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Abstract. Enargite (Cu3zAsS4) and tennantite (CujpAs4S13) are typical As-bearing sulfides in intermediate- and
high-sulfidation epithermal deposits. Trace and major element variations in enargite and tennantite and their
substitution mechanisms are widely described. However, Raman spectra of the minerals with correlative quanti-
tative chemical information are rarely documented, especially for enargite. Therefore, comparative electron and
-Raman microprobe analyses were performed on enargite and fahlore grains. These spectra can be used in the
industrial detection and subsequent removal of As-bearing sulfides prior to ore beneficiation in order to diminish
the environmental impact of the metallurgical technologies.

A simple Sbt—As>* substitution in enargite was confirmed by Raman analyses. Similarly, a complete solid
solution series from tetrahedrite to tennantite (i.e., Sb>T—As3t substitution) can be correlated with a gradual
evolution in their Raman spectra. In turn, Te** occupies the As>* and Sb3* sites in fahlore by the coupled
substitution Te** 4+ Cu™ — (As, Sb)>T + (Cu, Fe, Zn)?T. Accordingly, Raman bands of goldfieldite (Te-rich
member) are strongly broadened compared with those of tetrahedrite and tennantite.

A secondary phase with high porosity and a fibrous or wormlike texture was found in enargite in a weathered
sample. The chemical composition, Raman spectrum, and X-ray diffraction signature of the secondary phase
resemble tennantite. A gradual transformation of the primary enargite into this secondary phase was visualized
by comparative electron and Raman microprobe mapping.

1 Introduction
1.1 Arsenic problem

Porphyry—copper deposits are a group of ore deposits lo-
cated in active continental margins. They are often over-
printed by high-sulfidation epithermal mineralization with
Cu-As minerals such as enargite (CuzAsS4) and tennan-
tite (CujpAs4S13) (Sillitoe, 2010). A number of porphyry—
copper deposits and camps is concentrated in Chile, making
this country the largest copper producer in the world. How-
ever, some of the copper mines in Chile increasingly produce
copper concentrates with an elevated arsenic concentration.
Since arsenic and its compounds are detrimental to the en-
vironment, the As-bearing fumes generated during the smelt-

ing process must be cleaned before they are released into the
atmosphere. However, the stringent requirements for the gas
purification plants make the beneficiation of high-As concen-
trates uneconomical. Thus, prior to smelting, the arsenic con-
tent must be reduced as much as reasonably possible, usu-
ally to less than 0.3 wt % (Wilkomirsky et al., 2020). Good
progress has been made in recent years in pre-treatment pro-
cess technologies such as selective flotation, leaching, and
partial roasting of enargite and tennantite (Long et al., 2012,
2014; Tayebi-Khorami et al., 2017, 2018; Li et al., 2019;
Wilkomirsky et al., 2020; Chen et al., 2021). Nevertheless,
the processes are still too complex and costly to achieve the
desired arsenic levels. Reducing arsenic content at an earlier
stage, e.g., by separating As-rich bulk material from As-poor
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material, would help to decrease the volume of material to
be treated, lower the treatment costs, and protect the envi-
ronment.

For this reason, the purpose of this work is to employ Ra-
man spectroscopy as a tool to differentiate the As-rich mem-
ber tennantite from the Sb-rich tetrahedrite that is less detri-
mental to the environment than tennantite. If successful, such
a tool could be applied on a commercial scale for arsenic
reduction pre-treatment. For the same reason, Raman spec-
troscopy was applied to enargite, and the results were corre-
lated with its chemical composition. Both fresh and weath-
ered enargite was investigated because oxidative weather-
ing modifies surface reactivity and its hydrophobic or hy-
drophilic properties, thus affecting the flotation efficiency.

Mild surface oxidation can enhance the floatability of the
sulfides due to the formation of hydrophobic oxidation prod-
ucts such as metal-deficient coatings with elemental sulfur
or polysulfides (Rumball and Richmond, 1996). Advanced
surface oxidation, in turn, reduces the floatability by forma-
tion of metal oxide and hydroxide layers and prevents the
adsorption of collectors onto the mineral surface (Senior and
Trahar, 1991). The oxidation products can cover and encrust
both target and gangue minerals and diminish the flotation
selectivity between those minerals (Rumball and Richmond,
1996). Enargite weathering under natural conditions and the
associated arsenic release into the environment are slow pro-
cesses. The comminution of the ores significantly accelerates
the release, making As-containing mine waste a labile, haz-
ardous source of arsenic. Therefore, the last objective of our
study is the investigation of the secondary products of enar-
gite weathering. They play a decisive role in the release or
retainment of arsenic in the waste form.

1.2 Enargite properties relevant to the Raman
spectroscopy study

Enargite is a high-temperature orthorhombic (space group
Pmn21) modification of CuzAsSs, with Cu as Cut and As
as As>t (Lietal., 1994). The crystal structure can be derived
from the wurtzite (ZnS) structure, with copper and arsenic
atoms replacing zinc in an ordered fashion. Both elements
are tetrahedrally coordinated by sulfur (Pauling and Wein-
baum, 1934). The As-S bonds in sulfides are strongly co-
valent (O’Day, 2006), with a mean interatomic distance of
221A (Karanovi et al., 2002) or 2.25 A (Pauling, 1970).

A group theory treatment of the lattice vibrations in
enargite predicts a total of 45 Raman active modes:
13A; + 10A; +9B; + 13B;. Just as in wurtzite, the electro-
static forces dominate over the anisotropy of the short-range
forces, causing the Raman bands to be split into transverse
optic (TO) and longitudinal optic (LO) modes. Accordingly,
the two strong bands at 337 and 382 cm™! are assigned to the
LO and TO modes. Other very weak bands at 133, 151, and
170cm~! most probably represent the lattice modes (Mer-
nagh and Trudu, 1993).

Eur. J. Mineral., 35, 737-754, 2023

The low-temperature polymorph of enargite is luzonite
that forms a complete solid solution with famatinite
(Cu3zSbSy). In enargite, however, the Sb incorporation is lim-
ited to 11 at. % at 600 °C and much less at lower temperatures
(Pésfai and Buseck, 1998). An increasing Sb content results
in the expansion of the unit cell (Pfitzner and Bernert, 2004).

1.3 Fahlore properties relevant to the Raman
spectroscopy study

Tennantite and tetrahedrite form a cubic (space group
I1-43m) solid solution of sulfosalts with a gen-
eral name fahlore and a general chemical formula
(Cu,Ag)10(Zn,Fe,Cu);(As,Sb)4S13, with Cu as Cut
and Cu?t and As as As3T (Takéuchi and Sadanaga, 1969;
Li et al., 1994). The crystal chemistry of the minerals of
the tetrahedrite group has recently been discussed in detail
by Biagioni et al. (2020). The structural formula of these
minerals is M(z)A6M(1)(B4C2)X(3)D4S(l)YIQS(Z)Z, where
A =Cut, Ag*, O (vacancy), and (Age)** clusters; B = Cut
and AgT; C=2Zn*", Fe?*, Hg?", and Cd**; D=Sbt,
As3T, Bi*t, and Te*t; Y =52 and Se?~; and Z=S2",
Se?~, and (.

