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Abstract: Biotite—phlogopite minerals are a complete Mg—Fe isomorphism series of phyllosilicates.
A Fourier transform infrared spectroscopy (FTIR) and electron microprobe analysis (EMPA) were
conducted on end-member phlogopite, Mg-biotite, and annite samples. In the mid-infrared region,
absorption peaks were observed at 460, 1000, 3680, and 3710 cm~! in the biotite group. Sam-
ples with higher Mg content exhibited stronger peaks assigned to OH vibrations and a weak ab-
sorption peak at 810 cm~!. In the near-infrared region, combination peaks were observed near
4200, 4300, and 4450 cm !, with wavenumbers showing a linear inverse relationship with the Mg#
[=100 x Mg/(Mg + FeT)] value. For annite, combination peaks occurred at 4173, 4292, and 4439
cm~!, decreasing by 10-15 cm ™! compared to end-member phlogopite. Judging the fundamental
peaks of the combination band contributes to identifying suitable near-infrared characteristic peaks
for quantitative research. The 4300 cm~! absorption peak in biotite-phlogopite was assigned to
OH-bending and -stretching vibrations, making it suitable for mineral identification and Mg# esti-
mations across all biotite groups. The 4450 cm ! characteristic peak, assigned to Al-O-stretching
vibrations and OH-stretching vibrations, is suitable for accurately predicting Mg# values in high AlV!
samples. The first overtones of biotite—-phlogopite appeared at 7250 cm 1, with an average factor of
1.955 between the fundamental and corresponding overtones. This study aims to refine the patterns
of OH-stretching vibrations and characteristic peak shifts in the near-infrared spectral region of
phyllosilicate minerals, providing data references for planetary spectroscopy and ore deposit studies.

Keywords: near-infrared spectroscopy; phlogopite; biotite; OH-stretching vibrations; Mg# value

1. Introduction

Biotite-phlogopite (biotite group) are common trioctahedral phyllosilicates character-
ized by the formula K{(Mg, Fe);[AlSi3O109](OH),}. Mg is the third most abundant lithophile
element on Earth, with the vast majority (>99%) of Mg residing in the mantle. The Mg#
content and chemical composition of biotite—phlogopite is used to represent the physico-
chemical conditions of magmatic-hydrothermal systems, providing valuable indications
for discerning magma genesis, tracing magma crystallization differentiation trends, and
characterizing mantle metasomatism [1-7]. For phlogopite, lower Mg# and higher TiO,
content in phlogopite veins indicate an origin from evolved basaltic melts [8]. Phlogopite
in kimberlitic rocks follows a trend of decreasing Mg# and increasing Ti, indicating magma
ascent evolution and different crystallization stages [9]. For biotite, the minimal variation
in Mg# content among biotite samples from the same mining area indicates that the region
experienced a limited influence from late alteration or metamorphism processes (Foster,
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1960) [10]. Depending on the oxygen fugacity during cooling, biotite crystallizing from
magma may exhibit either a more iron-rich or magnesium-rich trend. These trends are
associated with changes in the Mg# content during anhydrous phases and the amount
of magnetite present [11]. The I-S-A-type granite classification is commonly employed to
identify potential sources and tectonic backgrounds for granite magmatic activity [12,13]. A-
type granite and I-type granite are characterized by richness in Fe and Mg, respectively [14].
Near-infrared spectroscopy (NIR), occasionally also known as shortwave infrared (SWIR),
is widely used in satellite remote sensing and planetary science. Hydrous mineralogy,
including phyllosilicates and hydrated salts, has been identified on Mars [15-17]. Conduct-
ing a comprehensive study of hydration mineralogy involving phlogopite, researchers
investigated the distribution, composition, age, and geomorphic settings of hydrous min-
erals on Mars. This research offers an enhanced global perspective on the early aqueous
environments on Mars and their evolution over time [18]. When employing NIR spec-
troscopy for the analysis of clay minerals present on the Martian surface, a substantial
number of Fe/Mg-rich trioctahedral phyllosilicates currently present significant challenges
in identification [19]. Based on the NIR spectroscopic diagnosis of the crystallographic
and mineralogical characteristics of phyllosilicates, it is significant to trace their formation
origins and surrounding environments [20].

NIR is a high-energy vibrational spectroscopy with a wavelength range from 800
to 2500 nm (12,500 to 4000 cm~!) [21]. The absorption peaks within this spectral range
are formed by the combination and fundamental overtone bands [22-24]. NIR spectra
primarily detect functional groups containing hydrogen, such as C-H bonds, N-H bonds,
and O-H bonds [25,26]. High-spectral-resolution remote sensing techniques are susceptible
to vibrational frequency coupling interference from water vapor, particularly in the range
of OH-stretching (3000-4000 cm™~!) vibrations in mid-infrared (MIR) spectra [27]. The OH
vibrations of biotite—phlogopite in the NIR range are primarily observed at 4200, 4300,
and 4450 cm~!. Vedder et al. (1964) [28] observed two intense double peaks, with one
represented as v(OH) + (496 and 595), while Clark et al. (1990) [24] reported that the combi-
nation peaks consist of OH-bending and -stretching vibrations. Due to incomplete studies
on the peak assignments of phyllosilicates, scholars are unclear regarding the specific
assignment of the fundamental absorption peaks participating in the combination bands.
Lypaczewski and Rivard (2018) [29] used reflectance spectroscopy to preliminarily derive
equations relating NIR spectra to Mg# content for biotite and chlorite rock samples. The
first OH-stretching overtone bands for biotite-phlogopite appear in the 7000-8000 cm !
region. Post and Crawford (2014) [30] reported a linear relationship constant between the
fundamental and overtone bands for clay minerals, and the literature indicates a factor
value of approximately 1.95 for kaolinite and dickite [31]. This study aims to address
aspects related to biotite—phlogopite in the NIR region: (a) the composition and variation
patterns of combination bands related to OH-stretching vibrations (variables: Mg#, AIV);
(b) the linear relationship constant between the first overtone bands and fundamental
bands as well as the verification of peak assignments.

