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Abstract
Sulfide-rich mine tailings represent a major source of acid mine drainage (AMD) and associated metal mobilization.
This study evaluates selective pyrite flotation as a source-control strategy for reducing the acid-generation potential
of flotation tailings from a polymetallic Pb-Zn mine. Pyrite-rich flotation tailings (PRT) and desulfurized flotation
tailings (FLT) were characterized by X-ray diffraction (XRD) and X-ray fluorescence (XRF), while their environmental
behavior was assessed using short-term (72-h) contact leaching tests and acid-base accounting (ABA). Both tailings
produced predominantly near-neutral leachates, with selective pyrite removal resulting in slightly higher pH values
and generally lower mobility of several sulfide-associated elements. More importantly, total sulfur decreased from
10.6–14.7 wt.% in PRT to 0.8–1.8 wt.% in FLT, accompanied by a pronounced reduction in acid potential. Strongly
negative net neutralization potential (NNP) values in PRT (− 299 to − 101 kg CaCO3/t) shifted to positive values in FLT
(107.8–148.4 kg CaCO3/t), while neutralization potential ratios (NPR) increased from 0.35–0.69 to 2.95–6.82. XRD
and XRF results further confirmed the reduction of sulfur-bearing phases following flotation. These results
demonstrate that selective pyrite removal substantially reduces the AMD potential of sulfide-rich tailings and
improves their geochemical stability, supporting safer storage and potential reuse within sustainable mine-waste
management strategies.

1. Introduction
The growing global population, urbanization and demand for clean energy technologies are substantially increasing
the need for critical metals, particularly copper (Cu) and zinc (Zn) [1–2]. Meeting this demand requires the continued
expansion of mining activities. However, the progressive depletion of high-grade ore reserves has necessitated the
exploitation of lower-grade ore reserves. This has substantially increased the amount of ore processed and,
consequently, the volume of mine waste generated [3]. It is estimated that approximately 8–14 billion tons of mine
waste are generated globally each year [4]. Over the next three decades, the cumulative amount of waste generated
by copper mining alone is projected to reach 247 billion tones, approximately 2.3 times more than was generated
before 2022 [4]. A significant proportion of this waste consists of fine-grained flotation tailings, which pose a
considerable environmental risk due to their large volume and sulphide mineral content [5–6].

Among the environmental risks associated with sulfide-rich mine wastes, acid mine drainage (AMD) is recognized as
one of the most serious and persistent environmental challenges. Although various sulfide minerals, including
arsenopyrite, galena, chalcopyrite, pyrrhotite, and sphalerite, can contribute to AMD generation, pyrite is the most
abundant and environmentally significant sulfide mineral, and its oxidation is widely recognized as the principal driver
of AMD formation [7–11]. The presence of sulfide minerals alone is insufficient to generate AMD, water and oxygen
are also required. Under oxidizing conditions, pyrite reacts with oxygen and water to produce sulfate (SO₄²⁻),
hydrogen ions (H⁺), and ferrous iron (Fe²⁺), as shown in Eq. (1) [11].

FeS2 + 7/2O2 + H2O → Fe2+ + 2SO4
2− + 2H+ (1)

The H+ ions released during pyrite oxidation lower the pH of surrounding waters, promoting the dissolution and

mobility of potentially toxic metals from rocks and mine wastes [12,13]. In addition, Fe2+ is oxidized to Fe3+ (Eq. 2),
which further oxidizes pyrite (Eq. 3), creating a self-sustaining cycle that accelerates AMD generation [11].

Fe2+ + 1/4O2 + H+ → Fe3+ + 1/2H2O (2)

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO4
2− + 16H+ (3)
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Environmental risks associated with pyrite-bearing mine wastes, particularly acid generation and metal mobilization,
necessitate their effective management and safe disposal [14]. Among the available tailings management options,
long-term storage in surface tailings storage facilities (TSFs) remains the most widely adopted practice worldwide
[15,16]. Flotation tailings are typically transported as a slurry and stored in engineered TSFs for long-term or
permanent containment [17].

Despite their widespread application, TSFs require the long-term physical and geochemical stability of large volumes
of tailings during mine operation and after mine closure [18]. However, risks such as geotechnical instability, dam
failure, seepage, and AMD generation have highlighted the need for more sustainable tailings management strategies
[5,19]. One such approach is the reuse of tailings as cemented paste backfill (CPB), which reduces the volume of
tailings requiring surface storage while simultaneously improving underground mine stability [20].

In addition to long-term storage in TSFs, the utilization of tailings as cemented paste backfill (CPB) has become an
increasingly important strategy for sustainable mine waste management [21]. However, when sulfide-rich tailings are
used, the presence of water and oxygen within the porous CPB matrix may promote sulfide oxidation, leading to acid
generation, sulfate release, binder degradation, and reduced long-term durability [22–25]. In addition, groundwater
infiltration during mine operation or after mine closure may further enhance sulfide oxidation and the release of
potentially toxic elements, highlighting the importance of minimizing the acid-generating potential of tailings prior to
their utilization in CPB applications [22].

