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ABSTRACT

Tourmalines, a complex borosilicate mineral supergroup, are significant in geological studies due to their chemical and mechan-
ical stability across various temperature and pressure conditions, making them useful as source rock indicators. A major issue in
the characterization of tourmaline composition is the consideration of the iron oxidation state, which can significantly influence
the distribution of elements at each site. This study reports the enhancement of a previous model that correlates Raman spec-
tral parameters of dravite-schorl tourmalines with their composition, taking into account the Fe valence state in Y and Z sites
measured through micro-x-ray absorption near edge structure (WXANES) spectroscopy. Raman spectroscopy was employed in a
prior study on these two tourmaline species by correlating peak positions and intensities with differences in the magnesium-iron
ratio. However, it was assumed that all iron was in the ferrous oxidation state (Fe?*), which led to a misrepresentation of the
Fe3* content in certain samples. The model has been thus implemented in this work by using uXANES, enabling the accurate
quantification of Fe?* and Fe3* in dravite-schorl minerals, hence refining Mg/(Mg+ Fe?*) ratios for Raman spectral analysis.
Results demonstrate the validity of the correlation between Raman peaks in both the fingerprint and OH stretching regions and
the magnesium-ferrous iron ratio. Our research confirms that Raman spectrum analysis is an effective method for recogniz-
ing tourmalines from the dravite-schorl series and evaluating their composition, including now the evaluation of the Fe?* and
Fe** occupancy. By integrating uRaman and pXANES techniques, one can acquire insights into the oxidation state of iron in
tourmalines from the dravite-schorl series, thereby enhancing the accuracy of the Mg/(Mg + Fe?") ratio. The observed linear
correlations for P, peak position, P, /P, relative intensities, and WOH(3) peak position in the Raman spectrum enable the rapid
identification of dravite and schorl tourmalines, as well as the retrieval of relative Mg and Fe?* contents.

1 | Introduction element in the X site: the alkali group comprises tourmaline spe-

cies mainly occupied by Na or K, the calcic group includes those

Tourmalines are a borosilicate mineral supergroup that
can be represented by the complex chemical formula
XY,Z(T,0,.)(BO,),V,W [1, 2]. Different tourmaline species
can be identified based on the elements present at each site [3].
Currently, 50 species of tourmaline are defined [4] and classified
into three primary subgroups, distinguished by the predominant

with elevated Ca content, and the X-vacant group consists of
tourmalines characterized by the predominant presence of va-
cancies in the X site [1].

This study focused on two of the most diffused tourmaline spe-
cies from the alkali group: dravite and schorl, characterized
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by the formulae NaMg,Al(Si,O,,)(BO,),(OH);,0OH and
NaFe,Al(Si,0,,)(BO,),(OH),0H, respectively. The main dis-
tinction between these two species end members lies in the
composition of the three Y sites, characterized by a predom-
inant presence of magnesium in dravite and a prevalence of
iron in schorl. Consequently, the dravite-schorl series can be
defined as Na(Mgy,Fe, ,),Al(Si O,)(BO,),(OH),0H, where
X=Mg/(Mg+ Fe) represents the relative amounts of magnesium
and iron in the Y'sites for tourmalines within this series.

These two species, along with all tourmaline species, are of sig-
nificant interest in geology due to their properties, particularly
their broad stability range in temperature and pressure (up to
725°C-950°C and 7GPa) and a low volume diffusion rate for
major and trace elements in their structures [5], enabling them to
retain chemical and textural information throughout geological
processes [6-8]. Due to these characteristics and since tourma-
lines are widespread across all types of detrital sediments, they
serve as indicators of source rock in provenance studies [9-13];
specifically, dravite and schorl typically crystallized from inter-
mediate igneous rocks with elevated Na content and intermedi-
ate Mg and Fe compositions, as well as moderately fractionated
granitic rocks that are rich in Fe [6].

Dravite and schorl crystals can be visually differentiated by their
coloring: in Mg-rich tourmalines, it ranges from pale brown to
brownish-black, while that of schorl crystals range from bluish-
black to black. Nevertheless, when examining microscopic
grains inside sediments, these traits are not consistently evident,
necessitating a more efficient method to identify the two spe-
cies and get data on the relative concentrations of magnesium
and iron.

