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Abstract: Acid mine drainage (AMD) prevention or remediation is a major issue of the environmental
management of sulfide-bearing active and abandoned mining sites, the main sources of acidic
waters being wastes and tailings. The present work intends to check a circular economy approach
to such issues in the mining region of Sardinia, where environmental pollution, due to AMD,
is a major concern. Tests were conducted on basic drainage-producing feldspar mining wastes
that could be recycled as buffering agents of sulfide-bearing tailings. Among the sulfide-bearing
abandoned mining sites investigated, Furtei epithermal gold deposit tailings are the most polluting
and those that can better test the buffering agent efficacy. Buffering test results show that buffering to
near-neutral conditions can be attained following steps similar to those of pure calcite buffer. The
buffering potential of the recycled waste is due to both the buffer calcite content, which provides
short-term buffering, enhanced by feldspar content that can provide long-term buffering. Buffered
waters show a dramatic decrease in the concentration of most of the metals present in the leachate,
down to conditions that meet the requirements for the discharge of industrial waters according to
Italian legislation.

Keywords: acid mine drainage; buffering; feldspar; Sardinia

1. Introduction

The exploitation of metal deposits has always produced a large number of discards
as a result of extraction (wastes) and beneficiation (tailings). Wastes and tailings are the
main source of pollution as the materials stored therein can easily release pollutants to
the surrounding environment when they interact with atmospheric agents, like surfaces
and ground waters. The environmental hazard is highly increased in abandoned mining
sites where the waste material was disposed of with less environmental hazard, reducing
precautions due to deficiencies in environmental legislation. Moreover, the maintenance
of the abandoned sites is often lacking, resulting in the progressive degradation of the
facilities implemented for the reduction of the hazard.

The release of pollutants in the environment is highly enhanced in mines where a
sulfide-rich ore has been exploited as sulfides react with waters they come in contact with,
generating acid mine drainage (AMD) [1-4]. Potentially Toxic Elements (PTE), which are
present in high concentrations in sulfide-rich waste materials, are released in high amounts
in acidic waters. Finally, as PTE generally increases their solubility with an increase in
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water acidity, AMD results in the release of highly acidic, PTE-rich, strongly pollutant
waters, which can impact both ecosystems and humans [5-8].

AMD processes can be countered by a combination of chemico-physical and biological
remediation procedures aimed at reducing acidity and removing contaminants. In wastes
and tailings, acidity reduction is mainly reached via chemico-physical procedures while
bioremediation is fundamental in removing contaminants, enhancing the removal effect
of water neutralization. The present study focuses on a specific procedure aimed to
reduce AMD waters to near-neutrality via reaction with basic drainage-producing wastes.
This procedure can be used in combination with other remediation practices to mitigate
environmental risk at mining sites. Several minerals, when reacting with water, induce an
increase in its pH, the most efficient being carbonates. Silicates can also have a buffering
capacity but with a lower buffering rate compared to carbonates [9-13].

The most efficient buffering agents are highly basic chemicals such as lime, quicklime,
or lye. The present study aims, in a circular economy approach, to investigate the use
of mining waste as a buffering agent. The selected waste is a basic drainage-generating
washing slime. This choice is related to the real possibility of using it as it is, with no
further treatment that could strongly increase the costs of the operation. The results can
have wide general interest, as several areas in the world present a close association of basic
drainage-generating wastes and sulfide ore mining, where the former could be used as an
amendment for the AMD processes.

Sardinia has been, for a long time, a major mining region, and its abundant mineral
deposits offer the opportunity to investigate such a circular economy approach to the
issue of mitigating environmental hazards by the neutralization of AMD-generating waste
materials. Past and present mining activities in this region have produced a variety of
wastes and tailings that can cause either basic or acid drainage. The basic drainage-yielding
waste material investigated is a dewatered washing sludge dumped, in high amounts, at
the feldspar mining site of Florinas, Sardinia, operated by the Italian company Maffei Sarda
Silicati. The slime is the result of the de-sliming of the feldspar sands and is a fine-grained,
feldspar-rich, carbonate-bearing material. The buffering potential of the feldspar slime
for remediation of sulfide-rich wastes and tailings has been investigated in sulfide-rich
samples from abandoned mines of Sardinia.

To assess the validity of the chosen approach, it is crucial to investigate both the
optimal strategies for buffering acidic environments resulting from AMD as well as the
pattern followed by PTEs during the leaching and precipitation processes. The evaluation
of the durability and effectiveness over time of such interventions can contribute to the
development of sustainable, long-term mitigation strategies.

2. Materials and Methods

Sardinia is the Italian region with the oldest and most important mining history, and
the waste materials resulting from present and past mining activities are currently causing
a variety of environmental problems [14]. Many of the exploited ores in the island were
sulfide-rich, and the abandoned mine sites are now major sources of AMD. A variety of
sulfide-rich waste materials from waste rock, tailings, and feed with heterogeneous mineral-
ogy and chemistry were selected for sampling from different abandoned mines of Sardinia.
After their minero-chemical characterization through XRD and XREF, a further selection was
made. Selected mines Campo Pisano, Furtei, Seddas Moddizzis, and Montevecchio-Telle
are all known to produce AMD and a related high environmental hazard. Coordinates of
each sample site collection and the typology of the material are reported in Table 1.

Montevecchio-Telle is the pyrite-richest of the exploitation sites of the Montevecchio-
Ingurtosu-Gennamari Pb-Zn-Ag mining district, one of the largest in SW Sardinia. Ore
bodies are related to a large system of low-temperature quartz-carbonate-sulfide veins
hosted in low-grade metamorphic slates and running around the late Variscan Arburese
granitoid pluton [15]. Ore minerals are mainly galena and sphalerite with a gangue of
quartz with abundant siderite, ankerite, calcite, and baryte. The mineralization of the
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Campo Pisano mine has been defined as SEDEX-type [16]. It is hosted in the dolostones of
the basal part of the carbonate sequences of the lower Cambrian Gonnesa Formation. It
is distinguished by its high pyrite content, with subordinate sphalerite, galena, and other
sulfides in a carbonatic gangue.

Table 1. Location and typology of studied waste materials.

Sample Mine and Useful Metals Coordinates Typology
TL1 Montevecchio-Telle 39°32'13.20" N Tailings
Pb-Zn-Ag 08°32/03.94" E &
. 39°16'13.44” N .
SM1 Seddas Moddizzis Zn 08°29' 26.40" E Tailings
. 39°17'40.95"” N
CP1 Campo Pisano Pb-Zn 08°32'13.64" E Waste rock
. 39°32/2.30" N
FS5 Furtei Au 08°58/39.30" E Feed
. 39°32/13.20" N .
FS8 Furtei Au 08°32/3.94" E Tailings
o / 1
Fs11 Furtei Au 397161344 N Tailings

08°29'26.40" E

The Seddas Moddizzis mine mainly exploited a supergene Zn-rich ore with a typ-
ical “calamine” association of smithsonite, hemimorphite, and hydrozincite, associated
with secondary clay minerals and sulfates. The primary ore was a SEDEX-type pyrite-
sphalerite-rich one, similar to Campo Pisano, hosted in the same dolostone-limestone lower
Cambrian sequence.

The Furtei gold mine consisted of four main sites that exploited a high-sulfidation
epithermal deposit [17] connected to the Cenozoic volcanic series of the “Monte Santu
Miali Complex” (Upper Oligocene). The mineralization is hosted in andesitic rocks, with
pervasive argillic alterations. It includes sulfides and Cu-sulfoarsenides (enargite, luzonite,
digenite, chalcopyrite, covellite), tellurides, and Au-Ag. In some areas, sulfides such as
pyrite and sphalerite are predominant.

Grain size distribution was determined through sieving with a standard column of
eight sieves (4000, 2000, 1000, 500, 250, 125, 63, and 10 um) and using between 200 and
800 g of material, depending on the grain size.

