretching peaks assigned to various MIM2M?2 local configurations with the wavenumber
of the MOg vibrational mode near 190 cm™!; (b) the MTi content can be estimated from the peak position and
FWHM (full width at half maximum) of the second strongest TO4-ring mode at ~ 680 cm™!, with a precision
of 22 %; (c) the content of TSi can be estimated from the position of the second peak related to TO4-ring vi-
brations near 650 cm™!; (d) for phlogopite the TAl content can indirectly be calculated by knowing the amount
of TSi, whereas for annite it is hindered by the plausible presence of TFe?*; (e) the “K content can be quan-
tified by the position of the peak generated by T-Oy-T bond-stretching-and-bending vibration at ~730cm™';
and (f) interlayer-deficient biotites and F-rich phlogopite can be identified via their unique OH-stretching Ra-
man peaks around 3570 cm~! and 3695 cm™!, respectively. Our results show a potential tool for non-destructive
quantitative estimations of the major (Mg, Fe, Si, Al, K) and minor (Ti) elements of the crystal chemistry of the
biotite mineral group by using a non-destructive technique such as Raman spectroscopy, although its sensitivity
is generally lower than that of electron microprobe analysis and therefore cannot detect trace elements. This is
fundamental within the framework of cultural heritage where samples cannot be powdered or disassembled.

1 Introduction

Phyllosilicates can be found in a variety of cultural-heritage
objects such as clay tablets (e.g., Uchida et al., 2015), seals
(Zazoff, 1983), earth pigments (e.g., Hradil et al., 2011; Cor-
radini et al., 2021), blotting sand (e.g., Milke, 2012), archeo-
logical decoration-related ceramics (e.g., Bersani and Lottici,
2016; El Halim et al., 2018), inscribed gems (e.g., Wang et
al., 2013; Bersani and Lottici, 2016; Mihailova et al., 2021,
and references therein), and in general as weathering prod-

ucts on the surface of common rock-forming silicate min-
erals (e.g., Velbel, 1993). To achieve a detailed insight into
the locality and provenance of such cultural-heritage objects
(e.g., Bersani and Lottici, 2016; Mihailova et al., 2021), the
determination of the mineral/phase composition as well as of
the crystal chemistry within each single mineral constituent
is necessary.

Commonly, the crystallochemical characterization of min-
erals is carried out through wavelength-dispersive elec-
tron microprobe analysis (WD-EMPA) and X-ray diffrac-
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tion (XRD). However, such analytical methods require spe-
cial sample preparation, which is highly undesirable or even
prohibitive from the viewpoint of cultural heritage, due to
the uniqueness of the examined sample. X-ray fluorescence
(XRF) reflection is a well-known method for non-destructive
chemical characterization of samples, but the final output is
just the average chemical composition of the studied object
expressed in oxide weight percent (wt %), without any infor-
mation about the chemistry of the individual mineral phases
inside the cultural-heritage object. Besides, the detection of
light element-containing mineral species, for instance H-, C-,
and B-bearing, is not viable by XRF. Consequently, alterna-
tive, non-invasive, preparation-free methods such as Raman
spectroscopy that can solve such challenges are becoming
increasingly popular among the scientific community. The
biggest advantage of Raman spectroscopy over other non-
destructive analytical methods is that it can distinguish be-
tween different mineral phases within the same rock. At the
same time, the exact elemental distribution within each struc-
ture type can be determined, as vibrational phonon modes
are sensitive to both structure and chemistry (e.g., Bendel
and Schmidt, 2008; Prencipe et al., 2012; Watenphul et al.,
2016b; Waeselmann et al., 2020). Furthermore, the overall
roughness of the surface does not interfere with analysis, be-
cause the use of a microscope allows for focusing down to
1-2 pm.

For a truly non-destructive crystallochemical characteri-
zation of rock-based written artifacts containing phyllosil-
icates, we have decided to study a series of natural bi-
otite samples by WD-EMPA and Raman spectroscopy, be-
cause this type of layered silicates can form a complete
solid solution between the magnesian endmember phlogo-
pite (KMg3AISi3010(OH),) and ferrous endmember annite
(KFe%*AlSigOlo(OH)z) and thus can serve as model phyl-
losilicate group with interlayer cations.

Biotite is a trioctahedral mica with the general formula
ARKM(Mg;_Fe2")T(AlSi3)OF (OH,F),, where the A site
can accommodate additional minor or trace quantities of
Na't, O (vacancy), Ca>t, and Ba’>T; M refers to the octa-
hedrally coordinated cationic site, where minor amounts of
Fe3*, AT, Ti*t, and Mn?t and trace amounts of Cr3t,
Zn**, Lit and O can be found; T refers to the tetrahedrally
coordinated cationic site, which can also incorporate Fe3*
as a minor element; and X denotes the anionic site, which
can be also occupied by minor or trace quantities of Cl1~ and
O’~. Biotite crystallizes in monoclinic C2/m symmetry and
its structure consists of an octahedral sheet (Os) sandwiched
between two tetrahedral sheets (7s). The Ts—Os—Ts layers
are intercalated by A-site monovalent cations (see Fig. 1),
resulting in the Ts—Os—Ts-A stacking sequence typical of bi-
otites. Each tetrahedron shares three O atoms (bridging O
atoms; Oyp) with adjacent tetrahedra, thus forming a quasi-
two-dimensional system of six-membered rings. The tetra-
hedral non-bridging O (Opp) is shared with three octahe-
drally coordinated M cations, which are distributed between
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Figure 1. Sketch of the scattering geometries along with fragments
of the atomic structure of biotite in the corresponding orientations:
(a) horizontal orientation with the cleavage plane L to the laser
beam direction and || to Ej and (b) vertical orientation of the biotite
crystal with the cleavage plane || to laser beam direction and L to
E;. TO4 tetrahedra are in blue; MOg octahedra are in orange; A-
site cations are in purple; 02~ anions are in red; H cations are in
pink-whitish. VESTA software package (Momma and Izumi, 2008)
was used to plot the atomic structure.

two crystallographic sites, M1 and M2, and each M1M2M2
triplet is bonded to two X-site anions. Based on single-crystal
XRD analysis, it has been established that M2 is the preferred
site for Ti*T and Fe3*t, whilst divalent M cations as well
as AT are randomly partitioned on both M1 and M2 sites
(e.g., Redhammer et al., 2000; Scordari et al., 2006; La-
calamita et al., 2011). Finally, A-site cations are coupled with
six Oy atoms of the tetrahedral sheets.

So far, the substitutional mechanisms of biotites with
various chemical compositions have been thoroughly stud-
ied by single-crystal XRD, EMPA, and Mdssbauer spec-
troscopy (e.g., Brigatti et al., 2000; Redhammer et al.,
2002; Scordari et al., 2006; Lacalamita et al., 2011; Schin-
garo et al.,, 2013). In addition, Fourier-transform infrared
(FTIR) and Raman spectral features of biotites together with
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peak assignment of the framework vibrational modes (15—
1215cm™") and OH-stretching modes (3550-3750cm™")
have been reported over the last 3 decades (e.g., McK-
eown et al., 1999; Tutti and Lazor, 2008; Wang et al.,
2015; Singha and Singh, 2016). Much attention has been
given to the FTIR analysis of the OH-stretching peaks
and their relation to different chemical configurations of
MIM2M2 triplet sharing X(OH)~, such as MgMgMg-
OH™ at 3709cm~!, MgMgFe?’"-OH™ at ~3695cm™!,
MgMgFe3t-OH™ near 3660-3670cm~!, MgFe?tFe’*-
OH™ near 3666-3670cm™!, and Fe?TFe2tFe2t-OH™ near
3640-3665 cm™! (e.g., Redhammer et al., 2000; Scordari et
al., 2012; Schingaro et al., 2013, and references therein). Re-
cently, Wang et al. (2015) suggested a linear dependence of
the positions of specific Raman peaks in the spectral ranges
750-780 and 3500-3800 cm™~! on the Fe?* /(Mg + Fe?*) ra-
tio, although they have neither separated TFe and MFe nor
discriminated Fe2* from Fe3t. Moreover, Tlili et al. (1989)
postulated that the Raman peak of di- and trioctahedral mi-
cas at ~ 195 cm™! is sensitive to MAl and TAl content, since
it shifts towards higher wavenumbers with increasing both
tetrahedrally and octahedrally coordinated Al content; how-
ever the number of biotite samples (a total of four) used in
this study was insufficient to quantify the trend along the
phlogopite—annite join.