Raman spectroscopy serves as a suitable tool for this purpose,
enabling rapid, straightforward, and nondestructive measure-
ments with high spatial resolution (on the order of micrometers)
while providing insights into the structure and chemical com-
position of the analyzed mineral, as the positions and relative
intensities of the peaks in the spectrum, related to the differ-
ent vibrational modes, are dependent upon these characteristics
of the sample. Specifically, signals in the fingerprint and OH
stretching regions are strongly correlated with tourmaline
chemical composition; in fact, the OH modes are correlated
with occupancy of the Y'and Z sites, while the peaks in the 200-
400cm™ region are directly related to the YO, and ZO, octahe-
dra vibrational modes. In this perspective, the correlation of Fe
cation valence state and occupancy sites could provide a simple
tool for the classification of tourmalines.

Numerous research studies have been conducted on various
tourmalines using Raman spectroscopy, emphasizing the dis-
tinctions among different species and their identification by spe-
cific peaks in the Raman spectrum [14-20]. However, studying
many tourmaline species simultaneously might complicate the
direct correlation of variations in Raman peak parameters as-
sociated with compositional differences due to the wide variety
of elements present in distinct species. Consequently, in prior
research [21], we concentrated exclusively on the dravite-schorl
series and examined how variations in the magnesium-iron rel-
ative content at the Y sites influence distinct vibrational modes.
This approach minimized the variables to be controlled and

simplified the issue, facilitating the identification of clear rela-
tionships between peak parameters and the Mg/(Mg + Fe) ratio.

In our earlier results, we made a strong assumption, considering
all iron found with SEM-EDS (scanning electron microscopy-
energy-dispersive system) as ferrous iron situated in the Ysites,
as we had no hint on the real oxidation state. However, this as-
sumption can severely alter the results, as the non-negligible
presence of Fe3* has been detected in different dravite and schorl
minerals [22-24] and we cannot extract the whole composition
of our samples without knowing the relative content of the two
different iron speciation [12]. Therefore, we conducted uXANES
(x-ray absorption near edge structure) spectroscopy at the Fe K-
edge, a technique proven to precisely determine the iron oxida-
tion state in various minerals [25-30], including tourmalines
[31], to quantify the concentrations of Fe?* and Fe** in seven
previously analyzed dravite-schorl samples and enhance our
earlier results. The centroid position of the pXANES pre-edge
peak has been established as an excellent indicator of Fe3*/) Fe
[32], and we relied on this characteristic of the spectrum for the
relative quantification of the six-coordinated iron oxidation sites
present in the Y and Z octahedral sites of our dravite-schorl
minerals.

The measured iron oxidation state was subsequently employed
to re-evaluate the magnesium-iron ratio using just Fe** and both
Fe* and Fe3*, comparing this with the prior results obtained
from the Raman spectrum peaks. Specifically, in the fingerprint
region (150-750cm™), the positions and relative intensities of
the P, and P, peaks, associated with the vibrational modes of
YO, octahedra, were analyzed alongside the P, peak position,
linked to the vibrational modes of ZO, octahedra, while in the
OH stretching region (3400-3800cm™), the YOH(3) (the num-
ber 3 is used to distinguish this particular band from other YOH
peaks and does not relate to the number of OH groups) peak
position exhibited the most notable dependence on the magne-
sium-iron ratio [14, 15, 17, 19, 21].

2 | Material and Methods
2.1 | Tourmaline Samples

To obtain information on the iron oxidation state, we analyzed
seven different tourmaline samples belonging to the dravite-
schorl series (studied in a previous work [21]). Table 1 summa-
rizes details about the studied samples. No sample preparation
was performed before the analyses, which were conducted
under standard conditions.

