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Abstract: Acid mine drainage and potentially toxic elements release are a major source of pollution in
sulfide-rich mining sites. Pyrite is the most impacting mineral due to its high acidification potential
when it reacts with water under oxidizing conditions. At the Fushe Arrez dressing plant in Northern
Albania, a volcanic massive sulfide copper mining district, pyrite was in past separated, with a double
flotation process, to produce a pyrite concentrate and relatively-pyrite-poor tailings. In the last twenty
years single flotation has replaced the double flotation process and pyrite has been deposited in
pyrite-rich tailings stacked separately from the old ones. The study of the solid tailing materials and
natural waters flowing through the dumping area, together with leaching tests show that waters
interacting with single flotation tailings are slightly more acidic and much higher in total metal
contents than those interacting with double flotation tailings. Also, the metal distribution is different,
with the former being higher in sulfide-hosted metals and the latter higher in gangue-hosted metals.
It is thus suggested that separation of pyrite can play an important role in the sustainable mining of
pyrite-rich ores, either for dumping high hazardous pyrite concentrate separately or for marketing
it as a by-product. An implementation of studies for the industrial uses of pyrite is pivotal in this
last case.

Keywords: pyrite; Albania; circular economy

1. Introduction

Copper mining is a major source of environmental pollution, mainly related to water
acidification and dispersal of potentially toxic elements (PTE) in what is known as the
acid mine drainage (AMD) process (e.g., [1-3]). As a result, active and abandoned copper
mines and beneficiation plants are sites of high environmental hazards. The high sulfide
content and the rich polymetallic association are the main background of such high hazards.
Volcanic massive sulfide (VMS) copper deposits, like those of the Northern Albania mining
district, add to this frame the high concentration of sulfides in the massive ore and the high
pyrite content (e.g., [4-6]). Pyrite is, by far, the main responsible of AMD in these ores due
to its abundance and its high sulfur to metal ratio that leads to the highest sulfuric acid
production per mass unit (e.g., [6—12] and references therein). Moreover, pyrite is nowadays
always dumped with the tailings during beneficiation as it is no longer used to produce
sulfuric acid as in the past. Pyrite is still used in small amounts for increasing malleability
of steel, for the production of amber colored glass, brake pads and grinding wheels. New
uses have also been developed, such as pyrite as an electrode material for rechargeable
lithium batteries [13] and for sodium batteries [14], as reaction material for sulfate waste
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decomposition [15] or as thin film for solar absorber in photovoltaic materials [16], but these
innovative uses are not fully developed yet, leading to a low demand for this commodity.

The strong acidification of waters in VMS copper deposits can be attributed to pyrite
oxidation according to the generic reaction (1) [17]:

4FeS, + 150, + 14H,0 = 4Fe(OH); + 85042 + 16H* 1)

At pH values below 4 the biogenic acidification becomes dominant, biologically
mediated by iron-oxidizing bacteria [17].

The high environmental impact of copper mining and copper separation plants in the
Northern Albania mining region has already been reported [18,19]. The river pollution in
the district has specifically been addressed by Kumanova et al. [20]. The authors showed
a correlation between river sediment metal pollution and mining activity, even though
they do not infer the relative proportion of pollution to be attributed to the mines and to
the plants. The recent work of Fantone et al. [21] on the Reps tailing dumps, where an
abandoned separation plant was operative in the last decades, was addressed to define
AMD from the tailings. Their results show the presence of two different materials in
the dumps: high and a low sulfide tailings, whose distribution within the dump follows
irregular patterns. Most of the net potential acid production from the two studied dumps
is attributed to the high sulfide materials, although they represent no more than 20% of the
tailings volume. The authors infer, on the basis of the little information available on the
operating conditions, that low and high sulfide tailings were produced by single and double
flotation, respectively: the former separating only a chalcopyrite concentrate and the latter
a chalcopyrite and a pyrite concentrate. The present work was planned as a continuation
of that of Fantone et al. [21] in order to confirm the reason for the highly variable acid
potential and to clarify the different contributions of single and double flotation tailings,
exploiting the opportunity to sample an active plant where the two different tailings have
been stocked separately.

The present study aims to ascertain the metal pollution in waters that drain tailings
dumps and the change in tailings environmental impact due to the transition from double
to single flotation. In the first case pyrite is separated as a by-product, while, in the second
case, pyrite is not separated and is mixed with the tailings. The northern Albania copper
mining district was chosen as a case study because, due to its industrial policy, this country
was one of the last to abandon sulfuric acid production from pyrite, so the transition can
be studied in recent and present-day tailings. Moreover, strongly different tailings due
to changes in the flotation process have already been described at the abandoned Reps
beneficiation plant in the same copper mining district [21].