One of the primary environmental concerns associated with both TSFs and CPB applications is acid generation
caused by the oxidation of pyrite and other reactive sulfide minerals, together with the associated metal mobilization.
Consequently, selective sulfide removal by flotation has emerged as an effective source-control strategy for reducing
AMD generation and enabling safer management and reuse of mine tailings [26–28]. However, most previous studies
have focused on desulfurization efficiency or sulfide recovery, whereas the long-term acid generation potential and
environmental suitability of the resulting low-sulfur tailings remain largely unexplored.

In this study, sulfide-rich tailings collected from the mineral processing plant of a lead–zinc mine were subjected to
selective pyrite removal by flotation, and the environmental performance of the resulting low-sulfur tailings was
evaluated. The original and desulfurized tailings were characterized using mineralogical and geochemical analyses,
while their acid generation potential and contaminant release behavior were assessed through static and leaching
tests. Finally, the suitability of the desulfurized tailings for environmentally safer storage and potential reuse was
evaluated, providing new insights into the effectiveness of selective sulfide removal as a source-control strategy for
sustainable mine waste management.

2. Regional geology and mine characteristics
The study area is situated in the northern part of the Eastern Sakarya Zone, also referred to as the Eastern Pontide
Orogenic Belt, in northeastern Türkiye. This tectonic unit represents a key segment of the Alpine-Himalayan orogenic
system, which played a fundamental role in the geodynamic evolution of the region (Fig. 1a). The area is
characterized by a wide range of magmatic rocks of varying composition and age, together with associated
mineralization systems (29; Fig. 1b). The oldest lithological units comprise Early Carboniferous metamorphic rocks
representing the Variscan basement (30), which are intruded by Middle-Late Carboniferous calc-alkaline plutonic
rocks (31–35).

The pre-Jurassic basement is unconformably overlain by the Şenköy Formation, a volcano-sedimentary sequence
including volcaniclastics and Ammonitico Rosso facies limestones (36). This unit is widely interpreted as a typical
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rift-related deposit, reflecting sedimentation associated with transgressive conditions accompanied by intermittent
volcanic activity. The Şenköy Formation begins with basal conglomerates composed of quartz and sandstone clasts,
interbedded with coal-bearing levels, and is overlain by red, fossil-rich limestones of Ammonitico Rosso facies.
Upsection, the sequence transitions into an alternation of volcanogenic conglomerate, sandstone, siltstone, and marl,
locally intercalated with basic volcanic rocks such as tuff, tuffite, andesite, spilitic basalt, lava flows, and pyroclastics.
This unit is conformably overlain by the Late Jurassic-Early Cretaceous Berdiga Formation, which consists
predominantly of medium- to thick-bedded, locally massive limestones. The lower levels are characterized by
dolomitic limestones, whereas the upper parts include intercalations of conglomerate, sandstone, and siltstone,
culminating in limestone, dolomite, and dolomitic limestone.

During the Late Cretaceous, the Eastern Pontides display pronounced north-south lithological variations. In the
northern zone, where the study area is located, intense magmatic activity resulted in the development of widespread
volcanic and granitoid rocks. The most common units include the Çatak, Kızılkaya, Çağlayan, and Çayırbağ
formations, which exhibit conformable relationships, along with the Upper Cretaceous-Paleocene Bakırköy Formation
(37; Fig. 1b).

The Çatak Formation forms the basal unit of the study area and consists of basalt, andesite, and their pyroclastics,
interbedded with clayey limestone, sandstone, and siltstone. It is overlain by the Kızılkaya Formation, composed of
dacite, rhyolite, and associated pyroclastics, followed by the Çağlayan Formation, which includes basalt, andesite,
and pyroclastic rocks. The Çayırbağ Formation, consisting of rhyolite, rhyodacite, and pyroclastics, overlies the
Çağlayan Formation. These units are unconformably overlain by the Eocene Alibaba Formation, which begins with
nummulitic limestones interbedded with sandstone and tuff, and upwardly grades into alternations of andesite,
basalt, associated pyroclastics, basaltic-andesite agglomerate, lapilli tuff, and tuff. The sequence locally terminates
with eroded levels of limestone, sandstone, marl, and tuff (37). All these units are intruded by the Kaçkar Granitoid.
Granitoids that cut the Late Cretaceous units and are transgressively overlain by Early Middle Eocene rocks are
defined as Kaçkar Granitoid I, whereas Eocene intrusive rocks are referred to as Kaçkar Granitoid II (37).

The Eastern Black Sea region constitutes a significant segment of the Alpine-Himalayan metallogenic belt and is
notable for hosting diverse economically important mineralization types. These include volcanogenic massive sulfide
(VMS) deposits, skarn and porphyry-type Cu-Au-Mo systems, and skarn- and epithermal vein-type Cu, Pb, Zn, Au, and
Ag mineralizations (37–47). These mineralizations are predominantly associated with volcanic rocks that are widely
exposed, particularly in the Gümüşhane-Giresun region (48–51).