2. Materials and Methods
2.1. Materials

A total of 15 representative rock samples were selected, all of which were natural min-
erals (Table 1). Samples GC10, JAG13, JAG17, JAD04, JAG18, G18, and JAI-1 were from the
southern part of Jia-Yi Village, Ji’an County, Tonghua City, Jilin Province, China. Samples
LFC5 and LFC6 are from the Wengquangou Boron ore in Fengcheng City, Dandong City,
Liaoning Province, China. Phlogopite samples are well-formed and fully developed parts
of a vein of phlogopite. Fresh phyllosilicate minerals were separated from these samples.
Biotite samples (NB98, XL07) were selected from granite rocks, and the mineral particles
have not been altered. High-frequency Dielectric Mineral separators and a Belt Type Min-
eral Electromagnetic separator were used to remove impurities from the surrounding rocks.
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Biotite samples were selected under a binocular microscope. All samples were crushed to
the appropriate granularity.

Table 1. Sample Information Description.

Sample Mineral Color Impurities (a.p.f.u) *
LFC5 Phlogopite Golden yellow Cr, Mn, Ni, Ca, Zn = 0,Na, Ti < 0.07
LEC6 Phlogopite Golden yellow Cr, Mn, Ni, Ca, Zn, Ti = 0, Na < 0.08
GC10 Phlogopite Golden yellow Cr, Mn, Ni, Ca, Zn =0, Na, Ti < 0.05
JAG13 Phlogopite Golden yellow Cr, Mn, Ni, Ca, Zn =0,Na, Ti < 0.04
JAG17 Phlogopite Brownish yellow Cr, Mn, Ni, Ca, Zn =0, Na, Ti < 0.09
JAD04CC Phlogopite Brownish yellow Cr, Mn, Ni, Ca, Zn =0,Na, Ti < 0.16
JAG18 Mg-Biotite Brownish yellow  Cr, Mn, Ni, Ca, Zn, Na < 0.02, Ti < 0.18
G18 Mg-Biotite Brownish yellow  Cr, Mn, Ni, Ca, Zn, Na < 0.01, Ti < 0.13
JAI-1 Mg-Biotite Sepia Cr, Mn, Ni, Ca, Zn, Na < 0.02, Ti < 0.12
WS660 [32] Mg-Biotite Sepia Cr, Mn, Ni, Ca, Zn, Na < 0.01, Ti< 0.16
HS28.3B [32] Mg-Biotite Sepia Cr,Ni, Ca, Zn =0, Mn, Na, Ti < 0.13
K389048 [29] Mg-Biotite Sepia Cr, Mn, Ni, Ca, Zn, Na < 0.02, Ti < 0.1
XL07 Annite Sepia Cr, Mn, Ni, Ca, Zn, Na < 0.04, Ti < 0.23
NB98 Annite Sepia Cr, Mn, Ni, Ca, Zn, Na < 0.01, Ti < 0.13
Bt-8 [29] Annite Sepia Cr, Mn, Ni, Ca, Zn =0,Na, Ti < 0.12

* EMPA experiments data obtained.

Phyllosilicate minerals generally exhibit isomorphic substitution, and impurity cations
may affect spectroscopic studies. EMPA data indicate that impurity ions in biotite-phlogopite
samples are mostly <0.1 (a.p.f.u). Infrared spectroscopy and XRD experiments confirmed
that the selected sample powders had no obvious impurity components. All samples could
be used for subsequent experimental studies.

2.2. Methods

X-ray powder diffraction experiments were conducted at the Institute of Earth Sciences,
China University of Geosciences, Beijing (CUGB). The instrument model is a Smart lab
produced by Rigaku Company in Japan. The experimental condition was a Cu target
operating at 40 kV and 200 mA. The measurements were conducted in a stepping scanning
mode with a scanning speed of 4° /min and a step length of 0.02° within the range of 3-90°.
X-ray powder diffraction data of the samples were processed and analyzed using MDI Jade
6.5 software. Before analysis, the acquired data on diffraction line relative intensity (I) and
crystal spacing (d) were compared with standard data from the International Centre for
Diffraction Data (ICDD) PDF cards. Baseline correction and standardization procedures
were properly completed prior to data processing.

Fourier transform infrared spectroscopy (FTIR) was used with the Bruker Tensor II
spectrometer at the National Mineral Rock and Fossil Specimens Resource Center (NIMREF),
China University of Geosciences, Beijing (CUGB). The spectra were collected in transmis-
sion mode in a KBr tablet under conditions of 25 °C and 40% humidity. The MIR spectrum
scanning range was 400-4000 cm~! with a resolution of 4 cm~!, and the biotite-phlogopite
to KBr ratio was 1:150.

For FTIR in the near-infrared spectrum, the scanning range was 4000~8000 cm™?,
with a resolution of 8 cm~!. Clay samples are often composed of aggregates of small
particles with sizes roughly comparable to the wavelength of near-infrared light. If the
particle size is larger than or close to the infrared wavelength, the infrared light will be
affected by multiple scattering within the particles, leading to interference effects that
reduce the signal intensity [33,34]. The shape of the samples also has an impact on the
spectral signal [34]. It was challenging to uniformly grind samples to sizes smaller than the
near-infrared wavelength (above 6000 mesh), particularly considering the relatively low
number of OH groups in the biotite-phlogopite minerals. Therefore, the sample-to-KBr
ratio was increased to 1:15 to enhance the spectral signal. Each spectrum was averaged from
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64 scans to improve the signal-to-noise ratio, and baseline correction and normalization
were performed.