In the present paper, we report the results of comprehen-
sive Raman spectroscopic analyses combined with EMP and
Mossbauer spectroscopy on 18 biotites with various chem-
ical compositions, covering the whole biotite solid-solution
series, aiming at establishing quantitative relationships be-
tween Raman signals (peak positions, integrated intensities,
and full widths at half maximum; FWHMSs) and the crystal-
lochemical composition of the biotite-group minerals. The
goals were (i) to verify whether the Raman scattering aris-
ing from the framework and OH-stretching vibrations can as-
sist in identifying biotite-group minerals through an entirely
non-destructive analytical technique; (ii) to clarify the effect
of grain orientation on the Raman signals; and (iii) to under-
stand the behavior of the major as well as minor elements (for
instance Ti) within each crystallographic site as a function of
the Raman signals, since they are significant crystallochemi-
cal markers that can indicate locality, a critical aspect in the
field of cultural heritage.

2 Materials and methods
2.1 Samples

The biotite minerals studied here are from the mineral col-
lection of the Mineralogical Museum, Universitit Ham-
burg. Details about their provenance, chemical formulae, and
names according to the IMA (International Mineralogical
Association) nomenclature (Rieder et al., 1998) are given in
Table 1.
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2.2 Analytical methods

2.2.1 Wavelength-dispersive electron microprobe
analysis (WD-EMPA)

EMP analyses of biotite were performed with a Cameca
SX100 SEM (scanning electron microscope) system with a
wavelength-dispersive detector by using the following oper-
ating conditions: 15kV electron accelerating voltage, 20 nA
beam current, and a ~ 10 um beam-spot size on the sample
surface. The employed standards were LiF for F; albite for
Na; MgO for Mg; corundum for Al; andradite for Si, Ca,
and Fe; vanadinite for Cl; orthoclase for K; MnTiO3 for Ti
and Mn; NiO for Ni; olivenite for Cu; Pb-containing glass
for Zn; SrTiO3 for Sr; and Ba-containing glass for Ba and
Cr, O3 for Cr. The acquisition times were 20 s for Mg, Al, Si,
K, Ca, and Fe; 30s for Na, Cl, and Ti; 60s for Mn, Ni, Cu,
Zn, Sr, Ba, and Cr; and 120 s for F. EMP data were acquired
on 50-100 separate spots on each sample and then averaged
to yield the chemical compositions and statistical standard
deviations (o) presented in Table S1 in the Supplement. The
content of hydroxyl groups, as well of tetrahedrally and octa-
hedrally coordinated Fe’* (TFe3* and MFe?™, respectively),
was calculated using the charge-balance approach of Li et
al. (2020), who developed a machine learning method based
on principal component regression (PCR). This method was
built up on a dataset of more than 150 well-characterized bi-
otite reference samples whose crystallochemical data have
previously been refined. Biotite samples have randomly been
categorized into two groups, namely the training and the test
set, where the latter one has been used to testify the perfor-
mance of the model and to establish a linear regression coef-
ficient matrix. Based on the derived matrix, the atomic pro-
portions of elements, including TFe3t, MFe>+ MFe3+, XOH,
and XO2~, can be precisely calculated with R? > 0.95 for
the major elements. We have assumed that the analyzed bi-
otite samples are lithium-free, which did not affect the qual-
ity of the calculated chemical formulae, as pointed out by Li
et al. (2020). Elements whose standard deviation was greater
than the average content were not included in the calculated
chemical formulae. Moreover, biotite formulae were calcu-
lated by assuming that the valence state of Ti is 4+, after
Scordari et al. (2013).

2.2.2 Mossbauer spectroscopy

Selected biotite samples were further subjected to 'Fe
Massbauer spectroscopy to verify the fraction of Fe’™
cations and their distribution over the T and M sites, using
the setup available at the Universitidt Salzburg, Austria. Data
were acquired at room temperature using an apparatus in a
horizontal arrangement (°’Fe Co/Rh single-line thin source,
constant acceleration mode with symmetric triangular veloc-
ity shape, multi-channel analyzer with 1024 channels, and
regular velocity calibration against metallic Fe). Absorbers
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Table 1. Biotite chemical formulae (in apfu, atoms per formula unit) calculated from EMPA and Mdssbauer spectroscopy (for the samples with an superscripted b) on the basis of

12 anions at the X site. Sample provenance and biotite names according to IMA nomenclature (Rieder et al., 1998) are provided as well.
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m Interlayer site (A) Octahedral site (M) Tetrahedral site (T)  Anionic site (X)
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m B1 York, Ontario, Sodian F-rich Ko.84Nag 12Bag 0100.03 Mgy 91Alg.12Tig.07 Siz.94Al] 06 OHj 08F0.5400.38
) Canada phlogopite
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.m Canada fluorophlogopite
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< Siberia, Russia fluorannite
S
M BS Kovdor, Russia Octaferrian Ko.88Nag.06Bag.0200.04 me.wqﬂowwm‘—.wcbh Alp.0300.01 Sip g4Alj 16 OH| 6700.28F0.05
2 phlogopite
~—)
= . . .
g B6 Phalaborwa, F-containing Ko.89Nag 03Bag 010o.07 me.wmm&modo.m_EOEOS.EZ:o.S Uo.o4 Sip gsAly 15 OH] 2500.53F0.18Clo.04
= South Africa octaferrian phlogopite
S
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< B7 Farmsen, Hamburg, ~ (OH)-rich Ko.90Nag.04Bag.0400.02 Mgy gsFe ) Feg b Alo.o2Tio.o2 Sip g6Al 14 F1.210H0.7700.02
=] Germany fluorophlogopite
)
.MLW» B8 Laacher See, Eifel, Titanian ferroan Ko.91Nag 06Bag.0200.01 Z_mw.Emnw..mmﬂo.m_>_o._omow..mmono.9 Sip 72Al 28 OH1 2200.69F0.00
= Germany oxy-rich phlogopite
£
~—)
B B10 Moravita, Romania Octa-ferri-containing Ko.91Nag.0350.06 me.owmome Alp.1100.02 Sip ggAly 12 OH| 7600.16F0.08
d .
& phlogopite
M B12 Upper Palatinate, Aluminian ferroan Ko.91Nag,0200.07 Zm_.;mnw..miﬁo.uoﬂo._omowwn%z:o.omﬂ_o.oq Sip 72Al 28 OH| 650035
e Bavaria, Germany phlogopite
=
. . . 2 3 . .
o B13b Johnstown, Ti-containing Ko.89Nag.0200.09 Fey L Feg 53 Mg0 30 Tio 19Al0.08Mno.04 0o, 15 Sip 73Al1.27 OH} 6000.34F0.05Clo.o01
© California, USA magnesian annite
-
.m B14° Ilmensky Mountains,  Ti-containing Ko.94Nag 9sBag 01 mow.w_Zmo.amnw.wqﬂo.wwzg.omZo.SNspo_ Uo.07  Siz.egAl132 OHj 2500.54F0 .21
£ Russia magnesian
< . .
% oxy-rich annite
B16 Auvergne, France Aluminian F-rich Ko.92Nag,0400.04 mmw.ﬁ>_o.moZmO.aﬂo.ooZS.gNsoSDo.wo Si goAlj .20 OH, 30F0.6300.07
annite
B17° Sebastopol, Ontario,  Ferroan (OH)-rich Ko.88Nag 08Bag.0100.03 Mg 01 1&&@&9_%&&@258 Alp.01Zng.01 Siz 97Al1 03 Fo.880H.8300.28Clo.01
Canada fluorophlogopite
BI8 Ytterby, Sweden Magnesian interlayer- Ko.63000.37 WQWMOTQWMWZWOQOHWO._w>_o.o#7\—:o.omﬂ_o.om Sip 49Aly 51 OH1 6600.22F0.06Clo.06
deficient annite
B19P Faraday, Ontario, F-rich magnesian Ko.94Nag 050o.01 woﬁ%,\_mo‘momowmoko‘Eﬁo‘oeNsoSZso‘SDo‘_m Sip 72Al) 28 OH] 42F0.5000.08
Canada annite
B20 Usti nad Labem, Titanian ferroan Ko.86Nag.0gBag.010o.05 me.oomow..mq‘ﬂo.ww>_o._@mow..ﬂwﬁno.o_ Sip 75Al4 25 OH1.1800.76F0.06
Czech Republic oxy-rich phlogopite
B21° Kalar Mountains, Tetra-ferri- and Ko.91Nag 02Bag.0100.05 Fe3 b, Tig 23Fe) §;Mng 06 Zn.0sMgo.040.25 Si322Alg67Feg Y, F1.030H0.7100.25C0 01
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Siberia, Russia

