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Annabergite, Erythrite)
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Abstract: Vivianite is a hydrated iron phosphate mineral (Fe;(POs),-8H,0), crystallized in a monoclinic system. It is the endmember of a
mineral series known as the vivianite group, where minerals have the general formula A3(X04),'8H,0, A is a divalent metal cation and X is
phosphorus P or arsenic As. Today, vivianite is attracting interest as a promising material for recovering phosphorous from wastewaters. In fact,
the presence in wastewater sludges of soluble iron and phosphorus can lead to vivianite formation. As a crystal, it is a naturally occurring Van
der Walls material. It can be easily characterized by means of Raman and infrared spectroscopies. Here we will consider the Raman spectroscopy,
precisely that related to the hydroxyl-stretching region. We will propose the deconvolutions in g-Gaussian functions of spectra from RRUFF
database, comparing the obtained results with those available from literature. Besides vivianite, we will consider also baricite, bobierrite,
annabergite and erythrite, other members of the vivianite group. About the hydroxyl-stretching region and the use of q-Gaussians, we take the
chance to continue a discussion regarding the Raman spectroscopy of water, discussion that we started in March 2024.

Keywords: Vivianite Group Minerals, Vivianite, Baricite, Bobierrite, Annabergite, Erythrite, Raman Spectroscopy, Q-Gaussian Functions,
Tsallis Statistics, Hydroxyl-Stretching Raman Region, OH-Stretching Raman Region, Biochar, Wastewater Treatment, Fertilizers, Minerals On

Mars, Minerals On Moon

Introduction

Here we consider the Raman broad scans on minerals
of the vivianite group, scans which are published in
the RRUFF database. The minerals of the vivianite
group are of the general formula (A™)3(X0,),-8H,0.
In this formula, A% can be Co, Fe, Mg, Ni, Zn and X
can be As or P (Frost et al, 2002). In RRUFF
database, we can find vivianite, baricite, bobierrite
and other minerals of the group. Of the Raman broad
scans, we will consider the range between 2000 and
4000 cm ', which contains the hydroxyl-stretching
region (for water, from 2800 to 3800 cm '), that is
the OH-stretching band. We have already considered
this region when we studied the Raman spectroscopy
of water; we proposed specifically the decomposition
of this large OH-stretching band in components with
the q-Gaussian profile. Being the q-parameter of g-
Gaussian functions related to the correlation time of
stochastic Kubo modelling of fluctuations, we
stressed the use of this parameter to characterize the
local environments of O-H bonds. We further
discussed the OH-stretching band of ice, to
understand how the decomposition in q-Gaussians
changes in the number of components and values of
g-parameters. Here, we will apply the same approach
used for water, that is a decomposition of the
spectrum in g-Gaussian components, to the scans on
vivianite. We will compare the results obtained by
means of g-Gaussians with the results given by
literature. Baricite, bobierrite, annabergite and
erythrite are also studied.

Before addressing the Raman spectroscopy of
vivianite, let us remember some general literature
about this material. Morecover, let us stress that
vivianite is formed “in specific geological processes
and conditions, and it is typically found in particular
environments” (geologyscience.com). About
formation of the mineral, this web site notes that
“vivianite often forms in environments where
anaerobic (low-oxygen) conditions prevail, such as in
the sediment at the bottom of swamps, bogs,
marshes, or other waterlogged areas. Bacteria play a
significant role in the formation of vivianite by
reducing iron ions (Fe**) to the ferrous state (Fe?"),
making them available for reaction with phosphate
ions”. The presence of phosphate ions is fundamental
for vivianite creation, such as water. These phosphate
ions are coming from organic materials. ‘“Vivianite
forms in iron-rich environments because it requires
ferrous iron (Fe*") for its crystal structure. Iron-rich
sediments, often associated with iron ore deposits,
can provide the necessary iron for vivianite
formation”. Geologyscience.com gives the following
locations to find vivianite: swamps and bogs,
wetlands and marshes, mining areas. Moreover,
vivianite can be found associated with minerals and
rocks: pyrite, goethite, limonite. In Italy, we can find
vivianite from Montoso Quarries, Bagnolo Piemonte,
Cuneo.

Literature about vivianite
In Frisenda et al., 2020, we can find discussed the
naturally occurring van der Waals materials. Among
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the phosphates, Frisenda and coworkers described the
vivianite as “a hydrated iron phosphate with an
approximate formula Fe*'Fe,” PO,),-8H,0”. The
researchers are also proposing a picture of the crystal
lattice. “Bulk vivianite has been used as natural
electron donor to effectively dechlorinate a variety of
chlorinated organics, the principal and most
frequently found contaminants in soil and
groundwater that generates significant environmental
problems”. For instance, Jeon et al., 2015, proposed
theoretical and experimental research about the
dechlorination of carbon tetrachloride on a vivianite
surface. Frisenda and coworkers also provide
references about the band gap of vivianite as “an
indirect band gap in the range of ~3.3-4.6 eV and a
paramagnetic ground state” (Li et al., 2016, Pinto et
al., 2014).

About vivianite we have a large literature on its
natural occurrences in different environmental
conditions. Rothe and coworkers, 2016, proposed a
review of “the nature, occurrence and environmental
relevance of” the mineral. As explained by Silva et
al., 2024, vivianite is a “mineral that can be
associated with biogeochemical processes. The
mineral is found in freshwater and marine systems as
a biogenic product while it can undergo oxidation
caused by the action of neutrophilic or
photoautotrophic microorganisms” (Silva et al,,
mentioning Rothe et al., 2016, Miot et al., 2009,
Kappler & Newman, 2004). For a recent review, see
Paskin, 2024.

In industrial environment, vivianite can be found in
wastewater treatment plants. As noted in Prot et al.,
2021, the presence in wastewater sludge of soluble
iron and phosphorus can lead to vivianite formation,
that is, to the “vivianite scaling” problem. “Vivianite
scaling is widely occurring in wastewater treatment
plant even though it is rarely reported”. “Iron
reduction appears to be the cause of vivianite scaling
in anaerobic equipment. ... Solubility of vivianite
decreases when T>32 °C, favoring scaling in heat
exchangers. ... [Vivianite] is usually present as a
hard and blue deposit that can also be brown or black
depending on its composition and location” (Prot et
al., 2021). However, vivianite can be turned into an
important resource; this can happen by means of
methods for the phosphorus recovery (Yang et al.,
2023).