The peak spacing in the infrared spectra is relatively small. Overlapping peaks may
occur at the positions of vs. (very strong) and sh. (shoulder) peaks. This leads to the
emergence of a strong central branch, often flanked by partially resolved branches on either
side [35]. In the first step of data processing, Fourier self-deconvolution was used to identify
the positions and quantities of peaks [36]. To minimize errors, the results are compared
with the second derivative of the peaks. Infrared spectroscopy second derivative analysis
is a well-established method in literature [37]. The second step involves using Peakfit v4.12
software. Peak widths were constrained to values approximately equal to those known for
similar mica compositions [38]. We consistently apply the Gaussian-Lorentz area function,
a function suitable for spectroscopic research. Drawing from literature suggesting that
crystals and non-aqueous fluids exhibit symmetrical peak shapes, precise fitting can be
achieved using Gaussian-Lorentzian functions [39]. The Gaussian Deconvolution Method
is employed for fitting, R? > 0.99.

Raman microprobe spectra data were collected at the Gem Lab, School of Gemology,
China University of Geosciences in Beijing (CUGB) using a Horiba LabRAM HR-Evolution
laser Raman spectrometer. The experimental conditions involved a laser wavelength of
532 nm, a grating of 600 (500 nm), a spectral range of 100—4000 cm~ !, a resolution of 1 em ™1,
a scanning time of 10 s, and an accumulation of 5 times. The measurements were conducted
on polished probe thin sections cleaned with alcohol before each measurement.

Major elements in apatite were analyzed using a JEOL JXA-8230 electron probe micro-
analyzer at the Key Laboratory of Metallogeny and Mineral Assessment, Chinese Academy
of Geological Sciences (CAGS), Beijing, China. Before the experimental test, a spray device
was used to cover the surface of the sample with a carbon layer of 20 nm thickness as evenly
as possible to enhance the electrical conductivity of the sample. The parameter settings
were a 15 kV accelerating voltage and a beam current of 20 nA. With a beam diameter
of 5 um, online data correction was performed using a modified ZAF (atomic number,
absorption, and fluorescence) correction procedure.

3. Results
3.1. X-ray Diffraction Analysis

The X-ray diffraction (XRD) test data for 11 samples and the PDF data for biotite—
phlogopite from the ICDD database were arranged in order based on Mg# (Figure 1).
All characteristic diffraction peaks of the samples correspond to the standard PDF data
for phlogopite (PhlogopitelM-PDF#10-0495 or Annite-PDF#73-0250). The strong peaks
are observed at d (0 0 1) = 8.695~8.805° (10.132~10.043 A) and d (0 0 3) = 26.402~26.608°
(3.373~3.348 A), while the weak peak is observed at d(—1 3 1) = 34.000~34.240 (2.634~2.616 A).
The (0 6 0) reflection of all selected samples is 1.535~1.543 A, indicating that all the samples
are trioctahedral mica [40]. Therefore, it can be concluded that the samples consist of a
single phase, and all samples are trioctahedral 1M biotite-phlogopite.

3.2. Mineral Element Analysis

Trioctahedral micas have widespread element substitutions. Chemical composition
variations generally occur in M-site cations in the octahedral layer. Two main types of
substitutions are observed: (1) octahedral layer substitutions (Mg=Fe); (2) Tschermak
substitution (AI'Y, AIVl = Si, (Mg2+,Fe2+) [41,42]. EMPA analysis reveals minimal impurity
elements (Ca, Cr, Ni, Na, Zn approximately equal to 0) in all biotite—-phlogopite samples
(Table 2). Previous studies suggest that low CaO content in biotite indicates minimal impact
from post-magmatic metamorphism [11,43].
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Figure 1. X-ray powder crystal diffraction data of biotite-phlogopite samples.
Table 2. Composition of biotite-phlogopite (a.p.f.u. for 11 O) determined from EMPA.
Sample  XL07 NB98 G18 JAG18 JAI-1 LFC5 LFCé6 JAG13  JADO4 GC10 JAG17
Mineral An An Bt Bt Bt Phl Phl Phl Phl Phl Phl
(Point) @ ®) ) ®G) @) @) ®G) @) ®) ) @)
Si 2.752 2.768 2.958 2.905 2.760 3.000 3.097 2.904 2.930 2.870 2.842
Al 1.326 1.365 1.200 1.129 1.370 1.030 0.930 1.321 1.143 1.280 1.346
Ti 0.226 0.168 0.124 0.187 0.120 0.050 0.003 0.020 0.159 0.050 0.079
Cr 0.000 0.003 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.002
Fe?* 0.191 0.165 0.124 0.099 0.170 0.080 0.028 0.014 0.063 0.050 0.054
Fe?* 1.535 1.408 0.548 0.508 1.130 0.550 0.101 0.045 0.231 0.200 0.218
Mn 0.046 0.018 0.004 0.006 0.020 0.000 0.000 0.000 0.002 0.000 0.001
Ni 0.000 0.001 0.002 0.001 0.000 0.000 0.001 0.000 0.001 0.000 0.001
Mg 0.698 0.902 1.822 1.990 1.330 2.180 2.791 2.622 2.310 2.500 2.346
Ca 0.000 0.001 0.001 0.002 0.010 0.000 0.000 0.001 0.000 0.000 0.001
Na 0.013 0.013 0.014 0.020 0.010 0.070 0.075 0.040 0.049 0.040 0.078
K 0.966 0.976 0.933 0.900 0.810 0.940 0.864 0.928 0.883 0.930 0.899
Zn 0.003 0.003 0.002 0.003 0.010 0.000 0.001 0.000 0.003 0.000 0.005
F 0.349 0.030 0.079 0.085 — 0.304 0.545 0.160 0.066 0.066 0.062
Cl 0.017 0.010 0.029 0.028 — 0.034 0.005 0.005 0.018 0.009 0.016
Total 8.119 7.832 7.838 7.864 7.740 8.238 8.439 8.058 7.858 7.995 7.947
Mg# 28.789 36.435 73.065 76.624 50.500 77.770 96.467 97.819 88.693 91.170 89.629
AV 1.249 1.232 1.043 1.095 1.240 1.000 0.903 1.096 1.070 1.130 1.159
AV 0.077 0.133 0.157 0.034 0.130 0.030 0.027 0.225 0.073 0.150 0.187

Phl, Phlogopite; Bt, Biotite; An, Annite. The EMPA cannot differentiate between Fe?* and Fe®*. The raw data
assume all iron as FeO, and the values for Fe?* and Fe3* are calculated accordingly. For EMPA in oxide form, see
Table S1: Major element compositions of biotite and phlogopite.

