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ABSTRACT

Several structurally related AsO4 and PO4 minerals, were studied with Raman microscopy
and X-ray Photoelectron Spectroscopy (XPS). XPS revealed only Fe, As and O for scorodite.
The Fe 2p, As 3d, and O 1s indicated one position for Fe?*, while 2 different environments
for O and As were observed. The O 1s at 530.3 eV and the As 3d 5/2 at 43.7 eV belonged to
AsQyq, while minor bands for O 1s at 531.3 eV and As 3d 5/2 at 44.8 eV were due to AsOq4
groups exposed on the surface possibly forming OH-groups. Mansfieldite showed, besides
Al, As and O, a trace of Co. The PO4 equivalent of mansfieldite 1s variscite. The change in
crystal structure replacing As with P resulted in an increase in the binding energy (BE) of the
Al 2p by 2.9 eV. The substitution of Fe** for AI** in the structure of strengite resulted in a Fe
2p at 710.8 eV. An increase in the Fe 2p BE of 4.8 eV was found between mansfieldite and
strengite. The scorodite Raman OH-stretching region showed a sharp band at 3513 cm™ and a
broad band around 3082 cm!. The spectrum of mansfieldite was like that of scorodite with a
sharp band at 3536 cm™! and broader maxima at 3100 cm™' and 2888 cm!. Substituting Al in
the arsenate structure instead of Fe resulted in a shift of the metal-OH-stretching mode by 23
cm’! towards higher wavenumbers due to a slightly longer H-bonding in mansfieldite
compared to scorodite. The intense band for scorodite at 805 cm™ was ascribed to the
symmetric stretching mode of the AsO4. The medium intensity bands at 890, 869, and 830

cm’!

were ascribed to the internal modes. A significant shift towards higher wavenumbers
was observed for mansfieldite. The strengite Raman spectrum in the 900-1150 cm™ shows a
strong band at 981 cm™! accompanied by a series of less intense bands. The 981 cm™ band
was assigned to the POs symmetric stretching mode, while the weak band at 1116 cm™ was
the corresponding antisymmetric stretching mode. The remaining bands at 1009, 1023 and

1035 cm™! were assigned to vi(A) internal modes in analogy to the interpretation of the AsOx

bands for scorodite and mansfieldite. The variscite spectrum showed a shift towards higher



wavenumbers in comparison to the strengite spectrum with the strongest band observed at
1030 cm™! and was assigned to the symmetric stretching mode of the PO4, while the
corresponding antisymmetric stretching mode was observed at 1080 cm™'. Due to the band
splitting component bands were observed at 1059, 1046, 1013 and 940 cm™!. The AsO4
symmetric bending modes for scorodite were observed at 381 and 337 cm’!, while
corresponding antisymmetric bending modes occurred at 424, 449 and 484 cm™'. Comparison
with other arsenate and phosphate minerals showed that both XPS and Raman spectroscopy
are fast and non-destructive techniques to identify these minerals based on their differences in
chemistry and the arsenate/phosphate vibrational modes due to changes in the symmetry and

the unique fingerprint region of the lattice modes.

Keywords: Raman Spectroscopy; scorodite; strengite; variscite; mansfieldite; X-ray

Photoelectron Spectroscopy



Introduction

The variscite group of minerals have a general formula of ATO4.2H>0 where, A is Al,
Fe*, Sc or other trivalent cations and T is P or As. The structure is orthorhombic in space
group Pbca or is monoclinic in space group P2/n. The structure can be envisaged as being
built of alternate TO4 tetrahedra and octahedrally coordinated cations that associate in a
three-dimensional network. The trivalent cations have a distorted octahedral coordination
with O from four TO4 groups and O from two water molecules [1, 2].

Though scorodite can be found as a primary mineral at hydrothermal deposits such as
at Saubach, Vogtland, Germany, most of the scorodite is formed as the oxidation product of
arsenopyrite or other As-bearing sulphides (realgar, orpiment, cobaltite, enargite, gersdorffite,
161lingite, and As-bearing pyrite and tennanite); see e.g. [1, 3-8]. The mobility of arsenic due
to leaching from these primary arsenic minerals in mine tailings into soils and groundwater
and the formation of secondary arsenate minerals has been the subject of numerous studies
[9-35]. The decomposition in water of arsenic containing waste solids depends strongly on
the crystallinity and the type of arsenic-bearing phases. It is well established that both
scorodite and mansfieldite have significantly lower solubilities compared to their amorphous
counterparts [36-38]. The formation of scorodite with its low solubility is one of the methods
either through direct deposition or through bioformation using bacteria which has received
considerable interest in recent years [12, 13, 15, 23, 39-42].