2.2 | Raman Measurements

Raman spectra were acquired using a Horiba Jobin-Yvon
LabRam micro-Raman spectrometer equipped with a motor-
ized x-y stage and a confocal Olympus microscope using a 50X
ULWD objective. This provided a spatial resolution of around
2um and a spectral resolution of 2cm™!. Two excitation wave-
lengths were used: a 632.8nm He-Ne laser for examining the
lower wavenumber section of the spectrum (150-750cm™) and
a 473.1nm frequency-doubled Nd:YAG laser for the OH region
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TABLE1 | Provenance and dimension of the dravite-schorl samples

analyzed.
Dimensions
Sample Provenance Species (mm)
B1 Brazil Dravite 5X5%x19
L1 Val Bodengo, Dravite 6X6X7
Sondrio, Lombard
Alps, Italy
L2 Piona, Lecco, Dravite 10x10x20
Lombard Alps, Italy
L3 Piona, Lecco, Schorl 12x12x%x15
Lombard Alps, Italy
L4 Piona, Lecco, Schorl 7X7x%20
Lombard Alps, Italy
L6 Val Bodengo, Dravite 10x13x16
Sondrio, Lombard
Alps, Italy
P1 Ornavasso, Verbano-  Dravite 3x4x%x12
Cusio-Ossola,
Piedmontese
Alps, Italy

(3400-3800cm™). Before each measurement session, we cali-
brated the instrument with the 520.7cm™! silicon mode for the
low-wavenumber spectrum and the 2825cm™! neon emission
line for the OH region. In certain studies, the silicon Raman line
is established at 520.5cm™! for calibration; hence, a systematic
error of 0.2cm™! must be taken into account, which is, nonethe-
less, equivalent to our spectral resolution. We employed the two
excitation lines to highlight the two distinct spectral regions.
The 473.1 nm line enhances the signal in the OH stretching re-
gion with respect to the 632.8nm line, allowing for improved
observation of the weak WOH peaks. Nonetheless, a higher en-
ergy excitation line amplifies fluorescence in the fingerprint
region; hence, we prefer the 632.8 nm line to highlight the low-
wavenumber modes. Polynomial baseline subtraction removed
all fluorescent signals from the Raman spectra. Micro-Raman
analyses were performed with uniform crystal orientation; in
particular, we investigated the tourmaline samples using inci-
dent light polarized parallel to the crystal c-axis. This guaran-
tees that the relative peak intensities among several samples are
not influenced by orientation effects. The c-axis orientation in
tourmalines is readily identifiable because of crystal elongation
along this axis and the presence of surface stripes that are paral-
lel to it. To evaluate potential heterogeneity, 6 to 20 Raman mea-
surements were performed at different locations on the same
sample, and the Raman spectrum parameters were averaged if
no significant variations (standard deviation lower than spectral
resolution) were seen within a single sample.

2.3 | SEM-EDS Analyses

The compositional studies were conducted using a SEM-EDS.
The tourmaline specimens were analyzed using a Jeol 6400
scanning electron microscope with an Oxford energy-dispersive

spectroscopy microprobe. The microprobe study was conducted
at 20kV and 1.2mA current, with a beam diameter of 1 um and
a counting duration of 75s. Fifteen analytical points per sample
were averaged due to the absence of discernible chemical zon-
ing in each sample. Certain samples were encapsulated in epoxy
resin, polished to achieve a flat surface, and coated with a thin
layer of high-conductance graphite film to mitigate charging
effects. Additional samples, particularly large crystals, were
examined in their natural state, placed on a tape layer and over-
laid with graphite. SEM pictures were acquired using both sec-
ondary and back-scattered electron detectors to more effectively
evaluate the existence of compositional heterogeneities. Olivine,
hematite, and kyanite were used as internal standards for the
quantification of oxide concentrations.