In Wu et al., 2019, we can find a review of
“potentials and challenges of phosphorus recovery as
vivianite from wastewater”. “Due to the shortage of
phosphorus resources and the limitations of existing
phosphorus recovery methods, phosphorus recovery
in the form of vivianite has attracted considerable
attention with its natural ubiquity, easy accessibility
and foreseeable economic value”. Wu and coworkers
are proposing a review which summarizes the
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chemistry of wvivianite. Then, the phosphorus
recovery as vivianite has been comprehensively
evaluated, “from the prospects of economic value and
engineering feasibility”. According to Wu and
coworkers, in 2019 there was an “insufficient
understanding ~ on  vivianite  recovery  in
wastewater/sludge”, which was decelerating “the
development and exploration of such advanced
approach” (Wu et al., 2019).

Zhang et al., 2022, note that the development of
“feasible techniques to recover phosphorous (P) from
wastewater and sewage sludge is urgent work to meet
the huge demand for P resources and
wastewater/sludge management. Recently, recovering
P as value-added vivianite has aroused great interest
due to the convenient process operation, high
recovery efficiency, and wide applications of
vivianite”. Advanced technologies are “including ion
exchange, electrodialysis, capacitive de-ionization,
membrane  bioreactor, anaerobic fermentation,
chemical precipitation, electrochemical
crystallization, biomineralization, and anaerobic
digestion” as summarized by Zhang and coworkers.

Other literature on this subject, that is the sewage and
wastewater treatment, are Wilfert et al., 2016, 2018,
Liu et al., 2018, Wang et al., 2018. Zhao et al., 2024,
propose an “efficient phosphorus recovery from
waste activated sludge”, by means of a “pretreatment
with natural deep eutectic solvent and recovery as
vivianite”. Lu et al., 2024, study the “anaerobic
recovery of vivianite from waste-activated sludge
through combined sludge pre-fermentation and
agroforestry biomass-based biochar”. “If enough
iron is present in the sludge after anaerobic digestion,
70-90% of total phosphorus (P) can be bound in
vivianite. Based on its paramagnetism and inspired
by technologies used in the mining industry, a
magnetic separation procedure has been developed”
(Prot et al., 2019). Priambodo et al., 2017, proposed
the phosphorus recovery as vivianite by means of the
treatment of wastewater from the production of thin
film transistor-liquid crystal displays. Chen et al.,
2023, propose a “study on anaerobic phosphorus
release from pig manure”, recovered “by vivianite
method”. Chen and coworkers established a recovery
route which is combining “the electrochemical
method with the vivianite method using sacrificial
iron anode”.

Lu and coworkers stress that phosphorus “plays a
crucial role in the growth of plants and crops”, “but
the utilization of phosphorus resources faces two
significant  challenges”. First, “under natural
conditions, phosphorus ore is non-renewable”.
Therefore, according to Lu and coworkers, we are
close to a future "phosphorus crisis" in human
society. The other challenge is that, since
“phosphorus is easily discharged into the water
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through human production and daily life”, we are
facing the problem of “phosphorus pollution” (see Lu
et al, and references therein). Lu and coworkers are
providing references about the applications of
vivianite, “particularly in producing high-value
products like lithium batteries” (Lu et al., mentioning
Wang et al.,, 2023). Moreover, vivianite “can be
efficiently synthesized during the anaerobic
fermentation of waste-activated sludge (WAS)”. Lu
and coworkers concentrate the research on the use of
carbonaceous materials in vivianite formation; the
researchers mention graphite, carbon nanotubes, and
biochar, “as a more affordable, easily produced, and
sustainable carbon material, [which] holds significant
potential in accelerating electron transfer processes”
(Lu et al, and references therein). Therefore,
“understanding the vivianite synthesis system's
response mechanisms after adding biochar is crucial
for improving the efficiency of vivianite formation”.
About biochar, see Sparavigna, 2023, and references
therein.

“As an important product of extracellular electron
transfer (EET) and biological iron reduction, the
production of vivianite can be enhanced by
conductive materials. Carbon nanotubes (CNTs) with
excellent electrical conductivity have been reported
to promote electron transfer, which was applied in
wastewater treatment to accelerate the degradation of
the contaminants” (He et al., 2022). He and
coworkers studied the influence of carbon nanotubes
CNTs in vivianite production. “The enhancement of
vivianite production after CNTs adding reached up to
17 % by promoting the electron transfer between
dissimilative iron-reducing bacteria (DIRB) and
Fe(III)”.

Recently, 2024, Li and coworkers “comprehensively
investigated the impact and underlying mechanisms
of NH," [ammonium] on the kinetics and product
properties of vivianite crystallization for phosphate
recovery”’. As the researchers observe, ‘“high-
phosphorus  wastewater often contains  high
concentrations of ammonium”.

Vivianite and biochar

Liu et al., 2022, prepared magnetic biochar (MB)
“and innovatively applied to enhance P recovery as
vivianite. The effects of anaerobic digestion time,
hydrothermal pretreatment temperature and MB dose
on vivianite formation were investigated using batch
experiments and a modified sequential P extraction
protocol”. According to the researchers, the addition
of magnetic biochar, “decreased the proportion of
water-extractable P by sorption and promoted organic
P decomposition, which further facilitated vivianite
production”.

Magnetic biochar is also useful in the “phosphorus
recovery from waste-activated sludge [WAS] through
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vivianite crystallization”, according to Wu and
coworkers, 2023. Actually, “the relatively small
crystal size restricts the separation and recovery of
vivianite”. Wu and coworkers prepared magnetic
biochar (MB), “and selected [it] as an additive to
enhance vivianite crystallization during WAS
anaerobic digestion. The effects of MB iron loading
and dosage on the phosphorus recovery efficiency
and methane yield were investigated through batch
experiments, The results showed that the
phosphorus recovery efficiency reached 45% and the
methane yield increased by 27%” under proper
conditions.  “The microbial analysis found the
functional bacteria related to Fe’" reduction and
methane production were further enhanced and
enriched by the MB”. According to the researchers,
their study “confirms the feasibility of recovering
phosphorus in the form of vivianite from waste-
activated sludge using magnetic biochar as the seed
crystal, which is conducive to its subsequent
separation and utilization” (Wu et al, 2023).
Magnetic biochar can be easily collected from water
with magnetic fields (Sparavigna, 2023).