The mineralization in the study area is genetically related to the emplacement of the Upper Cretaceous (Campanian-
Maastrichtian) Harşit Granitoid, which intrudes volcanic-sedimentary rocks previously described as the Pontide
Lower Basic Complex (52). Although this volcano-sedimentary sequence was defined as the Çatak Formation in the
Değirmendere Valley (Trabzon) by (37), within the study area it corresponds to the Çatak, Kızılkaya, and Çağlayan
formations (Fig. 1b). Mineralization is mainly hosted by dacitic rocks, although other lithologies such as andesite,
epiclastic units (claystone and sandstone), limestone, mudstone, agglomerate, tuff, and diabase are also present.
Alteration is widespread, with kaolinization being the dominant type. Additionally, skarn-type mineralization occurs
locally at contacts between intrusive rocks and carbonate units.

Microscopic investigations of ore samples collected from galleries, veins, and mine dumps indicate that
mineralization developed in two distinct stages, followed by evidence of contact metamorphism (Fig. 2). The
paragenetic assemblage comprises pyrite, sphalerite, chalcopyrite, and magnetite, accompanied by quartz, calcite,
epidote, and garnet. Following the first mineralization stage, fracturing events resulted in the development of
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cataclastic textures, with replacement processes playing a significant role. After the second stage, deformation
continued with the formation of dissociation textures, along with ongoing replacement and fracturing.

Pyrite, readily identifiable by its metallic yellow color in polished sections, represents the earliest ore mineral and
commonly occurs in association with chalcopyrite, sphalerite, and quartz (Fig. 2). Sphalerite typically occurs as
coarse, irregularly shaped crystals with broad surfaces, as well as smaller crystals exhibiting grey to light grey tones,
and shows a close paragenetic relationship with chalcopyrite. Textural evidence indicates mutual replacement
between sphalerite and chalcopyrite, as well as the presence of chalcopyrite disease textures reflecting co-
precipitation. Magnetite, generally displaying anhedral and fractured textures, is interpreted to have formed during the
second stage. It is partially replaced by gangue minerals and subsequently altered to hematite during later alteration
processes (Fig. 2).

3. Materials and methods
To evaluate the environmental benefits of selective pyrite removal, the original sulphide-rich tailings (To) and the
desulfurized tailings (Tf) underwent thorough characterization, including geochemical analyses, static acid–base
accounting (ABA) and short-term contact leaching tests. The resulting leachates were then evaluated against
relevant water quality standards and characteristic mine drainage compositions to assess changes in acid-
generation potential and contaminant release, as well as the overall environmental suitability of the desulfurized
tailings. Detailed descriptions of the analytical procedures are provided below.

3.1. Sampling
Ore-bearing and host rock samples, drill cores, and flotation tailings were collected during the field investigation
(Fig. 3). However, the present study focuses exclusively on flotation tailings generated during the ore processing of a
polymetallic Pb-Zn-Cu mine. The investigated tailings consisted of two materials collected from the flotation circuit:
(i) pyrite-rich flotation tailings (PRT) produced prior to pyrite separation and (ii) desulfurized flotation (pyrite flotation)
tailings (FLT) obtained after selective pyrite removal. These samples constituted the dataset used for all subsequent
mineralogical, geochemical, acid–base accounting (ABA) and leaching analyses. The dataset analyzed comprised 15
samples, including 10 PRT and 5 FLT samples. The PRT samples represent sulfide-rich tailings with high acid-
generating potential, whereas the FLT samples represent desulfurized tailings with substantially reduced sulfide
contents following pyrite removal.

3.2. Contact leaching tests
Short-term contact leaching tests were performed on PRT and FLT using a modified US EPA Method 1312 protocol.
Samples were mixed with deionized water at a liquid-to-solid ratio of 3:1 and agitated on a digital orbital shaker at
300 rpm for 72 h. Following agitation, the suspensions were filtered and the pH of the leachates was measured. For
elemental analysis, aliquots were acidified with 2% HNO3 prepared from 65% suprapur HNO3 and filtered through
0.45 µm membranes. Where required, samples were diluted 4-20-fold prior to analysis. Concentrations of Mg, Al, Ca,
Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb were determined using an Agilent 7700 ICP-MS at the Gümüşhane University
Central Research Laboratory (GÜ-MERLAB). The resulting leachate compositions were subsequently used to evaluate
metal release behavior and were compared with relevant water-quality criteria.

3.3. Acid–base accounting (ABA) tests
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Acid-base accounting (ABA) tests were performed on PRT and FLT to evaluate changes in acid generation potential
following selective pyrite removal. The analyses were conducted by Düzen Norwest Environmental, Food and
Veterinary Health Services, Training and Consultancy Inc. (Ankara, Türkiye). Paste pH, total sulfur, sulfate, carbonate,
sulfide sulfur, and neutralization potential (NP) were determined using standardized analytical procedures, including
ISO 10390, TS EN 12879, EPA 3051A/EPA 6010D, EPA 9056A, TS EN ISO 10693, and TS EN 12457-4. Acid potential
(AP) was calculated from the sulfide-sulfur content as Total S (%)×31.25. Neutralization potential was determined by
acid digestion followed by back-titration with NaOH to pH 8.33. The resulting AP and NP values were used to
calculate net neutralization potential (NNP = NP-AP) and the neutralization potential ratio (NPR = NP/AP). These
parameters, together with paste pH and sulfide-sulfur contents, were used to classify the acid-generating
characteristics of the original and desulfurized tailings and to quantify the effect of selective pyrite removal on AMD
potential.