The vibrations of the DY3 pyramids are responsible for
the characteristic spectral bands of the solid solution series.
There are four vibrational modes, including two stretching
frequencies v; and v3 and two bending frequencies v, and
vg. All four modes are IR and Raman active and are ordered
in their frequencies as v| > v3 > vy > v4. There is an over-
lap of v; with v3 and vy with vy, resulting in two main broad
bands (Nakamoto, 1997). The effect of As—Sb substitution
in the Raman spectra of tetrahedrite—tennantite solid solu-
tion was investigated by Kharbish et al. (2007) and Apopei
et al. (2017). The As-S interatomic distance in tennantite is
225A (Makovicky et al., 2005), whereas the Sb—S distance
in tetrahedrite is 2.43 A (Pfitzner et al., 1997).

1.4 Enargite oxidation

There is voluminous literature on ore deposits that contain
enargite, with a focus on their genesis, ore mineralogy, and
hydrothermal alterations. On the other hand, weathering of
enargite has not been studied in such detail as it is not of
prime interest to economic geologists. There are, however,
many experimental studies on the oxidative dissolution of
enargite from the view of mineral processing, systematically
summarized by Lattanzi et al. (2008). We focus especially
on the studies carried out under neutral and acidic conditions
because oxidation of enargite is an acid-generating process,
and acid mine drainage is a serious issue for As-containing
mine wastes (Dold, 2008).

Da Pelo (1998) observed antlerite Cu3(SO4)(OH)4 along
cracks and in cavities of enargite after being kept for a month
at 80 °C and 80 % relative humidity. Rossi et al. (2001) de-
tected a thin layer covering the surface of a natural speci-
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men exposed to the ambient air for a longer time. The up-
permost part of the layer (~0.5nm) was enriched in ar-
senic, with sulfur as S?—, SO, and S°t. A layer beneath
was strongly enriched in Cu and depleted in S. Vifials et
al. (2003) found evidence of As—O bonds and polysulfide
species but no sulfate sulfur in untreated natural samples.
They concluded that enargite has a surface layer contain-
ing Cu™ and arsenic-deficient sulfoarsenide with monosul-
fide and polysulfide components. Experiments with water
showed that there is no interaction with water (Lattanzi et
al., 2008). However, a mechanochemical treatment such as
grinding causes chemical activation and strongly speeds up
oxidation in air. Arsenic that was initially bound to sulfides
in an enargite-bearing copper ore was converted to oxide by
dry grinding using ball milling and could then easily be dis-
solved in water or alkaline solution (Ishihara et al., 2019).

The dissolution rate of enargite in ferric sulfate/sulfuric
acid solutions strongly depends on the Fe* concentration
and depends less on the H' concentration (Dutrizac and
Macdonald, 1972). Native sulfur was the only solid reaction
product the authors found, subsequently partially oxidized
to sulfate. Davis et al. (1992) showed that enargite dissolves
very slowly but almost completely under oxidizing condi-
tions at pH 2.0. Significant oxidation/dissolution only occurs
in the presence of a strong oxidizing agent. In an electro-
chemical study at pH 1, Asbjornsson et al. (2004) observed
the formation of native sulfur on the enargite surface. The
finding was also confirmed by in situ Raman spectroscopy.
Furthermore, Cu(Il) associated with sulfate and As(III)-O
species were found at the surface. The electrochemical re-
duction in enargite was interpreted with the formation of
H,S, AsHj3, and Cu®. Elsener et al. (2007) studied oxidative
dissolution of enargite in acidic solutions with 0.025 M Fe3*
to simulate abiotic acid mine drainage environments. The
authors observed multiple layers on enargite. A thin metal-
deficient layer formed at the surface, showing that copper
and arsenic initially dissolve into solution. Below this layer,
enargite is slightly depleted in copper and enriched in sul-
fur. A formation of polysulfide instead of elemental sulfur at
the enargite surface is assumed in contrast to Dutrizac and
MacDonald (1972). Sasaki et al. (2010) oxidized enargite in
H,0, with O; gas at pH 2 and 5. Native sulfur was formed
especially at pH 2. Plackowski (2014) studied the surface ox-
idation and hydrophobicity of a natural enargite sample. At
a pH value of 4, a metal-deficient sulfide surface layer with
elemental sulfur was formed.

In summary, the dominant process during enargite oxida-
tion under acidic conditions is copper dissolution, forming a
copper-depleted layer with polysulfide that oxidizes to ele-
mental sulfur and further to sulfate. Additionally, Cu(Il) and
As—O species were shown to be present (Asbjérnsson et al.,
2004; Herreros et al., 2002; Padilla et al., 2005). Dissolution
rates are higher in the presence of Fe3t (Davis et al., 1992;
Dutrizac and MacDonald, 1972). The release of copper is
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faster than that of arsenic (Dutrizac and MacDonald, 1972;
Asbjornsson et al., 2004).

2 Materials and analytical techniques
2.1 Materials

Chilean copper concentrates from a porphyry Cu—Mo deposit
that is overprinted by a high-sulfidation mineralization con-
taining enargite and tennantite were investigated. Two dif-
ferent concentrates were available for this study. One was
fresh and the other was strongly weathered as the concen-
trate was kept directly after froth flotation (probably wet
at this point) in an exogenous environment for presumably
more than 10 years as a retain sample. The fresh concen-
trate is used to analyze the chemical diversity of enargite and
fahlore and their Raman spectra. The weathered concentrate
is used to describe the weathering behavior of enargite. The
concentrates were embedded in epoxy resin, ground with a
diamond pulley wheel (45 and 15pm), and polished with
diamond paste (3 um) on cloth. The resulting polished sec-
tions were analyzed with an electron probe micro-analyzer
(EPMA) and a Raman microprobe. Additionally, the weath-
ered concentrate was deagglomerated with distilled water
and sieved with a mesh size of 250 pum. Then, the larger enar-
gite grains were handpicked from the bulk coarse fraction un-
der a binocular microscope, washed with distilled water, and
dried. The grains were attached to a glass slide with double-
sided tape and scanned with the Raman microprobe using
an automatic focus track mode. Afterwards, the grains were
placed in a glass tube and measured using an X-ray diffrac-
tometer (XRD).