The study was carried out on samples collected from the working Fushe Arrez copper
enrichment plant, which was operating during the sampling. At the Fushe Arrez plant the
separation of pyrite was abandoned in the late 1990s. Here the old pyrite-poor and the
still active pyrite-rich tailings were stacked in the same valley impoundments but in two
well separated areas. Differently from Reps, where tailings resulting from single or double
flotation had to be inferred, at Fushe Arrez, the location of single and double flotation
tailings is perfectly known by company working there. The different tailings were stacked
in close but completely separate dumps. This makes conditions at Fushe Arrez favorable
to the study of the effect of different flotation scenarios.

The overall pollution of waters flowing out of the tailings system was determined
through in situ pH and conductivity analyses followed by determination of selected metals
content. To assess the environmental impact of tailings produced with different flowsheet
configurations (i.e., with or without pyrite separation) leaching tests were conducted on
both pyrite-rich and pyrite-poor tailings. Leachates were also compared with sampled
waters. The possible effect of other parameters affecting AMD and metals release were
also considered.
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2. Materials and Methods

The Northern Albania copper mining district has 25 contemporaneously active mines
and three enrichment plants, located at Reps, Rubik and Fushe Arrez. Waste dumps are
scattered all over the area and millions of tons of tailings lie in dumps close to the three
flotation plants.

Since 2004, the Fushe Arrez flotation plant has produced a copper concentrate at
21-22 wt.% Cu from the only two mines still active in the district: Lak Roshi and Munella.
These provide ore to the plant, that, after comminution, is sent to a set of flotation cells
producing the copper concentrate and pyrite-rich tailings that are deposited in the nearby
tailings impoundment. This covers an area of about 50,000 m? in the valley of a small stream
tributary of the Fan I Madh river. The dump is contained downward by an earth dam.

Till 2000, a second flotation line separated a pyrite concentrate from the discarded chal-
copyrite flotation line. Pyrite concentrate was then sent to a sulfuric acid production plant
at Rubik, while the resulting, pyrite-poor, tailing was stacked in another impoundment
located downstream in the same valley (Figure 1).

Figure 1. Satellite view of the Fushe Arrez plant area with location of water samples.

The study of solid materials was based on two samples provided by the mining
company. They were produced by mixing materials from different parts of the dumps:
FA3 from the new dumps and FA4 from the old dumps. They were assembled to be the
most representative possible of each dump material. This sampling method prevents the
possibility to perform a statistical study of the internal variability of solid materials of
each dump, but, on the other hand, it can be considered as representative of the average
composition of each dump.

Feed (FA1) and concentrate (FA6) at the moment of sampling were also collected
and characterized. The former, due to technical reasons, was collected after crushing but
before grinding.

Seven water samples were collected, and their type and location are reported in Table 1
and Figure 1. One sample (CM1) was collected from the stream waters upstream of the
dumps, three samples CD1, CD1-B, CD-2 were collected from the pounding waters above
new dumps and 3 samples (CFM, CFI, CFV) were collected at the confluence of the stream
into the Fan I Madh river (Figure 2).
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Table 1. Localization and type of water samples collected in the Fushe Arrez dumping area.

Sample Latitude Longitude Type
CM1 42°5'02.37” 20°2/10.96” Stream waters upriver of the dumps
CD1 42°4/54.80” 20°2/12.89” Pounding waters over the new dumps: North
CD1-B 42°4'44.96” 20°2/08.01” Pounding waters over the new dumps: South
CD-2 42°4'48.72" 20°1'57.10” Pounding waters over the new dumps: West
CEM 42°4/24.99” 20°2/07.88” Fan I Madh waters just upstream of the confluence of the stream flowing from dump waters
CFI 42°4/24.03” 20°2'07.02” Stream flowing from dumps waters
CFV 42°4/23.10” 20°2/07.50” Fan I Madh waters just downstream of the confluence of the stream flowing from the dumps

Figure 2. Confluence of the discharge stream flowing out of the dumps and the Fan I Madh River,
showing deposition of red muds along the stream bed and transport of the same material into the
Fan I Madh waters.

Field surveys, in situ analyses and sampling of waters were conducted in early sum-
mer, under conditions of moderate water flow from upstream of the dumps. A total of seven
water samples were collected. The pH and conductivity of waters were measured at the
moment of sampling with a WTW Multiline P3 multifunction potentiometer (Labexchange,
Burladingen, Germany).

Double flotation (old) and single flotation (new) dumps were located in the field
according to reports from the plant personnel. In each dump a 5 kg tailing material sample
was assembled by collecting several subsamples from different points in the active dump
pound at different distances from the discharge pipe. As for the old dump a 5 kg sample
was assembled by collecting several subsamples from different layers in a vertical cut of
the dump. All analyses, unless otherwise, were performed at the Department of Earth
Sciences of the University of Milan.

Grain size analyses were performed on 1 kg subsamples employing cone and quarter
method, by use of a pile of sieves with the following openings: 1, 0.5, 0.25, 0.125, 0.063 and
0.038 mm.

Polished sections of dump materials were prepared embedding glued sand in resin.
Sections were then observed under reflected light by use of a reflected light microscope.