2.4 | pXANES Measurements

The identification and measurement of the two distinct iron ox-
idation states were conducted using uXANES spectroscopy at
the Fe K-edge at the PUMA (Photons Utilisés pour les Materiaux
Anciens) beamline (SOLEIL synchrotron, Saint-Aubin, France)
[33]. The measurements were conducted in air, at ambient tem-
perature, with the incoming beam incident at 45° on the sample
surface and the silicon drift detector at 90° from the incident
beam. The XANES spectra were acquired in fluorescence mode
with a 1s acquisition time per point and a beam size of 5pum (ver-
tical) X 7um (horizontal, which led to a 10um footprint due to
the 45° orientation of the sample). An energy resolution of 2eV
was selected in the region before the pre-edge, spanning from
7.05 to 7.1keV, and in the post-edge range from 7.22 to 7.4keV.
The region including the edge and the pre-edge (from 7.1 to
7.22keV) was examined with higher energy resolution, with
steps of 0.5eV. The spectra were calibrated using the first inflec-
tion point of the Fe K-edge of iron foil, established at 7112¢eV.
During the analysis, a 0.92eV factor was subtracted from the
energy data to align the results with those of Wilke et al. [32],
where the calibration was done by setting the first inflection
point of the Fe K-edge at 7111.08 V. The spectra were acquired
with the sample's upper surface oriented straight towards the in-
coming beam, as no significant heterogeneities were identified
in the seven minerals examined. Two reference standards were
used for the K-edge of Fe?* (olivine) and Fe3* (hematite) situated
in six-coordinated sites. The pre-edge feature was used to de-
termine the Fe3*/ZFe according to the methodology described
by Wilke et al. [32]. The detailed procedure ¢ for analyzing the
pre-edge of the uXANES spectra is presented in the following
section. The uXANES data were integrated into the previously
developed Raman model, where the chemical composition was
determined based on SEM-EDS investigations [21].

3 | Results and Discussion
3.1 | Fe Oxidation State From uXANES

To assess the iron oxidation state in the analyzed samples of
dravite-schorl tourmalines, the Fe K-edge, located between
7110 and 7130€V [27, 30, 32], was examined and compared to
the peak positions present in the spectra of standards, olivine
and hematite, for Fe?* and Fe3*, respectively. The uXANES
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spectra illustrated in Figure 1 were normalized for compara-
tive analysis; for all spectra, the minimum absorption value in
the pre-edge region, specifically below 7090 eV, was recorded
and subtracted to yield a zero baseline for each spectrum,
while the mean absorption value for energies above 7200eV
was utilized as the normalization factor. Our prior assumption
that all the iron in tourmaline is ferrous [21] can now be re-
fined by analyzing the shape of the Fe K-edge in the uXANES
spectrum, which closely resembles that of olivine across al-
most all samples, with a maximum near 7126 eV. However,
this does not necessarily imply that all the iron is Fe?*, as the
presence of Fe3* may still be relevant.

We can analyze the pre-edge feature employing Wilke et al.'s
proposed method [32], previously applied to tourmalines [31],
to derive a quantitative ratio of the actual Fe?* and Fe3* con-
tent in our samples (Figure 2). We subtracted a cubic spline
from the pre-edge region (7108-7117eV) to emphasize the
pre-edge band, subsequently fitting it with three pseudo-Voigt
functions. Initially, we deconvoluted the pre-edge by setting
the Gaussian-Lorentzian ratio to 50% while permitting the
other parameters to vary. Subsequently, we employed the av-
erage FWHM (full width at half maximum) from the initial fit
as a fixed parameter for all three peaks in a second deconvo-
lution. We subsequently calculated the centroid position of the
pre-edge as the intensity-weighted average of the peak posi-
tions. By employing the pre-edge centroid positions of olivine
and hematite as references for Fe3*/>Fe =0 and Fe3*/>XFe=1,
respectively, a linear regression can be applied to calculate the
Fe3* ratios in all the analyzed tourmaline samples, yielding
the results presented in Table 2. Six of the seven samples have

Hematite

Normalised Absorption

a pre-edge centroid position that is similar to that of the oliv-
ine standard (7111.62¢eV). This means that there is a higher
concentration of Fe?* compared to Fe3*, which is anyway
present in low amounts of up to 20%. Only sample P, shows

Hematite

Normalised Absorption

Olivine

7.108 7.110 7.112 7.114 7.116 7.118
Energy/KeV

FIGURE 2 | Pre-edge XANES spectra of the seven tourmalines an-
alyzed compared to the standard pre-edge for Fe?* (olivine) and Fe3*
(hematite).

TABLE2 | Pre-edge centroids position and Fe3*/ Fe ratio obtained
from XANES measurements.