Scorodite is one of the minerals in the variscite group where it forms series with both
mansfieldite (AlAsO4-2H>0) and yanomamite (InAsO4-2H>0) and is dimorphous with
parascorodite. It is probable that a complete solid solution exists between scorodite and
mansfieldite similar to that of variscite and strengite. Scordite was named in 1818 by Johann
Friedrich August Breithaupt from the Greek ckopdoiov = "Scorodion" — garlic-like, in

allution to its odour when heated [43]. It crystallises in the orthorhombic system, point group



2/m 2/m 2/m. The space group is Pcab with a=9.996 A, b=10.278 A, ¢ = 8.397 A. Most
commonly it is found as crystalline crusts but crystals can form up to 5 cm in size Crystals
tend to be pyramidal[44], tabular [001, or prismatic [010] with large {111}, {101, {201}
and/or {001}. The colour varies from almost colourless to pale blue-green, greyish blue,
brownish yellow, translucent with a vitreous to subadamantine lustre [45].

Mansfieldite, A1AsO4.2H>0, was named in 1948 after George Rogers Mansfield
(1875-1947), former Chief of the Section of Areal and non-metalliferous Geology of the U.S.
Geological Survey [46]. Similar to scorodite it crystallises in the space group Pcab with a =
9.996 A, b =10.278 A and ¢ = 8.937 A. Crystal tend to be pyramidal {111], tabular {001] or
prismatic [010]. It is often found as aggregates or crusts with massive or porous and sinter-
like or earthy habit. The colour can vary from pale leek-green to liver-brown, colourless,
bluish, violet or yellow. Earthy material is generally pale green to greyish green or brownish
green. The lustre varies from vitreous to subadamantine or subresinous.

Variscite and strengite form the two phosphate end-members with a complete solid
solution between Fe** and Al. Variscite, AIPO4.2H>0, was named in 1837 for Variscia, the
ancient name for Voigtland in Germany [47]. It crystallises in the space group Pbca with a =
9.822 A, b =8.558 A and ¢ =9.622 A. Most commonly it is found as massive coatings or
cryptocrystalline aggregates, fine-grained masses or nodules of pale to emerald-green colour
and vitreous to waxy lustre. Variscite occurs as precipitations from circulating water in near
surface cavities or as a hydrothermal mineral in ultra-agpaitic pegmatites, often associated
with a series of other more exotic phosphates such as crandallite, fluorapatite, wardite,
millisite, gordonite, montgomeryite, overite, kolbeckite, goyazite, etc. [48, 49]. Strengite,
FePO4.2H>0, was named after Johann August Streng (1830-1897), an at that time well-
known mineralogist from the University of Giessen in Germany by his former student Augst

Nies [1, 50]. It also crystallises in the space Pbca but with a slightly larger unit cell with a =



10.07 A, b=9.82 A and ¢ = 8.67 A. Strengite tends to form spherical or botryoidal
aggregates with radial fibrous structure with peach-blossom red, carmine or violet colour.
Strengite is a late secondary mineral in complex granite pegmatites, often formed by
alteration of triphyllite, LiFe**POu, and other pegmatitic phosphates [48]. The formation of
both these phosphates in colloidal form in soils may play an important role in the release of
phosphorus into the soil solution and subsequent uptake of phosphorus by plants. These
colloidal phosphates can be formed through erosion and weathering of existing phosphate
rocks through a process of dissolution and precipitation [51], but are more likely to be formed
through the accumulation of rock phosphates in soils [52, 53]. In contrast, excessive fertilizer
use can result in the precipitation of these minerals at high soil P concentrations acting as a
sink for P that has a constant solubility under given chemical and physical conditions [54].
Whilst some X-ray Photoelectron, infrared, and Raman spectroscopic data have been
reported more work is needed on these important minerals [2, 3, 55-65]. As part of an
ongoing study on arsenate minerals [66-72] this study aims at a better understanding of the
XPS and Raman spectrum of well crystallised variscite group minerals. A better
understanding of the Raman spectrum of variscite, strengite, scorodite and mansfieldite will
help with the identification of these important secondary minerals in e.g. soils as a result of

leaching from mine tailings.