Ti-containing
fluorannite

@ Cationic and anionic site occupancy is given in decreasing order of abundance.
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were prepared with a nominal density of about 5 mg Fe cm™2

with the mica sample being filled into Cu rings, with an inner
diameter of 10 mm and depth of 2 mm and fixed with epoxy
resin. The spectra were recorded with the absorber being ori-
ented at the so-called magic angle (54°) to the source to avoid
texture effects. Data evaluation was done with the RECOIL
program suite, using the Voigt-based hyperfine distribution
approach; for details on data evaluation, see Redhammer et
al. (2005).

2.2.3 Raman spectroscopy

Raman spectra were collected with a Horiba Jobin Yvon
T64000 triple-monochromator system coupled with a Sym-
phony LN>-cooled CCD (charge-coupled device) detector
and an Olympus BH41 confocal microscope with a 50x long
working distance objective. The green line (A = 514.532 nm)
of a Coherent Innova 90C FreD Ar™ laser was used to ex-
cite the Raman scattering. The spectral resolution achieved
with the green laser was ~2cm™!, while the instrumental
peak position accuracy was ~0.35cm™!. The Raman spec-
trometer was calibrated using the 520.5cm™! line of a sil-
icon standard wafer. The laser-spot diameter on the sam-
ple surface was ~ 2 um, while the laser power on the sam-
ple surface was 7.9 mW. The spectra were collected in the
spectral ranges 15-1215 and 3000-3900 cm™~!, with expo-
sure times varying between 20 and 60 s and averaging 10 to
30 repeated acquisitions to improve the signal-to-noise ra-
tio. The measured Raman spectra were baseline-corrected
with a polynomial function, temperature-reduced to account
for the Bose—Einstein distribution of phonons, and fitted
with pseudo- Voigt peak-shape functions PV =puL+(1—u)G
(L and G stand for Lorentz and Gauss peak-shape functions,
respectively, while u is a variable weight coefficient) to de-
fine the peak positions w, FWHMs, and integrated intensi-
ties /. The usage of the OriginPro 2019 software package
facilitated the Raman data evaluation.

In general, Raman peak intensities depend on the crys-
tal orientation as well as on the mutual orientation of the
polarization of the incident (Ej) and scattered light (Ej).
Considering that in trioctahedral micas such as biotites the
OH groups are perpendicular to the cleavage plane (Li-
bowitzky and Beran, 2004), i.e., the crystallographic (001)
plane, parallel-polarized (E;||Es) and cross-polarized (E; L
E) Raman spectra were collected in backscattered geometry
from two different orientations of the biotite crystals, with
E; parallel (Fig. 1a) and perpendicular to the cleavage plane
(Fig. 1b). This results in four scattering geometries (given
in Porto’s notation): horizontal parallel-polarized zZ(yy)z,
horizontal cross-polarized z(xy)z, vertical parallel-polarized
¥(zz)y, and vertical cross-polarized y(xz)y geometries, with
z perpendicular to the (001) plane and x L y 1 z.

https://doi.org/10.5194/ejm-34-573-2022

3 Results

3.1 Chemical composition from wavelength-dispersive
EMPA and Méssbauer spectroscopy

The chemical composition in oxide weight percent of the
studied biotites are reported in Table S1. The relatively low
standard deviations reveal an overall homogenous distribu-
tion of major and minor elements among each studied bi-
otite; i.e., the crystals are not chemically zoned. The EMPA
results were initially checked for too low or too high oxide
totals in weight percent, which should typically vary between
93.5 wt % and 98.5 wt %, as the H,O content varies between
1.5 wt %—4.5wt % (e.g., Brigatti et al., 2000, 2001; Righter
et al., 2002; Laurora et al., 2007; Scordari et al., 2012;
Brigatti et al., 2015). Sample B3, seemingly a tetra-ferri-
containing (OH)-rich fluorophlogopite, has oxide totalsc,ic of
85.7(2.4) wt %, indicating surface defects/roughness, which
in turn compromises the correct composition determined via
EMPA. Therefore, the dataset of sample B3 was not taken
into consideration while constructing calibration curves. On
the other hand, high total oxides equal to 100 wt % can be
explained by high F content such as in fluorophlogopite
(e.g., Gianfagna et al., 2007; Scordari et al., 2013; Lacalamita
et al., 2020). The fraction of trivalent iron and its distribution
over the M and T sites for samples B4, B13, B14, B17, B19,
and B21 was derived from the Mossbauer spectra (see Ta-
ble S2 and Fig. S1 in the Supplement).

Following the procedures of the Excel spreadsheet by Li et
al. (2020), the biotite chemical formulae were calculated in
atoms per formula unit (apfu) (Table 1). As can be seen, the
compositions of the studied biotites expand over the whole
biotite solid-solution series with samples B1 (sodian F-rich
phlogopite) and B21 (tetra-ferri- and Ti-containing fluoran-
nite) having the highest and lowest MMg content, respec-
tively.

Mineral names are given following the analytical proce-
dures described by Rieder et al. (1998) and provided in Ta-
ble 1. Sample B18 was named magnesian interlayer-deficient
annite rather than interlayer-deficient mica, as the cation par-
titioning at the M site resembles that of a typical magnesium-
rich annite (e.g., Brigatti et al., 2015), while the K content
lies between 0.6 and 0.85 apfu.

3.2 Raman-scattering analysis

3.2.1 Effect of tetrahedral-octahedral layer stacking
sequence in phyllosilicates

Various phyllosilicate mineral groups in a rock sample or
a cultural-heritage object can straightforwardly be distin-
guished, based on their Raman spectra (Fig. 2). Indeed, com-
positional variations, the stacking sequence of the tetrahe-
dral and octahedral sheets, and the presence or absence of in-
terlayer species affect significantly the Raman spectra. The
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Figure 2. Raman spectra (in counts per second, cps) of various phyl-
losilicates. The spectra are vertically offset for clarity.

major differences in the Raman spectra of the main lay-
ered silicates (Fig. 2) are in the ranges 100-500 cm~ !, dom-
inated by MOg vibrations; around 600-800cm™!, gener-
ated by TO4-ring modes (i.e., T-O,-T modes); and 3500-
3800cm™!, generated by OH-stretching vibrational modes
(Tlili et al., 1989; McKeown et al., 1999; Lacalamita et
al., 2020) and can be used to fingerprint the phyllosili-
cate mineral group. Particularly, the OH-stretching region
is characterized by multiple Raman peaks in the case of
1: 1 layer silicates (antigorite, (Mg,Fe)3Si;O5(OH)4; dickite,
Al>Si1,05(0OH)4), whereas in 2: 1 layer silicates with empty
interlayer space (talc and pyrophyllite; MgzSisO19(OH);
and Al»Si1010(OH),, respectively), there is only one sharp
peak. If the interlayer space is filled by monovalent
cations, as in the case of muscovite, biotite, or illite
(Ko.65(Al,Mg,Fe)2(Si,Al)4010(OH),), or by H,O molecules
along with mono-/divalent cations, as in the case vermi-
culite (Mg,Fe3t, A13T)3(AL,Si)4019(OH) - 4H,0), the OH
stretching produces broad Raman peaks.