The evaluation of AMD potential in solid samples has been conducted according to
the AMIRA procedure [18], a refinement of the Sobek method [19]. This process involves
Acid-Base Account (ABA) tests, and static laboratory procedures aimed at determining the
equilibrium between acid-generating and acid-neutralizing processes.

The Acid-Base Account (ABA) tests yield crucial parameters for assessment. The acid
potential is quantified as the Maximum Potential Acidity (MPA), expressed in kg HySO4/t,
representing the estimated amount of acid released through the complete oxidation of
sulfides. The AMIRA standard procedure assumes all sulfur exists as pyrite, potentially
leading to an overestimation of AMD risk, particularly when other sulfides, with different
acid generation potentials, are present. MPA was determined using total sulfur instead of
sulfide sulfur due to the absence (or very low amount) of sulfates according to XRD results.

Conversely, the Acid Neutralizing Capacity (ANC) evaluates the sample buffering
capacity, also expressed in kg HySO, /t. The ANC is determined experimentally via titration,
following a “fizz test” methodology described by Sobek et al. [19]. A negative ANC value
indicates an incapacity for neutralization, reported as 0.00.

The difference between the MPA and ANC, termed the Net Acid-Producing Potential
(NAPP), offers insight into the sample acid-generating potential, also expressed in kg
H,SO4/t. Negative NAPP values suggest adequate ANC to counter acid generation, while
positive values indicate potential acid generation.
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Buffering tests were conducted on leached samples post-centrifugation (4000 rpm
for 4 min using an Eppendorf Centrifuge 5702), following the methodology outlined by
Hageman et al. [20].

To ensure that the metal ions precipitate in secondary phases, it is necessary that the
neutralization reactions take place completely. For these reactions (the most common is
the precipitation of hydroxides) the precipitation rate is rather slow. Therefore, it was
decided to conduct preliminary tests, adding a small amount of buffering material by steps,
encouraging a faster reaction with a stirrer and measuring the pH for each step. These
tests involved incremental additions of 3, 5, or 10 mg into 50 mL solutions, with varying
agitation times of 30 min for 3 mg/50 mL and 60 min for 5 and 10 mg/50 mL quantities. For
the theoretical determination of the optimal amount of buffering material, see Cocomazzi
et. al. [21].

The Synthetic Precipitation Leaching Procedure (SPLP) serves as a critical method
outlined by the Environmental Protection Agency (EPA) to assess the potential impact
of contaminated soils on groundwater quality [22]. The overarching purpose of SPLP is
to simulate and evaluate the leaching behavior of contaminants from soil samples under
conditions that mimic natural precipitation. Through this procedure, we can gain insights
into the mobility and potential migration of pollutants from soil into groundwater systems.
SPLP was used for the samples TL1, CP1, SM1, FS5, FS8, FS11, and FLS (Florinas sludges).
The sample must be pulverized to below <1 mm. Then extraction fluid is added to the
sample at a solid-liquid ratio of 1:20, for example, 15 g of sample and 300 mL of liquid.
The extraction fluid consists of slightly acidified de-ionized water (pH = 5.5) that simulates
natural precipitation. Once the fluid is added, the sample is positioned on an end-over-end
rotary agitator for 18 h. At the end of this period, the solid is separated from the liquid
with a centrifuge used for 3 min with a frequency of 66.66 Hz. Electrical conductance (uS),
temperature, and pH of the leaching water obtained are measured and recorded.

Major element whole rock chemistry was determined at the University of Milano-
Bicocca through a Panalytical Epsilon3XLE spectrometer. Data were processed with
Omnian-standardless software version Epsilon 3x.

Ion concentrations on leaching water samples CP-1 and FS11 and FLS were analyzed
using inductively coupled plasma-mass spectroscopy (ICP-MS) by the Romanian laboratory
ALS Lab for Be, Cr, Mn, Co, Ni, Cu, Zn, As, Ag, Sb, Cd, Se, Tl, and Pb.

For a qualitative mineralogical analysis of precipitates via X-Ray Powder Diffraction
(XRPD), after drying samples at 70 °C, a PANalytical X'Pert-pro (Malvern Panalytical,
Worcestershire, UK) was used, at the following operating conditions: 40 kV of voltage;
40 mA of current; Cu anticathode Kal/Ka2: 1.540510/1.544330 A. The data were elabo-
rated with the software X'Pert Highscore v.2.3.

3. Results
3.1. Characterization of the Buffering Material

The tested material is a dewatered washing sludge, resulting from the dedusting of
feldspar sands mined by Maffei Sarda Silicati for the ceramic industry at Florinas Mine,
Sardinia. The mined unit, known as Sabbie Superiori [23] and reported in the geologic maps
as Florinas Formation [24], is a Miocenic alluvial to deltaic deposit dated to Serravallian [23].
The dominant lithology consists of coarse- to medium-sized sands poor in clay fraction,
whose clasts are mostly feldspar and quartz. Up to 5 m thick calcarenite levels are locally
interbedded within the sands. The sands are overlain by the Monte Santo Formation,
mostly composed of calcarenites and calcirudites. The dewatered sludge is dumped in a
4000 m? tailings dump next to the mining area. Its average chemical composition, according
to the accompanying certificate, is reported in Table 1.

The material was provided by the company in a sealed can and was characterized
by XRF and XRD. Chemical analysis shows a composition very similar to that certified
for Florinas sludges (FLS) with just a slightly lower Ca content, probably due to some
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variability in the carbonate content due to its presence in the ore body mostly as irregular
layers (Table 2).

Table 2. Chemical composition, pH of leachate waters, and Neutralization Potential (NP) of FLS

material. L.O.L is loss of ignition.

FLS Certificate (wt%) FLS Analyzed (wt%)
SiO; 58.6 57.27
TiO, 0.06 0.08
AlLOs 17.8 20.73
Fe, O3 0.52 0.65
CaO 7.69 6.67
MgO 0.24 0.32
KO 3.52 2.84
Na,O 0.34 0.38
MnO N.A1l 0.01
ZnO N.A 0.01
LO.IL 11.1 11.39
Tot 99.85 100.48
pH - 8.85
ANC - 149.30 kg/t

! Not Analyzed.

According to XRD analysis (Figure 1), the sample mineralogy is dominated by quartz,
followed by calcite and plagioclase feldspar. According to the mineralogy of FLS, most of
the Ca is hosted in calcite. The contribution of feldspar is very minor, as feldspar in the
Sabbie Superiori unit sands is typically low in the anorthite component. The CaO content
of feldspar is much lower than that of calcite, and the feldspar amount is lower than the
calcite amount. According to CaO content, the calcite content can be estimated, attributing
all the detected CaO to calcite, at 11.9 wt%. This is a maximum calcite content that cannot
be much higher than the real content.

FLS
25,000
N
o
20,000 -
£15,000
2
Q
© =
10,000 - N ;
No|o
— = N NN
50019 Ll | =2 © T ©
S gl=
0 - : - s b o e
10 30 50 70 90
Position [*2Theta]

Figure 1. XRD pattern of the Florinas washing sludge FLS; kaol: kaolinite; ms: muscovite; qz: quartz;
pl: plagioclase feldspar; cal: calcite.

The buffering potential of FLS, tested following Acid-Base Accounting (ABA) proce-
dure, resulted in an Acid Neutralization Potential (ANC) (Table 2) of 149.30 kg/t.

An SPLP leaching test was conducted on FLS in order to assess its potential to release
elements in the water, and the results are shown in Table 3.

FLS shows a strong basic drainage with a pH of the leachate waters of 8.85. The con-
centrations in the leachate waters reflect the mineralogy of the sample and the solubility of
its minerals. High concentrations of Al, Na, and K are due to the dissolution of feldspar and
high Ca to the dissolution of calcite; all other analyzed elements show low concentrations.
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Table 3. Results of the leaching test on FLS; all values are in pg/L, bdl.
FLS—pH 8.85

Be Al Cr Mn Fe Co T1

0.64 9344 3.98 13.73 1150 0.37 bdi!