Experimental
Sample origin

The variscite sample came from Dug Hill, Avant, Garland Co., Arkansas, U.S.A. catalogued
under number 270383012 in personal collection of the first author. The strengite came from
the Silbergrube (Silver Mine or Quarry), Waidhaus, Vohenstrauss, Oberpfilzer Wald, Upper

Palatinate, Bavaria, Germany and forms part of the first author’s private micromount



collection under catalogue number 3026. This strengite specimen shows an association with
laueite and phosphosiderite. The scorodite used in this study is part of the first author’s
private micromount collection under catalogue number 030107073 and originates from the
Hemerdon Mine (also known as the Hemerdon Bal Mine or Hemerdon Ball Mine), Plympton,
Tavistock District, Devon, UK. The specimen consists of small distinct crystals of light
bluish green colour up to about 2 mm in size. The mansfieldite sample used in this study is
part of the first author’s private micromount collection under catalogue number 8472 and
originates from the Mount Cobalt Mine, Selwyn District, Mount Isa-Cloncurry area,
Queensland, Australia. It consists of distinct light purple mansfieldite crystals accompanied

by straw-yellow smolianinovite.

X-ray Photoelectron Spectroscopy (XPS)

The XPS analyses were performed on a Kratos AXIS Ultra with a monochromatic Al
X-ray source at 225 W under ultrahigh vacuum conditions. Each analysis started with a
survey scan from 0 to 1200 eV with a dwell time of 100 milliseconds, pass energy of 160 eV
at steps of 1 eV with 1 sweep. For the high resolution analysis the number of sweeps was
increased, the pass energy was lowered to 20 eV at steps of 100 meV and the dwell time was
changed to 250 milliseconds. The spectra were charge corrected using the advantageous C 1s
signal at 284.8 eV. The sample with the crystal in situ was placed in the XPS after a wash
with alcohol. Prior to the analyses the surface of the crystal was cleaned by etching for 20

minutes.

Raman microscopy
The samples were orientated on a polished metal surface on the stage of an Olympus BHSM

microscope equipped with 10x and 50x objectives. The microscope is part of a Renishaw



1000 Raman microscope system, which also includes a monochromator, a filter system and a
Charge Coupled Device (CCD). The Raman spectra were excited by a Spectra-Physics
model-127 H-Ne laser producing highly polarised light at 633 nm. Spectra were obtained at a
nominal resolution of 2 cm™ and a precision of around 1 cm™. Laser power was kept low at
about 10% in order to prevent any chance of phase transformations/radiation damage to occur
on the surface of the crystals studied. Lower laser power measurements did not show any
differences compared to this laser power setting. Spectroscopic manipulation such as baseline
adjustment, smoothing and normalisation were performed using the Fityk 0.9.8 software
package, which enabled the type of fitting, function to be selected and allows specific
parameters to be fixed or varied accordingly [73]. Band fitting was done using a Gauss-
Lorentz cross-product function with the minimum number of component bands used for the
fitting process. The Gauss- Lorentz ratio was maintained at values greater than 0.7 and fitting
was undertaken until reproducible results were obtained with squared correlations of 12

greater than 0.995.

Results and discussion

Chemical information about the scorodite was obtained from the XPS surface scan
(Fig. 1), which showed only the presence of C (surface contamination still present even after
20 minutes etching), O, As, and Fe (Table 1). No traces of other elements were observed. The

analysis was very close to the theoretical values based on Fe2AsQyq, i.e. Fe 2: As 1: O 4.
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Figure 1 XPS survey scan (Al Ka, 225 W, 160 eV pass energy) of scorodite

Table 1 Chemical composition of the scorodite based on XPS analysis.