2.2 Electron probe micro-analyzer (EPMA)

The chemical composition of sulfides was determined by a
field-emission gun electron microprobe JEOL JXA-8530 F,
using wavelength-dispersive spectrometry. The point mea-
surements were acquired with a focused beam of 0.5 um in
size, operating voltage of 25 kV, and beam current of 50 nA.
The measured elements and their specifications (X-ray line,
acquisition time, reference material used for calibration, and
calculated detection limit) were S (K«, 10s, PET, pyrite,
107 ppm), Fe (K«, 10s, LIFL, pyrite, 66 ppm), Cu (K«,
10s, LIFL, chalcocite, 80 ppm), Zn (K «, 40s, LIFL, spha-
lerite, 46 ppm), As (Lo, 40s, TAP, arsenopyrite, 119 ppm),
Ag (La, 60s, PETH, Ag metal, 110ppm), Cd (Le, 355,
PETH, synthetic CdTe, 157 ppm), Sb (L«, 40s, PETH, stib-
nite, 75 ppm), Te (La, 40 s, PETH, synthetic CdTe, 55 ppm),
Hg (L, 40s, PETH, cinnabar, 132 ppm), and Pb (M«, 40,
PETH, galena, 116 ppm). For the semi-quantitative element
distribution maps, the same operating conditions were ap-
plied. The beam size and dwell time were here 0.5 um and
1 s, respectively.
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2.3 Laser Raman microprobe

Raman spectra were recorded with a Renishaw inVia Qontor
confocal p-Raman system attached to a Leica DM2700 mi-
croscope. For the polished sample, an N plan 100x objective
lens with a 0.85 numerical aperture and 0.27 mm working
distance was used to collect the scattered radiation from the
sample. For the rough surfaces of the handpicked enargite
grains, an automatic focus track mode and an N plan 20x
objective lens with a 0.40 numerical aperture and 1.15 mm
working distance were applied. A HeNe laser with a wave-
length of 633nm was used as the excitation source. Un-
polarized spectra were recorded by the Renishaw Centrus
1873H8 detector with a charge-coupled device (CCD) ar-
ray of 1040 x 256 pixels using a 1800 L mm™' grating. The
spectral resolution was 0.82 cm~!. Different settings depend-
ing on the measurement type were applied and are listed in
Table 1.

The instrument was calibrated by automatic alignment
procedures of the software WiRE, including laser spot cor-
rection, CCD area, and slit alignments. The correctness of
the calibration was verified with the 520.5cm™! band of an
unprocessed (111) crystalline silicon wafer from First Sen-
sor. The verification is adequate because all Raman modes of
the analyzed minerals occur between the laser line and the
520.5cm™! band of the standard silicon wafer. Raw spectra
were processed by the WiRE software. The background was
subtracted, and spikes caused by cosmic ray events were fil-
tered out. The position, intensity, and full width at half max-
imum (FWHM) of the Raman bands were determined by the
curve fit function of the software. A combined Gaussian—
Lorentzian band shape was fitted to the data to minimize the
chi-squared (x2) value that measures the goodness of fit.

2.4 X-ray diffraction

The qualitative mineral composition of the handpicked
weathered enargite grains was determined by powder X-ray
diffraction. The instrument used was the PANalytical MPD
Pro XRD, employing Cu K« radiation and the scientific
X’Cellerator as the second detector, adapted for rock anal-
yses.

A single-crystal X-ray diffractometer Rigaku SuperNova
was employed to collect both single-crystal and powder
(pseudo-Gandolfi) X-ray diffraction data at room tempera-
ture. The diffractometer is equipped with the Atlas S2 CCD
detector and utilizes a microfocus Mo K« source. Data were
processed using CrysAlisPro version 1.171.39.46 (Rigaku
Oxford Diffraction, 2019). A Gandolfi-like motion on the ¢
and w axes was used to randomize the sample to acquire pow-
derlike X-ray diffraction data.
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Figure 1. Box-and-whisker diagrams for the elements analyzed in
the fresh enargite and tennantite, as well as the secondary phase in
weathered enargite measured with EPMA.

3 Results

3.1 Chemical composition of the fresh enargite and the
corresponding Raman spectra

Enargite grains from the fresh copper concentrates were ran-
domly selected and analyzed by EPMA (n = 122). The mea-
surement points were set in the center of the grains. The re-
sults are listed in Table S1 in the Supplement and are visual-
ized in Fig. 1.

The medians of the major element concentrations in the
fresh enargite (EPMA analyses, Fig. 1) are 37.6at. % Cu,
11.3at. % As, and 50.0at. % S. These data give a cation to
anion ratio of 0.98: 1.00, suggesting stoichiometric enargite
within the error of the measurement. The medians of the mi-
nor elements are 0.3 at. % Sb, 0.6 at. % Fe, and 0.1 at. % Zn.
Further minor and trace elements are Te, Ag, Cd, and Pb,
with concentrations below 1.2 at. %, 0.1 at. %, 0.1 at. %, and
0.1 at. %, respectively. Figure 2 shows correlation diagrams
based on individual point analyses. Antimony concentrations
correlate negatively to those of As with a coefficient of deter-
mination R? = 0.76, indicating a simple homovalent Sb-As
substitution. Tellurium, Fe, and Zn concentrations negatively
correlate with As, Sb, and Cu (R2 = 0.65), which hints at a
coupled substitution of Te** with Fe’t or Zn>t for Cul!*
and As>T to maintain the charge balance. Apart from this, no
other correlations were observed.

One of the enargite grains was mapped by EPMA to doc-
ument the different substitution mechanisms within a single
grain. The selection of the grain was based on elevated Sb
concentrations and grain-scale heterogeneity. The element
distribution maps are shown in Fig. 3 in addition to the back-
scattered electron (BSE) and reflected-light (RL) images. In
the element distribution maps, the green anomalies (false col-
ors) in the S and Zn map present tennantite veinlets, whereas
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Table 1. Measurement settings.

Measurement  Objective  Laser Power Exposure time ~ Accumulation  Step size (um)
Line x100 633nm 1% (~0.2mW) 30s 2
Map x 100 633nm  10% (~2 mW) 1s 5 1x1
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Figure 2. Correlation diagrams for selected elements in fresh enar-
gite.

the red anomalies in the Zn and Fe map present inclusions of
sphalerite and pyrite, respectively. The element distribution
maps reflect the element correlations obtained by the point
analyses shown in Fig. 2. There is a negative As—Sb and Te—
(Cu,As) correlation and a positive Te—Zn correlation.

Raman spectroscopy mapping was carried out on the same
grain, as shown in Fig. 3. After collecting the spectra, K-
means cluster analysis was performed with the WiRE soft-
ware. The obtained cluster map is shown in Fig. 3j. The
patterns discerned in the cluster correlate strongly with the
Sb distribution map. The green cluster is located where the
highest Sb concentration exists, while the black cluster oc-
curs where the lowest Sb concentration is present. The blue
and cyan clusters represent areas of moderate Sb concentra-
tions. The yellow cluster shows foreign mineral inclusions
and veinlets. The average Raman spectra of the clusters are
shown in Fig. 4. For a semi-quantitative comparison, the Ra-
man bands were fitted, and the properties of the strongest
band in each spectrum are listed in Table 2 together with the
chemical composition of the clusters. The chemical compo-
sition of the clusters was determined by EPMA point mea-
surements at the positions of the numerals in Fig. 3g.