Ni Cu /n Cd Sb Pb As
2.49 6.84 10.53 0.24 bdl 3.05 bdl

Ag Na K Ca Mg Se S

bdl 480 420 1260 50 bdl 27

I below detection limit.

3.2. Characterization of Sulfide-Rich Mine Wastes and Tnilings

All studied sulfide-rich samples were characterized for grain size, major element, S,
Pb, and Zn whole rock chemistry. Two of them, CP1 and FS11, were selected for trace
element geochemistry and leaching and buffering tests.

3.2.1. Grain Size

The grain size of the full set of samples is reported in Table 4 and shown in Figure 2.

100
]gg TL1 90 SM1
80 D50 = 1968 pum s D50 =163 pm
70 D10 =49 pm 70 D10 =68 pm
T 60 & 60
50 50 250
= A
% 40 » 40
& 30 & 30
20 20
10 10
0 0
10.000 1000 100 10 10,000 1000 100 10 1
Mesh Size (um) Mesh Size (um)
100 100
90 CP1 90 ES5
56 D50 = 3279 um 80 D50 = 2156 pm
70 D10 =202 pm 70 D10 =205 pm
£ 60 & 60
2 40 § 40
&~ 30 &~ 30
20 20
10 10
0 0
10.000 1000 100 10 10,000 1000 100 10 1
Mesh Size (um) Mesh Size (um)
100 100
;; FS8 ;; FS11
i D50 =978 pm - D50 =202 pm
o0y D10 =50 pm - D10 =90 pm
E 60 £ 60
& 40 4 40
A~ 30 A 30
20 20
10 10
0 0
10,000 1000 100 10 1 10,000 1000 100 10 1
Mesh Size (um) Mesh Size (um)

Figure 2. The grain size distribution of the full set of samples; D50 and D10 statistical parameters are

also reported.
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Table 4. The grain size of sulfur-rich materials; data in wt%.
_Mesh TL1 SM1 CP1 FS5 FSS$ FS11
Light (um)
4000 29.86 0.93 45.68 26.27 15.69 0
2000 19.43 1.69 17.65 28.13 14.34 1.72
1000 15.14 9.83 9.08 16.45 18.91 7.17
500 991 10.22 8.52 10.05 18.83 11.37
250 9.06 14.46 7.66 7.16 13.95 22.04
125 6.10 24.03 5.06 6.11 10.51 32.39
63 5.73 29.58 3.87 5.05 6.99 22.18
10 4.65 8.70 0.38 0.66 0.64 2.72
Bottom 0.12 0.56 0.10 0.12 0.14 0.41

All samples but CP1 have no fractions coarser than 8 mm and CP1 was cleared of such
fractions before grain size analysis.

The waste rock sample CP1 is the coarsest one with a gravel fraction of 63.33 wt%. The
SM1 tailings are mainly sandy with such fractions accounting for 78.12 wt% of the sample.
FS5 feed sample is 30.03 wt% gravel, mostly sandy and with a low amount of silt. Other
tailings are finer but with a wide variety of grain size distributions. The gravel fraction
ranges from 1.72 (FS11) to 49.29 (TL1) wt%, and the sandy fraction from 45.94 (TL1) to
95.15 (FS11) wt%. The amount of the finest fraction is always low, never exceeding 10 wt%.

3.2.2. Major Element Whole Rock Chemistry

All samples were analyzed by XRF for major elements, with the addition of sulfur,
which is always enriched in the studied materials, and lead and zinc, which are enriched in
some of the ores; the results are reported in Table 5.

Table 5. Whole rock chemistry of major elements, S, Pb, and Zn of waste materials (Wt%).

Element TL1 SM1 CP1 FS5 FS8 FS11
SiO, 70.29 15.55 1.63 44.51 42.92 45.17
TiO, 0.31 0.14 0.03 0.40 0.48 0.44

Al,O5 7.95 2.46 1.40 22.64 23.22 22.70
Fe, 05 452 18.23 29.74 6.40 6.25 597
CaO 0.25 15.50 8.95 0.26 1.15 0.07
MgO 0.43 0.43 3.33 0.32 0.80 0.45
K,0 1.75 0.59 0.18 1.08 2.30 446
Na,O 0.20 0.16 0.01 0.07 0.18 0.10
S 4.48 12.20 18.59 4.63 4.47 533
Zn 0.19 1.41 1.09 nd 2 nd nd
Pb 0.05 2.30 0.48 nd nd nd

LOIL! 9.73 30.46 34.42 19.55 18.03 15.32

Tot 100.14 99.44 99.85 99.86 99.81 100.00

11.0.1. s loss of ignition. 2 nd is not detected.

The compositions are strongly variable among different mines: SiO; ranges between
1.63 and 70.29 wt%, Al,O3 between 1.40 and 23.22, CaO between 0.07 and 15.50 wt%, and
FeyO3 between 4.52 and 29.74 wt%. Sulfur shows a quite wide range of concentrations, too,
between 4.47 and 18.59 wt%. The three samples from the Furtei mine, on the other hand,
are quite homogeneous, even though they came from different areas of the mining site. In
general, the variability reflects the different types of ore deposits and the element selection
during the beneficiation. The high silica TL1 corresponds to the quartz-dominated gangue
of the ore and the enrichment in gangue phases in the tailings. SM1 reflects the mixed
gangue of the supergene ore with mainly silicates and sulfates. The Campo Pisano sample
is the only waste rock and reflects its carbonatic composition with high CaO and MgO
and high L.O.I. and the abundance of pyrite corresponding to high Fe,O3 and S contents.
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Furtei samples are quite homogeneous, and their compositions reflect the mainly silicatic
composition of the gangue.

3.2.3. Mineralogy

The mineralogy of all samples was obtained through XRD analysis. Based on XRD
and XRF results, some samples were chosen for further detailed investigations. Results are
shown in Figure 3.

TL_1 SM_1
40,000 25,000
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35,000 o Q
20,000 20,000 1
1 25,000 15,000 -
5 £
2 20,000 5
S 8
15,000 10,000 -
N N N
10,000 o o O
5000 {| 2 —
5000 =N R=N | =
i r
0 L YN BT A 0 A I ST P N
10 30 50 70 90 10 30 50 70 90
Position [°2Theta] Position [°2Theta]
CP_1 FS 5
9000 = 16,000 =
8000 1 'J:% é.‘ 14,000 N
7000 1 > = = 12,000
6000 - Qe S, o
@ N £10,000 v
g 5000 4 = c 4
3 4000 | S| B & 3 8000 g
o o o N "5
3000 - <= < 6000 o5
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2o 155 <5 NEEEEREE
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14,000 - &N 16,000 5
12,000 14,000 o
12,000
£10,000 - ”
2 £ 10,000
8 8000 - 3 8000
% N o _5
6000 1 T 6000 o
—
4000 1 é > N> N 'Mu N 4000 8 N
2] 8 oof&o T o =4 B
2o gy = ELM—MLAJN_MWW 2000 5 1
10 30 50 70 90 10 30 50 70 90
Position [°2Theta] Position [°2Theta]

Figure 3. Powder XRD patterns of analyzed samples (qz = quartz; ill = illite; gp = gypsum;
jrs = jarosite; py pyrite; sph = sphalerite; dol= dolomite; dck = dickite; kaol = kaolinite).

The Montevecchio-Telle TL-1 sample is dominated by quartz, the main gangue phase
of the mineralization, followed by secondary clay mineral and sulfate phases, namely, illite,
gypsum, and jarosite, with, possibly, some wollastonite, whose indications are faint. This
mineralogy fits well with whole rock chemistry, dominated by SiO,, and shows that most
of the sulfur is present as sulfate that is unable to trigger AMD.
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The Seddas Moddizzis SM-1 sample is dominated by clay minerals, reflecting its
strong alteration in a surficial environment, followed by quartz and sulfates. Again, the
results show that sulfur is predominantly present in a non-AMD-generating form.