XRD analyses were performed on samples by use of a high-resolution X-ray pow-
der diffractometer (X'pert Pro, Panalytical, Malvern, UK). This powder diffractometer is
equipped with an incident beam monochromator, which separates the Ka1 and the Ka2
and can work with the Bragg Brentano geometry (divergent beam) as well as with a parallel
beam geometry.

The values of pH of water leachates were measured with a WTW Multiline P3 multi-
function potentiometer on water left in contact with the solid material for 24 h after filtering.
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Solid samples were analyzed for trace elements through TD-ICP-OES and for sulfur content
through IR spectroscopy performed at Activation Laboratories Ltd. (Ancaster, ON, Canada).

Leaching tests followed the Synthetic Precipitation Leaching Procedure (SPLP, U:S:
EPA Method 1312). Leachates were analyzed for pH using the WTW Multiline P3. Leachates
and water samples collected in situ were analyzed for selected metals using a 4100 MP-AES
system (Agilent, Santa Clara, CA, USA). Co, Ni and Pb were determined applying the FLIC
correction, on the basis of the overlap of blank and standard spectra in order to avoid Fe
interferences [22]. Sulfate contents were determined with the turbidimetry technique by
use of an Orbeco-Hellige photometer (Farmingdale, NY, USA).

3. The Northern Albania Cu Mining District and the Fushe Arrez Beneficiation Plant

The geology of northern Albania is dominated by the units of the Mirdita Zone
(Figure 3), a ~40 km wide, SW-NE trending segment within the Dinaride-Hellenide sector
of the Alpine-Himalayan orogenic system. The Mirdita Zone includes part of the Albanian
ophiolite belt. These ophiolites represent an ocean floor evolution that took place in
Early-Middle Triassic with the thinning of a continental margin [23,24].

Molasse and Neogene-Quaternary

Montenegro
& ‘:] Maastrichtian to Eocene sediments

= Internal Albanides
Mirdita Ophiolite Zone
%% Ophiolites + metamorphic sole
m Transgressive Cretaceous

limestone
External Albanides

Y  Mainore bodies

== Boundary between WOB and
) EOB

Figure 3. Simplified tectonic map of Northern Albania with location of the main volcanic massif
sulfide (VMS) copper ore bodies (modified after [24]).

These upper mantle and crustal units show features varying from the west to the east
in thickness, internal stratigraphy and chemical compositions. In particular, the Western
Ophiolite Belt (WOB) is a lherzolitic-harzburgitic-dunitic upper mantle unit, overlain by a
plutonic sequence and extrusive rocks characterized by MORB affinity. On the other hand,
in the thicker Eastern Ophiolite Belt (EOB) the basement is mainly made up of harzburgites
and dunites, overlain by a plutonic sequence. The sheeted dyke complex is well developed
and the effusive units consist of basalts and andesites with affinities of the supra subduction
zone type [25-27].

Sulfide orebodies occur both in the WOB and in the EOB (Figure 1). In the western
belt massive sulfides and stockwork veins are mainly hosted into the volcano-sedimentary
series (volcanites, mélanges, with variable content of shales, slates, cherts). Within the EOB,
a NNE trending, 25 km long belt between Chafe Mal and Reps hosts the majority of and
the biggest deposits, classified as volcanic massive sulfide [28-30]. Both mines providing
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ore to Fushe Arrez plant are located in this belt. Major ore bodies are distributed along a
discontinuous line, and minor occurrences lie along sub parallel orientations. Host rocks
are massive lava flows, pillow basalts, pyroclastics and, in few cases, also intrusions and
mélanges [28-30]. Massive pyrite deposits are also documented within the rhyolitic dyke
complex [27]. Pyrite is the dominant sulfide mineral throughout. The copper ores are
comprised of chalcopyrite, bornite, tennantite. Sphalerite and, to a lesser extent, covellite,
chalcocite, arsenopyrite and galena, are also found, as minor constituents, in the mineral
associations. The main sulfide related metals are Cu, Zn, Au, associated to variable contents
of Pb, Ag, As, Cd, Ge, Sb, In [30-33].

4. Results
4.1. Water Samples

Waters of the stream flowing through the valley used for dumping tailings showed
very different visual characters during the field survey. Upstream of the dumps they
are clear and do not show any evidence of sulfate or oxy-hydroxide precipitates. Waters
collected at the new dump were turbid, but no precipitates were visible, probably due to
the high and continuous inflow of tailing muds in the dump. No water was visible on
the old dump. Water flows within the dump material and gets back to the surface only
close to the stream confluence into the Fan I Madh river, when a widespread deposition
of red muds is evident as well as the transport of the same muds from the stream to the
Fan I Madh river (Figure 2). In this area the old dump is partially eroded, especially in the
central part of the impoundment and shows an orange surface due to precipitates, but just
few centimeters below surface the color changes into grey.