“Microbial Fe (III) reduction generally could
outcompete methanogenesis due to its
thermodynamic  advantage, while the low
bioavailability of Fe (III) compounds limits this
process in the anaerobic digestion system, which
could result in the low recovery of vivianite” (Cheng
et al., 2023). The study by Cheng and coworkers
“investigated the competition between Fe (III)
reduction and methanogenesis in the presence of
different biochar (pyrochar and hydrochar)”.

In 2017, Zhou and coworkers explained that biochar
“contains quinones and aromatic structures that
facilitate extracellular electron transfer between
microbial cells and insoluble minerals”. For their
study, Zhou et al. prepared granulated biochar and
powdered biochar, “amended to two ferrihydrite
enrichments to investigate the effect of biochar with
different particle sizes on dissimilatory iron(III)-
reducing bacteria (DIRB) and methanogens”. The
researchers concluded that “biochar addition
significantly stimulated the reduction of both in situ
ferrihydrite and ex situ ferrihydrite and the
production of methane”. Zhou and coworkers
mentioned green rust Fe,(CO;)(OH), vivianite
Fes3(PO,),8(H,0), and iron oxide (y-Fe,O3). They
stress that their “study illustrated that the addition of
biochar affected iron-reducing and methane-
generating microbial communities to some extent”.

As a fertilizer

“Vivianite offers a promising way for recovering P
from secondary sources such as wastewater sewage
sludge, since the efficiency and feasibility of the
recovery process have already been proven” (Metz et
al. 2023, mentioning Wu et al., 2919, Prot et al,
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2020, Zhang et al., 2022). “The success of vivianite
as a recycled P source depends not only on its
recovery but also on its reusability, e.g., as a
fertilizer. A quantitative understanding of dissolution
rates and mechanisms is fundamental to
understanding the suitability of vivianite as a P
source” (Metz et al., 2023). The researchers find that
“the determined dissolution rates of vivianite are fast
and exceed the dissolution rates of other common
phosphate minerals such as struvite, variscite, or
apatite, potentially contributing to its efficiency as a
fertilizer” (Metz et al., 2023). Struvite is a
magnesium ammonium phosphate
(MgNH,PO,6H,0). Variscite is a hydrated aluminum
phosphate mineral (AIPO4-2H,0). Apatite is the
name of a group of phosphate minerals. However,
Metz and coworker stress that, “in natural soils,
vivianite oxidation and the presence of alternative P
sinks may impact the solubility. Furthermore, aging
effects and especially oxidation might substantially
change the properties of vivianite and, consequently,
the extent to which P from vivianite becomes
bioavailable in soils. Therefore, alkaline calcareous
soils may be disadvantageous for vivianite
application due to the lower dissolution and faster
oxidation kinetics of dissolved Fe(ll). The
effectiveness of vivianite as a P fertilizer is co-
determined by a variety of biogeochemical and
hydrological soil processes and conditions. ... The
mechanistic understanding of anaerobic vivianite
dissolution discussed [by Metz and coworker] can
serve as a basis for investigating the processes in
natural settings. Also, since vivianite is metastable in
oxic environments and most agricultural soils are
oxic, the impact of oxidation on the dissolution
kinetics and solubility of vivianite is of particular
interest” (Metz et al., 2023). The term “oxic” is often
used to describe an environment where oxygen is
present.

From wastewaters to batteries

“Further applications for producing and using the
mineral are around the corner”, according to
www.waterdall-partnership.eu. “EU funds like the
RECAP project stimulate research in vivianite
outside of the wastewater treatment setting, for
instance in manure and lake sediments. Using
vivianite as fertilizer could be a serious contender in
some niche markets. Even more compelling is the
fact that vivianite could be a perfect raw material for
Lithium Iron Phosphate (LiFePO,4 or LFP) batteries,
which do not require cobalt”.

Biovivianite

The “biovivianite is a potentially useful Fe and P
fertilizer, [and therefore] there is much interest in
harnessing microbial biovivianite synthesis for
circular economy applications”. Eshun and
coworkers, 2024, study “the factors that influence the
formation of microbially-synthesized vivianite
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(biovivianite) under laboratory batch systems
including the presence and absence of phosphate and
electron shuttle, the buffer system, pH, and the type
of Fe(Ill)-reducing bacteria (comparing Geobacter
sulfurreducens and Shewanella putrefaciens)”.
“Green rust, a key intermediate in biovivianite
production, could be detected as an endpoint
alongside vivianite and metavivianite
(Fe*'Fe**,(PO,),(OH),6H,0), in treatments with G.
sulfurreducens and S. putrefaciens. However, XRD
indicated that vivianite abundance was higher in
experiments containing G. sulfurreducens, where it
dominated” (Eshun et al., 2024).

“Microorganisms can transform phosphorus (P)-
enriched iron (Fe)-oxide sludge into products with
higher P concentration or can directly promote the
precipitation of P-rich compounds from water.
However, there is no evidence of these products’
efficiency as fertilizers”. Further studies by Eshun
and coworkers, 2024, investigated biovivianite to
assess its effectiveness as P and Fe fertilizer for
durum wheat and white lupin. The researchers claim
that “the mineral constituents of the biovivianite
coupled with their nano-crystallite sizes” explain the
vivianite effectiveness as P and Fe fertilizer (Eshun et
al., 2024).

Vivianite uses

A description of vivianite traditional uses is given by
geologyin.com . Vivianite has scientific uses. It is an
environmental indicator: “Vivianite's presence in
sediments can reveal past environmental conditions,
including oxygen levels, pH, and the availability of
iron and phosphorus. This information aids in
reconstructing paleoclimate and understanding past
ecological changes”. It is a geochemical tracer:
“Researchers studying the transportation and fate of
iron and phosphorus in aquatic environments can
utilize vivianite as a natural tracer due to its specific
formation conditions and reactivity”. Vivianite is a
paleontological tool: “Fossilized vivianite alongside
fossils of organisms like fish or plants can provide
insights into ancient ecosystems and the interactions
between organisms and their environment”. Besides
the scientific uses, we have the use of vivianite as a
gemstone and for mineral collection. The web site is
also mentioning the vivianite cultural use, with
associated symbolic values. Moreover, we have
vivianite used for pigments, that is, as “vivianite
blues” (Slomp, 2023).