The Campo Pisano CP-1 sample shows a different spectrum, characterized by the
absence of quartz. The mineralogy is dominated by pyrite, and sphalerite is above the
detection limit. Sulfates are present as gypsum but in much lower amounts than sulfides.
Dolomite is the only sulfur-free phase detected, enlightening the carbonatic composition of
the host rocks. The presence of both sulfides and sulfates is indicative of ongoing AMD
processes, and the abundance of sulfides is a strong clue to further acidification.

The three Furtei samples analyzed share a common mineralogy, with just some minor
differences. The main detected phase was always quartz deriving from the ore deposit
gangue. Pyrite, sulfate, and clay minerals were also detected in all samples with the
exception of FS11, where sulfates were not detected. The only other phases are minor
amounts of tremolite in sample FS8 and muscovite in sample FS11. The presence of both
sulfides and sulfates is again indicative of an ongoing AMD process at Furtei, and, as for
Campo Pisano, the abundance of pyrite is a clue of further acidification.

The results led to the selection of the Campo Pisano (CP1) sample and one Furtei
(FS11) sample for further investigation and leaching and buffering tests. CP-1 is the highest
of all samples in sulfur, most of which, according to XRD data, is in sulfides, and it is liable
to produce AMD in spite of the presence of carbonates that could partially buffer acid
production. Furtei samples are relatively low in sulfur, but they do not contain carbonates
that could buffer AMD. The relative proportion of sulfur as sulfides or sulfates is unknown,
but the clues from XRD data indicate the FS11 sample as the one with the highest proportion
of sulfides as no sulfates were detected, so the latter, if present, are in low amounts. The
Montevecchio-Telle and Seddas Moddizzis samples were discarded because they were both
dominated by sulfate sulfur.

The results of this preliminary investigation indicate Campo Pisano and Furtei as the
two sites most prone to AMD, and further investigation was restricted to their samples.

3.2.4. Buffering Tests

The sample from Campo Pisano and the three samples from Furtei were leached
following the SPLP procedure and then buffered with increasing amounts of FLS sample as
described in the analytical methods. The results are reported in Table 6.

Table 6. Step-by-step pH changes during buffering tests. B: amount of buffer material added at each
step; RT: reaction time.

CP-1 FS5 FS8 FS11
Step B(mg) RTI(min) pH B(@mg RIT@min) pH B(@mg) RT@min) pH B (mg) RT (min) pH
0 0 0 6.02 0 0 2.89 0 0 3.99 0 0 2.71
1 10 30 6.02 10 30 2.94 10 30 4.3 10 30 2.69
2 10 60 6.08 10 60 3.07 10 60 4.38 10 60 2.74
3 10 60 6.11 10 60 3.2 10 60 4.43 10 60 2.78
4 20 60 6.11 20 60 3.22 20 60 4.51 20 60 2.89
5 20 60 6.7 20 60 3.24 20 60 5.1 20 60 2.8
6 30 60 6.72 30 60 3.77 30 60 5.29 30 60 2.77
7 30 60 6.82 30 60 4.01 30 60 542 30 60 2.8
8 30 45 6.86 50 45 4.08 30 45 5.74 50 45 3.04
9 50 45 4.15 30 45 6.03 50 45 3.79
10 50 45 4.14 50 45 6.24 50 45 4.03
11 100 60 4.38 100 60 418
12 100 60 5.2 100 60 4.38
13 100 60 6.06 100 60 5.1
14 100 60 5.68
15 100 60 6.15
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Buffering tests were conducted on Furtei samples leachate waters in incremental steps
with the goal of reaching a final water pH higher than 6, close to that of natural rainwaters.
Results show that the number of buffering steps and the amount of FLS required increase
with decreasing initial pH values. The most acidic waters (FS11) require 780 mg FLS to
be added in 15 steps, FS5 waters slightly less acidic require 580 mg in 13 steps, and the
least acidic FS8 waters require 280 mg in 10 steps. As CP1 leachate waters have a starting
pH of 6.02, the test was conducted in a different way, adding buffer material FLS till the
increase in pH was lower than 0.05 for each batch of 30 mg of buffer added three times
consecutively. The results show an increase in pH from 6.02 to 6.86 after adding 160 mg of
FLS in 8 steps.

3.2.5. Acid-Base Accounting Tests and Geochemical Analyses

CP1 and FS11, the samples from Furtei with the highest AMD, were selected for further
investigation. ABA tests were conducted on both samples, and leachate and buffered waters
were analyzed for a selection of major and trace elements.

The results of the static ABA tests are reported in Table 7, with the addition of the ANC
value of the FLS buffering material already reported in Table 1. The MPA values must be
considered indicative, as they were obtained from total sulfur and not from sulfide sulfur,
even though sulfates were not detected by XRD analyses in FS11, and only small amounts
of gypsum were detected in CP1; hence, the difference between the total and sulfide sulfur
MPA results has to be low or even negligible.

Table 7. Results of ABA tests. MPA = Maximum Potential Acidity, ANC = Acid Neutralizing Potential,
NAPP = Net Acid Potential Production. All ABA parameters are in kg/t of H,SO4 production or
buffering capacity.

Sample CP1 FS11 FLS
S (wt%) 18.59 5.33

MPA 580.94 166.56

ANC 152.29 0 149.30
NAPP 428.65 166.56

The Campo Pisano sample has a very high MPA, due to the abundance of sulfur, which
is only partially potentially buffered by the carbonatic gangue responsible for an ANC
value that is just about one-fourth of the MPA. The result is a high NAPP of 428.25 kg /t.
The Furtei sample has no buffering minerals, and its ANC value is nihil, while its MPA
value of 166.56 kg/t reflects its moderate sulfur content and equals the NAPP value.

The distribution of trace elements in the two solid material samples is very different
and primarily reflects the geochemistry of the associated ores (Table 8). Campo Pisano
shows expected high anomalies in Zn and Pb associated with anomalies in Cd, Ag, Mn,
and T, all related to SEDEX-type ore deposits. The highest anomalies of the Furtei sample
are Cu and As, typical of high-sulfidation deposits.

Trace element contents of leachate waters deriving from the SPLP leaching procedure
on CP1 and FS11 are reported in Table 8. The two analyzed samples show quite different
behaviors during leaching tests, firstly for the resulting pH of water, which is almost neutral
for Campo Pisano (6.02) and highly acidic for Furtei (2.71) (Table 6). The concentration
of elements in the water is very different among the two samples, too. In general, the
proportions between elements in the leachates closely reflect the same proportions in the
solid samples. Campo Pisano water is particularly enriched in Ca and Mg among major
elements and Zn, Pb, Cd, Mn, and Tl among trace elements. Furtei leachate water is
strongly enriched in Al and Fe among major elements and in Cr, Co, Cu, and As among
trace elements. Moreover, for those elements whose concentration is higher in the Furtei
water than in the Campo Pisano one, the ratio of the first over the second is much higher
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than in the solid samples, often of 2 to 4 orders of magnitude, reflecting the much higher
solubility of these metals in acidic waters.

Table 8. Selected trace element comparison between solid samples, waters after leaching tests, and
after buffering tests.