3.2.2 Group-theory considerations

According to group-theory analysis, the most common C2/m
polytype of biotite shows a total of 63 optical phonon modes
at the I point (Kroumova et al., 2003). Among them, 33 are
IR active and 30 Raman active (see Table 2). The Raman-
active modes of biotite are of Ag and By symmetries, and
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Table 2. Group-theory analysis for the monoclinic C2/m space
group of biotite.

Site Wyckoff  Raman (Ag, Bg) and IR (Ay, By)

position  active phonon modes
AK 2b Ay + 2By (acoustic)
Ml 2c Au+2By
M2 4h Ag+2Bg+ Ay +2By
T 8j 3Ag+3Bg+3Au+3By
() 8j 3Ag+3Bg+3Ay+3By
02 4i 2Ag+ Bg+ 1Ay +2By
03 8j 3Ag+3Bg+3Au+3By
X044 2Ag + Bg+ 1Ay +2By
XH 4 2Ag+ Bg+ 1Ay +2By
Total 30 Raman, 33 IR phonon modes

they have the following Raman tensor components:

Axx Ayxz Axy
Ag: ayy and Byg: Ayy ay;
Ayxz dzz Ayz

Consequently, the parallel-polarized Raman spectra of ori-
ented crystals will be generated only from the A, modes,
whereas depending on the orientation, both A; and By modes
can contribute to the cross-polarized spectra. In our case,
the vertical parallel-polarized Raman spectra y(zz)y are de-
termined from the zz component of the polarizability ten-
sor o of the Ay mode, Ag(a;;), while the vertical cross-
polarized spectra y(xz)y are dominated by the Ag(ayx;). Ac-
cordingly, the horizontal parallel-polarized spectra z(yy)z
are characterized by the Ag(ayy) component, whilst the hor-
izontal cross-polarized spectra z(xy)z are characterized by
the Bg(ayy) component. Given that the orientation of the bi-
nary b axis with respect to the laboratory coordinate axes
(x,y) is usually unknown, Ag(ayy) and Bg(a;y) may also
contribute to the horizontal parallel-polarized and vertical
cross-polarized spectra, respectively.

Table 2 reveals that H atoms occupy the 4i Wyckoff posi-
tion and generate 2A¢ + By Raman-active modes. Considera-
tions of the directions of the atomic vector displacements via
the Bilbao Crystallographic Server (Kroumova et al., 2003)
reveal that one Ay mode corresponds to the OH-stretching
vibration perpendicular to the (001) plane, while one A and
the By mode are related to the OH-librational modes, with
H* motions within the (a, b) plane and causing a change
in the M—O-H bond angle. Therefore, the presence of more
than one Raman peaks in the OH-stretching region implies
a chemical deviation from the endmember composition, due
to different types of octahedrally coordinated cations bonded
to OH groups. Such behavior has already been observed
in other hydrous minerals like amphiboles and tourmalines
(Leissner et al., 2015; Watenphul et al., 2016a; Hawthorne,
2016).
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3.2.3 Effect of crystal orientation

As the structure of biotite-group minerals is strongly
anisotropic, it is obvious that the Raman scattering can
chiefly depend on the crystal orientation with regard to the
polarization of the incident and scattered light. However,
since C2/m is a nonpolar crystal class, the orientation of the
biotite crystals will influence the relative intensities but not
the Raman peak positions. Biotite grains, which are exposed
on the sample surface and can be non-destructively probed
by Raman spectroscopy, can be randomly oriented. Since the
relative intensities of the Raman peaks depend on the crys-
tal orientation with respect to the polarization of the inci-
dent and scattered light, Raman spectra collected from bi-
otite grains within the same rock/cultural-heritage specimen
may appear inconsistent at a first glance. Moreover, some
of the Raman peaks may be suppressed in specific experi-
mental geometry. Therefore, to clarify the effect of the grain
orientation on the Raman spectra and identify Raman sig-
nals that can be resolved independently of the grain orienta-
tion, we have systematically measured representative biotite
single crystals in different scattering geometries. Figure 3
presents the Raman spectra of a phlogopite measured in the
four different scattering geometries specified above. It is ap-
parent that parallel-polarized spectra are much stronger than
the cross-polarized ones, and hence the latter do not provide
any additional information that is not included in the former.
Therefore, A; modes should dominate the spectra regardless
of the crystal orientation. For the framework vibrations the
¥(zz)y spectrum differs considerably from the Z(yy)z, in ac-
cordance with the group-theory prediction (a.; # ayy). At
the same time, although ay, and ay, are allowed to be dif-
ferent by symmetry constraints, in a horizontal orientation
z(yy)z Raman spectra remained practically the same upon
rotation of the biotite samples around the laser beam direc-
tion, indicating that the ay, and ay, Raman tensor compo-
nents are almost equal. The OH-stretching modes contribute
only to the parallel-polarized spectra, generating a multi-
component Raman band. The overall OH-stretching Raman
scattering is stronger in y(zz)y than in z(yy)z, but the rel-
ative intensities of band components are the same in both
scattering geometries. Thus, regardless of selected orienta-
tion and induced photoluminescence, the strongest Raman
peaks of biotite samples can be identified at wavenumbers
close to 190, 650, 680, 730, 780, and 1020 cm ! and between
3500-3800 cm~! and used for crystallochemical analysis.

3.2.4 Raman peak assignment and effect of chemistry

Figure 4 shows the characteristic Raman spectra of selected
biotite samples with different Mg contents at the M site. One
can divide the Raman scattering into four spectral ranges
according to the dominant atomic displacements: range I
(15-600 cm™! ), dominated by octahedral vibrations; range II
(600-800 cm™"), dominated by TO4-ring modes comprising

https://doi.org/10.5194/ejm-34-573-2022
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Figure 3. Raman spectra of phlogopite measured in four different
scattering geometries, as described in the text. The spectra are ver-
tically offset for clarity.

vibrations of T-Op—T linkages; range IIT (800-1215cm™1),
generated by TOg4-stretching modes; and range IV (3500-
3800 cm™!), arising from OH-stretching modes.

The strongest Raman feature of spectral range I in both
parallel-polarized spectra (Fig. 4) occurs near 190cm™!
for phlogopite, and it shifts considerably towards lower
wavenumbers for annite with MMg < 0.70 apfu (Figs. 5a and

6a). As in general w ~ /% (K is the force constant and p

is the reduced mass of atoms participating in the mode) and
mre > mMg While K (Fe2t-0)> K (Mg-0), this trend indi-
cates one-mode behavior of the mode near 190 cm™?, due to
the change in mass of the M cations (Chang and Mitra, 1971).
In this case, only one peak can be observed corresponding to
the mixed (Mgz_,Fe,) concentration at the M site and whose
o lineally depends on the concentration x. Our experimental
observations are in accordance with previous studies indicat-
ing that MOg vibrations contribute considerably to the Ra-
man scattering below 600 cm™! (Loh, 1973; Tlili et al., 1989;
McKeown et al., 1999; Tutti and Lazor, 2008). Moreover, the
strong Raman scattering near 150 cm™! observed in mono-
clinic amphiboles shows the same trend of w vs. MMg con-
tent (Waeselmann et al., 2020), implying that this is a gen-
eral feature of complex silicates containing strips of linked
tetrahedral and octahedral sheets. Biotites are also similar
to amphiboles (Waeselmann et al., 2020) by the appearance
of additional Raman scattering between 500-550 cm™! when
MFe3+ is present (see Z(yy)z spectra in Fig. 4 and Table 1).