Where?

On Earth, as previously told, natural locations to find
vivianite are swamps, bogs, wetlands, marshes, and
mining areas. “On Mars, even though no positive
detection of vivianite has been done, its presence,
along with other phosphates, can be expected in
patches with high concentration of phosphorus, since
other common minerals could mask their existence”
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(Silva et al., 2024, mentioning Dyar et al., 2014).
However, in Treiman et al., 2023, vivianite is
mentioned in a discussion about the manganese-iron
phosphate nodules at Gale Crater, Mars. “The MSL
Curiosity rover investigated dark, Mn-P-enriched
nodules in shallow lacustrine/fluvial sediments at the
Groken site in Glen Torridon, Gale Crater, Mars.
Applying all relevant information from the rover, the
nodules are interpreted as pseudomorphs after
original crystals of vivianite,
(Fe*’ Mn*");(PO,),'8H,0, that cemented the
sediment soon after deposition”. Treiman and
coworkers affirm that “the most likely such minerals
are laueite and strunzite”. These minerals “occur on
Earth as alteration products of other Mn-bearing
phosphates including vivianite”. “Vivianite is a
common primary and diagenetic precipitate from
low-oxygen, P-enriched waters”. Available ‘“data
suggest that the nodules originated as vivianite”
(Treiman et al., 2023).

On Moon? A hydrated mineral, (NH4,)MgCly;6H,0,
has been found in lunar soil samples returned by the
Chang'e-5 mission (Jin et al., 2024). Incidentally:
“the presence of water and ammonium molecule in
ULM-1 crystal are confirmed in both the Raman and
Infrared (IR) spectra. The strong normal vibrational
modes at 3430 cm™' (symmetric stretching v;) and at
1645 cm™' (bending O-H deformations v,) of H,O
molecule have been clearly observed in the Raman
spectrum of ULM-1” by Jin and coworkers. Note
please the importance of the use of Raman broad
scans to study the presence of water in minerals.

Vivianite structure

“In pure endmember vivianite all the iron is divalent,
Fe?', but there are two distinct sites in the structure
that these ions can occupy. In the first site, the Fe* is
surrounded by four water molecules and two
oxygens, making an octahedral group. In the second
site, the Fe** is surrounded by two water molecules
and four oxygens, again making an octahedral group.
The oxygens are part of the phosphate groups
(PO4"), that are tetrahedral. The vivianite structure
has chains of these octahedra and tetrahedra that form
sheets perpendicular to the a-crystal axis. The sheets

are held together by weak bonds, and that accounts
for the perfect cleavage between them” (Wikipedia,
mentioning Pring, 1998).

“Structurally, vivianite belongs to the C2/m space
group. It consists of sheets comprising single (Fe;)
FeO,(H,0), and double (Fey)
Fe,04(H,0), octahedral sites that are linked by
PO, tetrahedra (the vivianite crystal is visualized
in Figure S1). These sheets are only weakly held
together by hydrogen bonds between the H,0
ligands, explaining the perfect cleavage along the 010
plane” (Metz et al., 2023, mentioning Rouzies &
Millet, 1993, McCammon & Burns, 1980). “Under
oxic conditions, vivianite is unstable, and structural
Fe(Il) oxidizes rapidly to Fe(Ill), changing the
mineral’s appearance ... The oxidation of Fe(Il)
impacts the crystal structure ...” (Metz et al., and
references therein).

IR and Raman spectroscopy

Paskin, 2024, tells that infrared and Raman
spectroscopy are helpful in vivianite identification.
“The IR spectrum of vivianite shows characteristic
H-O-H stretching and bending modes at nearly 3430
cm ' and 1690 cm' respectively, the tetrahedral
phosphate group shows vibrations at 974 — 1037
em'. ... . An advantage of using Raman
spectroscopy over IR is that data below 400 cm™' can
be obtained. Vivianite shows strong broad O-H
stretching bands between 3000 to 3700 cm™' . The
strongest band in the Raman spectrum is at 3262
cm ' attributable to the OH stretching. A strong band
is observed at 951 cm ™' and is due to the Raman
active PO stretching. Two intense bands are observed
at 236 and 186 cm—' and these bands are attributable
to Fe-O stretching vibrations” (Paskin mentioning
Frost et al., 2002).

In the article by Frost and coworkers, 2002, we can
find the Raman and IR spectra of vivianite, baricite
and bobierrite in their Figures 1 and 2. The analysis
of the Raman and IR spectra are reported in Table 1
of their article. In the following Table I, we consider
only the Raman bands (cm™'), as in the Figure 1 in
Frost et al., 2002.

Table I (centers of the bands, cm™)

Vivianite Baricite Bobierrite
3496 3480 3498 Assignment
3482 3300 3263 proposed
3262 3231 3212
3130 3121 3096 Hydroxyl
3012 3025 2895 stretching

“Vivianite shows well-resolved bands in the
hydroxyl-stretching region at 3496, 3482, 3262, 3130
and 3012 cm ' (Frost et al.,, 2002). “The band at
3262 cm ' is most intense in the Raman spectrum and
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is assigned to the water OH symmetric stretching
mode”. “The Raman spectra of both baricite and
bobierrite are less well resolved than that of vivianite,
although the spectral profiles are similar”. The

Volume 13 — August 2024 (08)



https://web.archive.org/web/20240808094524/https:/en.wikipedia.org/wiki/Vivianite
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c04474/suppl_file/es3c04474_si_001.pdf

Hydroxyl-Stretching Region in the Raman Broad Scans on Minerals of the Vivianite Group (Vivianite, Baricite, Bobierrite, Annabergite,

Erythrite)

instrument used by Frost and coworkers is a
Renishaw 1000 Raman. The Raman spectra were
excited by a He-Ne laser (633 nm). “Repeated
acquisitions using the highest magnification were
accumulated to improve the signal to noise ratio in
the spectra”. “Band-component analysis was
undertaken using the Jandel ‘Peakfit’ software
package, ... Band fitting was done using a Gauss-
Lorentz cross-product function with the minimum
number of component bands used to achieve a
satisfactory fit. The Gauss-Lorentz ratio was
maintained at values greater than 0.7”. The Gauss-
Lorentz cross product functions are not given in the
article by Frost et al.; in Origin Help we find an
expression which is governed by parameter “s” as
shape. Probably, the “ratio” in Frost et al. is the
“shape” in Origin. In the Table I given by Frost and
coworkers, four bands are given, but in the Figure 1
of the same article the components used for fitting
are five.