Solid Samples (ppm) Leachate Waters (ug/L) Buffered Waters (ug/L)

CPr1 FS11 Cr1 FS11 Cr1 FS11
Be 0.06 112 <0.5 6.10 <0.5 <0.5
Cr 4 9 <3 53.7 <3 <3
Mn 451 51 3890 1010 4000 1080
Co 4.4 15.8 13.6 467 13.9 68.6
Ni 18.7 7.4 124 303 122 61.5
Cu 149.5 318 <1 17,400 2.60 5.10
Zn  >10,000 142 >25,000 3280 >25,000 89.4
As 47.6 132.5 0.39 1680 0.49 4.24
Ag 774 1.14 <1 <1 <1 <1
Sb 6.46 2.78 0.22 0.19 0.22 0.08
Cd 477 0.75 65.8 18.5 67.6 2.43
Se 4 9 <1 49.9 <1 9.40
Tl 32.1 2.1 8.23 0.16 5.09 0.16
Pb 5810 49.5 101 0.57 0.73 0.82
Mg 20,100 2710 95,500 7140 99,800 9310
Ca 64,000 500 488,000 13,800 525,000 997,000
Fe 208,000 41,800 130 25,000 <50 <50
Al 7400 120,000 <10 262,000 <10 29

Buffered waters were, then, analyzed for the same selection of trace elements, and
the results are reported in Table 8. CP1 buffered waters do not show any decrease in the
metal contents, with the exception of Pb, whose concentration was reduced from 101 mg/L
in the leachate to 0.73 pg/L in the buffered waters. The effect of buffering is much more
sensible on FS11 waters. Among the analyzed major elements, Al and Fe show a sharp
decrease in concentration of several orders of magnitude, while Mg is slightly affected by
buffering, and the Ca concentration increased due to the dissolution of calcite from FLS.
Among the trace elements, most of them show a sharp decrease in concentration ranging
from 2 to 5 orders of magnitude. The only exceptions are Mn and T1, which are unaffected
by buffering, and Pb, which shows a slight increase.

3.2.6. Solid Residues Mineralogy

The solid residue remaining in small amounts after the buffering tests was collected
for both samples and analyzed by XRD (Figure 4).

Both solid residue samples do not contain sulfides despite that pyrite was, in CP1, the
most abundant phase and, in FS11, still abundant. This confirms the efficacy of the leaching
and buffering processes; all sulfides were dissolved, and no sulfides precipitated during
buffering. Gypsum is present in both residues, and it is probably the main precipitate
phase removing sulfur released in the water during leaching. The other detected phases are
probably residues of undissolved minerals from either the waste materials or the FLS buffer.
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Figure 4. Powder XRD patterns of the solid residues after buffering (kaol = kaolinite; ms = muscovite;
pl = plagioclase feldspar; qz = quartz; gp = gypsum).

4. Discussion

Acid mine drainage is a widespread phenomenon in abandoned sulfide-rich
mines [2,3,25]. The present study focused on a selection of sulfide-rich waste rocks, tailings,
and feed materials from Sardinia, showing that S is a ubiquitous element in different ty-
pologies of waste materials. The possibility of ongoing AMD, anyway, depends mainly on
three factors: the amount of sulfides in the waste, the presence of buffering minerals, and
the lapse of time since the discharge. The samples from the Montevecchio-Telle and Seddas
Moddizzis mines are very rich in sulfur, but the XRD data show that their S-bearing phases
are secondary sulfates, indicating that AMD certainly occurred but nowadays has been
exhausted. This can be explained by the fact that the discharge of the materials occurred
over 40 years ago for both mines. As the samples were collected at the surface, this does
not mean that all the waste materials at both mines have already exhausted their AMD
potential, but they are not suitable for checking the buffering capacity of FLS, the main
purpose of the present work. Campo Pisano sample has a very high S content, mostly
as sulfides. The sample shows a very high value of NAPDP, too, indicating that it could
potentially undergo important AMD processes. On the other hand, the leaching test does
not result in acidification of water, with a leachate pH around 6. This result can be attributed
to the buffering by carbonates, which have a dissolution rate higher than sulfides [9,26] and
can promptly buffer acidification. CP1 was selected for further investigation to check the
FLS capacity to trigger the precipitation of metal in the conditions of near-neutral drainage.

Furtei samples are all similar in mineralogy and chemistry, showing a moderate
amount of sulfur, present as both sulfides and sulfates. The NAPP of sample FS11, according
to the ABA test, is 166.56 kg/t, completely due to its sulfur content as the value of ANC is
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0. The results are consistent with the younger age of the waste material discharge, the mine
having been active for a few years between 1997 and 2008. The AMD processes, here, are
ongoing and will last until the complete reaction of all sulfides. The leaching test on FS11
produced strongly acidic waters despite the moderate amount of sulfur, due to the absence
of buffering minerals. The sample was, hence, selected for checking the capacity of FLS
material to buffer and trigger metal precipitation of strongly acidic waters.

All samples have a grain size distribution fine enough to ensure that the surface
reactions between grains and waters occur at a fast enough rate to produce clearly detectable
changes within the duration of the leaching and buffering tests. Only CP1 had to be reduced
to a fraction below 8 mm to meet this requirement. The samples show quite different grain
size distributions within this restricted range. The only waste rock sample (CP1) is the
coarsest one, followed by the feed sample, while the tailings samples are much finer.

The choice to select a washing slime as the buffering agent for the tests follows
considerations about the real possibility of using it as it is, with no further treatment that
could strongly increase the costs of the operation and the fact that the slime is stacked in
high amounts at Florinas and other feldspar sands mines in Sardinia at a relatively low
distance from the AMD sites and with no need of oversea transportation. The results
can have a wide general interest as several areas in the world present close association of
feldspar and sulfide ore mining where feldspar slime could be used as an amendment for
the AMD processes.

The preliminary characterization of the feldspar washing slime provided positive
feedback: it does not contain acid-producing minerals, while it is rich in calcite and hosts
also feldspar. The buffering potential of feldspar, even though much lower and with lower
reaction rates than calcite, is well known [27-30].

The ABA test provided an ANC of 149.30 kg/t. This value corresponds to a calcite
concentration of 152.3 kg/t, according to the following reaction:

CaCO3 + H2504 — CaSO4 + H2C03

As the calcite content of the FLS sample was estimated to a maximum of 11.9 wt%,
corresponding to 119 kg/t, we can argue that the contribution of feldspar to the buffering
is close to 33.3 kg/t, which is 22.3% of the total buffering capacity of FLS. Moreover, as the
reaction rate of feldspar is lower than that of calcite, the mixture of the two minerals can
provide both short- and long-term buffering.

The leaching test on the slime and the analysis of the leachate were conducted to
provide information on its buffering capacity and its possible contribution to the pollu-
tion. The buffering capacity of the material was confirmed by the strongly basic drainage
produced, with a pH of the leachate waters of 8.85. About the potential release of metals
in the waters, the test shows a high release in the leachate of Al, Ca, Na, and K, deriving
from the dissolution of feldspars and calcite. Particular attention is required for the high
concentration of Al, which far exceeds that of natural fresh waters and is well above the
lawful limits for releasing waters into the environment. As the material would be used
to buffer acid water, the leaching test on FLS does not correspond to the environmental
conditions to which it will be subject during the amendment of AMD. These will range
from acidic to close to neutrality, as shown by the buffering tests on CP1 and FS11. The
solubility of Alis known to be high in highly acid and basic waters, while it is at a minimum
in slightly acidic and neutral waters [31-34]. The results of buffering tests on CP1 and FS11
samples confirm that the release of Al from the FLS sludge used for buffering is negligible,
and on the contrary, sample FS11, whose leachates had a very high Al concentration of
262.000 png/L, was buffered by treatment with FLS to 29 ug/L. The presence of relatively
high concentrations of Fe in FLS leachate is puzzling, as the Fe content of the material is
low and no Fe-bearing phases were detected by XRD analysis. We can argue that Fe comes
from a highly soluble phase present in low amounts.

The buffering potential of FLS was confirmed by buffering tests. The AMD-producing
samples were first leached following the SPLP procedure. The Campo Pisano sample had,
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in short time tests such as the SPLP procedure, a strong self-buffering capacity due to
its carbonate content, related to the carbonate-hosted SEDEX ore type. This is confirmed
by the CP1 ANC value of 152.29 kg/t and by the detection of dolomite in XRD analysis.
As a result, the initial pH of CP1 during the buffering test was close to neutrality (6.02).
The Furtei sample shows no self-buffering capacity, with an ANC value of 0, due to the
absence of carbonate phases, which were not detected by XRD. This is in agreement with
the high-sulfidation gold deposit type that, usually, does not contain carbonates. Andini
and Gautama [35] found in Lanut epithermal gold deposit ore ANC values of 0 in all
samples and MPA values ranging between 110 and 248 kg/t, comparable to the 166.56 kg /t
of FS11.