Sample Centroid position (eV) Fe3*/Y Fe
I
I Hematite 7114.1 (2) 1 (fixed)
I
AN P1 7112.6 (2) 0.40 (8)
N L2 7112.2 (2) 0.23 (8)
I I
Lo L6 7112.1 2) 0.20 (8)
J owre L ] Bl 7112.1 (2) 0.20 (8)
1 1
T T T I T I T
710 741 742 743 744 745 746 7.7 L3 7111.9Q2) 0.10(9)
FIGURE 1 | Fe K-edge XANES normalized spectra of seven dra- L1 7111.7 (2) 0.03(9)
vite-schorl samples compared with olivine (Fe?*) and hematite (Fe3*) Olivine 71116 2) 0 (fixed)
standards.
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a centroid position at higher energy (7112.61eV), reflecting a
greater quantity of ferric iron, approximately 40%, which is
still lower than the concentration of ferrous iron. The maxi-
mum energy resolution achievable for uUXANES analysis was
approximately 0.5eV, resulting in a poorly defined pre-edge
band shape, thereby permitting only an estimation of the
Fe3*/Y Fe ratio that, however, appears to align with our prior
assumption.

3.2 | Improvement of Raman Peak Trends

Implementing data derived from uXANES measurements, it
is now possible to re-evaluate the composition of the dravite-
schorl samples by incorporating both Fe?* and Fe3* in the
atomic concentration calculations. According to established
normalization procedures for tourmalines [1, 12], with the B
content fixed at 3a.p.f.u. and the T+ Z+ Y site contents set at
15 cations, we derive the concentrations of the elements in the
sites listed in Table 3. Utilizing this data, we can now employ
either Fe?* or both Fe?* and Fe3* for the calculation of the
Mg/(Mg + Fe) ratio and compare it with the previously docu-
mented data in Table 4. Considering all iron as ferrous or both
Fe?* and Fe3* in the magnesium~iron ratio calculation does
not substantially alter the results; however, focusing solely on
Fe?* derived from uXANES leads to significant changes, par-
ticularly for sample P,.

Raman spectra for all the seven samples, reported in Figure 3,
were acquired in the y(zz)y configuration, that is, with the in-
cident light polarization aligned parallel to the crystal c-axis,
in order to maximize the OH stretching modes intensities
and study the same vibrational modes in the fingerprint re-
gion in every sample, without affecting their intensities with
orientation-related effects due to the tourmalines polar behav-
ior [15, 19].

In the low wavenumbers region (200-315cm™"), the so-called
P, and P, peaks associated with the YO, octahedra vibrational
modes were examined, and their parameter changes related to
the Mg/(Mg+ Fe) ratio, in particular variations in the P, peak
position and P,-P, relative intensities, showed the most relevant
dependence on changes between magnesium and iron relative
content [21]. Considering only Fe?* in the Mg/(Mg+ Fe) ratio,
the previous relation found for P, peak position is still valid, with
this peak located below 239 cm™ for schorl minerals and above
this value for dravite, as indicated by the blue point in Figure 4.
Furthermore, these data exhibit a significantly more linear cor-
relation with respect to the prior results (black points) obtained
considering all iron as Fe**, which can be expressed by the for-
mula w(P,)=X(11+1)+(233.9+0.8) where X =Mg/(Mg+ Fe?*).
This improved interpretation of the results is specifically associ-
ated with the elevated concentration of Fe3* in P, sample, which
induces a significant modification in Mg/(Mg+ Fe?*) compared
to prior results, emphasizing this linear correlation.

When exclusively considering Fe?* derived from XANES, the
relative intensities of P,-P, peaks exhibit a linear relationship
that corresponds more precisely with the previously established
trend (Figure 5). However, when focusing only on the samples
analyzed in this study, a different linear correlation is obtained,

represented as I(P,)/I(P,)=X(1.0£0.3)+(0.1£0.2). To deter-
mine the actual precision of the new linear correlation over the
established trend I(P,)/I(P,)=X(1.3+0.2)+(0.03+0.09) from
prior research [21]—where all the iron was assumed to be fer-
rous—additional samples must be analyzed using XANES and
Raman spectroscopy to determine a more accurate relationship.

Finally, the P, peak position does not show any dependence on
Mg/(Mg+ Fe?*) but is located at 215cm™!, with the exception of
sample L4, where it is observed at 211cm™.

These results confirm the dependence of the vibrational modes
associated with the Y-sites on the magnesium-iron ratio, pre-
dominantly found in the six-coordinated sites of the dravite-
schorl series. They particularly emphasize the influence of
the iron oxidation state, enabling the determination of the
Mg/(Mg+ Fe?*) ratio from the P, peak position and the relative
intensities of the P,-P, peaks.