Eur. J. Mineral., 34, 573-590, 2022
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Figure 4. (a) Raman spectra of selected biotite samples with in-
creasing octahedrally coordinated Mg content in atoms per for-
mula unit from bottom to top. Spectra with the same color refer
to the same sample and were measured in horizontal and verti-
cal parallel-polarized geometries. The spectra are vertically offset
for clarity. (b) Sketches illustrate the type of dominating atomic
displacements within each spectral range (I-1V). VESTA software
package (Momma and Izumi, 2008) was used to plot the atomic
structures.

The spectral profile of range II changes in a rather com-
plex way from one sample to another (Figs. 4 and S2) and
can be fitted with up to four components, near 650, 680,
730, and 780 cm~!. The Raman-active phonon modes near
650 and 680 cm ™! produce strong peaks in both Z(yy)z and
V(zz)y geometries, but only the wavenumber of the former
mode turned to be exclusively sensitive to T-site occupancy
(see Fig. 7a). In fact, this is in accordance with the peak as-
signment by Tlili et al. (1989) and Lacalamita et al. (2020),
attributing the peaks near 650 and 680cm™! to Si-Op—Al
and Si—Op—Si bond vibrations, respectively. Our analysis re-
vealed that both wegg and FWHMegg are sensitive to MTi con-
tent (see Fig. 7c and e). Given that Ti occupies predominantly
the M2 site, this result is in agreement with previous studies
suggesting that the chemistry of the M2 site can affect the
T—Op-T vibrations (e.g., McKeown et al., 1999; Wang et al.,
2015; Lacalamita et al., 2020). In addition, the Raman signal
near 730 cm™!, well-resolved in Z(yy)z and y(zz)y spectra
(see Figs. 3 and 4), tends to shift to higher wavenumbers in
the presence of A-site vacancies (see Fig. 8a).

We have expected the TO4-stretching modes in range III to
be sensitive to the octahedral site occupancy, as in the case of
Mg-Fe-Mn amphiboles (Waeselmann et al., 2020); however,
we were not able to establish a rational dependence of the

Eur. J. Mineral., 34, 573-590, 2022

spectral parameters of these modes on the chemistry neither
at the M site nor at the T site.

The reported observations for the framework phonon
modes should be combined with the Raman-scattering results
arising from OH-stretching modes to gain a detailed descrip-
tion of the entire biotite Raman spectrum and to comprehend
its dependence on the site occupancy. As expected, range IV
exhibits more than one peak generated by OH-stretching vi-
brations due to two-mode behavior, typical of complex hy-
drous silicates (Leissner et al., 2015; Watenphul et al., 2016a;
Hawthorne, 2016). In such a case, more Raman peaks than
those predicted by group-theory analysis can appear in the
spectra, whose fractional intensities correlate with the com-
position x. This two-mode behavior of the OH-stretching
phonon modes is caused by the perturbation of the K(O-
H) force constant by the averaged M—O interactions in the
surrounding triplet of MOg octahedra sharing oxygen atom
with the X-site hydroxyl group, (§ K (M-O)). Thus the OH-

stretching wavenumber will be wog ~ w,

resulting in different Raman/IR peaks for different §41M2M2
chemical configurations (paper on Raman; e.g., Lacalamita
et al., 2020, paper on IR; Redhammer et al., 2000). It should
be emphasized that according to group theory two H™ in
the primitive unit cell participate into the OH-stretching A,
mode. At the same time, two instances of X(OH)- in the
chemical formula correspond to three octahedrally coordi-
nated M cations (M1M2M?2). Hence, (§ K (M-0)) is related
precisely to those three octahedra, and consequently the in-
tensities of the OH-stretching peaks arising from different
MIM2M?2 triplets can be used for the correct quantification
of the chemical composition of the octahedral sheets in bi-
otite.

Table 3 presents the assignment of the multi-component
Raman scattering in the OH-stretching region of the analyzed
biotites to specific M-site local arrangements, following the
categorization by Vedder (1964) based on the valence state
of the MIM2M2 triplet surrounding the OH groups and the
possibility of a vacancy at the M site: (i) the N-type bands
(normal; M>*M2TM?*), where the hydroxyl groups are sur-
rounded by three divalent cations; (ii) the I-type bands (impu-
rity; M>TM?+*M31), where the stretching modes are caused
by hydroxyl groups surrounded by one trivalent and two di-
valent M-site cations; and (iii) the V-type bands (vacancy;
M2+MZHO/M2T M3 O/M3+ M3 0), where the local atomic
arrangement of the OH bonds includes a vacancy and two
occupied octahedral sites.

In accordance with the two-mode behavior approach,
the strongest OH-stretching peak corresponds to the most
abundant M1M2M2 chemical configuration. Since biotite
represents a solid solution between phlogopite and an-
nite, where Mg and Fe?t are the dominant octahedrally
coordinated cations, for each biotite sample the most in-
tense OH-stretching peak should correspond to the most
probable M>t*M?*M?2* chemical species. Hence, weaker

https://doi.org/10.5194/ejm-34-573-2022
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Figure 5. Estimation of MMg content according to MOg vibrations and OH-stretching peaks: (a) Raman peak position at ~ 190 cm™!
vs. MMg (black symbols) and FWHM|gq vs. MMg (gray symbols), (b) MMg content derived from the Raman spectroscopic analysis
(MMgRaman) of wygg (black symbols) and FWHM g (gray symbols) vs. that calculated from EMPA (MMgEMp), and (c) OH-stretching
vibrations of three representative biotites (Mg-richest, sample B1; Mg-poorest, sample B21; with an intermediate composition, sample B12)
are presented in horizontal parallel-polarized spectra. (d) MMgEMp vs. MMngmlrl of the OH-stretching region of both parallel-polarized
geometries. Deviating points in panels (a), (b), and (d): rhombus for a TFe3+-containing OH-rich phlogopite (Phl), triangle for an aluminian
F-rich annite with MA1 > 0.8 apfu, and star for a magnesian interlayer-deficient annite.

OH-stretching peaks will correspond to less probable
MIM2M?2 local configurations. Consequently, peaks related
to MgMgMg-OH™-K-X local configurations are observed
for all of the studied phlogopite samples (B1, B2, B3, BS,
B6, B7, BS, B10, B17, and B20) with the exception of sam-
ple B12, which shows an intermediate composition in the
octahedral layer (see Table 1). However, the peak position
slightly varies depending on the X-site anion adjacent to “K.
Furthermore, the majority of the phlogopite samples exhibits
OH-stretching modes in the range 3660-3670cm™~! corre-
sponding to MgMgFe3+ and MgMgAl, whose OH groups are
involved in an OH™-K-OH™ local environment (Tlili et al.,
1989; Scordari et al., 2006; Lacalamita et al., 2011; Scordari
etal., 2012; Schingaro et al., 2013). It is worth noting that the
gradual substitution of Mg by Al at the M site, emerging from
the Al-Tschermak substitution mechanism, will downshift
the peak position of the initial MgMgMg-OH™-K-OH™ local
configuration by ~ 30-35 cm™ 1, ie., from ~3705-3715 to
3670-3675cm™!. This assumption corroborates the conclu-

Eur. J. Mineral., 34, 573-590, 2022

sions by Hawthorne et al. (2000), Scordari et al. (2012), and
Watenphul et al. (2016a), who showed that a similar Raman
peak shift towards lower frequencies has been monitored for
the OH-stretching peaks in tremolites and phlogopite as well
as for the W-site OH stretching in tourmalines.