The buffering tests confirm the FLS potential to neutralize waters, as all Furtei samples
reached final pH values above 6, and also the CP1 leachate pH, initially around 6, was
increased to 6.86 (Figure 5a). The Furtei samples buffering curves clearly draw the plateau
described by Nordstrom [31] in his titration simulation of acid mine drainage. In his
simulation, the first plateau, at a pH around 3, visible in Furtei samples FS5 and FS11, is
due to Fe®* hydrolysis and precipitation, and the second, at a pH around 4 and visible in
all Furtei samples, is due to Al hydrolysis and precipitation [31]. At a plateau, the addition
of buffering material is compensated by precipitation, without a meaningful increase in
pH. The presence of a plateau is an important clue of abundant metal precipitation during
buffering. In order to compare the FLS results with the buffering tests conducted with
calcite on the similarly acidic mine leachate waters from Fushe Arrez (Albania: samples FA3
and FA5) by Cocomazzi et al. [21], the buffering curves were adjusted to 100% CaCQOs, using
the FLS CaCOj; content (Figure 5b). In these conditions of equivalent calcium carbonate,
FLS is more efficient than the calcite buffer used in Cocomazzi et al. [21]: both FS5 and
FS11 require lower amounts of buffer to exceed the pH 6 threshold than FA3, even though
the initial pH is lower; FS5, too, requires much less equivalent FLS buffer than FA4, whose
initial pH is just slightly lower. The results confirm that feldspar provides a minor but
clearly detectable contribution to buffering.

The purpose of treating acidic mine waters with a basic buffer is double: the goal of
increasing the water pH to values close to natural waters is coupled with the purpose of
triggering metal precipitation and drastically reducing the metal content in the solution.
This latter purpose is based on the general reduction in the solubility of the metals typical
of AMD waters as the pH value increases [36].

The buffering tests gave very different results for the two samples. CP1 buffered
waters show metal contents similar to those of the leachate, with the only exception of Pb
and, partially, Fe. The exception of Pb, which decreased its concentration by two orders
of magnitude, could be possibly related to its incorporation as a cerussite component in
the calcite during its precipitation in buffered waters [37]. When plotted in the diagram
proposed by Ficklin et al. (1992) [38] for the classification of AMD waters (Figure 6), the
Campo Pisano buffered waters do not show any reduction in the metal contents and remain
in the same field, near-neutral and high-metal contents like their leachate waters. The
Furtei leachate waters show very high metal contents coupled with very low pH values,
and they are plotted in the high-acid and high-metal field of the Ficklin diagram within the
field of the waters draining epithermal deposits as described by Plumlee et al. [36]. The
leachate can be also compared to the surficial waters from the Furtei mining area analyzed
in the works of Cidu et. al. [39,40]. Our leachate falls in the Ficklin diagram close to the
upper, more acidic, and higher metal end of the Furtei tailing water field, confirming that
the SPLP procedure well simulates the acidification of waters in the mining environment,
reproducing the worst conditions at the mine. Other data on Furtei surficial waters show
that barren rock waters, which can be considered as a local background, are not affected by
AMD, falling in the near-neutral and low-metal field, while the mineralized rock waters
underwent very limited acidification, with no increase in metal content. Buffering by FLS
shifted back the leachate waters to the field of near-neutral and low-metal waters, very
close to the conditions of the mineralized rock waters and hence almost nullifying the
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AMD process. The higher concentration in the sum of metals considered in the Ficklin
diagram is mainly due to higher contents of Zn and Ni but also with an artificial effect
due to the absence of Co in the Cidu et. al. [39,40] analyses. Of all the metals analyzed,
only Tl and Pb, whose concentrations were already low in the leachate waters, and Mn
are unaffected by buffering with FLS. The Mn concentration remains close to 1 mg/1 after
buffering. Mn is known to be more soluble than Fe at similar Eh values and is more difficult
to oxidize [41-43]. Moreover, Mn usually requires a specific treatment after buffering of
AMD waters [44].
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Figure 5. Buffering curves of Campo Pisano and Furtei samples (a). The same buffering curves,
with the amount of buffering expressed as 100% CaCOj3 equivalent, are compared (b) with the
buffering curves of FA3 and FA4 samples from Fushe Arrez tailing buffering tests (data for Fushe
Arrez from [21]).

The concentrations of the analyzed metals in leachates and buffered waters of the
FS11 sample were compared in Figure 7 with the threshold values for industrial discharge
waters according to Italian environmental legislation. In leachate waters, six metals, Fe,
Al, Se, As, Zn, and Cu, show concentrations higher than the thresholds. The pollution is
particularly severe for Al, Fe, and Cu, all of which exceed their threshold of more than
two orders of magnitude. After buffering, three metals, Mn, Pb, and Tl, do not show any
reduction in concentration, but they are below their respective thresholds (Mn and Pb)
or are not regulated and show very low concentrations (T1). All the other metals show a
concentration reduction in buffered waters, in most cases of one order of magnitude or
more, up to three orders of magnitude for Fe, and four orders of magnitude for Al and Cu,
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the major pollutants according to the leaching test. What is most important, all the metals,
with the only exception of Co, which is very close to the threshold, and whose concentration
decreased by almost one order of magnitude with buffering, show concentrations below
their respective thresholds in buffered water, confirming that buffering with FLS material
is an effective procedure for the treatment of high-acid and high-metal waters, such those
present at the Furtei site.
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Figure 6. Ficklin diagram where CP1 and FS11 leachates and buffered waters were reported together
with the fields for high-sulfidation epithermal deposits, Fushe Arrez leaching and buffered waters,
and Furtei buffered tailings, mineralized rocks, and barren rocks waters (data from Plumlee et al. [36];
Cocomazzi et al. [21]; Cidu et al. [39]).
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The mineralogy of the small amount of solid residue collected after buffering is similar
for CP1 and FS11. It is a mixture of undissolved FLS mineral quartz, muscovite, and
feldspar, with the addition of gypsum deriving from the reaction of carbonate ions with
acidic waters. This composition confirms that calcite is quickly dissolved during leaching
tests, while the buffering potential of feldspar has probably not been completely expressed
due to the short duration of the tests.

5. Conclusions

The treatment of AMD waters is a major concern in the remediation of sulfur-bearing
mining sites as the metal content in discharge waters can be several orders of magnitude
above the legal thresholds. The treatment with basic substances able to shift the pH to near-
neutral conditions, which trigger the widespread precipitation of metals, is a substantial
part of the remediation actions aimed at reducing the environmental risk in AMD-affected
sites. It can be very efficient in combination with other procedures, especially those based
on bioremediation. On the other hand, basic drainage may also occur in carbonate- and
feldspar-rich mining sites, leading to the solubilization of metals and the discharge of
polluted waters. The present work shows that recycling basic drainage-producing waste
materials as an improvement for AMD waters can be a very effective solution to both
problems, leading to several advantages:

e  Reduction in the amount of waste disposed at feldspar-rich mining sites and subse-
quent limiting of its basic drainage.
Neutralization of the discharge waters at the AMD-producing mining site.
Decrease in metal contents below the thresholds for industrial discharge waters.
Cost-effectiveness of the recycling approach as opposed to using costly basic products
for the amendment of AMD waters.

The present results are of broad interest and possible widespread application, as the
validity of the procedure could be assessed for several other couples of acid and basic
drainage systems all over the world, where the waste materials of the latter could be used
to buffer the AMD-producing materials of the former.

The present study ascertained the scientific validity of the circular economy approach
investigated. Further steps are required to define the possibility and conditions to apply
the approach to the investigated case study and in other situations. A thorough eco-
nomic assessment of the cost-effectiveness, comprising technical feasibility, and legal and
bureaucratic issues must follow this scientific validity study.