3.4. X-ray diffraction (XRD) and X-ray fluorescence (XRF) analysis
The mineralogical compositions of the PRT and FLT were determined by X-ray diffraction (XRD). Prior to analysis, the
samples were oven-dried, homogenized, and pulverized to obtain fine powders. XRD measurements were performed
using a PANalytical Empyrean diffractometer equipped with a Cu anode X-ray tube and a 256×256-pixel detector. Cu
Kα radiation (λ = 1.5406 Å) was used, and diffraction patterns were recorded over a 2θ range of 5–70°. Mineral
phases were identified by comparison of the measured diffraction patterns with reference patterns in the
crystallographic database used for phase identification. The bulk chemical compositions of the PRT and FLT were
determined using a PANalytical Zetium X-ray fluorescence (XRF) spectrometer. Prior to analysis, the samples were
dried, ground, and homogenized. The chemical compositions were reported as oxide concentrations in weight
percent (wt.%), including both major and minor components. Loss on ignition (LOI) was also determined and
reported as wt.%.

3.5. Selective pyrite flotation process
Selective pyrite removal from the PRT was performed using a two-stage laboratory-scale flotation process consisting
of rougher and cleaner stages (Fig. 4a). A representative laboratory-scale flotation experiment is shown in Fig. 4b.
Process recycle water collected from the same mineral processing plant was used for pulp preparation to preserve,
as far as practicable, the physicochemical characteristics of the industrial water circuit. Prior to rougher flotation, the
slurry pH was adjusted to 6.0 using dilute H2SO4. Potassium amyl xanthate (PAX) and methyl isobutyl carbinol
(MIBC) were added at dosages of 450 and 25 g/t, respectively, as collector and frother, and rougher flotation was
conducted for 8 min. The pyrite-rich rougher concentrate was subsequently subjected to cleaner flotation, whereas
the non-floated fraction was collected as desulfurized rougher tailings. Before cleaner flotation, the slurry pH was
readjusted to 6.0 using dilute H2SO4. Sodium silicate (Na2SiO3; 300 g/t) was added as a depressant/dispersant,
followed by PAX at 200 g/t. No additional MIBC was used during this stage. Cleaner flotation was performed for 6
min, producing a final pyrite concentrate and a cleaner tailings fraction. The cleaner tailings were combined with the
non-floated rougher tailings to constitute the final FLT used in the subsequent analyses.

4. Results and discussion

4.1. Assessment of contact leaching tests
The results of the short-term (72-h) contact leaching tests conducted to evaluate the release of dissolved
constituents from the PRT and FLT are summarized in Table 1. The resulting leachate compositions were also
evaluated against the surface-water quality classes defined in (53).
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The PRT samples produced predominantly near-neutral leachates, with pH values ranging from 6.45 to 6.89 (mean = 
6.73), whereas the FLT samples exhibited slightly higher pH values of 7.01–7.25 (mean = 7.14) (Table 1). Thus,
selective pyrite removal increased the mean leachate pH by approximately 0.4 units, indicating a shift toward slightly
more alkaline conditions. The near-neutral pH values observed in both groups indicate that no short-term
acidification developed during the 72-h contact period, while the higher pH values of the FLT leachates suggest a
reduced tendency toward acidification following desulfurization.

The contact leaching results also revealed marked differences in elemental mobility between the PRT and FLT
samples (Table 1). Al, Cr, Fe, As, and Pb remained below the limit of quantification (LOQ) in both groups, indicating
negligible short-term release of these elements under the experimental conditions. Among the potentially toxic
elements, Mn and Zn showed the highest dissolved concentrations, whereas Co, Ni, Cu, and Cd were generally
released at much lower levels. Mn concentrations ranged from 3.19 to 5.05 mg/L in the PRT leachates and increased
to 7.50–8.62 mg/L following pyrite removal, whereas Zn decreased markedly from 0.70–1.19 mg/L in PRT to 0.01–
0.26 mg/L in FLT. Similar decreases were observed for Co and Cd, while Cu showed a relative increase in the FLT
leachates, although its concentrations remained substantially lower than those of Mn. These contrasting trends
indicate that selective pyrite removal substantially reduced the mobility of some sulfide-associated elements,
particularly Zn, Co, and Cd, but did not uniformly decrease the release of all elements.

4.2. Water-quality assessment of the leachates
The environmental significance of the leachate compositions was evaluated by comparison with the surface-water
quality classes defined in RG 28483 (53) and the drinking-water guideline values of TS266, WHO, USEPA, and EC
(Table 1).
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Table 1
Element concentrations in PRT and FLT leachates obtained from contact leaching tests and comparison with

selected water-quality criteria (mg/L)

TS266a pH
(20°C)