The amount of up to 1.5at. % Sb results in the down-
shifting in the strongest Raman band of enargite from 337
to 325cm~! (Fig. 4). There is a linear dependence between
the position of the strongest band and the Sb concentration
(Fig. 5). The observed shifting in the other bands does not
relate in a linear fashion to changes in the chemical compo-
sition. The band at 382 cm™~"! also shifts to lower wavenum-
bers, but the shift is larger than expected. Additionally, the
band at 268 cm™! splits into two bands at 261 and 281 cm™!,
suggesting multiple bands in this range whose shift and in-
tensity variations are disproportional. However, it is impor-
tant to note that the Sb-poor enargite represented by the
black cluster is not pure because it contains 0.7 at. % Fe
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and 0.3at. % Zn (Table 2). The FWHM of the strongest
band remains unchanged, reflecting no local distortion in the
structure, which confirms the simple Sb—As substitution as-
sumed by the EPMA analyses (Fig. 2a). The intensity of the
strongest band varies slightly, and the intensity of especially
the clusters with moderate Sb concentration is the highest.

Another fresh enargite grain with up to 1.2 at. % Te was
investigated for its Raman spectral properties. The element
distribution maps are shown in Fig. 6 in addition to the BSE
and RL images. Red anomalies (false colors) in the Zn and
Fe map present inclusions of sphalerite and pyrite, respec-
tively. The enargite grain in Fig. 6 contains small amounts of
Sb up to 0.5 at. % and Zn up to 0.2 at. %, whereas Te is het-
erogeneously distributed in the form of patchy and concentric
zones. The element distribution maps reflect the element cor-
relations determined by the random point analyses shown in
Fig. 2. As previously determined, there is a negative As—Sb
correlation. However, high concentrations of Te do not cor-
relate with any of the other elements.

Raman mapping was carried out on the same Te-rich enar-
gite grain as shown in Fig. 6. After collecting the map spec-
tra, the Raman bands were fitted by using the WiRE soft-
ware. FWHM, shift, and intensity maps were generated for
the strongest band at 331-332cm™". Only the FWHM map
is depicted in Fig. 6j because the changes in the shift and
intensity of the strongest band were small. A weak correla-
tion between the FWHM of the strongest band and Te ex-
ists (Fig. 6g and j). For comparison, single Raman spectra
of sectors with low, moderate, and high Te concentrations,
displayed in Fig. 6g as blue, green, and red (false colors),
respectively, were extracted from the Raman map shown in
Fig. 6j. The pixel positions correspond to the numerals in
Fig. 6g, and the extracted spectra are displayed in Fig. 7. All
three spectra are fairly similar to each other.

For a semi-quantitative comparison, the Raman bands
were fitted, and the properties of the strongest band in each
spectrum are listed in Table 3 together with the chemical
composition of the sectors. The chemical composition of
the sectors was analyzed by EPMA at the same positions.
The three sectors exhibit highly variable Te concentrations
ranging from 0.07 at. % to 1.24 at. %. However, the proper-
ties of the strongest Raman bands are fairly similar. There is
no shift. Only the red (false colors) sector with the highest
Te concentration has a slightly larger FWHM of 13.6cm™!
compared with 11.4 and 11.5cm™! in the blue and green
sectors with low and medium Te concentration, respectively.
The intensity of the strongest band remains unchanged in all
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Figure 3. Element distribution maps obtained with EPMA (a-g), BSE image (h), RL image (i), and phase distribution map obtained by a
Raman microprobe and K -means cluster analysis (j) of fresh enargite grain.
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Figure 4. Mean Raman spectra of the four clusters obtained by cluster analysis shown in Fig. 3j in the fresh enargite grain.
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Table 2. Chemical composition of clusters with different Sb concentrations in the fresh enargite grain shown in Fig. 3j, measured with EPMA
at positions of numerals in Fig. 3g, and properties of the strongest Raman band of enargite spectra shown in Fig. 4, measured with a Raman

microprobe.
Cluster Chemical composition ‘ Strongest Raman band
S Fe Cu Zn As Sb Te Center FWHM Intensity
(at. %) (cm_l) (cm_l) count
1—black 4949 0.72 3792 0.30 11.39 0.16 0.00 337 12.8 3656
2 —blue 49.60 0.69 38.13 0.20 1043 093 0.00 330 12.1 5167
3-—cyan 5015 049 3792 054 966 122 0.2 327 12.7 4264
4 —green 50.18 0.60 37.83 0.78 9.14 145 0.03 325 13.5 3707
= 340 been described in the literature (Kase, 1986; Trudu and Knit-
f';_-’o _ o. y=-9.3x + 338.5 tel, 1998; Moélo et al., 2008; Makovicky and Karup-Mgller,
= H'E 950 - Re=0 2017). Other minor elements are Ag, Cd, and Pb, with con-
ug % 332 centrations below 0.6 at. %, 0.1 at. %, and 0.1 at. %, respec-
s _,;; o, tively.
"§ 328 ’ "o, A fahlore grain was mapped by EPMA to show the dif-
o e ferent substitution mechanisms within a single grain. The se-
3 05 10 s lection of the grain was based on grain-scale heterogeneity,
manifested by concentric zones with variable As/Sb ratios.
Sb (at.%) The element distribution maps are shown in Fig. 9 in addi-

Figure 5. Linear correlation between the Sb concentration and the
position of the strongest Raman band of enargite in the spectra
shown in Fig. 4.

three sectors, indicating that the grain is a single crystal or at
least crystals with the same orientation.

3.2 Chemical composition of the fresh fahlore and
corresponding Raman spectra

Fahlore grains in the fresh copper concentrates were ran-
domly analyzed by EPMA (n =61). The measurement
points were set in the center of the grains. The results
are listed in Table S1 and are visualized in Fig. 8. We
considered the As-dominant derivative to be tennantite
(Cujo(Fe,Zn);As4S13) and the Sb-dominant derivative to be
tetrahedrite (Cujp(Fe, Zn)yAs4S13). As suggested in Bia-
gioni et al. (2020), the Te-dominant members are named
stibiogoldfieldite (Cuj2(SbyTe;)S13) if the measured Te con-
tents were between 1 and 3 atoms per formula unit (apfu).