In situ pH and conductivity values are reported in Table 2. The waters that were not
affected by dumps, those from the watercourse upstream of the dumps (sample CM1) and
from the Fan I Madh river upstream of the water’s confluence (sample CFEM) show very
similar pH (6.61 and 6.62) and conductivity (154 and 156 uS/cm) values. Waters pounding
on the new dumps (CD1, CD1-B, CD2) are highly acidic ranging from pH 3.14 and pH 3.48
and show variable but generally high conductivity ranging between 415 and 876 uS/cm.

Table 2. Values of pH, conductivity and sulfate content of water samples.

Sample pH o (uS/cm) Sulfate (ug/L)
CM1 6.61 154 at 26.1 °C 46.4
CD1 3.36 442 at 27.0 °C 423.0

CD1-B 3.48 415 at 26.0 °C 472.0
CD-2 3.14 876 at 28.9 °C 545.0
CFM 6.62 156 at 21.0 °C 23.5
CFI 4.59 1814 at21.4°C 2450
CFV 5.81 650 at 21.0 °C 373.5

Waters flowing out of dumps (CFI) are weakly acid (4.59) and show a very high
conductivity (1814 uS/cm). Finally, waters just downstream of confluence (CFV) show to
be affected by polluted waters from the dumps. In comparison with waters of Fan I Madh
river not affected by dumps, they show a pH decrease of 0.81 and a conductivity increase
of 494 uS/cm.

Sulfate contents of waters are correlated with the conductivity data, showing that they
are the most abundant anions. Very low sulfate contents in unpolluted waters change into
high contents (472-545 pg/L) in dump waters and very high contents in waters downstream
of dumps (2450 ug/L). Finally, Fan I Madh river waters show a strong increase in sulfate
content due to the confluence with waters from the dumps, the waters downstream having
16 times higher sulfate contents than those upstream.

The metal contents of waters are shown in Table 3. All metals whose content is sys-
tematically above the detection limits show a similar pattern of concentration distribution
in the samples, the only exception being Ca. This latter cation is present in high amounts
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in waters downstream of dumps, is still present in the Fan I Madh waters after confluence
but is below detection limits in all other samples. Other metals show the lowest contents in
unpolluted waters upstream of dumps and confluence, peak values downstream of dumps
and intermediate values in the Fan I Madh river waters downstream of confluence.

Table 3. Concentration of selected metals in water samples.

Sample Zn Fe Cu Co Al Mn Ca Ni Mo Pb Cr Cd As
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (ug/L)
CM1 0.01 1.00 0.03 0.01 0.06 0.17 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 4.96
CD1 1.15 2.52 0.77 0.02 2.11 0.36 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 7.85
CD1-B 1.08 1.30 0.84 0.02 1.94 0.33 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 8.11
CD-2 5.38 3.90 3.54 0.01 6.27 0.64 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 6.91
CFM 0.05 0.02 0.02 0.00 0.05 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 2.27
CFI 6.17 62.19 1.01 0.14 19.70 7.20 214.84 <0.01 <0.01 <0.01 <0.01 <0.01 10.23
CFV 1.63 24.68 0.29 0.03 3.73 2.00 63.25 <0.01 <0.01 <0.01 <0.01 <0.01 3.78

4.2. Characterization of the Dump Material

Based on the way dump material samples were assembled, the following results have
to be considered as average values referred to the whole dumps, respectively the old and
new one. A statistical analysis of internal variability of each dump is beyond the possibility
and the aim of the present work.

Grain size distribution of the four solid samples is shown in Figure 4. The feed sample
is obviously coarser as it was collected before grinding. Current concentrate and new
dump samples have a very similar grain size distribution, showing that since reopening
the comminution procedure has not changed. Old dump sample is coarser. This result
can be partially due to an artifact, as some portions of the old dump show an incipient
cementation, anyway the sample used for grain size analysis was carefully shaken in order
to break weak cement bonds, so it is suggested that before closure in 2000 the feed was
ground to a coarser grain size. Semi-quantitative determination of mineralogy from XRD
data is reported in Table 4.

The feed sample contains mainly pyrite with minor chalcopyrite and quartz, that is
the same mineralogy observed under transmitted light microscopy in the ore stocked at the
plant: during sampling a massive sulfide ore was being processed resulting in a very low
4% silicates in the feed. The high chlorite content of dump materials is related to the ore
host rock, an andesitic to dacitic volcanite, where all feldspar had been altered into chlorite.

Observations in reflected light show that sulfide phases are dominated by pyrite in
sub-millimetric to millimetric grains, with minor mounts of chalcopyrite, often associated
to pyrite in aggregates. Degree of alteration is low in both old and new dumps materials.
Pyrite grains are mostly euhedral to subhedral with only rare evidence of corroded rims
(Figure 5).

Table 4. Semi-quantitative determination of mineralogical composition of feed, new dump, old dump
and concentrate (data in wt.%).