Element Atom% Theoretical atom%

O 54.1 57.1

Fe 31.3 28.6

As 14.5 14.3
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Figure 2 High resolution XPS spectra (Al Ka, 150 W, 20 eV pass energy) of scorodite

The Fe 2p high resolution spectrum showed a single contribution at 709.7 eV with
shake up satellite bands at slightly higher binding energies of 712.5 and 715.5 eV (Fig. 2).
The position and the fact that only a single signal was observed is in agreement with the fact
that only a single metal position is present in the scorodite structure and that the iron is
present in the Fe?* state. Frau et al. [44] referred in their paper to unpublished results for

scorodite, where the Fe 2p was observed at a slightly higher binding energy of 712 eV.



The corresponding O 1s spectrum exhibited two bands, an intense band at 530.3 eV
and lower intensity band at 531.3 eV (Fig. 2). This indicates that two different oxygen species
are present at the surface of the scorodite crystal. Based on earlier work the band at 530.3 eV
is associated with the AsO4 group in the scorodite crystal structure, while the smaller band at
slightly higher binding energy is possibly associated with H>O groups [74]. The observed
ratio of 3:1 is slightly lower than the theoretical value of 2:1 and is possibly caused by partial
dehydration under the ultra-high vacuum conditions. An alternative explanation is that the
scorodite is locally dehydrated and the band is due to the formation of hydroxyl groups at the
surface in the form of AsO4.x(OH)x. This second hypothesis is supported by the fact that the
observed ratio of O to Fe and As is 4 to 2 to 1 (Table 1), whereas a fully hydrated scorodite
would have a ratio of 6 to 2 to 1.

The binding energies of the As 3d ranged from 43.7 to 44.8 eV which is typical for
compounds with As(V) bound to oxygen in AsO4-bearing phases [44]. Two different arsenic
species were observed with the most intense As 3d 5/2 band at 43.7 eV associated with the
AsQOq group in the normal scorodite crystal structure, whereas the lesser intensity As 3d 5/2
band at a slightly higher binding energy of 44.8 eV was associated with AsO4 groups exposed
at the surface of the crystal, where it could possibly form hydroxyl groups or react with the
remaining carbon still present on the surface. The fact that two arsenic bands were observed
would make the second explanation for the second O 1s band being due to surface hydroxyls
more plausible.

The mansfieldite survey spectrum showed, besides the expected bands for Al, As and
O, the presence of a small amount of Co (Fig. 3). Previous work has established that the
purple colour of the mansfieldite from this locality, which also produces the cobalt arsenate
mineral erythrite, is due to the substation of some Co in the mansfieldite structure. The atom

percentages are 0.93 at% Al and 0.07 at% Co. The ratio of (Al+Co) to As of 0.985 is very



close to the theoretical value of 1. The ratio of O to As of 4.74 indicates that similar to what
was observed for scorodite, local partial dehydration was caused by the combined effects of

etching and ultrahigh vacuum.
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Figure 3 High resolution XPS spectra (Al Ka, 150 W, 20 eV pass energy) of mansfieldite

The Al 2p showed a single band with a binding energy of 72.0 eV, which is
significantly lower than for example Al hydroxides that have binding energies around 74 eV

[74]. Similar to the Fe 2p in scorodite the observation of only a single band confirms the



existence of only a single Al position in mansfieldite. The corresponding Co 2p 3/2 was
observed at 778.6 eV together with some shake up satellite bands at higher binding energies.
The substitution of Fe** by Al resulted in a small shift of about 1 eV to lower binding
energies for the O 1s to 529.1 eV and 530.6 eV with a ratio of about 12.8 to 1 indicative of a
much stronger partial dehydration than that observed for scorodite. The As 3d also shifted
slightly towards lower binding energies with the As 3d 5/2 bands at 42.6 eV and 43.4 eV with
the corresponding Ad 3d 3/2 bands at 43.3 eV and 44.1 eV.