A gapless negative As—Sb correlation is discernible in
our data (Fig. 8a) and is well known from many previ-
ous studies on the tennantite—tetrahedrite solid solution. Tel-
lurium correlates negatively with As and Sb as well as
with Fe and Zn (Fig. 8b and c). The reason is the occu-
pancy of Te at the (As,Sb) site via the coupled substitution
Te*t + Cut — (As,Sb)>+ + (Cu,Fe,Zn)?*. This substitution
is valid for up to 2 Teapfu. For higher Te concentrations,
the charge balance is achieved through the formation of va-
cancies Te*t 4+ [ — (As,Sb)>* + Cu™. This mechanism has
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tion to BSE and RL images. Additionally, EPMA point mea-
surements were carried out along the line shown in Fig. 9i.
The results are listed in Table 4. The element distribution
maps reflect the element correlations obtained by the random
point analyses shown in Fig. 8. The Sb—As and Te** +Cut—
(Cu,Fe,Zn)?t+(As,Sb)>T substitutions were confirmed. A
concentric zoning caused by variable chemical compositions
can be seen (Fig. 9j). Stibiogoldfieldite containing up to
7.2 at. % Te (Table 4) presents the first generation of fahlore.
Tetrahedrite containing up to 12.6at. % Sb belongs to the
second generation of fahlore. Tennantite with up to 12.9 at. %
As belongs to the third generation of fahlore, deposited in
interstitial volumes of the earlier minerals. The Fe concen-
trations in tetrahedrite and tennantite range from 2.2 at. %
to 5.3 at. % and those of Zn from 1.7 at. % to 3.7 at. % (Ta-
ble 4). In stibiogoldfieldite, they are lower, with a maximum
of 1.3 at. % and 0.9 at. % for Fe and Zn, respectively. Further
impurities are less than 0.1 at. % Ag and Cd each. The an-
alytical totals are lower in stibiogoldfieldite compared with
tennantite and tetrahedrite (Table S1), which might hint at
the formation of vacancies.

Raman mapping was done on the same fahlore grain as
shown in Fig. 9. After collecting the Raman spectra, K-
means cluster analysis was performed using the WiRE soft-
ware. The obtained cluster map (Fig. 9k) presents a tight cor-
relation with the spatial distribution of the fahlore members
in the grain investigated. The red, green, and blue clusters
(false colors) correspond to stibiogoldfieldite, tetrahedrite,
and tennantite, respectively. The cyan cluster corresponds to
the As-rich tetrahedrite. Additionally, Raman point measure-
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Figure 6. Element distribution maps obtained with EPMA (a—g), BSE image (h), RL image (i), and FWHM of the strongest band obtained
by a Raman microprobe (j) of fresh enargite grain. Note that the bright edge on the BSE image is the result of contrast maximizing and not
the elevated content of heavy elements.
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Figure 7. Raman spectra of Te-rich enargite, collected from points shown in Fig. 6g in sectors with different Te concentrations in the fresh
enargite grain.
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Table 3. Chemical composition of sectors with different Te concentrations in the fresh enargite grain, measured with EPMA at positions of
numerals in Fig. 6g, and properties of the strongest Raman band of enargite spectra shown in Fig. 7, measured with a Raman microprobe.

Sector Chemical composition ‘ Strongest Raman band
S Fe Cu Zn Sb Te Center FWHM Intensity
(at. %) (cmf1 ) (cmf1 ) count
1-blue 50.66 0.89 36.50 0.01 11.50 0.26 0.07 331 11.4 5183
2—green 51.04 045 3592 0.04 1151 030 0.63 332 11.5 5424
3 —red 50.94 097 3559 0.00 10.82 032 1.24 331 13.6 4908
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Figure 8. Correlation diagrams for selected elements in fresh
fahlore.

ments were carried out along the line shown in Fig. 9i. The
acquired spectra are displayed in Fig. 10.

Raman spectra of the tennantite—tetrahedrite solid solution
series show characteristic bands (Figs. 10a and 11a and b)
similar to those documented in Kharbish et al. (2007) and
Apopei et al. (2017). The region between 200 and 400 cm™!
is the characteristic spectral region of AsS3—SbS3 vibrations
(Wang et al., 1994). In this region, the most intense band
of tennantite with a Sb/(As+ Sb) ratio of 0.07 occurs at
385cm~! and is assigned to symmetric stretching (vp) of
AsS3. Three weak and broad bands occur at 373, 346, and
301 cm™! and are caused by antisymmetric stretching (13),
symmetric bending (vyy), and antisymmetric bending (vs4)
of AsS3, respectively. All modes shift to lower wavenum-
bers with an increasing Sb/(Sb 4 As) ratio. The symmetric
stretching mode (viy,) as well as symmetric bending mode
(vain) show the two-mode behavior, which means the modes
become weaker towards the end-member tetrahedrite. Si-
multaneously, new bands show up at 364 cm~! (vy) and
308cm™! (voy), attributed to the symmetric stretching and
bending of SbS3, respectively. The symmetric stretching
mode (v1y) is intense and close to the antisymmetric stretch-
ing mode (v3) and superimposes it. Raman bands below
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200cm™~! are related to lattice vibrations (Kharbish and Je-
len, 2016). In tennantite, the most intense bands are at 112,
136, and 185 cm™~! and also shift to lower wavenumbers to-
ward tetrahedrite.

Stibiogoldfieldite forms a solid solution with tennantite
and tetrahedrite. The vibrational modes in the tetrahedrite—
tennantite solid solution series show a sequence in their
wavenumbers as v| > v3 > vy > v4 (Nakamoto, 1997). Thus,
we assume that the strongest band at 345cm™! is caused
by the symmetric stretching (vigo) of TeS3 overlapping the
antisymmetric stretching mode (v3). The bands at 381 and
361 cm~! are most probably the symmetric stretching modes
(vin) and (viy), respectively, since the analyzed stibiogold-
fieldite still contains As and Sb. The higher intensity of the
V1 mode compared with the vi;, mode may reflect the dom-
inance of Sb over As. The bands at 320, 297, and 236 cm™!
can be assigned to symmetric bending modes (Vo), (Vay),
and (v2sbgo), Tespectively. Whether the antisymmetric bend-
ing mode (v4) is overlapped by v, or is located at a
lower wavenumber is unclear due to the very broad mode
at 161 cm™!. Both the symmetric stretching mode (v1g0) and
symmetric bending mode (vago) thus exhibit a three-mode
behavior. The normal modes (v1, v2, v3, and v4) as well as the
lattice modes of stibiogoldfieldite occur at lower wavenum-
bers. The symmetric stretching mode of stibiogoldfieldite
(v1go) is much broader than that of tennantite (Vi) and
tetrahedrite (viy). The bands arising from lattice vibrational
modes are also broadened.

3.3 Secondary phase in enargite

In the strongly weathered concentrates, the enargite grains
contain a secondary phase whose identity was not certain.
Such a phase, as mentioned in the Introduction, could be of
importance for the processing and beneficiation of the ores,
and was therefore characterized in terms of its chemical com-
position and Raman spectra.