Author Contributions: Conceptualization, G.G. and G.C.; methodology, G.C., E.D. and M.L.D,; vali-
dation, S.N. and E.S.E,; formal analysis, G.G., G.C., E.S.F. and M.B.; investigation, G.C.; resources, G.G.
and S.N.; data curation, G.C. and M.B.; writing—original draft preparation, G.G.; writing—review
and editing, SN., E.D., ES.F, M.L.D. and M.B.; visualization, M.B.; supervision, G.G.; project admin-
istration, G.G.; funding acquisition, G.G. All authors have read and agreed to the published version
of the manuscript.

Funding: Funding for this research was provided by the Italian Ministry of Education (MIUR)
(PRIN2017—Mineral reactivity, a key to understand large-scale processes: award No. 2017 L83577)
and “Dipartimenti di Eccellenza 2023-2027—"Le Georisorse per la transizione ecologica e lo
sviluppo territoriale”.

Data Availability Statement: Dataset available on request from the authors due to the internal policy.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Fantone, L; Grieco, G.; Sinojmeri, A.; Cavallo, A. A Quantitative Approach to the Influence of Pyrite Separation on Cu-Processing
Tailings: A Case Study at Reps, Mirdita District, Albania. Environ. Earth Sci. 2017, 76, 774. [CrossRef]
2. Akcil, A.; Koldas, S. Acid Mine Drainage (AMD): Causes, Treatment and Case Studies. J. Clean. Prod. 2006, 14, 1139-1145.

[CrossRef]


https://doi.org/10.1007/s12665-017-7078-7
https://doi.org/10.1016/j.jclepro.2004.09.006

Minerals 2024, 14, 552 18 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Johnson, D.B.; Hallberg, K.B. Acid Mine Drainage Remediation Options: A Review. Sci. Total Environ. 2005, 338, 3—14. [CrossRef]
[PubMed]

Simate, G.S.; Ndlovu, S. Acid Mine Drainage: Challenges and Opportunities. J. Environ. Chem. Eng. 2014, 2, 1785-1803. [CrossRef]
Fernandez-Caliani, ].C.; Giraldez, M.I.; Barba-Brioso, C. Oral Bioaccessibility and Human Health Risk Assessment of Trace
Elements in Agricultural Soils Impacted by Acid Mine Drainage. Chemosphere 2019, 237, 124441. [CrossRef]

de Almeida Ribeiro Carvalho, M.; Botero, W.G.; de Oliveira, L.C. Natural and Anthropogenic Sources of Potentially Toxic
Elements to Aquatic Environment: A Systematic Literature Review. Environ. Sci. Pollut. Res. 2022, 29, 51318-51338. [CrossRef]
[PubMed]

Nieder, R.; Benbi, D.K. Potentially Toxic Elements in the Environment—A Review of Sources, Sinks, Pathways and Mitigation
Measures. Rev. Environ. Health 2023. [CrossRef] [PubMed]

Martinez, ].; Mendoza, R.; de la Torre, M.].; Hidalgo, M.C. Potentially Toxic Elements (PTEs) Dispersion in Alluvial Deposits from
Abandoned Mining Sites. Minerals 2024, 14, 340. [CrossRef]

Matsumoto, S.; Ishimatsu, H.; Shimada, H.; Sasaoka, T.; Kusuma, G. Characterization of Mine Waste and Acid Mine Drainage
Prediction by Simple Testing Methods in Terms of the Effects of Sulfate-Sulfur and Carbonate Minerals. Minerals 2018, 8, 403.
[CrossRef]

Paktunc, A.D. Characterization of Mine Wastes for Prediction of Acid Mine Drainage. In Environmental Impacts of Mining Activities;
Springer: Berlin/Heidelberg, Germany, 1999; pp. 19-40.

Miller, S.D.; Stewart, W.S.; Rusdinar, Y.; Schumann, R.E.; Ciccarelli, ].M.; Li, J.; Smart, R.S.C. Methods for Estimation of Long-Term
Non-Carbonate Neutralisation of Acid Rock Drainage. Sci. Total Environ. 2010, 408, 2129-2135. [CrossRef]

Sherlock, E.J.; Lawrence, R.W.; Poulin, R. On the Neutralization of Acid Rock Drainage by Carbonate and Silicate Minerals.
Environ. Geol. 1995, 25, 43-54. [CrossRef]

Zhou, Y,; Short, M.D,; Li, J.; Fan, R.; Qian, G. Non-Carbonate Geochemical Options for Long-Term Sustainable Acid and
Metalliferous Drainage Control at-Source. Environ. Earth Sci. 2019, 78, 157. [CrossRef]

Da Pelo, S.; Musu, E.; Cidu, R.; Frau, F,; Lattanzi, P. Release of Toxic Elements from Rocks and Mine Wastes at the Furtei Gold
Mine (Sardinia, Italy). J. Geochem. Explor. 2009, 100, 142-152. [CrossRef]

Moroni, M.; Naitza, S.; Ruggieri, G.; Aquino, A.; Costagliola, P.; De Giudici, G.; Caruso, S.; Ferrari, E.; Fiorentini, M.; Lattanzi, P.
The Pb-Zn-Ag vein system at Montevecchio-Ingurtosu, southwestern Sardinia, Italy: A summary of previous knowledge and
new mineralogical, fluid inclusion, and isotopic data. Ore Geol. Rev. 2019, 115, 103194. [CrossRef]

Boni, M.; Iannace, A.; Balassone, G. Base Metal Ores in the Lower Paleozoic of Southwestern Sardinia. In Carbonate-Hosted
Lead-Zinc Deposits; Society of Economic Geologists: Littleton, CO, USA, 1996; pp. 18-28.

Ruggieri, G.; Lattanzi, P.; Luxoro, S.S.; Dessi, R.; Benvenuti, M.; Tanelli, G. Geology, Mineralogy, and Fluid Inclusion Data of the
Furtei High-Sulfidation Gold Deposit, Sardinia, Italy. Econ. Geol. 1997, 92, 1-19. [CrossRef]

AMIRA International Limited. Prediction and Kinetic Control of Acid Mine Drainage; AMIRA International Limited: Melbourne,
Australia, 2002.

Sobek, A.A.; Schuller, W.A.; Freeman, J.R.; Smith, R M. Field and Laboratory Methods Applicable to Overburdens and Minesoils; US
Environmental Protection Agency: Cincinnati, OH, USA, 1978.

Hageman, PL.; Briggs, PH.; Desborough, G.A.; Lamothe, PJ.; Theodorakos, PM. Synthetic Precipitation Leaching Procedure
(SPLP) Leachate Chemistry Data for Solid Mine-Waste Composite Samples from Southwestern New Mexico, and Leadville, Colorado; US
Department of Interior USGS: Denver, CO, USA, 2000.

Cocomazzi, G.; Grieco, G.; Sinojmeri, A.; Cavallo, A.; Bussolesi, M.; Ferrari, E.S.; Destefanis, E. Buffering Copper Tailings Acid
Mine Drainage: Modeling and Testing at Fushé Arréz Flotation Plant, Albania. Water 2022, 14, 2398. [CrossRef]

Plumlee, G.S.; Smith, K.S.; Montour, M.R; Ficklin, W.H.; Mosier, E.L. Geologic Controls on the Composition of Natural Waters
and Mine Waters Draining Diverse Mineral-Deposit Types. In The Environmental Geochemistry of Mineral Deposits; Society of
Economic Geologists: Littleton, CO, USA, 1997; pp. 373—432.

Funedda, A.; Oggiano, G.; Pascussi, V. I Depositi Miocenici Della Sardegna Settentrionale: Il Bacino Del Logudoro. In Proceedings
of the Atti del Convegno GEOSED, Alghero, Italy, 28 September—2 October 2003; pp. 381—414.