Sample Pyrite Chalcopyrite Quartz Gypsum  Chlorite
FA1 Feed 89 7 4
FA3 New dump 68 23 3 6
FA4 Old dump 18 34 48

FA6 Concentrate 49 51
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Figure 4. Grain size curves of new and old dumps solid materials. Statistical parameters reporting
median grain size (Dsg) and standard deviation (Dgy — D1g)/Dsp.

Figure 5. Reflected light microscopy image showing the mineralogy of the feed sample. Py: pyrite,
Cpy: chalcopyrite.

Old and new dump samples show the same mineralogy but with a different proportion
among phases. The old dump sample is strongly depleted in pyrite (18 wt.%) when
compared with the new dump sample (68 wt.% pyrite) reflecting the double flotation
process that separated most of the pyrite, left in a second concentrate. The presence of
gypsum in the new dump can be attributed to the initial alteration of sulfides caused by
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meteoric waters. Sulfates in old dumps were not found and reported, probably due to their
low amount in this S-depleted material or to their leaching during the longer time span of
residence of material in the dump.

The values of pH and conductivity of leachate waters, derived from soaking of the, are
reported in Table 5. All samples are strongly acidic, with pH values below 3 in the dump
samples and show low conductivity with a maximum for new dump samples, probably
due to the faster dissolution of sulfates.

Table 5. Values of pH and conductivity of leachates from feed, new dumps, old dumps and concen-

trate.
Sample pH o (uS/cm)
FA1 Feed 3.88 245
FA3 New dump 2.59 8.58
FA4 Old dump 2.87 4.81
FA6 Concentrate 3.08 6.78

The concentrations of selected metals and sulfur in the samples are reported in Table 6.
The distribution of metals in the feed (FA1), tailing of the new dump (FA3), tailing of the
old dump (FA4) and concentrate (FA6) is very different. In particular, Ni, Al, Ca, Cr, Mg,
Mn, Na and Ti are more concentrated in the tailings, with the highest concentration in the
old ones, while Au, Ag, Cu, Cd, Mo, Pb, Zn and Sb are strongly enriched in the concentrate.
Co shows the highest concentration in the new dump, and As is strongly enriched in the
feed and in the new dump.

4.3. Leaching Tests

In order to increase the reliability of the results, leaching tests were performed six
times on previously homogenized portions of old and new dump samples through mixing
and quartering. Results of pH and conductivity of leachate solutions are reported in
Table 7.

Results show a strong acidification of waters, with slightly but statistically meaningful
lower pH values for the new dumps. The difference is larger for conductivity values,
that are almost 3 times higher for new dump material.

Two leachate waters (L1 and L2) for each sample were analyzed for a selection of
11 metals and are reported in Table 8. Two elements, Ni and Pb, show very low concen-
trations, below their detection limits, in both samples, and their differential distribution
cannot be assessed. All other analyzed metals have very different distributions between
old and new dumps, with the only exception of Co. Fe and Ca are strongly enriched in the
new dump, Zn, Mg, Mn and As are slightly enriched in the new dump and only Cu and Al
are enriched in the old dump.
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Table 6. Concentration of selected metals and sulfur in solid materials from feed, new dumps, old dumps and concentrate.

Sample Al S Fe K Mg Na Ti Cu Ca As Ag Au Cd Mo Pb Co Ni Zn Cr Mn Sb
wt% wt% wth wth wth wth  wt%  wt% w% ppm  ppm  ppb ppm ppm ppm ppm ppm ppm ppm ppm  ppm
FA1l 0.39 48.4 39.9 0.06 0.08 0.03 0.02 >1 024  980.0 6.2 1350 3.0 16 127 6 18 914 10 72 15.5
FA3 1.46 36.8 334 0.20 0.62 0.09 0.09 0156 071  890.0 2.4 1280 1.0 14 61 217 12 206 34 333 10.0
FA4 4.67 15.9 19.8 0.19 2.58 0.42 0.20 0.207 1.03 276.0 0.7 290 0.7 4 15 177 40 121 86 750 2.1
FA6 0.07 n.a. 348 <0.01  0.04 0.01  <0.01 >1 025 6250 19.6 2480 293 22 140 15 16 13,400 14 45 37.7
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Table 7. Values of pH and conductivity of leachates from new (FA3) and old (FA4) dump solid mate-
rials.

FA3 FA4
Sample pH o (uS/cm) pH o (uS/cm)
L1 2.94 2.99 3.19 1.02
L2 291 2.89 3.12 1.06
L3 2.94 2.92 3.15 1.04
L4 2.89 3.02 3.14 1.00
L5 2.88 291 3.14 1.03
L6 291 2.93 3.16 1.00
average 291 2.94 3.15 1.02

Table 8. Concentration of selected metals in leachates from new (FA3) and old (FA4) dump solid ma-

terials.
Sample Zn Fe Cu Co Ni Pb Ca Mg Al Mn As
mg/L mg/L mg/L  mg/L ng/L ng/L mg/L mg/L mg/L mg/L ug/L
FA3-L1 2.11 360.38 4.61 0.03 <50 <50 369.00 36.98 39.63 3.24 12.90
FA3-L2 1.87 351.28 4.43 0.03 <50 <50 409.79 36.30 38.21 3.12 11.62
FA4-L1 1.39 31.90 11.31 0.04 <50 <50 38.38 27.21 80.58 1.06 7.39
FA4-1.2 1.26 31.94 10.36 0.04 <50 <50 35.47 26.03 76.40 1.02 5.46

