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Abstract
The mining wastes coming from Sidi Kamber mine stored at the surface are exposed to weathering conditions, which favour 
the leaching of toxic metals into the environment. This situation presents serious risks for humans and ecosystems. To better 
understand this problem, eight representative samples of Sidi Kamber mine tailing were taken from the surface along two 
vertical trenches and tested using static and dynamic leaching tests. The studied samples present a wide diversity in terms of 
particle size distribution, mineralogical and chemical compositions. These parameters may greatly affect the reaction rates. 
The mineralogical investigations show the presence of various sulphide minerals, such as pyrite, galena, sphalerite and chal-
copyrite which are present in either free and/or associated with gangue minerals (i.e. quartz, albite, chlorite and muscovite). 
Moreover, the presence of only minerals with low neutralizing potential such as silicates, promotes the acid mine drainage 
generation, which is characterized by high concentrations of metals and sulphates. Leaching tests showed an acidic pH and 
the release of some toxic contaminants (i.e., Pb, Zn and Cu), which exceed the recommended limits (Algerian regulation 
law for industrial wastewater and US EPA thresholds).
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1  Introduction

During mining and refining operations, the mining industry 
produces large amounts of mine wastes (tailings and waste 
rocks) (Förstner 1999). In the case of ore deposits with high 
tonnage and low grade, several million tons of mine wastes 

could be generated (Lottermoser 2010). In fact, a large part 
of the total mined materials is called gangue minerals (i.e., 
silicates, sulphides, oxides, carbonates, etc.), that is gen-
erally stored at the surface. Under atmospheric conditions, 
some iron sulphide minerals (pyrite and pyrrhotite) generate 
acid mine drainage (AMD), which may cause many serious 
environmental problems. The AMD is characterized by high 
acidity and concentration of metals and sulphates, which 
exceed the regulation limits (Benzaazoua et al. 2004; Bus-
sière 2007). The generation of AMD is mainly controlled 
by: (i) type and amount of sulphide and carbonate minerals 
(Blowes et al. 2014), (ii) presence or absence of microorgan-
isms, oxygen and carbon dioxide concentration, temperature, 
pH, and Eh (Dold 2017; Edahbi et al. 2018a). The AMD-
generating potential of the mine wastes is the most important 
factor that determines the rehabilitation strategy regarding 
the mine closing and costs of the associated reclaiming. For 
example, the costs of the reclamation of acid-generating 
mine tailings in Canada are between 100,000 $ and 250,000 
$ per hectare, while they are generally between 2000 and 
20,000 $ per hectare for tailings that are not acid generating 
(Villeneuve 2004).
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To predict the environmental behaviour of tailings, two 
type of tests are used, static and kinetic testing. The static 
test also called acid–base accounting (ABA) is a screening 
method used to determine the acid generation potential and 
acid-neutralization potential of mine wastes (Lawrence and 
Wang 1996; Bouzahzah et al. 2014). However, it does not 
allow to determine acid production or neutralization rates, as 
it requires kinetic tests like humidity cells, weathering cells, 
columns test, and field tests (Chotpantarat 2011; Parbhakar-
Fox and Lottermoser 2015; Edahbi et al. 2018b). Further-
more, there are other tests such as leaching tests, which are 
used to assess the metals released into the environment. The 
leaching tests are used to remove soluble components from 
a solid matrix as defined by Kim (2003); they are classified 
into two categories: the batch and the dynamic leaching tests 
(Bassolé 2016; Washington State Department of Ecology 
2003). The principal leaching tests used are as follows: the 
toxicity characteristic leaching procedure (TCLP), the syn-
thetic precipitation leaching procedure (SPLP), the CTEU-9 
test, and the CTEU-10 test.

In Algeria, most of the base metal mines are closed and 
the main mining complexes are Ouenza, Boukhadra, Rouina, 
Khenguet and Anini (iron mines) and Djebel Onk phos-
phate mines (Taib 2014). Because of the decrease in mining 
activity, large volumes of sulphide tailings were abandoned 

without any environmental management plan. The most 
problematic sites are: Kef Oum Teboul (Cu–Pb–Zn), Bou-
doukha (Pb–Zn), and Sidi Kamber (Pb–Zn). In the pre-
sent study, only the Sidi Kamber Pb–Zn mine was studied. 
Indeed, this site is considered as one of the most problematic 
mine sites, because the mining effluent is close to the Essouk 
River (Medjram and Malika 2014), which flows into the 
Guenitra dam. Thus, the objective of this paper is to study 
the geochemical behaviour of Sidi Kamber Pb–Zn mine 
wastes to determine the acid-generating potential of the stud-
ied tailings and to assess the metals released into the envi-
ronment. The results of this study can address knowledge 
gaps associated with abandoned mine wastes in Algeria and 
contribute to understanding their environmental behaviour.