The phosphate equivalent of mansfieldite is the mineral variscite. The Al 2p is
characterised by a single band with a binding energy of 74.9 eV (Fig. 4). The change in the
crystal structure replacing the arsenate group by the phosphate group results in a significant
increase in the binding energy of the Al 2p by as much as 2.9 eV. The corresponding P 2p
exhibited a single band at 134.5 eV. The O 1s cannot be interpreted in a similar way as was
done for the scorodite and mansfieldite because the silicate background upon which the thin
layer of variscite is sitting attributed to the overall O 1s signal. Two distinct bands can be
observed at 531.6 eV and 532.6 eV but it is impossible to assign the bands with certainty to
the variscite. However, comparison with the mansfieldite O 1s does show that both bands are

observed at higher binding energies in line with the shift to a higher binding energy for the Al

2p.
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Figure 4 High Resolution XPS (Al Ka, 150 W, 20 eV pass energy) of variscite

The substitution of Fe** for Al in the structure of the phosphate strengite resulted in a
Fe 2p band at 710.8 eV with a shake-up satellite band at 714.5 eV (Fig. 5). Similar to the
increase in binding energy for the Al 2p between scorodite and variscite, an increase in the Fe
2p binding energy of 4.8 eV is observed between mansfieldite and strengite. The P 2p was
observed at 133.9 eV, which is 0.6 eV lower than in variscite. This is in contrast to the shift

observed for the arsenates scorodite and mansfieldite, where a small shift to higher binding



energies was observed. The O 1s is complex showing multiple bands due to the interference

of quartz mixed in with the strengite. Two strong bands were observed at 531.6 and 532.8 eV

with a minor band at 534.0 eV. Based on earlier published results of O 1s values around 533

eV for quartz it is reasonable to assign the band at 532.8 eV to quartz and the remaining two

bands to strengite [75, 76]. In line with the shift of the O 1s to higher binding energies

observed for variscite, here also a shift to higher binding energies is observed compared to its

arsenate analogue scorodite.
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Figure 6 The OH-stretching region between 2500 and 3800 cm™! showing the Raman spectra
of scorodite, mansfieldite, variscite and strengite. For comparison the IR spectrum of

scorodite is shown.

The hydroxyl stretching region between 3000 and 400 cm™' showed a sharp band at
3513 cm! and a broad band around 3082 cm! in the Raman spectrum for scorodite with

corresponding bands in the mid-infrared spectrum at 3514 cm™ and 2970 cm™ with



asymmetric tail at higher wavenumbers, indicating that the broad band in the Raman probably
contains more than one hydroxyl stretching mode (Fig. 6). In earlier work similar bands were
observed by e.g. Baghurst, Barrett, Coleyshaw, Griffith and Mingos [62] at 3511 cm™ (sharp)
and 2927 cm! (broad) and Ondrus, Skala, Viti, Veselovsky, Novak and Jansa [55] at 3516
cm! (sharp) and 2969 and 3300 cm™! (broad) in the infrared spectrum and Gomez, Assaaoudi,
Becze, Cutler and Demopoulos [59] at 3516 cm™! (sharp) and 3080 cm™ (broad) in the Raman
spectrum and at 3516 cm™ and 2960 cm™! in the infrared spectrum. In contrast, Filippi,
Machovic, Drahota and Bohmova [56] reported a rather different Raman spectrum with the
characteristic sharp band at 3514 cm™! but associated with two broader bands at 3427 cm’!
and 3600 cm™!. Since the scorodite in their sample was part of a more complex system in
nodules of arsenopyrite associated with secondary minerals such as kainkite
(Fe**As04.3.5H,0), native sulphur and pitticite (amorphous iron arsenate), it is probable that
another phase contributed to the observed spectrum.

The two bands are associated with hydroxyl stretching vibrations of water molecules
in the crystal structure of scorodite, where they are bonded to iron octahedral and are sitting
in a tunnel structure along the c-axis [63]. The hydroxyl nature of these bands was confirmed
by Baghurst, Barrett, Coleyshaw, Griffith and Mingos [62], who showed that after
deuteration these two bands shifted to 2605 and 2236 cm™! in the infrared and 2612 and 2264
cm’! in the Raman spectrum, respectively.

These two vibrations can be correlated to two distinct types of hydrogen bonding that
occur in the crystal structure of scorodite between the water molecules and the arsenate
group. The broad OH-stretching band can be associated with a strong type of hydrogen
bonding (shorter O-H bond length) that occurs with the arsenate groups. The sharp OH-
stretching band can be associated with the weaker hydrogen bonding (longer O-H bond

length) between the oxygen atoms [36, 63].