The secondary phase always occurs along cleavage planes
and cracks in enargite, as seen in RL microscopy (Fig. 12a)
and scanning electron microscopy (SEM) (Fig. 12b). It is fre-
quently accompanied by covellite (Fig. 12a). Under normal
illumination, it is greenish-grey and appears slightly darker
than the surrounding enargite. SEM images document its
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Figure 9. Element distribution maps obtained with EPMA (a-g), BSE image (h), RL image (i) showing the position of EPMA and Raman
point analyses presented in Table 4 and Fig. 10, Te-Sb—As distribution map (j), and phase distribution map obtained by a Raman microprobe

and K -means cluster analysis (K) of fresh fahlore grain.

Table 4. Chemical composition of tennantite, tetrahedrite, and stibiogoldfieldite in the fahlore grain at positions shown in Fig. 9i.

Measurement no. S Fe Cu Zn As Sb Te  Mineral

(at. %)
1 4550 3.01 36.02 1.70 12.77 094 0.05 Tennantite
2 4530 272 3793 1.88 11.17 0.97 0.03 Tennantite
3 4492 281 36.59 2.10 10.11 343 0.03 Tennantite
4 46.00 2.79 36.63 2.67 5.71 6.12 0.06 Tetrahedrite
5 4547 253 3544 2.67 6.05 7.79 0.04 Tetrahedrite
6 44.83 220 34.85 2.80 3.61 11.67 0.05 Tetrahedrite
7 44.67 257 3534 2.69 7.30 7.41 0.01 Tetrahedrite
8 4579 0.99 40.16 0.83 1.75 4.06 6.42 Stibiogoldfieldite
9 46.16 0.66 39.93 0.49 2.02 3,53 7.21 Stibiogoldfieldite
10 4554 044 40.28 0.16 1.57 4.67 17.34 Stibiogoldfieldite
11 4333 0.70 43.38 0.46 1.91 385 6.36 Stibiogoldfieldite
12 4573 139 3945 0.94 3.38 345 5.66 Stibiogoldfieldite
13 4441 260 34.37 3.70 2.67 1225 0.00 Tetrahedrite
14 4578 527 33.60 2.97 3.02 9.32 0.04 Tetrahedrite

fine-grained nature and porosity, which could be, at least par-
tially, responsible for its dark appearance. It has a similar
back-scattered electron (BSE) contrast to enargite, implying
that the average atomic number is similar to that in enar-
gite. The texture is fibrous or wormlike; this phase is clearly
younger than the enargite host.

Eur. J. Mineral., 35, 737-754, 2023

The secondary phase, distinct by its porosity, was ana-
lyzed by EPMA (n = 44, Table S1). The main elements of
the phase are Cu, As, and S, and its chemical composition is
graphically compared with that of enargite and tennantite in
Fig. 1. However, the chemical composition of the secondary
phase is partially contaminated by the surrounding area be-
cause the analyzed area has a diameter of ca. 4 um at the ac-
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Figure 10. Raman spectra of tennantite, tetrahedrite (a), and stibio-
goldfieldite (b) in the fresh fahlore grain along the line shown in
Fig. 9. The spectra are sorted according to the Sb/(As+ Sb) and
Te/(Te + As + Sb) ratios that are displayed on the right axis.

celerating voltage of 20kV and a beam size of 0.5 um applied
here (Batanova et al., 2015).

The elemental concentrations in the secondary phase are
highly variable and range from 35 at. % to 60 at. % Cu, from
3at. % to 14 at. % As, and from 34 at. % to 49 at. % S. Trace
elements include 1.0 at. % Fe, 0.4 at. % Sb, and 0.3 at. % Zn
in the median. The analytical totals of the secondary phase
are also highly variable, ranging from 63 wt. % to 99 wt. %,
with a median of 89.4 wt. %. The low analytical totals reflect
the porous nature of the phase.

The chemical composition of the secondary phase, enar-
gite, and tennantite are shown in a ternary diagram of Cu,
As, and S (Fig. 13). The smaller the symbols, the lower the
analytical totals. The secondary phase with a chemical com-
position close to enargite tends to have a high analytical total.
The lower the analytical total, the higher the Cu content and
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Figure 11. The positions of the vy, v3, V2, V4, and lattice modes in
the Raman spectra of tennantite (a), tetrahedrite (b), and stibiogold-
fieldite (c).

the lower the As and S contents. Thereby, the decrease in S
is stronger than that in As, which is discussed later.

Selected grains were subjected to X-ray diffraction (XRD)
analyses with a Gandolfi camera in order to obtain powder-
XRD-like datasets from fresh and weathered enargite grains.
The host, present in both fresh and weathered grains, was
identified as an orthorhombic phase with a unit-cell vol-
ume of ~ 300 A3, matching the structure of enargite. Another
phase present was indexed with a cubic cell and the lattice
parameter a = 10.223(2) A. This lattice parameter is close
to a = 10.19 A for tennantite.

The secondary phase in a weathered enargite grain was
also mapped by EPMA. Grain selection was based on their
larger grain size and advanced alteration (discernible in re-
flected polarized light) but also on the presence of primary
enargite residues so that the element proportions in relatively
unweathered and weathered parts of the grain can be com-
pared. The element distribution maps are shown in Fig. 14
in addition to BSE and RL images. Enargite is replaced by
the secondary phase along its cleavage planes. Only relics of
enargite (Fig. 14h: pinkish gray) are left. Covellite (blue) fills
the cracks of the grain and also rims the grain. The element
distribution maps reflect the element proportions in the sec-
ondary phase and enargite displayed in the ternary diagram.
The secondary phase is enriched in Cu and depleted in S in
comparison to enargite. The As content is nearly same in both
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Figure 12. RL (a) and BSE images (b) of the secondary phase in weathered enargite grains.
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Figure 13. Chemical composition of the secondary phase in weathered enargite compared to fresh enargite and tennantite; the size of the
symbols is scaled by analytical totals in weight percent, and the star marks the theoretical composition of enargite.

minerals. Primary enargite exhibits sector zoning with an el-
evated concentration of Sb. Similarly to As, the Sb content in
both minerals does not differ.

Raman mapping was carried out on the same grain as
shown in Fig. 14. After collecting the Raman spectra, K-

Eur. J. Mineral., 35, 737-754, 2023

means cluster analysis was performed using the WiRE soft-
ware. The obtained cluster map is shown in Fig. 14i. Two
clusters, 1a and 1b, were combined into an “intermediate-
phase 1” cluster and colored yellow, and two clusters, 2a and
2b, were combined into an“intermediate-phase 2” cluster and
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Figure 14. Element distribution maps obtained with EPMA (a—f), BSE image (g), RL image (h), phase distribution map obtained by a Raman
microprobe, and K -means cluster analysis (i) of a representative weathered enargite grain.

colored green for better visualization of the spatial relation-
ships. The red cluster represents relics of enargite. The enar-
gite relics are surrounded by the intermediate phases 1 and 2.
The remaining space is filled by the blue clusters depicting
the secondary phase. The altering solution has reacted with
enargite along two nearly perpendicular cleavage planes of
the grain. The last product formed is covellite, presented by
a cyan cluster, as it rims the grain or discordantly occurs in
the secondary phase.