Al Cd Co Cr Cu Fe Mn Ni Pb Zn

6.5–
9.5

0.2 0.005 0.05 0.05 2 0.2 0.05 0.02 0.01 5

WHOb 6.5-8.0 0.1 0.003 Ø 0.05 2 0.3 0.1 0.02 0.01 3

USEPAc 6.5–
8.5

0.2 0.005 Ø 0.1 1 0.3 0.05 Ø 0.015 5

ECd 6.5–
9.5

Ø 0.005 Ø 0.05 2 0.2 0.05 Ø 0.01 Ø

Quality Classification of the Intra-Continental Water Resources*

I 6.5–
8.5

≤ 
0.3

≤ 0.002 ≤ 0.01 ≤ 
0.02

≤ 0.02 ≤ 
0.3

≤ 0.1 ≤ 0.02 ≤ 0.01 ≤ 0.2

II 6.5–
8.5

≤ 
0.3

0.005 0.02 0.05 0.05 1 0.5 0.05 0.02 0.5

III 6.0–
9.0

1 0.007 0.2 0.2 0.2 5 3 0.2 0.05 2

IV < 6.0 or
> 9.0

> 1 > 0.007 > 0.2 > 0.2 > 0.2 > 5 > 3 > 0.2 > 0.05 > 2

Samples PRT tailings

ALG 1T 6.86 LOQ 0.0048 0.0046 LOQ 0.0006 LOQ 5.05 0.010 LOQ 1.19

ALG 2T 6.45 LOQ 0.0037 0.0044 LOQ 0.0005 LOQ 4.33 0.012 LOQ 1.06

ALG 3T 6.87 LOQ 0.0035 0.0036 LOQ 0.0003 LOQ 3.65 0.008 LOQ 0.90

ALG 4T 6.82 LOQ 0.0035 0.0033 LOQ 0.0002 LOQ 3.27 0.007 LOQ 0.91

ALG 5T 6.64 LOQ 0.0032 0.0034 LOQ 0.0003 LOQ 3.39 0.008 LOQ 0.86

ALG 6T 6.69 LOQ 0.0034 0.0036 LOQ 0.0001 LOQ 3.31 0.009 LOQ 0.93

ALG 7T 6.77 LOQ 0.0040 0.0042 LOQ 0.0004 LOQ 4.29 0.012 LOQ 1.08

ALG 8T 6.77 LOQ 0.0040 0.0042 LOQ 0.0001 LOQ 4.32 0.011 LOQ 0.99

ALG 9T 6.89 LOQ 0.0035 0.0035 LOQ 0.0001 LOQ 3.47 0.007 LOQ 0.85

ALG 10T 6.58 LOQ 0.0037 0.0028 LOQ 0.0015 LOQ 3.19 0.007 LOQ 0.70

  FLT tailings

ALG 1PS 7.07 LOQ 0.0010 0.0005 LOQ 0.0624 LOQ 7.50 0.020 LOQ 0.26

*Regulation on Surface Water Quality Management, the Turkish Standards, 30.11.2012, number 28483 (revision:
RG-15.4.2015–29327). LOQ: Limit of Quantitation, 0.25 mg/L for Ca and Mg, and 0.01 mg/L for other elements.
Elements that leach into the water in high concentrations upon contact are shown in bold. PRT waste: Pyrite
flotation waste, and FLT waste: Represents waste samples after pyrite (desulfurized) flotation. a: Turkish
Standards (TS266, 2005), b: World Health Organization, c: United States Environmental Protection Agency, d:
European Community indicate the permitted maximum values.
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TS266a pH
(20°C)

Al Cd Co Cr Cu Fe Mn Ni Pb Zn

6.5–
9.5

0.2 0.005 0.05 0.05 2 0.2 0.05 0.02 0.01 5

ALG 2PS 7.01 LOQ 0.0010 0.0003 LOQ 0.0107 LOQ 8.28 LOQ LOQ 0.01

ALG 3PS 7.16 LOQ 0.0010 0.0003 LOQ 0.0156 LOQ 8.62 LOQ LOQ 0.05

ALG 4PS 7.22 LOQ 0.0010 0.0004 LOQ 0.0171 LOQ 8.33 0.002 LOQ 0.07

ALG 5PS 7.25 LOQ 0.0009 0.0003 LOQ 0.0052 LOQ 7.76 LOQ LOQ 0.01

*Regulation on Surface Water Quality Management, the Turkish Standards, 30.11.2012, number 28483 (revision:
RG-15.4.2015–29327). LOQ: Limit of Quantitation, 0.25 mg/L for Ca and Mg, and 0.01 mg/L for other elements.
Elements that leach into the water in high concentrations upon contact are shown in bold. PRT waste: Pyrite
flotation waste, and FLT waste: Represents waste samples after pyrite (desulfurized) flotation. a: Turkish
Standards (TS266, 2005), b: World Health Organization, c: United States Environmental Protection Agency, d:
European Community indicate the permitted maximum values.

The pH values of all FLT leachates and all but one PRT sample (ALG2T; pH = 6.45) fell within the generally accepted
range of 6.5–8.5/9.5, confirming the predominantly near-neutral character of the leachates. In contrast, Mn
represented the principal water-quality concern, with concentrations of 3.19–5.05 mg/L in PRT and 7.50–8.62 mg/L
in FLT, substantially exceeding the relevant guideline values. Most other potentially toxic elements remained within
the respective drinking-water limits or below the limit of quantification. The distribution of selected potentially toxic
metals relative to the TS266 maximum acceptable limits is illustrated in Fig. 5. However, some element-specific
differences were evident: Zn concentrations in PRT leachates exceeded the Class II surface-water criterion but
remained below drinking-water limits, while Cd in PRT exceeded the WHO guideline value although remaining below
the TS266, USEPA, and EC limits. Overall, the results indicate that Mn, rather than generalized metal release, is the
dominant short-term water-quality constraint for both tailing types.