In Ogorodova et al., 2017, we can find in their Figure
3 a Raman spectrum of vivianite. “Raman
spectroscopic study was carried out on a Raman
microscope EnSpectr R532 (Russia) with a
diffraction grating (1800 lines/mm) and a spectral
resolution of about 6 cm™'. The laser radiation
wavelength was equal to 532 nm, the laser radiation
power on the sample was approximately 15 mW, ...

Spectrum was obtained on a non-oriented single

crystal”. “Anion [PO,]>” is manifested in the
spectrum by a group of lines: a strong line at 950
cm ' corresponds to the totally symmetric valence
vibration of the anion; a weak line at 1055 cm '
relates to the triply degenerate antisymmetric valence
vibration; the lines at 539 and 572 cm ™' belong to the
triply degenerate deformation vibration; a line near
458 cm ' corresponds to doubly degenerate
deformation vibration of tetrahedra [PO,]"". The
high-frequency line with maximum at 3138 cm ' and
shoulder near 3280 cm ' correspond to the valence
vibrations of OH-groups (in water molecules). A
weak line with maximum near 3475 cm ' relates to
valence vibrations of OH-groups in the coordination
Fe’’OH” (Ogorodova et al., mentioning Frost et al.,
2004). In the Figure 3 of the article by Ogorodova et
al., we find the peaks at (cm™'): 132, 170, 198, 241,
345, 458, 539, 572, 624, 850, 950, 1055, 1663, 3138,
3280 and 3475.

In the work by Frost et al., 2004, we find the Raman
spectra of several samples of vivianite. Again, we
find that the researchers used PeakFit and Gauss-
Lorentzian cross product functions, “with the
minimum number of component bands used for the
fitting process”. The following table contains the
centers of the peaks of natural vivianite samples
given by Frost et al. in 2004, plus the centers given in
Frost et al., 2002, and those given by Ogorodova et
al.

Table 1I (centers of the bands, cm™)

Chernomorskiy(a) 3137 3268 3487
Blackbird Dist 3131 3247 3473, 3486
Huanuni(a) 3131 3242, 3270, 3272 3480
Monserrat 2958 3133 3262 3478
Chernomorskiy(b) | 3031 3137 3253 3351 3493
Huanuni(b) 3010 3135 3257 3391

Vivianite (2002) | 3012 3130 3263 3482, 3496
Ogorodova et al. 3138 3280 3475

We can see that three peaks are always detected.
Moreover, the hydroxyl-stretching Raman region
seems being composed by five bands in generals.

Frost et al., 2002, wrote that “the band at 3262 cm’!
is most intense in the Raman spectrum and is
assigned to the water OH symmetric stretching
mode”. Ogorodova et al., 2017, wrote that “the high-
frequency line with maximum at 3138 cm' and
shoulder near 3280 cm™' correspond to the valence
vibrations of OH-groups (in water molecules)”. Due
to these two affirmations, it is necessary to shortly
consider the Raman spectrum of water.

Water

In previous discussions, Sparavigna, 2024, we have
reviewed literature and proposed the deconvolution
of the hydroxyl-stretching region of water and ice
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with the q-Gaussian functions. For a comparison
water/ice we used the Figure 2 in Purickovi¢ et al.,
2011. As other researchers did, Purickovi¢ and
coworkers noted that the “broad range of the Raman
spectrum of liquid water originates from the
symmetric and asymmetric OH—stretching vibrations.
The fact that this band is rather broad implies the
need for its deconvolution into several components,
and a large controversy about the number of
components and their origins exists in the literature”
(Purickovi¢ et al., mentioning Wang et al., 2003).
According to the used number of components,
researchers established the vibrational mechanisms
from intra- and intermolecular bonds (see discussion
in Sparavigna, 2024). Let us consider just two
components, for instance. We can find them assigned
to symmetric and asymmetric vibrations respectively,
as in Durickovi¢ et al., 2011. If we use four
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components, we can find Carey, 1998, saying that
these bands are corresponding to four modes due to
“the splitting of the v, symmetrical stretching
vibration into four distinct vibrations”.

In our previous discussion about water and ice, we
considered two main g-Gaussian components,
characterized by two different g-parameters. We
proposed the two parameters as linked to two
different local environments of OH-bonds (the g-
parameters of q-Gaussians can be related to the
correlation time of stochastic Kubo modelling of
fluctuations). As stressed by Martin Chaplin in his
discussion about the vibrational spectra, the “water
structuring is now firmly established ... as best
interpreted using a two-state water mixture” (Chaplin
mentioning Gallo et al., 2016). Of course, the two
states have a different local environment for their
oscillators.

In Gallo et al., Section 4, we find told that theoretical
and experimental results are today modelled by the
presence of “two alternative structures” in water,
“described as a low- and a high-density liquid”. “The
anomalies of supercooled water and the possibility of
metastable liquid—liquid separation in water can be
explained if water is viewed as a mixture of two
interconvertible organizations of hydrogen bonds
whose ratio is controlled by thermodynamic
equilibrium” (Gallo et al., 2016). The water
molecules are consequently organized “into two
distinct groups: one corresponding to low-energy/low
entropy ordered configurations and the other to high-
energy/high-entropy configurations. In this picture
the complexity of water is thus modeled by a mixture
of these two structural motifs” (Gallo et al., 2016).