At the same time, most of the examined annite sam-
ples (B4, B13, B14, B16, B18, B19, and B21) display the
strongest OH-stretching N-type Raman peak between 3650
and 3660cm~! (Figs. S2 and S3, Table 3), corresponding
to Fe?tFe?tFe?t-OH™-K-X (Redhammer et al., 2000). For
sample B16, an aluminian F-rich annite, the Raman peak at
~3596cm™! is assigned to a Fe>* AIJ-OH™ local config-
uration (Redhammer et al., 2000) rather than to MgMgll-
OH™, by taking into account the following aspects: (i) the
peak centered at ~ 3596 cm™! being the strongest feature of
the z(yy)z Raman spectrum of sample B16 (Fig. S2), indicat-
ing that it should be assigned to the most abundant cations at
the M site, and (ii) the cationic distribution of the M site with
MEe2+ — 1.54 apfu, MAl = 0.88 apfu, and MMg = 0.10 apfu.

https://doi.org/10.5194/ejm-34-573-2022
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) of the OH-stretching vibrations vs. that calculated from EMPA (MFeIZE'ICIP), and (¢) M(Fe2+ + Fe3+) from
)) of the OH-stretching region vs. that calculated from EMPA (M(Fe2+ + Fe%"l\',lp)).

(d) Non-(Mg,Fe) cationic content at the M site of the samples deviating from the one-to-one correlation lines of Fig. 6b and ¢, where the non-
(Mg,Fe) amount from the Raman spectroscopic analysis (non-(Mg,Fe)raman) Was plotted vs. that calculated from EMPA (non-(Mg,Fe)gmp).

Deviating data points mentioned in the legend are same as in Fig. 5.

4 Discussion
4.1 Major elements in the octahedral sheets

Quantification of MMg content in atoms per formula unit
can be achieved by the Raman signals of two different
vibrational groups (Fig. 5). The best candidate from the
framework vibrational modes are the MOg vibrations
at ~190cm~!, whose peak position and FWHM are
plotted against M-site Mg concentration (Fig. 5a). Data
points of both plots were fitted with the exponential
functions w0 = (197.140.3) — 40.57e~1:213"Me  3pq
FWHM 90 = (6.8 +2.6) + (77.1 + 16.8)e(~12£03"Mg ' 1
spectively. Then, using the inverse functions MMg (w90) =
i3] W ol g Mg (FWHM ) =
1“17.7‘1 + ln[FWHll\g%_G'S] one can calculate the content
of YMg from the Raman data (MMgRaman). It is worth
noting that sample B16, an aluminian F-rich annite, strongly

s
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deviates from both exponential trends in Fig. 5a, which we
attribute to the high amount of octahedrally coordinated
Al > 0.8 apfu, the highest among the studied biotites; conse-
quently an alternative should be found to quantify MMg in
such MAl-rich biotites. Moreover, MMgRaman plotted against
MMgrmp (Fig. S5b) reveals relatively large deviation from the
one-to-one correlation line for phlogopite (MMg > 1.5 apfu).
Hence, the introduction of a second vibrational group
sensitive to M-site occupancy by Mg is mandatory to solve
this issue.

As pointed out above, the M-site chemistry has a strong
effect on the OH-stretching modes, in a way very similar
to that for amphiboles (Leissner et al., 2015; paper on
IR; e.g., Hawthorne, 2016). The correct assignment of
the OH-stretching peaks to different chemical M1M2M2
species is however, a key factor for the proper utilization of
the two-mode behavior approach, since the peak position
of the strongest OH-stretching Raman peak will reveal
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Figure 7. Estimation of TSi and MTi contents in accordance with the TOy4-ring modes near 650 and 680 cm~: (a) TSi amount vs. Raman
peak position at ~ 650 (blue symbols) and ~ 680 em~! (red symbols), (b) TSi content derived from the Raman spectroscopic analysis
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the Raman spectroscopic analysis MTigaman) of FWHMgg vs. that determined from EMPA MTigmp).

the dominant cations occupying the octahedral layer. We (z(yy)z and y(zz)y) generated by Mg-containing M1M2M?2
have attributed the observed OH-stretching peaks based configurations, multiplied by the number of Mg cations
on multiple studies by others (see Table 3, Fig. 5c). Then in the corresponding triplet: MMgg, . (horizonal), (vertical) =
the content of MMg was calculated by averaging the sum
of the integrated I/ of each parallel-polarized orientation
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3IvigMgMg—OH-K—OH + 3IMgMgMg—OH-K~F + 2l\jopope2+
+3ygMgMmg—OH-K—02- T IMgRe2+Fe2+
+21MgMgFe3+ + 2 IvgMmgal + 2IvgMeD
IoH (total)
where IoH(wotal) the sum of the integrated intensities of all
OH-stretching modes in both zZ(yy)z and y(zz)y Raman
spectra; in the case of a single-crystal grain with unknown
orientation or polycrystalline sample, IoHwotal) can be
simply the intensity summed up over all OH-stretching
Raman peaks. The MMgRaman (aver.) values plotted against
those calculated from the EMP analysis (MMgEMp) exhibit
an excellent one-to-one correlation (Fig. 5d).

It is worth commenting more in detail on the OH-
stretching peak assignment of B18 (magnesian “K-deficient
annite). The Raman peak at 3570cm™! observed in the
spectrum of B18 was assigned to Fe>*Fe?TFe3t-OH~-A-
OH™ rather than to Fe3* Al0-OH~-K-OH™, which gener-
ates an infrared absorption peak in close proximity in energy
(Redhammer et al., 2000), based on the following decisive
criteria: (i) this is the strongest Raman signal in the OH-
stretching range, and therefore it can be hardly attributed to
defects in the octahedral layer. (ii) B18 is the only interlayer-
deficient biotite among all the samples studied here, with
a considerable amount of A-site vacancies *(Kg.6300.37).
(iii) B18 is MAl-poor annite; i.e., Fe>* and Fe3T are the
most abundant octahedrally coordinated cations. (iv) Pre-
vious Raman and infrared studies on amphiboles (Leiss-
ner et al., 2015; Hawthorne, 2016) indicated that an OH-
stretching peak generated by a given triplet of MOg octa-
hedra next to A-site vacancy is downshifted in wavenum-
ber by approximately 50-60cm™! with respect to the OH-
stretching peak generated by the same MOg triplet but next
to a filled A-site, which favors a Fe2tFe2tFe3t over a
Fe?tFe>*Fe?" configuration (compare the corresponding
peak positions related to 2K in Table 3). It should be men-

)
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tioned that a perfect match of sample B18 with the one-
to-one line of Fig. 5d can be achieved by taking into con-
sideration the influence of TAl on the @ of the MIM2M2
triplets in the Z(yy)z scattering geometry, since B18 has the
highest content of tetrahedrally coordinated Al in the sam-
ple suite studied here (TAl=1.51apfu). Previous research
on the TAl effect in synthetic amphiboles with vacant A sites
(Hawthorne et al., 2000) and along the annite—siderophyllite
(K(Fe?,Al)(SizAlg)Olo(OH)z) join with fully occupied
A sites (Redhammer et al., 2000) indicated that progressive
substitution of TSi by T Al resulted in a downshift of the OH-
stretching bands by 15-20 cm™'. This accounts principally
for the N- and I-type OH Raman peaks in the case of T Al-rich
annite. Thus, the peaks at 3677 and 3655 cm™! of the hori-
zontal parallel-polarized spectrum of B18 should rather be
assigned to MgMgFe?*-OH~ and MgFe?*Fe?T-OH ™ local
arrangements, respectively. Therefore, an 1\’IM§:{Ramam (aver.)
value of 0.73 apfu can be obtained, which is almost identi-
cal to 0.70 apfu of the EMP analysis. Nevertheless, the cross-
checking of the calculations gained from Fig. 5b and d will
reduce the uncertainties and give an unequivocal determina-
tion of MMg content of sample B18.