The hydroxyl-stretching region in the Raman spectrum of mansfieldite was very
similar to that of scorodite with a sharp band at 3536 cm™! and a broader feature at lower
wavenumbers with distinct maxima at 3100 cm™ and 2888 cm™!. Similar bands were
observed by Gomez, Le Berre, Assaaoudi and Demopoulos [77] at 3534 cm™! (sharp) and
3105 cm! and 2888 cm™! (broad). As a result of substituting Al in the arsenate structure
instead of iron a significant shift of the sharp band associated with the metal-hydroxyl group
of 23 cm™! towards higher wavenumbers was observed. This shift is associated with a slightly
longer H-bonding in mansfieldite compared to that in scorodite [77]. A similar effect was
observed in the corresponding phosphates strengite and variscite with a shift from 3554 cm’!
to 3575 cm™ (21 cm! shift). Ross [78] reported a shift of 23 cm™ from 3565 cm™ to 3588 cm’
!in the infrared spectra, while Frost, Weier, Erickson, Carmody and Mills [79] reported a
series of infrared bands but no Raman bands in a table at 3580, 3564, 3282, 3094, 3059, 2945
and 2910 cm™! without further explanation or discussion how these bands were obtained or
what their physical meaning is in terms of different OH-stretching vibrations allowed within
the crystal structure of variscite and no bands at all were reported for strengite. Strengite and
variscite show evidence of three broad bands around 3025, 3119 (and possibly 3250) cm™! for
strengite and 2934, 3035 and 3231 cm! for variscite, respectively. Based on a crystal
structure only containing 2H>O or (H30)*(OH)™ only two hydroxyl stretching modes would
be expected. Since the sharp band around 3515-3575 cm™! for all four minerals is associated
with the (Fe,Al)-OH stretching mode, a plausible explanation for the occurrence of three
broad bands at lower wavenumbers are associated with two different types of H>O plus H;O"
showing different O-H bonds both present instead of in the earlier literature assumed
presence of either 2H>O or (H30)*(OH)". Based on Fig. 6, these different types are better

defined in strengite and variscite than in scorodite and mansfieldite.



The vibrational modes of arsenate anions in aqueous solutions are reasonably well
known with the symmetric stretching vibration vi(A) around 810 cm™! coinciding with the
antisymmetric v3(F2) mode around 790 cm™. The symmetric bending mode v2(E) is observed
around 340 cm™! and the antisymmetric bending mode v4(F2) around 400 cm™!. Of these four
modes the F» modes are Raman active and infrared active, while the A; and E modes are
Raman active only. Earlier work by Myneni, Traina, Waychunas and Logan [64] has shown
that the Td symmetry of the arsenate tetrahedron is hardly ever preserved in crystals because
of its strong affinity to protonate, hydrate, and complex with metal ions. As a result the
symmetry will be reduced to either C3,/C3 (corner sharing), C2v/C> (edge-sharing, bidentate
binuclear) or C/C; (corner sharing, edge sharing, bidentate binuclear, multidentate). The
effect of reduced site symmetry in a crystal will remove the degeneracy and allow activation
of all vibrations in the infrared and Raman spectra and splitting of the bands. Furthermore the
vibrational spectrum, in this study Raman only, is also composed of lattice modes, generally
below 300 cm™.

Within the crystal structure of scorodite and mansfieldite both water and arsenate
molecules occupy C; symmetry sites. According to the corresponding factor group analysis
for the arsenate this leads to: T(AsOs>) = 9(Ag(Ra) + Bg(Ra) + B2g(Ra) + Au(In.) + B1.(IR)

+B2,(IR) + Bsu(IR)).

Table 2 Spectral predictions and correlation schemes for the internal modes of TO4* in
M**TO4-2H>0 with T = As or P.

Free ion symmetry Site symmetry Factor group symmetry

Td Ci Don

9 A¢(R)

9 Big (R)

Ai 9 B2 (R)

9A 9 Bs: (R)

E 9 Ay (In.)

9 Biu (IR)

2T 9 Bau (IR)

9 Bsu (IR)




R = Raman; IR = Infrared.
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Figure 7 Raman spectra of scorodite and mansfieldite in the 680-980 cm™' region. For
comparison the IR spectrum of scorodite is also given.