We also examined the P, peak at 368 cm™, which is the princi-
pal peak associated with the vibrational modes of ZO octahedra
and is typically not correlated with fluctuations in the primary
Y site components [14]. However, Figure 6 illustrates a direct
correlation between the shift of this peak position and varia-
tions in the Mg/(Mg + Fe?*) ratio, described by the linear rela-
tionship w(P,)=X(6.2+0.5)+(364.6£0.3). This behavior may
be associated with an actual disorder for Mg and Fe between
Y and Z sites, which has already been demonstrated to be re-
lated to charge balance and bond distance refinement [34-37].
Nonetheless, the proximity of the Z and Y sites suggests that the
occupation of the Y site may also affect the vibrational modes
of the ZO, octahedra. Consequently, we are unable to ascertain
whether this change is genuinely linked to a Mg-Fe disorder be-
tween Y and Z sites or a neighboring effect due to the lack of
precise information regarding the element distribution, which
cannot be obtained without a structural refinement and the
exact mean bond distance for each site.

In the OH stretching region (3400-3800 cm™), the WOH(3) peak
position, associated with the vibrational modes of the W site, fol-
lows the established linear relationship illustrated in Figure 7,
now defined by the formula w(WOH(3))=X(22+3)+ (3716 +2),
where only the Fe?* derived from XANES is considered for the
magnesium-iron calculation (X=Mg/(Mg+ Fe?*")). In particu-
lar, the concentration of Fe** in sample P, significantly alters the
magnesium-iron ratio with respect to previous results, aligning
it more closely with the new trend, whereas it was previously
the only outlier from the formula w(WOH(3))=X(20+2)+ (371
7.0+0.9) where X is obtained assuming all iron in the ferrous
oxidation state [21]. This outcome can be attributed to the in-
trinsic dependence of YOH modes on the occupancy of the X
and the three Y sites (YYY-X composition [15]); consequently,
only iron situated in Y sites, specifically Fe?* in our hypothesis,
affects the WOH(3) vibrational mode, whereas variations in Fe3+
appear to have no effect on this peak. Furthermore, incorporat-
ing ferric iron into the Mg/(Mg+ Fe) ratio results in deviations
from the linear correlation, as shown for sample P,. Other peaks
in this region exhibit no apparent correlation with the magne-
sium-iron ratio, like the WOH(1) peak, which shifts its position
between 3629 and 3639 cm~! without an evident relationship to
the Mg/(Mg+ Fe?*) ratio, or the YVOH peaks, which have been
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TABLE3 | Composition (Ox%)and site occupancy (a.p.f.u.) obtained for the eight dravite-schorl samples considering Fe?* and Fe3* concentrations
after the XANES analyses.