The mean Raman spectra of the clusters are shown in
Fig. 15. The primary enargite transforms successively into
the intermediate product 1, then into the intermediate product
2, and finally into the secondary product. The last transfor-
mation product is covellite with the typical vibrational mode
at 470 cm™ . A relic of the secondary phase is present in the
covellite spectrum. The evolution of the spectra reflects the
spatial relationship of the clusters shown in Fig. 14i.

The Raman bands of the secondary phase occur in the
characteristic spectral region of sulfide vibrations. Bands
arising from lattice vibrations are also present. No bands
were present at higher frequencies where the bands of SOy,
AsQy4, and H>O groups could be expected. The spectrum of
the secondary phase is very similar to that of fresh tennan-
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tite. Thus, these spectra are compared in Fig. 16. The main
Raman band of the secondary phase is located at a slightly
lower frequency than observed for tennantite. The sharpness
of the Raman bands of the secondary phase suggests that it
is crystalline and not amorphous.

The secondary phase matches tennantite in terms of its
chemical composition, size and shape of the unit cell, and
Raman spectra. In order to increase the number of observa-
tions, a correlative Raman and X-ray structural analysis was
performed on many weathered sulfide grains. Such grains
were attached to a glass slide with double-sided tape and
scanned with the Raman microprobe using the automatic
focus-track mode. After collecting the Raman spectra, non-
negative least-square component analysis was performed us-
ing the WiRE software. Raman spectra of the primary enar-
gite, the intermediate and secondary phase (Fig. 15), and the
fresh tennantite (Fig. 16) served as end-members. Brochan-
tite and covellite were found during a manual examination of
pixels that could not be assigned to an end-member and were
added to the end-members, and the analysis was repeated.
The obtained phase distribution map is shown in Fig. 17. The
majority of the enargite grains contain the intermediate and
secondary phase in addition to covellite and brochantite. Six
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Figure 15. Mean Raman spectra of the clusters shown in Fig. 14i
representing enargite and enargite weathering products.
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Figure 16. Raman spectra of the secondary phase in enargite and
primary tennantite.

grains seem to consist of primary tennantite because during
handpicking grains it is not easy to visually distinguish enar-
gite from tennantite. Afterwards, the grains were placed in
a glass tube and measured with powder XRD. According to
the qualitative XRD analysis, enargite is the main mineral.
The next common phase is tennantite, followed by brochan-
tite and quartz. No additional crystalline phase was found
that would have represented the secondary phase.
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Figure 17. Phase distribution map of handpicked weathered enar-
gite grains obtained by a Raman microprobe and subsequent classi-
fication analysis.

4 Discussion

4.1 Chemical composition of the fresh enargite and
corresponding Raman spectra

A group theory treatment of the lattice vibrations in enar-
gite predicts a total of 45 Raman active modes including
13A1, 10A,, 9By, and 13B; (Mernagh and Trudu, 1993).
To the best of our knowledge, band assignments of enar-
gite have not been undertaken. Strong Raman bands of enar-
gite are observed between 250 and 400cm™! (Figs. 4 and
7) in a spectral region characteristic of reduced sulfur vibra-
tions in sulfides (Wang et al., 1994). Thus, As—S vibrations
are responsible for the characteristic Raman bands of enar-
gite. The energy of the bending modes is substantially lower
than that of the stretching modes, and accordingly, the bend-
ing modes are located at lower wavenumbers. In addition,
the bending modes are less intense relative to the stretching
modes (Tuschel, 2014). Thus, the band at 267 cm™! may rep-
resent the bending mode, and the strongest band at 337 cm™!
may represent the stretching mode. Since arsenic in enargite
is in the pentavalent state (Li et al., 1994) and in tetrahe-
dral coordination with sulfur (Pauling and Weinbaum, 1934),
one of four sulfur atoms should have a double covalent bond
to arsenic (National Center for Biotechnology Information,
2022). Thus, the strongest band at 337 cm™! is most proba-
bly the antisymmetric stretching mode. The antisymmetry of
the mode is confirmed by the fact that the mode does not van-
ish with the Raman analyzer configured perpendicular to the
incident laser polarization (Fig. S1). The mode at 382 cm™!
may represent the symmetric stretching mode similar to that
in tennantite because the As—S interatomic distance is 2.25 A
in enargite as well as in tennantite (Makovicky et al., 2005;
Pauling, 1970).

The current paper additionally describes the effects of Sb
substitution on the Raman spectra of enargite. Antimony can
substitute for As in the enargite structure with up to about
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20 mol % CuzSbS4 (Springer, 1969). The substitution mech-
anism was well documented by Pésfai and Buseck (1998).
We have observed a gradual downshifting in the strongest
band in enargite Raman spectra with an increasing Sb con-
centration of the mineral. The shifting is linearly proportional
to the amount of Sb incorporation. In isostructural phases,
the frequency of vibrational modes is shifted with the sub-
stitution of one element by another according to the “har-
monic oscillator model” described by Hooke’s law (Khar-
bish et al., 2007). Thus, increased mass and decreased bond
strength by the Sb substitution cause a shift in the vibra-
tional bands to lower frequencies. Bandwidths remain un-
changed, reflecting the simple Sb—As substitution. The in-
tensities of the strongest band slightly vary in the different
clusters, which may indicate some mosaicity inside the sin-
gle crystal used for our measurements.

There is a limited amount of literature on Te substitution in
enargite. One of the few publications is a study on trace ele-
ment substitution in enargite by Liu et al. (2019). The authors
proposed a coupled substitution mechanism of Te*t with
Fe?t or Zn?** for Cut and As>*. Our data support this sub-
stitution mechanism, as Te, Fe, and Zn concentrations nega-
tively correlate with As, Sb, and Cu. The coupled substitution
mechanism would lead to a broadening of the Raman bands,
but our data show that the FWHM of the strongest band does
not increase with Te incorporation. Most importantly, unlike
Sb, uptake of Te does not lead to a band shift, even though it
is heavier than Sb. Deyell-Wurst and Hedenquist (2011) sug-
gested that Au in enargite is either structurally bound within
the crystal structure or it occurs as submicron native Au in-
clusions. Similarly, Te could occur in the form of submicron
native Te inclusions.