Figure 7 shows the Raman spectra of scorodite and mansfieldite plus the mid-infrared
spectrum of scorodite in the region between 680 and 980 cm™'. The most intense band for
scorodite at 805 cm™! could be ascribed to the symmetric stretching vibration of the arsenate
anion. The corresponding IR band occurs at 792 cm™. A similar band was observed at 800
cm’! in the Raman and 705 cm™! in the infrared by Gomez, Assaaoudi, Becze, Cutler and
Demopoulos [59]. The three medium intensity band at higher wavenumers (890, 869, and 830
cm™) could be ascribed to the internal modes in accordance with the findings of Gomez,
Assaaoudi, Becze, Cutler and Demopoulos [59], who observed similar bands at 880, 870 and
830 cm™'. Corresponding bands in the infrared spectrum were observed around 902, 843 and

822 cm’!. Different from their findings is the observation of a weak band at 786 cm™ which



could be ascribed to the OH bending mode. Savage, Bird and O'Day [80] assigned the band at
about 800 cm™! to an antisymmetric stretching mode associated with oxygen bridging
between As and Fe (As-O-Fe) and a smaller band at 893 cm™ to a non-bridging oxygen that
may be associated with crystal edges or defects. A shoulder at 831 cm™ was assigned to the
As-OFe symmetrical stretching mode and not to the antisymmetric stretching mode of the

arsenate anion.

A significant shift towards higher wavenumbers was observed for mansfieldite and
the interpretation is not as straightforward as for scorodite. The only publication on the
Raman spectrum of mansfieldite by Gomez, Le Berre, Assaaoudi and Demopoulos [77]
interpret the arsenate symmetric stretching mode at 918 em™. Even though a similar band was
observed at 917 cm’!, it seems unlikely that the substitution of Fe by Al in the structure would
result in a shift of more than 100 cm™'. However, based on the similarities between the spectra
of scorodite and mansfieldite an alternative and more consistent interpretation is that the band
at 816 cm™! is the symmetric stretching mode with only a shift of 11 cm™ and the bands at
939, 917, 894, and 839 cm™! as the internal modes and the band at 803 cm™ as the equivalent

of the band at 786 cm™" for scorodite.

Similar to the vibrational modes of the arsenate anions, the phosphate anions are also
well known. Four types of vibrations can be observed: the symmetric stretching mode vi(A1)
mode 980 cm™!, the antisymmetric stretching mode v3(F2) around 1080 cm™!, the symmetric
bending mode v2(E) around 360 cm™ and the antisymmetric bending mode v4(F2) around
500-515 cm! [78]. Of these modes the F> modes are Raman and infrared active, while the A;

and E modes are Raman active only.



Variscite

1030 cm™?
=) " . .
< 940 cm'? 1013 cmt A 1080cm
Fry AN
c v
g U . et - _
£ - -
c
1]
£
]
o

1023 cm?
1116 cm™?
1035 cm?
Strengite /
————___
900 950 1000 1050 1100 1150

Wavenumber (cm)

Figure 8 Raman spectra of strengite and variscite in the 900-1150 cm™ region.

The strengite Raman spectrum in the 900-1150 cm™! shows a strong band at 981 cm’!
accompanied by a series of less intense bands (Fig. 8). The 981 cm™! band can be assigned to
the phosphate symmetric stretching mode, while the weak band at 1116 cm™! is the
corresponding antisymmetric stretching mode. The fact that this band is so weak is due to the
orientation of the crystal lattice relative to the Raman laser beam. The remaining bands at
1009, 1023 and 1035 cm™' can be assigned to vi(A1) internal modes in analogy to the
interpretation of the arsenate bands for scorodite and mansfieldite. It is a clear indication
from the band splitting that the symmetry of the phosphate anion has been lowered from an

ideal tetrahedron to a distorted tetrahedron.

The variscite Raman spectrum showed a shift towards higher wavenumbers in

comparison to the strengite spectrum with the strongest band observed at 1030 cm™ (Fig. 8).