Based on the classification diagram of micas minerals [10], the EMPA data (Table 2)
is plotted within the ternary coordinate system (Figure 2). Establishing a continuous
sample series ranging from phlogopite to annite, with Mg-biotite in between, featuring
AV varying from 0 to 0.24. According to the literature on peak assignments, the shift in
absorption peaks is influenced by elemental content. The notable correlation between the
shift of characteristic peaks and elemental content is evident, with variables such as Mg#
and A1VT (octahedral coordination Al) standing out as particularly significant. To determine
accurate elemental content, extreme values are first removed, and then the average values
of each point for the samples are calculated for linear regression analysis.
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XL07, NB98, Bt-8

»
Annite
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%uscovitc \ Siderophyllite \
s
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AV HFe¥ +Ti Fe?*+Mn

Figure 2. Mg—(A1V1+Fe3* +Ti)~(Fe?* +Mn) ternary classification diagram of biotite—phlogopite (after
Foster, 1960). JAG18 mineral, positioned between phlogopite and Mg-biotite, is classified as Mg—
biotite based on comprehensive information.

3.3. Characteristics of MIR Spectra

Phlogopite-biotite exhibits three characteristic absorption regions in the mid-infrared
spectra (Figure 3b): 400-600 cm~?!, 800-1100 cm~! (Figure 3a), and 3600-3750 cm ™!
(Figure 3c). The peaks in all samples approximate the standard mid-infrared spectra,
and the characteristic peaks in the spectra can be correctly assigned without additional
peaks caused by other phases.

(a) (b) XL07

i©)

N T e —— |
: e | £

\ JAGIS

JADO4
JAGI3

Transmittance (%)

’ JAGI17
m—
LFC6
GC10

3650 3700 3750

v @ @
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)
———GC10 ——LFC6 LFC5 JAGI17 JAGI3
JADO4 ====X[.07 ====NB9§ =18 JAGIB

Figure 3. MIR spectra of the biotite and phlogopite. (a) 700~1100 cm~!; (b) 400~4000 cm~!;
(¢) 3650~3750 cm~!. Spectra (D) in (b) (enlarged view: Figure 3a) show that phlogopite have an
absorption peak around 810 cm~ L, assigned to the stretching vibration of AIYV—0 in [AlO4] tetra-
hedra. However, this feature is not observed in Mg—biotite and annite. Spectra 2) in (b) (enlarged
view: (c)) show that annite samples exhibit a weak absorption peak at 3660 cm ! in the MIR reign.

A broad absorption peak in the wavenumber range of 400-600 cm~! indicates complex
coupled vibrations that are difficult to distinguish individually (Figure 4 and Table 3).
Peaks fitting in this region are performed to identify hidden overlapping peaks. Combining
theoretical calculations with literature data, peaks at 440, 490, and 520 cm ! are assigned to
5(5i-O-Mg), v(Mg-0), and 6(5i-O-5i), respectively [28,44—46]. Both phlogopite and biotite
exhibit a high-intensity characteristic peak near 1000 cm !, assigned to Si—O-Si-stretching
vibrations [28,47,48]. Robert (1981) concluded that the wavenumber decreases as the bulk
Al content increases [49].
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Figure 4. MIR spectral 400—650 cm ™! analysis of OH-stretching region.

Table 3. Biotite—phlogopite MIR spectra peak fitting results and peak assignments: wavenumber
range from 400—600 cm ™.

Minerals Name

FTIR Peak Positions in 400~600 cm~1 Region
Minerals Name

Assignment >
Annite Mg-Biotite Phlogopite [28,44-46] [44] [43] =
XL07 NB98 G18 JAGI18 JAD04 JAG17 JAG13 GC10 LFC5 LFCé S
432 429 428 428 429 426 430 423 429 425 — 410 — IER
453 447 438 443 444 443 448 443 441 445 3(Si-O-Mg) 450 — IF
470 465 462 462 465 466 467 465 462 465 5(5i-O-5i) 470 460 IF
492 490 492 486 491 494 492 491 488 491 v(Mg-O) 500 495 IF
517 515 521 511 517 521 516 508 513 516 5(Si-O-5i) — 520 IF
— — 592 610 608 602 — 604 592 611 OH Libration 610 592 IF

The peaks at 3600-3750 cm ™! in biotite-phlogopite are caused by OH-stretching
vibrations (Figure 5 and Table 4). Phlogopite exhibits two distinct characteristic peaks
(around 3710 and 3660 cm~!), while the peak near 3660 cm~! is weaker in Mg-biotite.
Scordari et al. (2006) reported that phlogopite is composed of several overlapping (at
least five) components, and the peak related to the MgMgMgOH configuration is likely
to be the most intense [50]. Studies on the infrared spectra of synthesized annite have
shown the presence of up to seven peaks in the OH-stretching region [38]. These peaks
represent OH groups adjacent to three Fe?* (N-bands: OH groups associated with three
divalent octahedral cations), OH groups coordinated by Fe?*, AI**, and Fe®* (I-bands),
and configurations with a single octahedral vacancy (V-bands). In our research, in the
range of 3600-3750 cm !, the annite sample exhibits a broad peak. After fitting the Spectra,
additional vibration modes can be identified.
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Figure 5. MIR spectral 3650—3750 cm ! analysis of OH—stretching region.
Table 4. Biotite—phlogopite MIR spectra peak fitting results and peak assignments: wavenumber
range from 3600-3750 cm 1.
FTIR Peak Positions in 3600~3750 cm—1 Region
Minerals Name Assignment Minerals Name AS[S;‘;;HSH;]e nt [54]  [50] >
- (e}
Annite Mg-Biotite Phlogopite 5‘
XL07 NB98 G18 JAGI18 JAD04 JAG17 JAG13 GC10 LFC5 LFCeé
3629 3627 3627 3626 v(AIAIOOH) 3659 3649 3655 3648 3654 3655 v(MgMgFeOH) 3629 3641 IER
An: [38]
2+ a2+ A 13+
3652 3648 3652 3645 v(Fe I\Ij[eg_gl OH) 3669 3662 — — 3669 3671 v(MgMgFeOH) 3653 3663 IER
v(MgMgFeOH)
An: [38]
3665 3669 3666 3669 V(Fﬁfgfggm 3681 3675 3671 3668 3684 3679  v(MgMgFeOH) —  —  IER
v(MgMgFeOH)
3675 3676 3673 3686 v(Mg2FeOH) — — — — — — — — —
3696 3698 3698 3703 v(MgMgMgOH) — — — — 3694 3692 v(MgMgMgOH) — — IER
3710 3713 3706 3715 v(MgMgMgOH) 3700 3695 3691 3691 3703 3707 v(MgMgMgOH) 3668 3685 IER
— — 3717 — v(MgMgMgOH) 3714 3714 3714 3712 3714 3719 v(MgMgMgOH) 3703 3706 IER