5. Discussion

The distribution of metals in feed, concentrate and the two tailings strongly reflects
their behavior during flotation, that, in turn, depends on the mineralogic phase hosting the
metals. A first group of elements (Ni, Al, Ca, Cr, K, Mg, Mn, Na, Ti) is mainly hosted in
gangue phases (feldspar, quartz, chlorite). These metals show the highest concentrations
in old dump samples, that are strongly depleted in sulfides and hence indirectly enriched
in gangue minerals. A second group of elements (Au, Ag, Cu, Cd, Mo, Pb, Zn, Sb) is
strongly enriched in the concentrate, showing that these elements are mainly hosted in
chalcopyrite and sphalerite, in microscopic inclusions within them or in accessory phases
that also report to the concentrate. Hence, they are preferentially accumulated in the
concentrate. A third group composed of As and Co shows the highest concentrations in
the new dump, being related to pyrite but not chalcopyrite. Finally, Fe, by far the most
abundant metal in the system, is only depleted below 20% in the old dump due to its
abundance in gangue minerals.

Sulfur contents mainly reflect the distribution of pyrite and hence the single or double
flotation process employed. Due to separation of a pyrite concentrate old dump material is
strongly depleted in pyrite and sulfur when compared to the new dump material.

The results of the leachate tests also reflect the different nature of the two tailing
materials. The two elements strongly enriched in the new dump leachates can be ascribed
to the much higher abundance in this dump of pyrite (Fe) and gypsum (Ca). Higher
values of Zn and As in leachates from the new dump also reflect a higher content of these
metals in the dump material, while Mg and Mn, whose content is higher in the old dump
material must reflect a different solubility of the phases that host them. Finally, higher
contents of Cu and Al in the leachates from the old dump can be ascribed to a lower
chalcopyrite separation efficiency of the old flotation plant and to the high chlorite content
of old dump material.

At Fushe Arrez, the predominant role of pyrite in AMD processes is confirmed by the
very high pyrite content of feed (89% pyrite). The only other sulfide present in significant
amounts is chalcopyrite but, as it is mostly reported to the concentrate, its role in the
tailing acidification is much lower than that of pyrite. All other sulfides do not play a
significant role in water acidification. These minerals are, anyway, important sources,
together with pyrite and chalcopyrite, of potentially toxic elements, that are easily released
in acidic waters.
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Tailings at Fushe Arrez are fine grained and relatively recent as they were stacked in
the dumps in the last 20 years for new dumps and no more than 30 years ago for the old
dumps. The relatively young age of the dumps, together with the fine grain size of the
material, that reduces the filtration of water, can be the main cause of the low content of
secondary phases, such as iron oxides, sulfates, and oxi-hydroxides, that were detected
only as orange crusts at the surface of the old dump, or along the outflow stream bed.
In comparison copper tailings from VMS mine at Libiola are very rich in secondary iron
phases with a low amount of sulfides, below 5% in average [2]. At Libiola the grain size
of tailings is coarser and they were produced probably in the fifties of last century and
underwent a much longer and more intense AMD process. The low degree of alteration
of Fushe Arrez sulfides can result in a low rate of acid production and PTE release, but,
on the other hand, it means that the AMD related pollution is just at the beginning and its
persistence in time will be very long, decades or even centuries.

The role of factors other than the flotation settings in affecting the pyrite content of
tailing must be taken into account. A first possibility is that the old dump underwent
long and deeper alteration and the secondary sulphates were leached by the percolating
waters. While this process is confirmed by the high sulphate contents of waters it can hardly
explain the huge difference in sulfur and pyrite amount between old and new dumps.
Firstly, the time span between old and new dumps is quite short. A second important
clue is the low degree of alteration showed by pyrite under reflected light study. A third
clue is the sharp contact and large difference in sulfur and pyrite contents of single and
double flotation tailings interbedded in the same dump at Reps, where materials and
conditions were very similar to those at Fushe Arrez. We infer that even if the different
ages of dumps and the different degree of alteration can play a role in the pyrite content of
tailings, this is subordinate if not negligible when compared to the role played by differing
flotation settings.

Also differences in primary ore mineralogical composition worked at different times
at the Fushe Arrez plant can have affected the pyrite content of dumps. This however
cannot explain the detected differences in pyrite content VMS ore deposits are known to
show quite homogeneous mineralogy and this is the case also of the Northern Albania
mining district [27,29,30]. Moreover, a single mine, the Munella Mine, has been the main
provider of ore during the whole life span of Fushe Arrez plant.