As previously told, for our deconvolution of the
water 3200-3400 cm™' band, we proposed the g-
Gaussian functions, which have a shape changing
from Lorentzian to Gaussian, according to the g-
parameter of the g-exponential Tsallis function (see
Appendix). We linked the g-parameter to the local
environment of the oscillators. In fact, the approach
with g-Gaussians is suitable for a two-fluids model,
where each fluid is characterized by a different
entropic index (the g-parameter is the entropic index
of the Tsallis entropy).
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height 2437656 height 30,04077

center 3201.771 center 3409.576
hwhm 1199764 hwhm 1450305
q 1.606111 q 1.212861

3250 3500

Raman shift (cm '1)

Fig.1: Deconvolution of the OH-stretching band of water, obtained
by means of two q-Gaussian functions (red curves). The green dots
are representing the data as given in Puri¢kovi¢ et al., 2011. The
yellow line is the sum of components. Parameters of the functions
are given close the components. Note the different values of the g-
parameters (q=1.61 component to the left, g=1.21 component to
the right), meaning that oscillators are in two different
environments. The plot is obtained by means of software Fityk,
after defining in it the q-Gaussian functions (see Appendix for
further details).

Let us consider the data from Puri¢kovi¢ et al., 2011,
and make a fit with two q-Gaussian functions (Fig.1).
We can clearly see that the two g-Gaussians have
different qg-parameters, and consequently two
different Tsallis entropic indexes (again, we can
argue that the different entropic indexes are due to
two different local environments with two different
entropies). We can improve the fit, adding two
further small components (Fig.2).

Fig.2: Increasing the number of components the misfit, that is the
difference between data and sum of components, given in the
lower part of the image is reduced.

After these reminders about water, let us pass to
consider the OH-stretching region of vivianite, and to
the deconvolution of it. The Raman spectra that we
consider are those kindly provided by RRUFF.

RRUFF database

The aim of the RRUFF Project is that of creating “a
complete set of high-quality spectral data from well
characterized minerals”. Moreover, RRUFF “is
developing the technology to share this information
with the world”. Further information about the
project is given in Lafuente et al., 2015. In RRUFF
we can find several spectra of vivianite. To
decompose them, we will use the q-Gaussians. For

Volume 13 — August 2024 (08)


https://water.lsbu.ac.uk/water/water_methods.html#vib

Hydroxyl-Stretching Region in the Raman Broad Scans on Minerals of the Vivianite Group (Vivianite, Baricite, Bobierrite, Annabergite,

Erythrite)

what is regarding the number of components, since
from literature we can identify five band as in our
Table II, let us try deconvolutions with five
components.

Vivianite R060025. RRUFF ID: R060025, Ideal
Chemistry: Fe*';(PO,),-8H,0. Locality: Gypsy mine,
Minas Gerais, Brazil. Source: Eric Van Valkenburg.
Owner: RRUFF. Description: Blue-green fragment.
Status: The identification of this mineral has been
confirmed by X-ray diffraction. Broad scan on
unoriented sample. Instrument settings: Thermo
Almega XR 532nm @ 100% of 150mW. We use the
processed data, in the range from 2000 to 4000 cm .
A spline baseline adjustment is applied. The
deconvolution is given in the Figure 3.

Fig.3: Deconvolution of vivianite RRUFF R060025 spectrum. The
OH-stretching region is decomposed into five q-Gaussian bands
(red curves). The centers of the components are at 2957, 3143,
3250, 3342, 3483 cm™'.The lower part of the image is showing the
misfit, that is the difference between data (green) and the sum of
components (yellow curve).

Vivianite R050596. RRUFF ID: R050596. Locality:
Chernomorskiy Quarry, near Kertch City, Crimea
Peninsula, Ukraine. Source: Barb Dutrow. Owner:
RRUFF. Description: Group of dark blue elongated
prismatic single crystals in a fossilized clam shell.
Status: The identification of this mineral has been
confirmed by X-ray diffraction and chemical
analysis. Microprobe fragment with measured
chemistry: (Fez+2‘89Mg0A08Mn0.03)223(P1.0004)2.SHZO-
Unoriented sample with instrument settings: Thermo
Almega XR 532nm @ 100% of 150mW. We use the
processed data, in the range from 2000 to 4000 cm ™.
A spline baseline adjustment is applied. The
deconvolution is given in the Figure 4.
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Fig.4: Deconvolution of vivianite RRUFF R050596 spectrum. As
in the previous figure, the OH-stretching region is decomposed
into five q-Gaussian bands. The centers of the components are at
2971, 3138, 3250, 3320, 3485 cm .

Vivianite R050464. Locality: Siglo XX mine,
Llallagua, Potosi, Bolivia. Source: University of
Arizona Mineral Museum 11555. Owner: RRUFF.
Description: Bluish green elongated prismatic
crystals. Status: The identification of this mineral is
confirmed by single-crystal X-ray diffraction and
chemical analysis. Microprobe fragment with
measured chemistry: Fez+3,00(P1,0004)2'8H20. Sample
Description: Unoriented sample, Instrument settings:
Thermo Almega XR 532nm @ 100% of 150mW. We
use the processed data, in the range from 2000 to
4000 cm ', A spline baseline adjustment is applied.
The deconvolution is given in the Figure 5.

2000 2500 3000 3500 4000

Fig.5: Deconvolution of vivianite RRUFF R050464 spectrum. The
centers of the components are at 2990, 3135, 3254, 3351, 3477
-1
cm .

Vivianite R050076. Locality: near Canutillos mine,
Potosi, Saavedra, Bolivia. Source: Rock Currier.
Owner: RRUFF. Description: Green prismatic and
elongated single crystal. Status: The identification of
this mineral has been confirmed by X-ray diffraction
and chemical analysis. Microprobe fragment with
measured Chemistry: FCZ+OA99MHOA01)3(P10004)2'8H20.
Unoriented sample. Instrument settings: Thermo
Almega XR 532nm @ 100% of 150mW. We use the
raw data, in the range from 2000 to 4000 cm '. A
spline baseline adjustment is applied. The
deconvolution is given in the Figure 6.
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-5000
Fig.6: Deconvolution of vivianite RRUFF R050076 spectrum. The
centers of the components are at 2996, 3137, 3254, 3303, 3480
-1
cm .