Beyond the regulatory comparison, the leachate chemistry was also evaluated in terms of its general mine-drainage
characteristics. The PRT leachates correspond predominantly to a near-neutral/low-metal drainage type,
characterized by near-neutral pH, moderate Zn concentrations, and generally low concentrations of Cu, Fe, Al, Cd, and
Ni. Following selective pyrite removal, the FLT leachates shifted toward a more buffered/low-metal drainage
character, with slightly higher pH and markedly lower concentrations of Zn and other sulfide-associated metals. This
shift indicates that desulfurization improved the overall short-term drainage quality by reducing the mobility of
several metal contaminants. However, the persistence and increase of Mn in the FLT leachates demonstrate that
selective pyrite removal did not uniformly decrease the release of all dissolved constituents.

The mine-drainage characteristics of the leachates were further evaluated using the Ficklin geochemical
classification diagrams, in which the sum of dissolved base metals (Zn + Cu + Cd + Pb + Co + Ni) is plotted against pH
(54–56). Both PRT and FLT leachates plot within the Neutral Mine Drainage field and predominantly occupy the near-
neutral/low-metal domain (Fig. 6). However, the PRT samples display systematically higher total base-metal
concentrations than the FLT samples, indicating a shift toward lower-metal drainage conditions following selective
pyrite removal. In the process-control diagram, the samples show trends broadly consistent with increasing dilution
by surface water and decreasing carbonate influence, while the PRT samples remain relatively closer to the higher-
metal side of the distribution (Fig. 6). Overall, the Ficklin classification supports the contact-leaching results by
showing that selective pyrite removal reduces the short-term dissolved base-metal load of the tailings without
producing acidic drainage under the tested conditions.
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4.3. Assessment of acid-base accounting (ABA)
The acid–base accounting (ABA) results for the PRT and FLT are summarized in Table 2. Paste pH values ranged
from 7.9 to 8.0 in the PRT samples and from 7.5 to 8.7 in the FLT samples, indicating neutral to alkaline conditions in
both groups. According to commonly used static-test criteria, paste pH values above 7 generally indicate a low
tendency for acid generation (57). However, paste pH alone does not adequately represent the balance between acid-
generating and acid-neutralizing components of mine wastes. More importantly, total sulfur contents decreased
markedly from 10.6–14.7 wt.% (mean = 12.86 wt.%) in PRT to 0.8–1.8 wt.% (mean = 1.44 wt.%) in FLT following
selective pyrite flotation. This corresponds to an approximately 89% decrease in mean total sulfur content and
demonstrates the effective removal of sulfur-bearing phases during desulfurization. Accordingly, the acid-generation
characteristics of the tailings were further evaluated using acid potential (AP), neutralization potential (NP), net
neutralization potential (NNP), and neutralization potential ratio (NPR).
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Table 2
Acid–base accounting (ABA) parameters and calculated acid-generation indices for pyrite-rich (PRT) and

desulfurized (FLT) tailings.
Unit Paste

pH
TIC1 Carbonate

(CaCO3)

Sulphur

(Total
S)

Sulphide

(S2−)

Sulfate

(SO4
2−)

NP2 AP3 NNP4 NPR5

– wt.% wt.% wt.% wt.% wt.% kg/t
CaCO3

kg/t
CaCO3

kg/t
CaCO3

−

Samples PRT tailings

ALG-1 8.0 93.3 12.4 10.6 0.9 0.3 213 331 -119 0.64

ALG-2 8.0 93.0 12.2 14.0 1.0 0.3 165 438 -273 0.38

ALG-3 8.0 93.3 12.7 14.2 0.9 0.4 213 444 -231 0.48

ALG-4 7.9 93.3 12.1 14.7 1.2 0.4 160 459 -299 0.35

ALG-5 8.0 93.1 13.0 10.6 0.7 0.3 230 331 -101 0.69

ALG-6 8.0 92.5 11.9 13.9 1.8 0.2 218 434 -216 0.50

ALG-7 8.0 93.5 11.6 11.0 0.9 0.5 201 344 -143 0.59

ALG-8 8.0 93.2 12.2 12.6 0.9 0.4 179 394 -214 0.46

ALG-9 8.0 93.5 11.4 13.5 1.0 0.4 211 422 -211 0.50

ALG-10 8.0 92.7 11.4 13.5 0.9 0.4 213 422 -209 0.51

  FLT tailings

ALG-
1PS

8.0 96.5 12.3 1.8 < 1 0.3 163.1 55.3 107.8 2.95

ALG-
2PS

7.5 96.8 14.1 1.8 < 1 1.1 199.4 54.7 144.7 3.65

ALG-
3PS

8.7 96.1 12.8 1.6 < 1 0.1 176.2 50.6 125.6 3.48

ALG-
4PS

7.8 96.6 12.1 0.8 < 1 1.4 164.4 24.1 140.3 6.82

ALG-
5PS

7.7 96.5 13.0 1.2 < 1 0.9 187.5 39.1 148.4 4.80

1TIC (%): Total incombustible content. 2NP: Neutralization potential determined by titration (60). 3AP: Acid
potential calculated from total sulfur content (AP = Total S × 31.25) (60). 4NNP: Net neutralization potential (NNP 
= NP − AP). 5NPR: Neutralization potential ratio (NPR = NP/AP)