AMD processes at Fushe Arrez are verified by the pH value of dump waters that react
with pyrite and lower their pH from close to neutrality (Sample CM1; pH = 6.61) to around
3.5 (samples CD-). The higher pH of waters downstream of dumps is puzzling as there are
no outcrops of buffering rocks, such as limestones, in the area, while the high Ca content,
detected only in these waters, suggests buffering through reaction with carbonates. We can
just assume that some neutralizing material, now buried by tailings, was deliberately
placed, probably at the bottom of the new dumps, to treat the tailings.

The metal contents show, when reported in a Ficklin diagram, a negative correlation
with pH (Figure 6A). As a whole the Fushe Arrez waters fall in the core of the VMS waters
field defined by Plumlee et al. [34], but with a strong differentiation among different waters.
Stream waters upstream of the dumps and Fan I Madh river waters before confluence
of dump waters discharge are very similar and can be classified as “near-neutral low-
metals”. This suggests that there is low natural pollution or contribution from mining
works upstream in the area and that the background values of metal concentrations are very
low. Waters that reacted with tailings are all “acid high-metal”, but waters from the dumps
discharge have higher pH. Finally, Fan I Madh waters just after discharge confluence are
clearly affected, falling in the “near neutral-high metal” field. The effect is higher on metals
than on acidity due to the low acidity of discharge waters.

In Figure 6B results were plotted in a Ficklin diagram together with those of waters
from Reps tailings, deriving from the nearby dressing plant that enriched ore from several
copper mines located within the EOB, and those from the Iberian pyrite belt. This last one
is a large VMS copper district in southern Spain and Portugal that was widely studied for
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its AMD processes [35-40]. Background waters conditions are similar in all three areas,
with a slightly higher metal content at Reps, probably due to the presence of other mines
upstream of the Reps dumps. Impacted river waters show the same trend of increasing
metal content and acidity, with differences among the three areas not easy to evaluate as
they strongly depend on several factors. Among the factors affecting impacted waters,
the ratio between discharge and river waters flow and the distance from the source of
pollution are the most important. Tailings and open pit waters are invariably the most
polluted, both in terms of metal content and acidity. The lower metal content at Reps can
be interpreted as the effect of a poorer base sulfide mineral assemblage, widely dominated

by pyrite.
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Figure 6. Ficklin diagram [41] of pH vs. dissolved metal content in Fushe Arrez water samples and leachates compared to
(A) VMS waters field [34] and (B) waters from tailings, open pits, impacted rivers and river backgrounds of the Iberian
Pyrite Belt (IPB) [35-39] and Reps [42].

In pyrite-dominated systems, like those of the Fushe Arrez dumps, the dissolu-
tion of Fe has a major role in water pollution. When compared to the VMS field of
Plumlee et al. [34] in the pH vs. Fe chart (Figure 7), dump ponds waters at Fushe Arrez
plot in its upper portion, while discharge waters are outside the field due to the extremely
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high Fe content. In a similar environment like that of the IPB as well as at Reps, the high
Fe enrichment is also present [35-40]. Leachates from old and new dumps are high in
Fe, overlapping the field of tailing waters from Reps and IPB. New dump leachates are
particularly high in Fe, due to the very high pyrite content of the dumps. Discharge waters
are also high in Fe showing intermediate contents among new and old dumps leachates
that confirm their derivation from a mixture of waters draining old and new dumps.
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Figure 7. pH vs. dissolved Fe content in Fushe Arrez water samples and leachates compared to VMS field [34], waters from

open pits, tailings, impacted rivers and river backgrounds of the IPB [35-39] and Reps [42].

As a whole the release of metals into the waters at Fushe Arrez like in the other VMS
copper mines is strictly related to AMD processes and driven by dissolution of pyrite
and other sulfides in contact with waters and atmospheric oxygen. Acidification is a
self-sustaining process as solubility of pyrite is inversely correlated to pH of waters [43-45].

The relative contribution of old and new dumps to water pollution cannot be assessed
through water analyses as no waters that interacted only with old dumps could be col-
lected. Leaching tests provide a good proxy of polluted waters and, moreover, due to the
standardization of procedures allow to rule out the contribution of other parameters that
affect waters in situ, like the time of residence of waters in the dumps or their flow rates.

Leaching tests, repeated six times, show very consistent results. In agreement with
their higher S contents new tailings leachates are more acidic than old ones. A leachates plot
in the Ficklin diagram chart at the top end of the AMD trend for the Fushe Arrez waters,
provides a confirmation of the use of these waters as a proxy of the leaching processes at
Fushe Arrez. Both leachates are more acidic than any water analyzed in situ. Anyway,
values are quite close to those of waters collected on top of the new dump, the difference
being probably due to a more intense interaction between solid materials and waters in the
leaching tests. They are also consistent with tailing and open pit waters from Reps and IPB.