Oggiano, G.; Aversano, A.; Forci, A.; Langiu, M.R; Patta, E.D. Note Illustrative Della Carta Geologica d’Italia Alla Scala 1:50000—Foglio
459 SASSARI; Servizio Geologico d’Italia, Reg. Sardegna: Cagliari, Italy, 2013.

Georgopoulou, Z.J.; Fytas, K.; Soto, H.; Evangelou, B. Feasibility and Cost of Creating an Iron-Phosphate Coating on Pyrrhotite to
Prevent Oxidation. Environ. Geol. 1996, 28, 61-69. [CrossRef]

Elghali, A.; Benzaazoua, M.,; Taha, Y.; Amar, H.; Ait-khouia, Y.; Bouzahzah, H.; Hakkou, R. Prediction of Acid Mine Drainage:
Where We Are. Earth Sci. Rev. 2023, 241, 104421. [CrossRef]

Sakala, E.; Fourie, F.; Gomo, M.; Madzivire, G. Natural Attenuation of Acid Mine Drainage by Various Rocks in the Witbank,
Ermelo and Highveld Coalfields, South Africa. Nat. Resour. Res. 2021, 30, 557-570. [CrossRef]

Stefansson, A.; Arndrsson, S. Feldspar Saturation State in Natural Waters. Geochim. Cosmochim. Acta 2000, 64, 2567-2584.
[CrossRef]

Oelkers, E.H.; Schott, J. Experimental Study of Anorthite Dissolution and the Relative Mechanism of Feldspar Hydrolysis.
Geochim. Cosmochim. Acta 1995, 59, 5039-5053. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2004.09.002
https://www.ncbi.nlm.nih.gov/pubmed/15680622
https://doi.org/10.1016/j.jece.2014.07.021
https://doi.org/10.1016/j.chemosphere.2019.124441
https://doi.org/10.1007/s11356-022-20980-x
https://www.ncbi.nlm.nih.gov/pubmed/35614360
https://doi.org/10.1515/reveh-2022-0161
https://www.ncbi.nlm.nih.gov/pubmed/37118984
https://doi.org/10.3390/min14040340
https://doi.org/10.3390/min8090403
https://doi.org/10.1016/j.scitotenv.2010.01.011
https://doi.org/10.1007/BF01061829
https://doi.org/10.1007/s12665-019-8169-4
https://doi.org/10.1016/j.gexplo.2008.06.006
https://doi.org/10.1016/j.oregeorev.2019.103194
https://doi.org/10.2113/gsecongeo.92.1.1
https://doi.org/10.3390/w14152398
https://doi.org/10.1007/s002540050078
https://doi.org/10.1016/j.earscirev.2023.104421
https://doi.org/10.1007/s11053-020-09720-5
https://doi.org/10.1016/S0016-7037(00)00392-6
https://doi.org/10.1016/0016-7037(95)00326-6

Minerals 2024, 14, 552 19 of 19

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Huang, W.H.; Kiang, W.C. Laboratory Dissolution of Plagioclase Feldspars in Water and Organic Acids at Room Temperature.
Am. Mineral. 1972, 57, 1849-1859.

Kirk Nordstrom, D. Geochemical Modeling of Iron and Aluminum Precipitation during Mixing and Neutralization of Acid Mine
Drainage. Minerals 2020, 10, 547. [CrossRef]

Caraballo, M.A.; Wanty, R.B.; Verplanck, P.L.; Navarro-Valdivia, L.; Ayora, C.; Hochella, M.F. Aluminum Mobility in Mildly
Acidic Mine Drainage: Interactions between Hydrobasaluminite, Silica and Trace Metals from the Nano to the Meso-Scale. Chem.
Geol. 2019, 519, 1-10. [CrossRef]

Espafia, ].S.; Pamo, E.L.; Pastor, E.S.; Andrés, ].R.; Rubi, ].A.M. The Removal of Dissolved Metals by Hydroxysulphate Precipitates
during Oxidation and Neutralization of Acid Mine Waters, Iberian Pyrite Belt. Aquat. Geochem. 2006, 12, 269-298. [CrossRef]
Wei, X.; Viadero, R.C.; Buzby, K. M. Recovery of Iron and Aluminum from Acid Mine Drainage by Selective Precipitation. Environ.
Eng. Sci. 2005, 22, 745-755. [CrossRef]

Andini, D.E.; Gautama, R.S. Prediction Potential Acid Mine Drainage of Epithermal High Sulfidation Deposits Using Static Test.
IOP Conf. Ser. Earth Environ. Sci. 2019, 353, 012023. [CrossRef]

Plumlee, G.S.; Logsdon, M.]. An Earth-System Science Toolkit for Environmentally Friendly Mineral Resource Development. In
The Environmental Geochemistry of Mineral Deposits; Society of Economic Geologists: Littleton, CO, USA, 1997; pp. 1-27.

Zhu, Y,; Nong, P; Zhu, Z.; Pan, S.; Liu, H.; Deng, H.; Tang, S.; Zhang, L. Dissolution and Solubility of Pb-Substituted Calcite,
Ca-Substituted Cerussite and Their Mixtures at 25 °C. Chem. Geol. 2023, 635, 121614. [CrossRef]

Ficklin, W.H.; Plumlee, G.S.; Smith, K.S.; Mchugh, J.B. Geochemical Classification of Mine Drainages and Natural Drainages
in Mineralized Areas. In Proceedings of the International Symposium on Water-Rock Interaction, Park City, UT, USA, 13-18
July 1992.

Cidu, R.; Da Pelo, S.; Frau, F. Legacy of Cyanide and ARD at a Low-Scale Gold Mine (Furtei, Italy). Mine Water Environ. 2013,
32,74-83. [CrossRef]

Cidu, R,; Caboi, R.; Fanfani, L.; Frau, F. Acid Drainage from Sulfides Hosting Gold Mineralization (Furtei, Sardinia). Environ. Geol.
1997, 30, 231-237. [CrossRef]

Martin, S.T. Precipitation and Dissolution of Iron and Manganese Oxides. In Environmental Catalysis; CRC Press: Boca Raton, FL,
USA, 2005; Volume 1, pp. 61-82.

Hem, ].D. Chemical Factors That Influence the Availability of Iron and Manganese in Aqueous Systems. GSA Bull. 1972,
83, 443-450. [CrossRef]

Krauskopf, K.B. Separation of Manganese from Iron in Sedimentary Processes. Geochim. Cosmochim. Acta 1957, 12, 61-84.
[CrossRef]

Calugaru, I.L.; Genty, T.; Neculita, C.M. Treatment of Manganese in Acid and Neutral Mine Drainage Using Modified Dolomite.
Int. J. Environ. Impacts Manag. Mitig. Recovery 2018, 1, 323-333. [CrossRef]

Legislative Decree 152/2006 Environment Regulation of April 29" 2006; n. 88, suppl. n. 96; Gazzetta Ufficiale: Rome, Italy, 2006.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/min10060547
https://doi.org/10.1016/j.chemgeo.2019.04.013
https://doi.org/10.1007/s10498-005-6246-7
https://doi.org/10.1089/ees.2005.22.745
https://doi.org/10.1088/1755-1315/353/1/012023
https://doi.org/10.1016/j.chemgeo.2023.121614
https://doi.org/10.1007/s10230-012-0209-1
https://doi.org/10.1007/s002540050151
https://doi.org/10.1130/0016-7606(1972)83[443:CFTITA]2.0.CO;2
https://doi.org/10.1016/0016-7037(57)90018-2
https://doi.org/10.2495/EI-V1-N3-323-333

	Introduction 
	Materials and Methods 
	Results 
	Characterization of the Buffering Material 
	Characterization of Sulfide-Rich Mine Wastes and Tailings 
	Grain Size 
	Major Element Whole Rock Chemistry 
	Mineralogy 
	Buffering Tests 
	Acid–Base Accounting Tests and Geochemical Analyses 
	Solid Residues Mineralogy 


	Discussion 
	Conclusions 
	References