Acid potential showed a pronounced decrease following selective pyrite removal. Based on the laboratory calculation
procedure (AP = total S × 31.25), AP values ranged from 331 to 459 kg CaCO3/t in the PRT samples but decreased to
24.1–55.3 kg CaCO3/t in the FLT samples (Table 2), corresponding to an approximately 89% reduction in mean AP. In

contrast, NP remained comparatively high in both groups, ranging from 160 to 230 kg CaCO3/t in PRT and from 163.1
to 199.4 kg CaCO3/t in FLT. Consequently, NNP values shifted from strongly negative values of − 299 to − 101 kg
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CaCO3/t in PRT to strongly positive values of 107.8–148.4 kg CaCO3/t in FLT. According to the widely used criterion
of (58), materials with NNP < − 20 kg CaCO3/t are considered potentially acid-generating, whereas those with NNP > 
+ 20 kg CaCO3/t are classified as non-acid-generating. Accordingly, all PRT samples plot within the acid-generating

field, whereas all FLT samples plot well within the non-acid-generating field (Fig. 7a). This marked reversal in NNP
demonstrates that selective pyrite removal substantially altered the balance between acid production and
neutralization in favor of net neutralization.

A similar distinction is evident from NPR values, which express the ratio of neutralization potential to acid potential
(NP/AP). Brodie et al (59) proposed NPR < 1 for acid-generating materials, NPR > 3 for non-acid-generating materials,
and values between 1 and 3 as an uncertain range for which further kinetic evaluation may be required. The PRT
samples yielded consistently low NPR values of 0.35–0.69 (mean = 0.51), confirming their strong acid-generating
character (Fig. 7b). In contrast, NPR values increased to 2.95–6.82 (mean = 4.34) after selective pyrite removal. Four
of the five FLT samples exceeded the NPR = 3 non-acid-generating thresholds, whereas one sample (ALG-1PS; NPR = 
2.95) plotted immediately below this boundary. Notably, this borderline sample still exhibited a strongly positive NNP
of 107.8 kg CaCO3/t, indicating substantial excess neutralization capacity. Thus, when NNP and NPR are considered
together, the FLT samples show a pronounced transition from acid-generating to predominantly non-acid-generating
behavior following desulfurization.

Collectively, the ABA results provide strong evidence that selective pyrite flotation substantially reduces the intrinsic
acid-generation potential of the tailings. Although paste pH remained near-neutral to alkaline in both PRT and FLT
samples, the untreated PRT samples retained high sulfur contents, high AP values, strongly negative NNP values, and
NPR values consistently below 1, all of which indicate a considerable potential for future acid generation. Following
desulfurization, the marked reduction in sulfur and AP, combined with persistently high NP, resulted in strongly
positive NNP values and predominantly NPR > 3. These results demonstrate that the environmental benefit of pyrite
removal is not simply reflected by short-term pH conditions but, more importantly, by a fundamental shift in the
balance between acid-producing and neutralizing components. Together with the contact-leaching results, the ABA
data therefore indicate that selective pyrite removal can substantially improve the geochemical stability of sulfide-
rich tailings and reduce their potential to generate AMD during subsequent storage or reuse.

4.4. Mineralogical and geochemical characterization of the
tailings
XRD analyses revealed clear mineralogical differences between the PRT and FLT samples (Fig. 8). The PRT sample is
characterized mainly by quartz, pyrite, clinochlore, albite, gypsum, and bassanite, with distinct pyrite reflections
confirming the presence of sulfide-bearing phases (Fig. 8a). Under oxidizing conditions, pyrite can generate sulfate
and acidity through its reaction with oxygen and water. Thereby promoting a decrease in pH and potentially
enhancing metal mobility. The occurrence of gypsum and bassanite further indicates the presence of sulfate-bearing
phases and may reflect previous or ongoing sulfide oxidation. In contrast, the FLT sample contains quartz and
residual pyrite together with magnesium calcite, corundophilite, willhendersonite, clinoenstatite, amesite-2A, and
albite (Fig. 8b). Although pyrite was not completely removed, magnesium calcite may contribute to acid
neutralization, while the associated silicate minerals may provide additional buffering capacity during longer-term
water–rock interaction. This mineralogical contrast is consistent with the lower acid-generation tendency and greater
neutralization capacity of the FLT material indicated by the ABA results.

The XRF data supports the mineralogical differences observed by XRD (Table 3). The PRT sample is dominated by
SiO2 (43.72 wt.%), Fe2O3 (14.20 wt.%), CaO (10.38 wt.%), Al2O3 (9.39 wt.%), and MgO (7.97 wt.%), whereas the FLT
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sample contains 34.45 wt.% SiO2, 15.53 wt.% Fe2O3, 8.71 wt.% Al2O3, 7.63 wt.% CaO, and 7.42 wt.% MgO. More
importantly, SO3 decreases from 3.72 wt.% in PRT to 1.23 wt.% in FLT, corresponding to an approximately 67%
reduction following selective pyrite flotation. This decrease is consistent with the removal of sulfur-bearing phases
and with the lower total sulfur and acid potential determined by ABA. The substantially higher loss on ignition of the
FLT sample (22.14 wt.%, compared with 7.18 wt.% in PRT) may reflect a greater contribution from volatile-bearing,
hydrated, and/or carbonate phases, although LOI alone cannot uniquely identify their mineralogical source. Taken
together, the XRD and XRF results indicate that selective pyrite removal produced a clear mineralogical and chemical
modification of the tailings toward a composition with lower sulfur content and potentially greater geochemical
stability.