Similar bands were reported by Griffith [2] at 1033 cm™! and Frost, Weier, Erickson,
Carmody and Mills [79] at 1023 cm™!, which shifted to 1030 cm™! at 77K. This band can be
assigned to the symmetric stretching vibration of the phosphate anion, while the
corresponding antisymmetric stretching vibration can be observed at 1080 cm. Griffith [2]
reported this band at 1078 cm’! and Frost, Weier, Erickson, Carmody and Mills [79] at 1077
cm’!. Due to the band splitting component bands were observed at 1059, 1046, 1013 and 940
cm’!. Similar bands were observed by e.g. Griffith [2] at 1055 cm™ and Frost, Weier,
Erickson, Carmody and Mills [79] at 1029, 1023, 1005 and 938 cm™.. Based on the fact that
the crystal structure of variscite accounts for only one type of phosphate tetrahedron and the
fact that the extremely weak bands observed by Frost, Weier, Erickson, Carmody and Mills
[79] between 1150 and 1575 cm! are absent in this study, it is strange that they interpreted

these multiple bands as an indication of multiple phosphate species in the variscite structure.
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Fig. 8 Raman spectrum of scorodite in the 100-550 cm™! region.

In the wavenumber range below 550 cm™ a series of sharp bands can be observed

(Fig. 9). Though Gomez, Assaaoudi, Becze, Cutler and Demopoulos [59] reported only peak



positions and not detailed band fitting as in this study there is a good fit between the Raman
spectra of their synthetic scorodite and the natural scorodite in this study (Table 3). The
arsenate symmetric bending modes are observed at 381 and 337 cm™!, while corresponding
antisymmetric bending modes occur at 424, 449 and 484 cm'. It is unclear whether the band
at 462 cm’! is an additional antisymmetric bending mode. The remaining bands are associated

with lattice modes of Fe-O in the crystal structure of scorodite.



Table 3 Raman bands for natural and synthetic scorodite (in cm™)

Gomez,
passaaolds  Coleyshaw, Filippi.
This study — ’ d Griffith and Machovic,
natural an Bowell [60] — Drahota and Band assignment
scorodite Demopoulos natural Bohmova
[591 - scorodite [56]
synthetic
scorodite
3600 OH stretch
3514 3516 3514 OH stretch
3082 3080 3427 OH stretch
907 Antisymmetric stretch vz AsOq
890 880 889 893 Antisymmetric stretch vz AsOq
869 870 874 Antisymmetric stretch vz AsOq4
830 830 831 Antisymmetric stretch vz AsOq
805 800 799 810 Symmetric stretch v AsO4
786 - 799 OH deformation
771 OH deformation
484 483 490 Antisymmetric bending v4 AsOq
462 Antisymmetric bending v4 AsOq4
449 450 450 Antisymmetric bending v4 AsOq
424 420 421 422 Antisymmetric bending v4 AsOq
381 380 378 383 Symmetric bending v2 AsOq4
337 340 336 335 Symmetric bending v> AsOs
310 315 Lattice mode
291 292 293 Lattice mode
274 280 274 Lattice mode
249 250 243 251 Lattice mode
234 235 Lattice mode
213 215 Lattice mode
201 - Lattice mode
184 - Lattice mode
179 181 180 Lattice mode
173 - Lattice mode
135 Lattice mode

Raman spectroscopy is an excellent, fast and non-destructive technique for the study

of and identification of a range of arsenate minerals. This can be applied not only to phase

pure samples as used in the studies mentioned above, but also to identify the different

minerals in e.g. polished sections. The knowledge of how the different arsenate vibrational



modes behave and the fingerprint of the lattice modes region make rapid identification

possible.

Conclusions

Scorodite, mansfieldite and variscite, as an environmentally important secondary arsenate
minerals, were studied by Raman microscopy and X-ray Photoelectron Spectroscopy in order
to gain a better understanding of this arsenate. The data obtained by this now relatively
common non-destructive technique can be used to distinguish this mineral from other
arsenates and related minerals in mine tailings and contaminated soils. Since a relatively large
crystal in situ in the host rock was studied, the Raman spectrum and XPS spectra were clean
and did not show anything associated with impurities. As a result a better understanding of

the spectrum was achieved.
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Highlights

e Variscite, strengite, mansfieldite and scoroite play important role in mine waste

e XPS and Raman Spectroscopy are non-destructive, quick methods to identify minerals
e XPS data were obtained of single crystals in situ in a vug in original host rock

e XPS showed the compositions of variscite, strengite, mansfieldite and scorodite

e Raman spectra of the same crystals were interpreted regarding the OH, AsO, and PO,