v, Stretching vibration; §, Sending vibration.

3.4. OH-stretching Vibration Characteristics of Raman Spectra

Raman spectroscopy and infrared spectroscopy technologies complement each other.
Minerals samples are excited by high-energy radiation; electron vibrations and rotational
level transitions occur, leading to changes in the dipole moment of molecules. This results
in normal vibrations with infrared activity. In this process, some molecules that do not have
infrared activity but undergo a change in molecular polarizability will experience Raman
scattering and exhibit Raman activity. Previous studies have extensively investigated the
assignment of Raman peaks for biotite and phlogopite [55-58].

The characteristic peaks exhibit a trend of leftward shift (decreasing wavenumber)
as Mg# content decreases (Figure 6), consistent with the observations in the infrared
spectral. The peaks at 190 cm ™!, 680 cm~! and 3700 cm ™! show leftward shifts of 10 cm !,
10 cm~! and 20 cm !, respectively. Raman peaks generated by OH-stretching vibrations
exhibit overlapping features, necessitating the analysis of peak components and fitting
to identify hidden peaks. Although hidden peaks do not belong to characteristic peaks
in the near-infrared spectrum, they contribute to the combination and overtone bands.
The Raman spectra in the 3600—4000 cm ! region are assigned to the M—OH-stretching
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vibration (Figure 7 and Table 5). The occurrence of oxy-mechanisms, along with a minor
substitution of F for OH, leads to a low peak intensity in this area [58].
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JAGI3

[N SRR S SO PRSP SURURRNVUR SO SRR S I

T T il T
100 500 1000 1300 3300 3500 4000

Wavenumber (cm'l)

Figure 6. Raman spectra of the biotite and phlogopite samples. From XL07 to JAG13, arranged in in-
creasing order of Mg# content (Mg# = 28~98), the black lines indicate the shift of characteristic peaks.
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Figure 7. Analysis of Raman spectra in OH—stretching vibration.
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Table 5. Biotite—phlogopite Raman peaks and corresponding assignments: wavenumber range from
3600-3750 cm 1.

Raman Peak Positions in 3600~3750 cm~1 Region

Minerals Name [58] [59] Assignment >
Annite Mg-Biotite Phlogopite =
XL07  NB98 G18 JAG18 JAD04 JAG17 JAG13 GC10 LFC5 LFC6 5
— 3627 — 3633 3630  3625* 3637* 3630 3639 3632 — — IFR
— 3644 — 3640 — — 3645 3644 3648 3648 3641 @ — R
3658 3657 — 3651 — — 3654 3655 — — — — IER
— — 3663 3663 — — 3661 — 3663 — — 3666 IFR
3673 3671 3677 3676 3674 3673 3675 3673 3678 3676 ~ — — IER
— 3686 3689 3689 — — — 3680 3687 — 3682 — OH R
— 3699 3699 — — — — — 3700 — — Stretching IER
— 3714 3707 3708 3716 3712 3716 3714 3707 3719 3698 3709 IER
— — — — — — — 3714 — — — IFR
— — — — — — — — 3741 — — — R
— — — — 3754 3740 3736 — — 3751 — — R
— — — — — 3749 3745 — — — — — R

* The absorption peak is not represented in Figure 7.

3.5. Characteristics of NIR Spectra

NIR spectra feature regions are 4000-5000 cm~! and 7000-8000 cm ™!, belonging to
the combination band region and the first overtone band region, respectively. The band
between 50007000 cm ! is influenced by environmental factors such as H,O and CO,.
The combination peaks of surface water at 5261 cm ! and 5208 cm ™! are associated with
the system described by Langer and OW (1974) [60] concerning tightly bound and loosely
bound surface water. The peaks at 5261 cm~! and 5208 cm ! result from combining the
fundamental OH bands and the OH libration bands [30]. According to the anharmonic
mode hypothesis, vibrations cease to be independent and can interact with each other.
According to the total vibrational energy (Ey) formula, it is known that for each increase in
harmonic order, the absorption intensity decreases by approximately an order of magnitude,
and the overtone is expected to be 10 to 1000 times weaker than the fundamental bands.
O-H, C-H, N-H, and S-H bonds exhibit significant anharmonicity and high bond energy,
leading to fundamental vibrational transitions typically occurring in the 30004000 nm
region. Consequently, this suggests that overtones and combinations of these fundamental
vibrations may appear in the energy range associated with NIR photons [61]. Energy
levels below the first overtone are less likely to be recorded as valid data in this testing
instrument. The NIR spectra of Fe-rich biotite samples (XL07 and NB98) do not show
obvious absorption peaks (Figure 8). Clark et al. (1990) reported that the v(OH) overtone,
expected near 7143 cm ™!, is not easy to detect in biotite due to the band being suppressed
by strong iron absorptions [24]. Attempts to increase the sample proportion and other
methods (changing instruments, varying testing methods, consulting other databases) did
not significantly improve this result.