Comparison among old and new dump leachates shows a quite different distribution
of metals (Tables 7 and 8; Figures 6 and 7). Leachates from the new dumps show much
higher total metal content and slightly lower pH values. The biggest difference is in Fe
content as concentration of this element is more than ten times higher in the new dump
leachates. This high ratio can be attributed to the combined effect of the higher pyrite
content and lower grain size of new dump materials. A minor contribution of a partial
coating effect on old dump pyrite can be also envisaged. Zn and As, that are both hosted
in sulfides are also enriched in the new dump leachates but to a lower extent. Cu is hosted
in chalcopyrite and its higher concentration in the old dump leachates reflects the lower
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efficiency in chalcopyrite separation by the old flotation plant and the consequent higher
Cu content of old dump solid sample. Mg, Al and Mn are mostly found in non-sulfide
gangue phases and probably reflect a difference in composition and abundance of gangue
minerals in the two dumps. Finally, the much higher Ca content of new dump leachates
can be referred to the presence of low amounts of gypsum in the dump.

The metal contents of both dump leachates are compatible with the contents of the
same metals in the dump solid materials. In detail, the latter confirms the higher Cu, Al,
Mg and Mn contents of the old dumps. On the other hand, Fe concentration in leachates
cannot be explained only by different Fe contents of the two dumps, which are not so high.
Thus, the role of the grain size and the possible partial coating of pyrite in old dumps are
confirmed to enhance the Fe concentration differences among leachates. The very low Ca
content in the old dump leachates in spite of a higher Ca content in the old dump solid
materials can be due to its presence in insoluble gangue phases such as clinopyroxenes and
Ca-amphiboles unlike the Ca content in leachates from the new dumps containing gypsum.

Comparison of leachate metal contents with metal contents of waters collected in situ
shows that all waters that did not deeply interact with dumps have quite low concentrations
of metals. Water samples collected upstream of the dumps and from the Fan I Madh river
belong to this group. Although the waters collected on the top of the new dumps are
very acidic and have a low metal content due to their interaction in the beginning also
belong to this group. The best comparison can be done with the stream waters downstream
of both old and new dumps. The total metal content of outflow waters is intermediate
between the two types of leachates. While Fe content can be explained by a simple mixing
of water outflows from old and new dumps, other metals show some differences. While
the order of magnitude of the metal concentrations is the same, confirming the validity of
the leaching tests, outflow waters are anyway higher in Zn, Mn and lower in Al and Cu
than both leachates. This is indicative of some difference between the natural system and
the laboratory leaching tests. It is possible that Cu and Al-bearing phases are solubilized
more quickly in laboratory condition whereas Mn and Zn phases are less soluble.

Environmental treatment of AMD is pivotal on the way towards sustainable mining
and several techniques have been proposed and discussed (e.g., [46] and references therein).
The present work suggests a new way to approach the problem that can lead to two
typologies of actions depending on the conditions of the mines. This new approach has been
validated for VMS Cu mines where pyrite separation not always occurred together with
chalcopyrite separation. It can be implemented also for any other mining operations where
separation followed articulated patterns. The approach can be summarized as follows:

e Abandoned mines: study of the beneficiation process during all mine lifetime in
order to assess if and when single or double flotation were in exercise; on the basis of
historical data and dumps sampling study the distribution of low and high sulfide
tailings according to the procedures of Fantone et al. [21] and plan environmental
treatment actions accordingly.

e  Active mines: shift from single to double flotation to produce a low and a high sulfur
tailing that will be treated and stocked separately.

6. Conclusions

The analysis of tailing materials, waters from leaching tests and natural waters flowing
in the system show that changes in separation processes can have a major role in the
environmental impact of tailing dumps. Pyrite separation during flotation has a key role as
a single flotation setting that deposits pyrite to the tailings produces lower pH acid waters
with a much higher total metal content than double flotation where pyrite concentrate
is produced. This occurs at Fushe Arrez even though double flotation with much lower
separation efficiency was utilized a long time ago, as verified by the relatively high Cu
content in the tailings. Due to such low separation efficiency during double flotation,
a significant amount of pyrite is reported to the tailings. Today, a highly efficient double
flotation would result in even S-poorer tailings than those observed at Fushe Arrez.
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Double or single flotation separation processes affect not only the global environmental
impact, but also the distribution of metals in the dumps and consequently in the impacted
waters. Double flotation tailings show lower Fe and other sulfide-related metal and higher
gangue minerals metal contents. The only exception to this scenario is Cu whose content
in tailings is more closely related to the changes in separation efficiency with time than to
the double or single flotation setting of the plant.

The present results show that pyrite separation is an effective way to reduce the
environmental hazards of copper mine separation plants and, as can be inferred, of all
pyrite-rich ores. By separating pyrite during flotation, it is possible to achieve very im-
portant environmental goals like strongly reducing the acidity and total metal contents of
waters interacting with tailing dumps. It is finally suggested that a great effort should be
done to implement pyrite industrial uses as the production of a pyrite concentrate at many
types of sulfide ore mines can strongly decrease environmental pollution and help achieve
a more sustainable management of mining dumps.
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