Vivianite R040185. Locality: Siglo XX mine,
Llallagua, Bustillos, Potosi, Bolivia. Source:
University of Arizona Mineral Museum 11555.
Owner: RRUFF. Description: Green acicular single
crystal. Status: The identification of this mineral has
been confirmed by X-ray diffraction and chemical
analysis. Microprobe fragment with measured
chemistry: (Fej.00Mng 01)3(Po.97510.0303.94F0.07)2-8H,0.
Unoriented sample. Instrument settings: Thermo
Almega XR 532nm @ 100% of 150mW. We use the
raw data, in the range from 2000 to 4000 cm'. A
spline baseline adjustment is applied. The
deconvolution is given in the Figure 7.

Fig.7: Deconvolution of vivianite RRUFF R040185 spectrum. The
centers of the components are at 3000, 3141, 3255, 3349, 3475
-1
cm .

Vivianite R070331. Locality: Big Fish River, Yukon
Territory, Canada. Source: Mark Mauthner 3369.
Owner: RRUFF. Description: Platy, indigo-blue
massive, associated with maricite. Status: The
identification of this mineral is confirmed by single-
crystal X-ray diffraction and chemical analysis.
Measured chemistry:
(F32+1.77Mg1.21Mn0.02)2:3(P1.0004)2‘8H20;
(dark phase, H,O is estimated by difference) :
Nay goFe* 1 00P1 0004 (light phase = maricite, with
trace amounts of Mn). Unoriented sample. Instrument
settings: Thermo Almega XR 532nm @ 100% of
150mW. We use the raw data, in the range from 2000
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to 4000 cm . A spline baseline adjustment is applied.
The deconvolution is given in the Figure 8.

3000 3500 4000
x1

ig.8: Deconvolution of vivianite RRUFF R070331 spectrum. The
centers of the components are at 2892, 3148, 3244, 3340, 3475
-1
cm .

Let us pass to other materials of the vivianite group.
Baricite R061045. Ideal Chemistry:
(Mg,Fe);(PO,), 8H,0. Locality: Rapid Creek, Yukon,
Canada. Source: Michael Scott S100392. Owner:
RRUFF.  Description:  Bluish-gray translucent
fragment. Status: The identification of this mineral is
confirmed by single-crystal X-ray diffraction and
chemical analysis. Microprobe fragment with
measured chemistry:
(Mg g6Fe133Mng 01)5-3(P1.0004)2 8H0; H,O
estimated by difference. Unoriented sample.
Instrument settings: Thermo Almega XR 532nm @
100% of 150mW. We use the raw data, in the range
from 2000 to 4000 cm ™. A spline baseline adjustment
is applied. The deconvolution is given in the Figure

Fig.9: Deconvolution of baricite RRUFF R061045 spectrum. The
centers of the components are at 2975, 3113, 3236, 3292, 3492
-1
cm .
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Fig.10: Deconvolution of bobierrite RRUFF R060681 spectrum.
The centers of the components are at 2892, 3105, 3207, 3233,
3481 cm™.

Bobierrite R060681. Ideal Chemistry:
Mg3(POy4),-8H,0. Locality: Kovdor Massif, Kola
Peninsula, Murmanskaja Oblast', Northern Region,

Russia. Source: Michael Scott S101377. Owner:
RRUFF. Description: Colorless sectile tabular
crystals. Status: The identification of this mineral has
been confirmed by X-ray diffraction and chemical
analysis. Microprobe  Fragment. Measured
Chemistry: (Mg .94Feq.0sMng g1)5=3(P1.0004)2- 8H,0;
H,O estimated by difference. Unoriented sample.
Instrument settings: Thermo Almega XR 532nm @
100% of 150mW. We use the raw data, in the range
from 2000 to 4000 cm . A spline baseline adjustment
is applied. The deconvolution is given in the Figure
10.

In the following Table III, we add the results from
RRUFF samples (in cm ') to those given in the Table
11 (vivianite).

Table III (centers of the bands, cm™)

R060025 2957 3143 3250 3342 3483
R050596 2971 3138 3250 3320 3485
R050464 2990 3135 3254 3351 3477
R050076 2996 3137 3254 3303 3480
R040185 3000 3141 3255 3349 3475
R070331 2892 3148 3244 3340 3475
Chernomorskiy(a) 3137 3268 3487
Blackbird Dist 3131 3247 3473, 3486
Huanuni(a) 3131 3242, 3270, 3272 3480
Monserrat 2058 3133 3262 3478
Chernomorskiy(b) 3031 3137 3253 3351 3493
Huanuni(b) 3010 3135 3257 3391
Vivianite (2002) 3012 3130 3263 3482, 3496
Ogorodova et al. 3138 3280 3475

Let us also add to the data of baricite and bobierrite in the Table I the results we obtained on RRUFF samples. The
comparison is given in the Table I'V.
Table IV (centers of the bands)

Baricite R061045 2975 3113 3236 3292 3492
Baricite (Frost et al.) 3025 3121 3231 3300 3480
Bobierrite R060681 2892 3105 3207 3233 3481

Bobierrite (Frost et al.) 2895 3096 3212 3263 3498
Bobierrite 3121 3208 3429, 3439
(Ogorodova et al., 2020)

Discussion — From the Table III and IV, it seems that
agreement exists among data. Then, one could ask
why to use q-Gaussian functions instead of Gauss-
Lorentz cross-product functions. Good reasons exist.
First, as we have previously told, the g-parameter of
the q-Gaussian is linked to the local environment of
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the oscillators. This parameter allows the function to
assume a shape ranging from Gaussian to Lorentzian.
Moreover, what is a Gauss-Lorentz cross product
function? We have an expression of it given by
Origin. There, we find the shape parameter s; when s
is equal to 1, we have a Lorentzian function.
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Fig.11: Behavior of the Gauss-Lorentz cross product function as given by Origin, in semilogarithmic scale, with the shape parameter varying
from 0.1 to 1. Curves L and G are the Lorentzian and Gaussian functions.

obtained. Then, let us consider a further Table V,
where we show, besides the centers of the band, also
their g-parameters.