In the range of 4100-4500 cm !, both phlogopite and biotite exhibit three distinct
characteristic peaks, while the absorption peaks of annite cannot be discerned by means of
the shape of the spectra (using the second derivative method of infrared spectroscopy to
determine the peak positions). As the Mg# content increases, the characteristic peaks of
both Mg-biotite and phlogopite shift to the left at 4300 cm~!. The absorption peaks around
4200 cm~! and 4300 cm ! show a positive correlation between peak intensity and Mg#.
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Figure 8. NIR spectra of the biotite and phlogopite samples. (a) OH combination bands in the range
of 4000—5000 cm~!; (b) OH—stretching overtone bands in the range of 7000—8000 cm .

In the range of 7000-8000 cm !, phyllosilicates exhibit dense but low-intensity absorp-
tion peaks. Cheng et al. (2017) demonstrated that the emergence of the peak at 7143 cm ™!
in the absence of the peak at 5363 cm ™! (H-O-H bend plus OH stretch) suggests the pres-
ence of OH groups distinct from those found in water within the minerals. The lack of an
absorption peak near 5363 cm ! indicates the absence of water [62]. Therefore, it can be
assumed that H,O does not influence the absorption peak in the 7000 cm~! range of the
samples. Phlogopite exhibits a broad and steep composite absorption peak curve between
7200 cm~! and 7320 cm~! (Table 6), named the “V-shaped trench”.

Table 6. The OH related bands and their assignments near 7000-7500 cm 1L,

Assignment G18 JAG18 JADO4 JAG17 JAG13 GC10 LFC5 LFC6
7153 7142 7141 7141 7140 7136 7139 7140

— 7163 7167 7164 7165 — 7164 7165

7176 7182 7182 7183 7181 7176 7180 7181

— — 7206 — 7203 — 7203 7205

. — — — — — — 7233 7233

fuggg rﬁ;ttal 7253 7241 7241 7244 — — 7240 7240
Y 7277 7265 7258 7260 7261 7262 7261 7259
WOH) 7301 — 7295 — — — 7292 7294
7318 7309 7308 — — — 7306 7308

— — 7329 — 7327 — 7326 7327

— 7342 7343 7343 7343 7352 7342 7342

— 7378 7379 7379 7379 7381 7377 7378

— 7420 7424 7425 7422 7424 7418 7420

The broad absorption peaks of the first overtones for the samples underwent peak
splitting processing, coupled with the second derivative of the spectral curve, to derive a
more precise set of hidden peak information for biotite-phlogopite (Figure 9 and Table 6).
As the Mg# gradually decreases, the samples show a reduction in the reflection peak area
(P.A.). All tested samples exhibit a dominant absorption peak at 7259-7265 cm ! (Figure 8b).
Sample LFC5 and Sample LFC6 (F = 0.304, 0.545 a.p.f.u.) have dual absorption peaks at 7240
and 7233 cm~!. Samples JAG17, JAD04, JAG18, and G18 have a single absorption peak at
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7244 cm~!. At around 7250 cm !, the reflection peak area of high Mg# phlogopite (JAG13)
after correction is 0.278, while the peak areas for Mg-biotite (G18, JAG18) after correction
are 0.071 and 0.097, respectively. The reflection peak area decreased with the increase in Fe
content, and Mg-biotite P.A. is the weakest. It is feasible to distinguish between phlogopite
and biotite based on the reflection peak area of characteristic peaks at 7200-7320 cm~!.
Based on previous studies of the v(OH) absorption peak intensity [28,48,57], under the
condition of constant sample quantity, it is inferred that the difference in the molar OH
absorption coefficient arises due to varying elemental ratios in phlogopite.

JAG13]

JADO4 JAGIS

orbance (%)

Abs

240 7240 7250

280 7320 720 240 280 320 7200 240 2 320 720 7240
Wavenumber (cm™) Wavenumber (em™) Wavenumber (em™) Wavenumber (

A , LFCS LFC6 , . JAG17 G18
A " Aoa T ! N " B A

sorbance (%)

Ab:

) 7200 7220 7240 7260 72

7280 7320 720 1 24

7320 7200 724

7210 728 210 2
Wavenumber (em™) Wavenumber (

50 50 2 2 60 72
Wavenumber (cm™) em™) Wavenumber (cm™)

®  Measured Data Fitted Data
Fitted Peaks - - - Second derivative of the Measured Data

Figure 9. The first overtone results from OH—stretching vibrations in NIR spectra.

4. Discussion
4.1. Assignment of OH Combination Vibration in NIR Spectra

In the biotite-phlogopite series, the combination peaks were exhibited at 4200, 4300,
and 4450 cm~!. Post and Noble (1993) reported that the combination band of Black Jack
beidellite in the NIR spectral was composed of (OH) and v(OH), while the combination
band in Crown Point beidellite consisted of the Al-O band and v(OH) [63]. This study
speculates that there are other chemical bond stretching vibrations and OH-stretching
vibrations together to form the combination peaks.

The shoulder characteristic peak at 490 cm ™! is assigned to v(Mg-O) [45,64], and
accurate peak positions can be obtained through peak fitting. Jenkins (1989) observed in
synthetic phlogopite that the peak at 495 cm ! is strongly influenced by the Mg content [45].
According to Vedder’s (1964) classification of OH-stretching bands [28], the characteristic
peak at 3715 cm ! is assigned to the N-band, and it is assigned to v(MgMgMgOH). Around
4200-4300 cm !, two strong absorption peaks are assigned to Mg-OH-stretching [24,65].
The peak at 4450 cem s assigned to v(Al(Mg, Fe)OH) [66,67].

The three combination peaks correspond to three different OH-stretching vibration
modes in biotite and phlogopite:

(1) The peak near 4200 cm~! is considered to result from the addition of the two
fundamental peaks at 490 cm ! and 3715 cm ™!, representing v(Mg-O) + v(MgMgMgOH);

(2) The peak near 4300 cm ! is assigned to the superposition of two fundamental
peaks at 600 cm ! and 3690 cm !, representing §(OH) + v(MgMgMgOH);

(3) The peak near 4450 cm~! is composed of 760 cm ™! + 3690 cm~! peaks, where
760 cm~! is assigned to v(AI'V-0O), and 3690 cm ! is assigned to v(MgMgMgOH).