4.2 Chemical composition of the fresh fahlore and
corresponding Raman spectra

Raman spectra of the solid solution series between tennantite
and tetrahedrite change with the As/(As + Sb) ratio, as al-
ready seen by Kharbish et al. (2007) and Apopei et al. (2017).
All Raman bands shift to a lower frequency with increasing
Sb concentration. Two-mode behavior was observed for the
bands v; and v;,. Kharbish et al. (2007) assumed that this is
the result of a possible short-range order, i.e., clustering of
SbS3 and AsS3 groups. Two stretching vibrations, vy and v3,
and two bending vibrations, vy and vy, are close in energy
and overlap (Nakamoto, 1997). Almost all modes could be
deconvoluted by curve fitting; only the overlap of viy and v3
modes remains unresolved.

To our knowledge, the Raman spectrum of stibiogold-
fieldite has not been reported yet. All modes, including lat-
tice modes, occur at frequencies lower than what are typi-
cal for tetrahedrite due to the substitution of the heavier ele-
ment Te for As and Sb. Three-mode behavior was observed
for the bands vy and v,. Although stibiogoldfieldite forms
a continuous solid solution with tennantite and tetrahedrite,
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the strongest mode of stibiogoldfieldite (vispgo) is strongly
broadened, indicating a development of second-order bands
arising from the modifications in the crystal structure. The
most likely reason is the coupled substitution of Te*+ with
Cut for As’t and Sb3* with Fe** and Zn?*. Additionally,
the lattice vibrational modes are broadened because they in-
volve a significant contribution of atomic motion from the
substituted atom (Tuschel, 2017).

4.3 Secondary phase in enargite

Enargite, as most sulfides, is unstable in oxidizing and acidic
environments and is likely to dissolve. The acidity at the
studied site is generated by oxidative dissolution of pyrite,
the most common mineral in the analyzed concentrate. Ox-
idative dissolution of enargite is in itself an acid-generating
process as well (Plumlee, 1999). The dissolution rate of enar-
gite is higher in the presence of a strong oxidizing agent such
as Fe3t (Davis et al., 1992; Dutrizac and MacDonald, 1972;
Elkina et al., 2020). Therefore, the dissolution of enargite
may be facilitated by the Fe3* that is released by the oxi-
dation of pyrite or chalcopyrite in the concentrate. All these
processes are accelerated by comminution of the ores (Wel-
ham, 2001).

In this study, we observed replacement of enargite by a
secondary phase with high porosity and a fibrous or worm-
like texture. Gandolfi camera measurements showed that the
secondary phase is cubic, with unit-cell parameters match-
ing those of tennantite. All Raman bands of the secondary
phase appear in the characteristic spectral region of sulfide
vibrations (Wang et al., 1994) and are similar to those of ten-
nantite. No bands were present at a higher frequency, where
sulfate, arsenate, and OH bands occur. The strongest band
at 337 cm™!, assumed to be the antisymmetric stretching of
As-S, weakens, indicating breaking of the As—S bonds. In
particular, the sulfur that is bonded to arsenic and has no
bonding to Cu may be preferentially released. This suppo-
sition can be supported by the fact that the secondary phase
is more depleted in S than in As and is enriched in Cu. The
released S~ may oxidize to polysulfide moieties or elemen-
tal sulfur S°, which can be detected from a weak band at
470cm~!. A formation of polysulfide or elemental sulfur on
the oxidized surface of enargite has indeed been observed
frequently (Rossi et al., 2001; Vinals et al., 2003; Dutrizac
and MacDonald, 1972; Asbjérnsson et al., 2004; Elsener et
al., 2007, Sasaki et al., 2010; Plackowski, 2014). Sulfur oxi-
dation can be coupled to arsenic reduction of As>t to As>T.
The formation of As** upon weathering of enargite is feasi-
ble, since arsenolite or claudetite (both As(III) oxides) occur
in some enargite-bearing deposits (Lattanzi et al., 2008). Si-
multaneously, the weak band at 381 cm™! enhances during
the transformation of enargite to the secondary phase, which
may represent the symmetric stretching of As-S, as in ten-
nantite.
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Other studies have detected the formation of Cu(Il)-O
bonds, sulfate (Rossi et al.,, 2001), and As(V)-O bonds
(Vinals et al., 2003) on the surface of untreated natural enar-
gite samples. During oxidative dissolution of enargite in
acidic solutions with ferric iron, a polysulfide film and a
Cu-deficient layer were formed (Elsener et al., 2007). In the
field, such as open pits and waste dumps, enargite is often
replaced by scorodite and cuprian melanterite (Lattanzi et
al., 2008). We did not observe such minerals, but we found
the tennantite-like phase and covellite. Our findings agree
with early microscopic work of Schneiderhohn (1922). He
observed that enargite often undergoes transformation into
an isotropic phase with a greenish tint without a noticeable
chemical change. In this work, we demonstrated that this
“greenish enargite” is Cu—As fahlore, which chemically dif-
fers little from ordinary tennantite. Hence, this tennantite
is a complex secondary sulfide. Similar processes, leading
to complex secondary sulfides, have recently been reported
by Haase et al. (2022). Here, the formation of such sec-
ondary sulfides was observed on the nanometer scale in TEM
and was rationalized in terms of different diffusion rates of
cations from the structure of the primary sulfide.

Additionally, tennantite oxidizes more slowly than enar-
gite (Fullston et al., 1999) and can thus persist for a longer
time in an oxidative weathering environment. According to
the Eh—pH diagram for the aqueous Cu—As-S system calcu-
lated by Gow et al. (2014), enargite can transform into ten-
nantite at a low pH (pH < 2) and at slightly oxidizing condi-
tions (Eh > 0), but the stability field of tennantite is rather
narrow. Furthermore, a decomposition of enargite through
the formation of tennantite as an intermediate compound
was observed in an oxidizing atmosphere; this tennantite was
subsequently transformed into solid chalcocite. This process,
however, occurred at roasting temperatures between 375 and
450°C (Padilla et al., 2012).

5 Conclusions

This study revealed that Raman spectra carry information
that can be used to decipher the As/Sb ratio in enargite and
fahlore. With an increasing Sb concentration, the strongest
Raman band of enargite gradually shifts to lower frequen-
cies. Similarly, the continuous solid solution series from
tetrahedrite to tennantite are manifested in gradual changes
in their Raman spectra. Raman spectra of stibiogoldfieldite
are presented for the first time. All modes, including lattice
modes, are strongly broadened and shifted to lower frequen-
cies compared with those of tetrahedrite and tennantite, ow-
ing to the substitution of the heavier Te for Sb or As. The
observed spectral shifts can find their use in industrial pro-
cesses in order to optimize ore beneficiation and to minimize
the environmental impact.

Enargite in the concentrate initially weathers to a fine-
grained, fibrous, or wormlike phase. This phase was iden-
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tified as secondary tennantite, a transient sulfide mineral that
is able to retain arsenic temporarily. Experimental evidence,
amassed in earlier literature, shows that the arsenic is eventu-
ally lost, either completely into the environment or partially,
being retained by scorodite or similar minerals.
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