B1 L1 L2 L3 L4 Lé6 P1
Na,O 1.29 1.23 1.52 0.90 1.13 1.28 1.76
MgO 8.34 6.01 4.47 4.08 2.76 6.48 6.85
AlQ, 31.71 32.24 34.92 32.10 31.58 32.22 30.95
Sio, 40.21 39.30 40.75 36.72 36.63 39.49 38.24
K,0 0.08 0.03 0.15 0.06 0.06 0.14 0.04
CaO 1.30 0.98 0.46 0.37 0.11 1.33 0.31
Tio, 1.16 1.02 0.49 0.83 0.60 0.98 0.96
V,0, 0 0.11 0.04 0.08 0.05 0.19 0.09
Cr,0, 0.06 0.03 0.04 0.05 0.01 0.06 0.02
MnO 0.06 0.06 0.07 0.18 0.19 0.01 0.25
FeO 3.70 7.70 4.71 12.37 15.34 5.50 5.61
Fe,O, 0.92 0.24 1.41 1.37 0.81 1.38 3.74
CuO 0.05 0.05 0.05 0.01 0.04 0.04 0.14
ZnO 0.12 0.12 0.01 0.10 0.02 0.04 0.18
B,0, 11.00 10.88 10.91 10.78 10.67 10.86 10.86
Site occupancy
X site
Na 0.40 0.38 0.47 0.29 0.36 0.40 0.55
K 0.02 0.01 0.03 0.01 0.01 0.03 0.01
Ca 0.22 0.17 0.08 0.06 0.02 0.23 0.05
X-vacancy 0.36 0.44 0.42 0.64 0.61 0.34 0.39
Bsites
B (fixed) 3 3 3 3 3 3 3
T sites
Si 6.36 6.28 6.49 5.92 5.97 6.32 6.12
Al 0 0 0 0.08 0.03 0 0
Y and Z sites
Mg 1.97 1.43 1.06 0.98 0.67 1.55 1.63
Fe2+ 0.49 1.03 0.63 1.67 2.09 0.74 0.75
Fe3+ 0.11 0.03 0.17 0.17 0.10 0.17 0.45
Al 591 6.07 6.56 6.03 6.03 6.08 5.84
Ti 0.14 0.12 0.06 0.10 0.07 0.12 0.12
\% 0 0.01 0.01 0.01 0.01 0.02 0.01
Cr 0.01 0.004 0.004 0.01 0.001 0.01 0.002
Mn 0.01 0.01 0.01 0.02 0.03 0.001 0.03
Cu 0.01 0.01 0.01 0.001 0.005 0.005 0.02
Zn 0.01 0.01 0.001 0.01 0.003 0.005 0.02
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TABLE 4 | Mg/(Mg+ Fe) ratio for all analyzed samples and parameters of main Raman peaks. The Mg/(Mg+ Fe) ratio from prior analyses
assumes all iron is Fe?*, whereas in this study, we evaluated the concentrations of both Fe?* and Fe3*+.

Mg/(Mg + Fe) Mg/(Mg+ Fe?*) Mg/(Mg+ Fe?t+Fe3*) w(P,) «(WOH(®3))
Sample 0Old data [21] This work This work (cm™) I(P)/1I(P,) (cm™)
L4 0.23 0.24 0.23 2371 0.46 3720.4
L3 0.35 0.37 0.35 238.5 0.68 3724.5
L2 0.56 0.63 0.57 239.5 0.67 3728.7
P1 0.56 0.69 0.58 242.8 1.00 3734.8
L1 0.57 0.58 0.57 240.5 0.68 3729.0
L6 0.63 0.68 0.63 241.2 0.84 3730.4
Bl 0.77 0.80 0.77 243.1 1.06 3732.9
T/ /T
] P, .

B1-X=0.80

P1-X=0.69

L6 - X=0.68

L2 - X=0.63

Raman Intensity

L1-X=0.58

L3 -X=0.37

L4 - X=0.23

/L
N B e . BLLEN R E e B L S B 4 S S e e S B S B B B B B

200 300 400 500 600 700 3500 3600 3700 3800

Wavenumber/cm™

FIGURE 3 | Raman spectra for all the seven dravite schorl samples studied in this work sorted by X=Mg/(Mg+ Fe?*) ratio acquired using a
Horiba Jobin-Yvon LabRam micro-Raman spectrometer, with two excitation sources at 632.8 and at 473.1nm [21]. Dravite samples are at the top

(X>0.5), while schorl samples are the bottom ones (X<0.5). P, P,, P, and WOH(3) peaks are highlighted in the first spectrum.
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00 01 02 03 04 05 06 07 08 09 1.0
244 T T T T T T T T T
o AlFe* ! o
2434 o XANES Fe?* . % 1
o XANES Fe?*+Fe¥| |
242 - | 4
I
241 - | g
£ |
O 240 1 B
=
o 1
oL R B B LTI
I
I
238 - | i
- | yEX(11£1)+(233.920.8) |
237 I R%=0.96 :
I
! ]
236 - | J
T T T : T T T

T T
00 01 02 03 04 05 06 07 08 09 1.0
Mg/(Mg+Fe)

FIGURE 4 | Comparison of P, peak position depending on the Mg/
(Mg+ Fe) ratio obtained in three different ways: old data consider all
iron as Fe?* (black dots), while new data consider only Fe?* obtained
with XANES (blue dots) or both Fe?* and Fe** concentrations (black
circles). The red line represents the linear correlation found for the P,
peak position related to the magnesium-iron ratio with only Fe?* ob-
tained from XANES.