The predicted and experimental values of the combination peaks for each sample are
represented using an error chart (Figure 10), with absolute error values (1§ 1) all <15 cm™1.
Considering the literature, it is deemed reasonable to infer that the fundamental peaks are
related to the combination peaks.
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Figure 10. The fundamental peaks assignment of NIR spectra combination peaks (4200—4450 cm ™)
and experimental peak positions error. Unit is cm~!. The data points represent the experimental
measurement combination peak positions, with error bars in the positive direction indicating the
relative values of errors. The predicted measurement combination peak positions are the sum of
fundamental peaks, and the error (9) is calculated as the predicted value minus the experimental
measurement value.

4.2. Assignment of OH First Overtone Vibration in NIR Spectra

The absorption peaks in the range of 7000-8000 cm ! are generated from the funda-
mental OH-stretching vibration mode v(OH) in the region of 3600-3750 cm ™!, resulting
in the first overtones (2v). The strongest absorption peak occurs at 7260 cm~! (Figure 9).
The overtone peak near 7110 cm ™! is generated by vibrational modes with Raman activity
only. In the biotite—phlogopite series, three fundamental peak models can lead to the first
overtone bands:

(1) v(M-OH) fundamental bands (M: octahedrally coordinated metal ions);

(2) the average of adjacent v(M-OH) fundamental bands;

(3) only the Raman-active v(M-OH) fundamental bands.

Bishop et al. (2008) reported that the charge density or polarizing power of the
octahedral cations dictates the extent to which these cations draw charge away from the
OH bond. The order of decrease is AI** > Fe3* > Fe?* > Mg?* [66,68], indicating influencing
factors for the generation of (1) mode overtone bands.

The first overtone bands maintain a constant factor with the OH-stretching fundamen-
tal bands v(OH), and our study calculates the factor as 1.955 (+0.001) (Table 7). The first
overtone peaks are slightly lower than twice the value of v(OH) due to the anharmonic
and asymmetric character of OH-stretching bands [30,69,70].

Table 7. Factor of the first overtones within 7000—7300 cm ™! in NIR spectra.

Measured

Fundamental Measured Fundamental

Sample Peaks (cm—1) Peaks (cm—1) Factor Sample Peaks (cm~—1)  Peaks (cm—1) Factor
LFC5 Average: 1.955 G18 Average: 1.955
1 7259 3714 1.955 1 7258 3717 1.953
2 7240 3703 1.955 2 7237 3706 1.953
3 7233 3694 1.958 3 7222 3698 1.953
4 7205 3684 1.956 4 7195 3673 1.959
5 7181 3669 1.957 5 7176 3666 1.958
6 7165 (3669 + 3654)/2 1.957 6 7153 (3666 + 3652)/2 1.955
7 7140 3654 1.954 7 7130 3652 1.952
8 7118 3648 * 1.951 8 7107 2nd — —_
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Table 7. Cont.

Sample Measured Fundamental Factor Sample Measured Fundamental Factor
Peaks (cm—1) Peaks (cm~—1) P Peaks (tm~—1)  Peaks (cm—1)
LFCé6 Average: 1.955 JAG18 Average: 1.956
1 7261 3719 1.952 1 7263 3715 1.955
2 7240 3707 1.953 2 7241 3703 1.955
3 7233 3692 1.959 3 — — —
4 7203 3679 1.958 4 7219 2nd 3686 1.958
5 7180 3671 1.956 5 7182 3669 1.958
6 7164 (3671 + 3655)/2 1.956 6 7163 (3669 + 3645)/2 1.959
7 7139 3655 1.953 7 7142 3645 1.959
8 7117 3648 * 1.951 8 7119 2nd 3640 * 1.956
JAG13 Average: 1.954 JADO4 Average: 1.956
1 7261 3714 1.955 1 7258 3714 1.954
2 7242 2nd — — 2 7241 3700 1.957
3 — — — 3 — — —
4 7203 3691 1.952 4 7206 3681 1.958
5 7181 3671 1.956 5 7182 3669 1.957
6 7165 (3671 + 3655)/2 1.956 6 7167 (3669 + 3659)/2 1.956
7 7140 3655 1.953 7 7141 3659 1.952
8 7119 3645 * 1.953 8 7119 — —
GC10 Average: 1.954 JAG17 Average: 1.956
1 7262 3712 1.956 1 7260 3714 1.955
2 7240 — — 2 7240 3695 1.959
3 — — — 3 — — —
4 7208 2nd 3691 1.953 4 — — —
5 7176 3668 1.956 5 71792nd 3675 1.953
6 7160 2nd (3668 + 3648)/2 1.957 6 7164 3662 1.956
7 7136 3648 1.956 7 7141 3649 1.957
8 7090 2nd 3644 * 1.946 8 71162 — —

* Non-infrared-active, only observed in Raman spectra; 2nd Wavenumber obtained by the 2nd derivative.