Nominally biotite is an M(Mg, Fe**) solid solu-
tion, and therefore w9y as a function of the MFe2+
content shows a reverse trend (see Fig. 6a) compared
to that against MMg content (Fig. 5a). Consequently,
MEe2+ content can be estimated using the equation
w190 = (196.6 4 0.3) — 0.891e(171#020MFe?*  However,
similarly to the case of MMg (Fig. 5b), there is an un-
satisfactory deviation of the phlogopite dataset from the
one-to-one-correlation (see Fig. S4). Since the MMg content
could be quantified more precisely by the integrated / of OH-
stretching modes, the same strategy was followed to quantify

Mpe2+ i ; Mp.2+ _
Fe™™, using the equation I:eRaman (horizonal), (vertical) —
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IMgMgFe2+ +21, MgFe2+Fe2+ +3 g2+ pe2t pe2t T2 R 24 pe2t o3+ T R2+ AID
loH oty ] o
where IoH(totaly the sum of the integrated intensities of

all OH-stretching modes of the horizontal and vertical
parallel-polarized spectra, respectively. Figure 6b shows the
correlation  of Mpest (avery With MFez.Jr concentration
determined by EMPA, where the data points for Mg-rich
biotites with MFe?* < 0.8 apfu follow a one-to-one corre-
lation line and for Fe-rich biotites (with MFe?* > 0.8 apfu)
a linear trend that can be expressed by the relation
Mpe2+ - Mp.2+
Fegaman (aver) = (0-32£0.11) 4 (1.21 £0.07) - " Fegyp.

It should be underlined that the presence of MFe3*
also affects the peak position of the MOg vibrations at
~190cm™!, which increases exponentially with increasing
M(Fe?+ 4 Fe3t) content and can be calculated by wiog =
197.5 — (0.67 &£ 0.27)e(1 76025 M (Fe +Fe) (pio  6a). Be-
sides that, the integrated intensities of the OH-stretching
modes, where Fe’T is involved in the assigned local en-
vironment and is mainly emerging from the MgMgFe3*
and Fe’tFe?tFe3* triplets for phlogopite and annite, re-
spectively, can be used to quantify the total amount
of octahedrally coordinated Fe and then plotted against
M(Fe>* + Fe’t)pvp (Fig. 6¢). Similarly to the trends in
Fig. 6b, good one-to-one correlation can be achieved for phl-
ogopite with M(Fe?* 4 Fe3*) < 0.8 apfu, whilst for samples
exceeding this value, M(Fe?* + Fe3t) content can be ob-
tained from M(Fe?* + Fe3)Raman (aver) = (—0.38 £0.17) +
(1.47 £ 0.08) -M(Fe?t + Fe3t)pwp.

The fact that MFe?t and M(Fe?t 4+ Fe31) are overesti-
mated by Raman spectroscopy, while MMg is not, suggests
that additional non-magnesium, non-iron elements contribute
to the spectral range dominated by OH-stretching modes re-
lated to ferrous/ferric MIM2M2 configurations. This is also
evident by the overall broad bands (FWHM ~ 27-40cm™)
in the range 3650-3660cm™! in the Z(yy)z Raman spec-
tra of annite samples (B13, B14, B16, B18, and B19), in-
dicating a superposition of multiple different octahedrally
coordinated cationic combinations such as Fe2TFe2tFe3t,
Fe?tFe’tAl, and AIAIC- (e.g., Redhammer et al., 2000;
Libowitzky and Beran, 2004; Scordari et al., 2008; Schin-
garo et al., 2013). Hence, subtle amounts of minor elements
such as Al, Ti, and Mn, entering the M site, whose vibra-
tional modes cannot be separated from the ascribed ones,
lead to the deviation of the annite dataset from the one-to-
one correlation lines of Fig. 6b and c. This can be seen by
plotting the contents of the non-(Mg,Fe) octahedrally coor-
dinated cations calculated from the Raman and EMP analy-
ses (Fig. 6d), where a one-to-one match with discrepancies
within the relative errors is observed for all samples. The
only exception is sample B16, characterized by an unusual
high content of non-(Mg,Fe) cations of almost 47 % of the
M-site occupancy. By subtracting the excess of MFe?* (y(x)
in Fig. 6b) from the total amount of octahedrally coordi-
nated (y2(x) in Fig. 6¢), one can estimate MFef{:man (aver) =

(—0.70 4 0.20) + (0.26 £ 0.11) MFel 1, which is signifi-

s
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cant in Earth sciences, as it is indicative of oxidation pro-
cesses. We could not find a satisfactory trend to directly
quantify MFe?*, e.g., via w and integrated I of the Raman
scattering in the range 500-550cm™!, which is noticeable
spectral indicators for the presence of octahedrally coordi-
nated Fet in Na amphiboles (Waeselmann et al., 2020).

4.2 Major elements in the tetrahedral sheets

Among the framework phonon modes the TO4-ring modes
near 650 and 680cm™! (i.e., T-Op—T bending) appear to
be most sensitive to the T-site occupancy (see Fig. 7a).
However, the position of the Raman peak near 680 cm™!
(Si—Op—Si) turned to be also sensitive to the content of
MTj (see the discussion below), whereas the position of the
peak near 650 cm~! (Si—-Op-Al) is indifferent to the M-
site occupancy. Therefore, we propose to use the wavenum-
ber of the TO4-ring mode near 650cm™! to estimate the
amount of TSi. The evolution of wgso with respect to TSi
can be fitted with a Boltzmann-type function wgsg = 673.5+

(638.5-673.5)/(1 + ¢ 40%2), and then the TSi amount
can be quantified by the inverse function TSi=0.078-
[In (w50 — 638.5) —In (673.5 — we50)] +2.92 (see Fig. 7a).
Only sample B3 slightly deviates from fitting trend, an ef-
fect that can be connected to the incorporation of Fe3* at the
T site. Despite that, the plot of TSi amount derived from the
Raman data against TSigmp provides an excellent one-to-one
correlation for all values between 2.6 and 3.2 apfu with a rel-
ative uncertainty of ~ 3 % (Fig. 7b). Due to the sigmoidal
shape of the TSi(wss0) curve, the uncertainly in determining
TSi considerably increases for values below 2.6 apfu.

The common tetrahedrally coordinated elements in bi-
otite are Si, Al, and trivalent Fe, but TFe3t is usually found
in annite rather than in phlogopite. Therefore, for phlogo-
pite the amount of tetrahedrally coordinated Al cations can
be also determined: wesp as T Al =4-TSi(wes0) apfu. This
can help in general to cross-check the correctness of OH-
stretching assignment, which is significant for the refine-
ment of the M-site occupancy, because studies on the annite—
siderophyllite (K(Fe%+,Al)(Si2A12)010(OH)2) join (Red-
hammer et al., 2000) as well as on amphiboles with vacant
A sites (Hawthorne et al., 2000) revealed that the progres-
sive substitution of TAl for TSi results in a downshift of the
OH-stretching mode by 15-20cm™!.