Given the behavior of the Gauss-Lorentz cross
product function as in the Fig.11, it is clear why Frost
et al. used shape parameters greater than 0.7. It is
also clear that a Gaussian shape can be never

Table V (centers and g-parameters of the q-Gaussian bands)

R060025 2957, 1.30 3143, 1.59 3250, 0.999 3342, 1.64 3483, 1.001
R050596 2971, 141 3138, 2.06 3250, 1.40 3320, 1.05 3485, 0.999
RO50464 2990, 1.75 3135, 1.61 3254, 1.31 3351,1.22 3477, 0.999
R0O50076 2996, 1.18 3137, 1.68 3254,1.53 3303, 1.25 3480, 1.56
R0O40185 3000, 1.21 3141, 1.65 3255, 1.45 3349, 1.42 3475, 0.999
R070331 2892, 1.49 3148,1.74 3244, 1.47 3340, 1.25 3475, 0.999

The Table V tells us that bands which are far from
being Lorentzian are present. This is a good reason
for using g-Gaussians, instead of Gauss-Lorentz
cross product functions. The q-Gaussians are able to
produce line shapes which are close or very close to
the Gaussian line shapes.

Other minerals of the vivianite group

The RRUFF database is proposing 17 spectra of
minerals of the vivianite group. Six are of vivianite,
one of baricite and one of bobierrite. Here in the
following, other spectra deconvolutions of minerals
among those proposed by RRUFF are given. We
propose the spectra where the hydroxyl-stretching
region is enough significant.

Annabergite, R050462. Ideal Chemistry:
Niz3(AsOy),'8H,0. Locality: Plaka mine, Laurium,
Attica, Greece. Source: University of Arizona
Mineral Museum 2447. Owner: RRUFF. Description:
Green bladed crystals. Status: The identification of
this mineral has been confirmed by X-ray diffraction
and chemical analysis. Measured Chemistry:
(Ni2.97Z10,03)5-3(A81.0004)2 8H,0; lighter vein:
(Ni;.95Zn¢ 05)5-3(AS1.0004)2 8H,0. Unoriented sample.
Instrument settings: Thermo Almega XR 532nm @
100% of 150mW. We use the processed data, in the
range from 2000 to 4000 cm . A spline baseline
adjustment is applied. The deconvolution is given in
the Figure 12.
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Fig.12: Deconvolution of annabergite RRUFF R050462 spectrum.
The centers of the components are at 2805, 3014, 3171, 3302,
3437, 3539 cm™.

Annabergite R060564. Locality: Candelaria mine,
Mineral County, Nevada, USA. Source: Michael
Scott S100290. Owner: RRUFF. Description:
Aggregates of green thin bladed crystals. Status: The
identification of this mineral has been confirmed by
single-crystal X-ray diffraction. Unoriented Raman
on the primary sample. Instrument settings: Thermo
Almega XR 532nm @ 100% of 150mW. We use the
raw data, in the range from 2000 to 4000 cm'. A
spline baseline adjustment is applied. The
deconvolution is given in the Figure 13.
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Fig.13: Deconvolution of annabergite RRUFF R060564 spectrum.
The centers of the components are at 2888, 3016, 3173, 3289,
3448,3584 cm™.

2500 3000

Table VI (annabergite, centers of components, cm™)

R050462 2805 3014 3171 3302 3437 3539
R060564 28838 3016 3173 3289 3448 3584

Fig.14: Deconvolution of erythrite RRUFF R050073 spectrum.
The centers of the components are at 2889, 3056, 3197, 3316,
3435 cm™.

Erythrite R050073. Ideal Chemistry:
Co3(As04),-8H,0. Locality: Bou Azzer, Morocco.
Source: Rock Currier. Owner: RRUFF. Description:
Crimson flattened crystals. Status: The identification
of this mineral has been confirmed by X-ray

diffraction and chemical analysis. Sample
Description:  Microprobe Fragment. Measured
Chemistry: (Co.65Mg0.35)3(A81.0004)2"8H,0.
Unoriented sample. Instrument settings: Thermo
Almega XR 532nm @ 65% of 150mW. We use the
raw data, in the range from 2000 to 4000 cm'. A
spline baseline adjustment is applied. The
deconvolution is given in the Figure 14.

In Martens et al., 2003, we find told that “four
Raman bands are observed in the hydroxyl stretching
region of erythrite in the 298 K spectrum, as
expected. There are two types of water molecules in
the unit cell and consequently there are four OH
units, which can vibrate both in-phase and out-of-
phase, giving four bands”. In the Table 1 in Martens
et al. we can find given peaks at 3052, 3200, 3337
cm ' for samples at room temperature. In our Table
VII we propose the comparison of data.

Table VII (erythrite, centers of components, cm™)

R050073 2889 3056

3197 3316 3435

Martens et al. 3052

3200 3337

In this work we have mentioned metavivianite. It is a
member of the symplesite group. To the study of this
group and other mineral, future works will be
devoted.

Appendix — q-Gaussian functions

The  g-Gaussian functions are  probability
distributions proper of the Tsallis statistics (Tsallis,
1988, Hanel et al., 2009). These functions are based
on a generalized form of the exponential function,
characterized by a continuous real parameter q. When
q is going to 1, the q-exponential becomes the usual
exponential function. The value g=2, (Naudts, 2009),
corresponds to the Cauchy distribution, also known
as the Lorentzian distribution; the g-Gaussian
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function is therefore a generalization of the
Lorentzian distribution too. The change of q-
parameter is allowing the q-Gaussian function to pass
from the Gaussian to the Lorentzian distribution.
Sparavigna, 2023, proposed for the first time the use
of q-Gaussian function in Raman spectroscopy.

As given by Umarov et al., 2008, the g-Gaussian
function is: f(x) = Ce,(—Px?), where e, (.) is the
g-exponential function and C a scale constant (in the
exponent, 5 = 1/(20%)). The g-exponential has
expression: e, (u) = [1 + (1 — q)u] /0=,

In Fityk software, a g-Gaussian function can be
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defined in the following manner:

define Qgau(height, center, hwhm, @g=1.5) =
height*(1+(g-1)*((x-center)/hwhm)"2)"(1/(1-q))
g=1.5 the initial guessed value of the g-parameter.
Parameter hwhm is the half width at half maximum
of the component. When g=2, the g-Gaussian is a
Lorentzian function, that we can find defined in Fityk
as:

Lorentzian(height, center, hwhm) = height/(1+((x-
center)/hwhm)"2)

When q is close to 1, the g-Gaussian becomes a
Gaussian function.
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