4.3. The Relationship between Composition and Characteristic Peaks in NIR Spectra

Mg# relationships with characteristic absorption peaks are reported in Figure 11a,b;
the relationship between Mg# and AlY! with absorption peaks is analyzed in Figure 3c,
and the relationship between A1V! and the peak’s intensity is reported in Figure 11d. The
effective sample size for each regression analysis plot is greater than 10 (only Figure 11c has
seven samples), with excluded points represented by gray dots and sample names labeled.
The absorption peak near 4300 cm~! shows an excellent linear relationship with the Mg#
content (R? > 0.94), with sample JAI-1 (Mg# = 50, AIV! = 0.131) as an outlier, showing no
apparent connection with the A1V content (Figure 11a). The prediction equation predicts
the relationship between the characteristic peaks of the biotite group and elemental content.
Phlogopite behaves more fittingly to the line in this linear equation. In Figure 3b, the
peak near 4200 cm ! exhibits a significant linear relationship with the Mg# content, and
sample K389048(Mg# = 67, AIV! = 0.265) is an outlier, establishing a linear regression
relationship (R? = 0.86). The absorption peak near 4450 cm ™! fits with the Mg# content only
when AIV! > 0.13 (black dots in the graph in Figure 11c), with a strong linear relationship
(R% = 0.97). The Al(Fe and Mg)-OH peak (near 4450 cm~1) is not present when Al fills
only the tetrahedral sites in the unit cell [63]. A part of the testing samples with AlV!< 0.13
deviates from the linear relationship with the Mg# content. Therefore, the 4450 cm ™!
characteristic absorption peak provides an excellent predictive fit for the Mg# content in
biotite-phlogopite, with high octahedral coordination of Al, providing a means to estimate
the Mg/Fe ratio in minerals using high-precision infrared spectroscopy.
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Figure 11. Correlations between biotite-phlogopite composition and NIR spectral data. (a) 4300 cm !
characteristic absorption peaks; (b) 4200 cm ™! characteristic absorption peaks; (c) 4450 cm ! charac-
teristic absorption peaks; (d) 4450 cm ™! characteristic absorption peaks intensity [29,32].

The peak intensity at 4450 cm~! positively correlates with the AlV! content. The three

red infrared spectra, varying in shade, exhibit different degrees of AIVI content (Figure 11d),
indicating a change in peak intensity. Samples LFC5 and LFC6, with fluorine contents of
0.304 and 0.545 a.p.f.u., respectively, did not observe an absorption peak near 4450 cm 1.
Sergent and Robert’s (1997) study on synthetic F-rich phlogopite revealed that as F replaces
OH, Si-O bond and possibly Al-O bond lengths may shorten. The study suggested that
F was more likely to replace the N-band OH [47]. F substitution for OH in phlogopite
strengthens hydrogen bonding (O-H---F), thereby reducing the OH wavenumber [71]. The
substitution of F for OH impacts the interlayer spacing and influences the chemical bonding
state of the silicate tetrahedra. However, there is still no comprehensive explanation for its
effect on the wavenumber and intensity of absorption peaks in NIR spectra.

4.4. Correlations between Crystal Chemical Changes and Mg# Content in Biotite—Phlogopite

After crystal cell parameter calculations, the unit cell volume (V) of measured phlo-
gopite samples ranges from 490 to 497 A3, while annite and Mg-biotite unit cell volumes
range from 493 to 503 A3, which is consistent with the values calculated in previous litera-
ture [72-74]. Isomorphic substitution in the octahedral layer exists, altering the by length of
the biotite—phlogopite lattice, with the increase in by being proportional to the ion diameter.
End-member phlogopite and biotite are considered to be primarily constrained by Mg and
Fe ions in octahedral coordination, with the Mg# value serving as a good indicator of this
condition. This study establishes a well-defined linear relationship between Mg# values
and the lattice by length (Figure 12). The growth of the by in biotite—phlogopite minerals
depends on the substitution of Mg and Fe ions in octahedral coordination, indicating that
the crystal properties perpendicular to the layer stacking direction in mica minerals may be
related to octahedral cation substitutions.
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Figure 12. Correlations between Mg# values and the growth of the lattice by in biotite—phlogopite.
The XRD overlay plot for the 11 samples (Figure 1) has been illustrated in the text.

5. Conclusions

In the MIR region, biotite and phlogopite exhibited two broad characteristic absorption
bands at 460 cm~! and 1000 cm ™. The band at 460 cm~! was inferred to have five peaks
overlapping by peak fitting. The peak fitting results indicate that the overlapping peaks
located around 490 cm ™! are assigned to the (Mg-O) stretching vibration, forming a combi-
nation peak at 4200 cm~! along with the OH-stretching vibration. The absorption peak at
810 cm~! was assigned to the AI'V-O-stretching vibration and is only present in phlogopite.
The fundamental OH-stretching peaks appear at 3710 cm ! and 3670 cm~!. Due to the
isomorphic substitution of octahedral cations, there is no consensus on the number of
hidden peaks in this region. The OH-stretching peaks participating in the combination
peaks are considered N-bands, assigned to (MgMgMgOH) stretching vibrations.

In the NIR spectral, the combination peaks are mainly observed at 4200 cm™ 1,
4300 cm~!, and 4450 cm~!. The broad absorption band of the first overtone appeared
in the range of 7200-7320 cm ™!, and the fundamental is assigned to OH-stretching vibra-
tions. The first overtone of OH-stretching vibrations exhibited a constant ratio (Factor) with
the fundamental, and we calculated the factor to be 1.955 for both phlogopite and biotite.
There were three modes related to OH-stretching vibrations in the fundamental, indicating
that non-infrared-active hidden peaks also contributed to the formation of near-infrared
spectral overtone peaks.

Changes in Mg# content altered the crystal and chemical environment of the biotite
group. The relationship between Mg# and the by parameter of the crystal cell from phlogo-
pite (Mg~) to annite (Fe~) increased almost linearly by 0.1 A. For biotite-phlogopite with
lower Al in octahedral coordination, the absorption peak near 4300 cm ! can be used to esti-
mate the Mg# content. The 4300 cm ! peak, resulting from Mg-OH-bending and -stretching,
effectively predicts the Mg# content in biotite—phlogopite due to its straightforward OH
vibration mode. The absorption peak at 4450 cm ™! was composed of Al'Y-O-stretching
vibrations and OH-stretching vibrations. An augmentation in A1V within F-free phlogopite
led to an elevation in the intensity of the absorption peak at 4450 cm~!. However, in F-rich
phlogopite, the replacement of OH by F rendered the observation of the absorption peak
challenging. The combination peak around 4450 cm ™! in both biotite and phlogopite was
considered the most suitable for characterizing Mg# content displacement, applicable only
to high A1V values (>0.13). The combination peak at this position may also be applicable
for predicting elemental content in other high-Al mica minerals or phyllosilicate structures
with similar compositions.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cryst14040336/s1, Table S1: Major element compositions of
biotite and phlogopite.
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