4.3 Presence of M-site Ti

Interestingly, the position and FWHM of the TO4-ring mode
at ~ 680 cm™!, involving Si—Op—Si-bond-bending vibrations
exhibit a linear correlation with the MTi (Fig. 7c and e, re-
spectively), without showing any dependence on the ma-
jor M-site elements. This is probably related to the fact
that tetravalent Ti interacts stronger with the TO4 apical
oxygen atoms, resulting in subtle change of the TO4-ring
tilt geometry and thus influencing the T-O-T-bending vi-
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brations. The linear fits to the corresponding data points
yielded wego = (684.7 £0.4) —43.5MTi and FWHMggy =
(18.7 4 1.3) + 150.5MTi. As can be seen in Fig. 7d and f
several data points for annite (samples B4, B12, B13, and
B18) derived from MTi(wgsg) deviate from the one-to-one
trend, whereas the dispersion is considerably less for the
data derived from MTi(FWHM680). Thus, using the relation
MTj = [FWHMggo — (18.7 & 1.3)]/150.5, one can determine
MTi with a relative uncertainty of ~ 20 %. The only devi-
ating point in the trend showed in Fig. 7f is sample B4, in
whose spectrum the two peaks near 650 and 680 cm ™! could
not be resolved and appeared as a single very broad Raman
peak centered at ~ 670 cm~! with FWHMggo = 105.3 cm™!
(Fig. 7e). It should be mentioned that in Ti-rich biotites
MTi > 0.2 apfu) contributions from OH stretching of X-site
hydroxyl groups shared between Ti-containing M1M2M?2
triplets can be expected (e.g., Scordari et al., 2006). How-
ever, to keep local charge balance, commonly the anionic
X sites next to MTi are occupied by an 0%~ -forming local
chemical arrangement of type K-O?>~-M?*M?*Ti*t-0?~-
K, in which no OH-stretching peaks should be observed.
Possible Raman-active modes of the OH-stretching vibra-
tions, including Ti in the assigned triplets to comply with
the requirements for local charge balance can be K-OH™ -
M2 Ti**0-OH~-K, K-0>~-M>*M*TTi*"-OH~-A0 or less
probably A0-0>~-M2* M?*Ti**-OH™-K. Such consider-
ations are supported by the main substitution mechanisms
involving Ti after Li et al. (2020). However, we could not
resolve such additional OH-stretching peaks in our Ti-rich
samples, namely phlogopite B6, B8, and B20 and annite B4,
B14, and B21.

4.4 Interlayer cations

In contrast to earlier findings by Wang et al. (2015), a di-
rect connection of the linearly increasing Fe>* /(Mg + Fe?T)
ratio with decreasing @ of the Raman peaks at 715-755
(w730) and 760-780cm™! (w7s0) could not be observed.
Though, the peak position of the ring mode vibrations at
~730cm™! in the y(zz)y Raman spectra tends to be sen-
sitive to the occupancy of the interlayer space and shifts lin-
early to higher wavenumbers in the presence of A-site va-
cancies with a gradient change at MMg contents of 1.5 apfu.
This tendency reflects to some extent the evolution of AK
content with increasing w73 values. Accordingly, AK con-
tent was only plotted against w73¢ (Fig. 8a), as w7gop could
not mirror the amount of A-site cations, in particular of K.
For biotites belonging to the phlogopite series AK content
can be determined by using the equation w; = (1529 £ 37) —
(918 +45)AK, while that of annite can be expressed by the
relation ws = 862 — 1572K. The Raman-scattering analysis
provides precise calculation of the amount of 4K for the phl-
ogopite dataset with a relative error of ~ 3 %, but the uncer-
tainty obtained from the inverse trend of w; is too large to
quantify K content of annite (Fig. 8b). Sample B6 deviates
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from the w; linear trend and is characterized by MFe3* con-
tents of ~ 0.30 apfu. Though, it cannot be stated whether the
elevated MFe3+ contents in the crystal structure of phlogopite
shift the corresponding peak towards higher wavenumbers,
since in sample B5, an octaferrian phlogopite with similar
amount of MFe3", we could not identify a peak between 715
and 755cm~!.

4.5 Limitations of the method

Raman spectroscopy, as with any other analytical technique,
has its limitations, and undoubtedly, it cannot achieve the de-
tection limit of EMPA (~ 100-200 ppm), and trace elements
cannot be detected by Raman spectroscopy. Besides, the un-
certainties in the quantification of major and minor elements
by Raman spectroscopy are affected by the quality of the
measured spectra, i.e., by the signal-to-noise ratio and spec-
tral resolution. Nevertheless, here we demonstrate that the
relative uncertainties of TSi, K, MMg, MFe?*, and MFe3*
amounts in atoms per formula unit, as derived from Raman-
scattering data, are 3 %, 3 %, 6 %, 6 %, and 8 %, respectively,
whereas the uncertainties in the chemical formulae calcu-
lated from EMP data are ~ 1 %—2 %. Moreover, the determi-
nation of Fe** only on the basis of EMPA is not straightfor-
ward. Minor elements such as MTi can be estimated by Ra-
man spectroscopy with a relatively large uncertainty of 20 %
against 6 % by EMPA.

5 Conclusions

The results of our combined Raman spectroscopic and WD-
EMP as well as Mossbauer analyses clearly reveal that the
major cations occupying the octahedral, tetrahedral, and in-
terlayer sites of biotites can be determined with acceptable
relative errors. Minor elements at the M site such as Ti,
which are critical crystallochemical markers indicative of
specimen locality, can be quantified as well. According to
the overall spectral profile, one can easily distinguish be-
tween phlogopite and annite, as the strongest MOg peak (re-
gion I; Fig. 4) appears at ~ 195 and 165 cm™!, respectively,
while the strongest OH-stretching peak (region IV; Fig. 4)
is at 3710 and 3650 cm ™!, respectively. Furthermore, the es-
tablished calibration curves between the Raman signals and
the chemical composition of the analyzed biotites provide a
preparation-free, fast, and easy-to-handle tool for the crystal-
lochemical characterization of those phyllosilicates. Guide-
lines for non-specialists to non-destructively determine the
crystallochemical composition of biotites are listed as fol-
lows:

1. By following the recommended OH-stretching peak
assignment to different local cationic arrangements
(Table 3), MMgRaman(aver.)» MFCZR:man (aver.)’ and

M(Fe?* +-Fe3*)Raman (aver) can be calculated.
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2. Deviations from the one-to-one correlation lines, in the
case of estimating the MFe?T and MFe?* amounts,
demonstrate incorporation of non-(Mg,Fe) cations in
the octahedral layer (Fig. 6d).

3. The amount of M-site Mg, Fe>*, and Fe3* can be cross-
checked by the position of the strong Raman peak near
190cm™ L, arising from the MOg vibrations; in the case
of MMg, FWHM |gq can be used as well.

4. MTi content can be quantified by the peak position
and FWHM of the TO4-ring mode at ~ 680 cm™!. Due
to smaller relative errors, it is recommended to use
the MTiI(FWHMesgp) trend if two peaks near 650 and
680cm™! can be resolved.

5. The presence of MAl> 0.8 apfu in annite can be de-
tected by cross-checking the MMg contents derived
from w99 and of the integrated intensities of the OH-
stretching peaks.

6. The amount of TSi can be monitored using the peak
position of the TO4-ring modes at ~650cm™". TAI
content of phlogopite can indirectly be extracted by
TAl=4-Tsi.

7. Potassium deficiency in phlogopite larger than 0.12 apfu
can be quantified from the position of the peak at
~730cm™~!. Interlayer-deficient annite can be recog-
nized by the position of the strongest OH-stretching
mode, appearing at 3570 instead of ~3650cm™!.

Overall, our study shows that Raman spectroscopy is a re-
liable experimental method for the crystallochemical charac-
terization also for biotites along with other complex hydrous
silicates, though still not so precise as EMPA. However, the
truly non-destructive nature of Raman spectroscopy makes it
an extremely useful tool for characterizing cultural-heritage
objects, and the trends provided here demonstrate that it can
be used even for quantitative analyses. Moreover, one can di-
rectly analyze mineral grains in thin sections as prepared for
polarization microscopy. It is highly anticipated that a simi-
lar analytical approach to other groups of phyllosilicates, in-
cluding those that can be found in cultural-heritage artifacts,
could facilitate the non-invasive determination of their crys-
tallochemical composition.
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