Table 3
XRF-determined chemical compositions of PRT and FLT tailings (wt.%)

Component PRT Tailings FLT Tailings   Component PRT Tailings FLT Tailings

Fe2O3 14.199 15.528   PbO 0.014 0.011

SiO2 43.718 34.450   CuO 0.014 0.023

Al2O3 9.392 8.714   NiO 0.002 0.003

CaO 10.376 7.631   Cr2O3 0.037 0.041

MgO 7.972 7.424   V2O5 0.016 0.016

Mn3O4 1.146 0.966   BaO 0.007 0.010

SO3 3.717 1.230   P2O5 0.089 0.070

Na2O 1.003 0.843   ZrO2 0.002 0.002

K2O 0.603 0.508   SrO 0.012 0.010

TiO2 0.344 0.274   LOI 7.177 22.140

ZnO 0.162 0.111        

Conclusion
Selective pyrite flotation substantially modified the geochemical and environmental behavior of the sulfide-rich
tailings investigated in this study. The short-term contact leaching tests showed that both PRT and FLT produced
predominantly near-neutral leachates, while desulfurization shifted the pH toward slightly more alkaline conditions.
Selective pyrite removal markedly reduced the short-term mobility of several sulfide-associated elements, particularly
Zn, Co, and Cd. However, Mn remained the principal water-quality concern and showed higher concentrations in the
FLT leachates. Ficklin classification further indicated that both tailing types exhibited near-neutral/low-metal drainage
characteristics under the tested conditions, with FLT showing a clear shift toward lower dissolved base-metal loads.

The ABA results provided the strongest evidence of reduced acid-generation potential following desulfurization. Total
sulfur decreased from 10.6–14.7 wt.% in PRT to 0.8–1.8 wt.% in FLT, accompanied by a pronounced decrease in acid
potential. Accordingly, strongly negative NNP values in PRT changed to strongly positive values in FLT, while NPR
increased from consistently acid-generating values below 1 to predominantly non-acid-generating values around or
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above 3. These results demonstrate that selective pyrite removal substantially shifts the acid–base balance of the
tailings toward net neutralization.

The mineralogical and chemical data support these findings. XRD and XRF results indicate a marked reduction in
sulfur-bearing phases after flotation, together with the persistence of carbonate- and silicate-bearing phases capable
of contributing to buffering reactions. The decrease in SO3 from 3.72 wt.% in PRT to 1.23 wt.% in FLT is consistent
with the reduction in total sulfur and acid potential determined by ABA. Collectively, the results show that selective
pyrite flotation can substantially reduce the AMD potential of sulfide-rich tailings and improve their geochemical
stability, thereby supporting their safer storage and potential reuse in sustainable mine-waste management
applications.
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Figure 1

(a) The main tectonic structures of Türkiye and the surrounding area, including the metallogenic belt (modified after
29). (b) Detailed geological maps of the study area
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Figure 2

Representative microscopic images of ore mineral assemblages from the study area, showing pyrite, sphalerite,
magnetite, calcite, and clinopyroxene.
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Figure 3

Representative field observations and materials used in this study. (a) tailings storage facility, (b) sulfide-rich
mineralization in an underground gallery, (c) flotation tailing samples, (d) Fe-rich secondary precipitates related to
sulfide oxidation, and (e) laboratory-prepared samples for mineralogical, geochemical, and AMD analyses.
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Figure 4

Selective pyrite flotation process. (a) schematic illustration of the two-stage rougher-cleaner flotation circuit used to
produce the final pyrite concentrate and desulfurized flotation tailings (FLT), and (b) representative laboratory-scale
pyrite flotation experiment.

Figure 5

Boxplots showing summary statistics for selected potentially toxic element concentrations in filtered leachates from
(a) PRT and (b) FLT samples, compared with the maximum acceptable limits of TS266.
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Figure 6

Ficklin geochemical classification diagram showing the distribution of PRT and FLT leachates. Numbered arrows
indicate the principal controls on mine-drainage chemistry: (1) increasing base-metal sulfide content, (2) increasing
pyrite content, (3) increasing carbonate content, and (4) increasing dilution by surface water. Classification fields are
based on (54) and (55-56) and grey area adapted from (56).
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Figure 7

Classification of the acid-generation potential of PRT and FLT samples based on acid-base accounting parameters.
(a) Paste pH vs Net Neutralization Potential (NNP) and (b) Acid Potential (AP) vs Neutralization Potential (NP).
Classification criteria are based on (58-59), respectively.
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Figure 8

X-ray diffraction (XRD) patterns of (a) pyrite-rich flotation tailings (PRT) and (b) desulfurized flotation tailings (FLT),
illustrating the mineralogical changes associated with selective pyrite removal.
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