Mg/(Mg+Fe?*)
00 01 02 03 04 05 06 07 08 09 10
T T T T T T T T T
371  AllFe* : 4
e XANES Fe?* !
1
o XANES Fe?*+Fe®* i
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1
1
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1
1
367 ! i
| y=x(6.2£0.5)+(364.6£0.3)
I R?=0.97
366 ! -
T T T : T T T

T T
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FIGURE 6 | P, peak position depending on the Mg/(Mg+ Fe) ratio
obtained in three different ways: old data consider all iron as Fe?* (black
dots), while new data consider only Fe?* obtained with XANES (blue
dots) or both Fe?* and Fe3* concentrations (black circles). The red line
represents the linear correlation found for the P, peak position related
to the magnesium-iron ratio with only Fe** obtained from XANES.

Mg/(Mg+Fe?")
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T T T T T T T T T
2+ |
104 ¢ AlFe | o
o XANES Fe?* !
o XANES Fe**+Fe®| | _ e
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.
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o |
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]
! o
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o4 | R?=0.68 1
|
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00 01 02 03 04 05 06 07 08 09 1.0
Mg/(Mg+Fe)

FIGURE 5 | P, and P, relative intensity depending on the Mg/
(Mg+ Fe) ratio obtained in three different ways: old data consider all
iron as Fe** (black dots), while new data consider only Fe?* obtained
with XANES (blue dots) or both Fe?* and Fe** concentrations (black
circles). The red line represents the linear correlation found for the
I(P))/1(P,) related to the magnesium-iron ratio with only Fe?* obtained
from XANES, while the green line is the previous relation found con-
sidering all iron as ferrous.

demonstrated to actually correlate to the YZZ-YZZ-YZZ site
composition [15], but the obtained formula is applicable solely
to samples near the end member composition and not to solid
solutions like the samples studied in this work [21].

Mg/(Mg+Fe?*)
00 01 02 03 04 05 06 07 08 09 1.0
3740 T T T T T T T T T
o AllFe* !
o XANES Fe? LT
2+ 3+
735 ]L_©  XANES Fe*"+Fe . B ) i
- : | 79
£ l
= 3730 I .
o I
I |
O
z i
3 3725 1 -
I
I
p I y=x(2243)+(371622)
3720 4 o | R2=0.93 .
I
T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10
Mg/(Mg+Fe)

FIGURE7 | YOH(Q3)peak position depending on the Mg/(Mg+ Fe) ratio
obtained in three different ways: old data consider all iron as Fe?* (black
dots), while new data consider only Fe?* obtained with XANES (blue dots)
or both Fe?* and Fe3* concentrations (black circles). The red line rep-
resents the linear correlation found for the WOH(3) peak position related
to the magnesium-iron ratio with only Fe?* obtained from XANES, while
the green line is the previous relation found considering all iron as ferrous.

Conclusions

uXANES spectroscopy enhanced our previous Raman-based
model for the dravite-schorl series by defining the iron ox-
idation state, thereby more accurately linking variations in
Raman spectra peak characteristics with fluctuations in the
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magnesium-ferrous iron ratio, with a more precise consider-
ation of the contribution from both Fe** and Fe3*. The depen-
dence of peaks associated with the vibrational modes of YO,
octahedra (P, and P,) on the Mg/(Mg+ Fe?*) ratio points out the
dominance of Fe?* at the Y sites compared to Fe3*. However,
we remain unable to determine the degree of disorder between
the two iron species at the Y and Z sites, as suggested by the
behavior of the P, peak, which may indicate the presence of
Fe?t at the Z sites as well. Nevertheless, we can still differenti-
ate between dravite and schorl species due to the P, peak posi-
tion, which is situated below 239 cm™ for schorl and above this
threshold for dravite. Additionally, we can accurately determine
the Mg/(Mg+ Fe?*) relative content in minerals of this series
through the linear correlations identified for various peak pa-
rameters in both the fingerprint region (including the P, peak
position, the P,-P, relative intensity, and the P, peak position)
and the OH stretching region (specifically the WOH(3) peak posi-
tion). This enables the identification of these two distinct species
in sediment grains and facilitates the analysis of their composi-
tion with any Raman instrument configuration.
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