2 � Presentation of the study area

The Sidi Kamber mine (zinc–lead–barium) which covers 
3 km2 is located in the Mediterranean coastline of Alge-
ria (Fig. 1a) at approximately 36 km eastern to Skikda city 
(Lesser Kabylia Massif). The study area is characterized by 
a sub-humid Mediterranean climate (an average annual rain-
fall of around 650 mm) (Mebarki 2005). Furthermore, the 
mine site is located in the Oued Es-Essouk sub-watershed 

Fig. 1   Location and simplified 
geological map of the study 
area; a simplified geological 
map of the study area (Mah-
djoub et al. 1997); b location of 
mine site; c photography show-
ing an overview of the mine 
site, processing plant, tailings 
piles and tailings dam
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(12.49 km2), which supplies the Guenitra dam (Fig. 1b). 
Effluents coming from the Sidi Kamber mine could affect 
the water quality of Guenitra dam, which is used for drinking 
and irrigation in the Skikda city (Boukhalfa and Chaguer 
2012).

The mined ore deposit is composed of eight quartz veins 
mainly hosted in gneiss and granulite formations of the met-
amorphic Precambrian Kabylian basement (Mahdjoub et al. 
1997; Aubouin et al. 2018). The mineralization is constituted 
of sulphide minerals such as pyrite, pyrrhotite, marcasite, 
sphalerite and galena, while gangue minerals consist of mag-
netite and barite (Bolfa 1948).

Ore deposits were mined first in 1889 by the “Société 
des mines de Sidi Kamber” which continued until 1961. In 
1966, the national company SONAREM restarted the min-
ing activity (currently ORGM). During this period, the pro-
cessing plant produced ore concentrate upto 60% zinc and 
83% lead. The concentrations of Pb and Zn within ore miner-
als were 17.66% and 18.88%, respectively (ORGM 1971). 
The ore was processed by crushing and milling followed 

by gravimetric separation for galena, while sphalerite was 
extracted using the flotation process (36,000  t/year). In 
1976, mining for lead and zinc was abandoned and barite 
was exploited by open-cast mining followed by gravimet-
ric separation. In 1984, the ore-extracting activities of Sidi 
Kamber mine ceased and the mine was definitively closed 
(Oumdjbeur 1986).

During the ore enrichment process, two types of tail-
ings were generated and disposed in two mine waste stor-
age areas (Fig. 1c): flotation tailings, stored in the tail-
ings dam (5 ha), across the Essouk river (Fig. 2a, b) and 
gravimetric tailings stored in piles (3 ha) near the flotation 
plant (Fig. 2c, d). During mining and refining operations, 
the mine wastes were deposited on the surface without 
environmental management strategies. Consequently, the 
tailings were exposed to natural weathering (such as dis-
solution, mineral oxidation, etc.). The oxidized tailings are 
of rust orange and yellowish colour.

Fig. 2   Photographs of the Sidi 
Kamber mine site indicating 
sampling stations (T1 and T2) 
and AMD contamination; a 
flotation tailings dam; b AMD 
issued from oxidized tailings, 
c gravimetry tailings piles; d 
AMD occurrence from gravim-
etry tailings
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3 � Materials and methods

3.1 � Sampling

A total of eight representative samples were collected from 
the sampling station in the mine site (Fig. 3a) in accord-
ance with the US EPA Operating Protocol for Soil Sam-
pling (USEPA 2014).

Trench 1 (T1) was excavated within the flotation tail-
ings showing a wide variety of coloration with depth 
(Fig. 3b). The oxidized tailings were orange–brown, while 
the unoxidized tailings were grey–white. The sampling 
methodology used is as follows: the sample SK1 was col-
lected at a depth of 10 cm in the oxidized horizon, the 
samples SK2 and SK3 at 20 and 30 cm, respectively, and 
finally SK4 was collected in the unoxidized horizon at 
50 cm. In the Trench 2 (T2), where gravimetry tailings 
were sampled, there is no variation in terms of coloration 
(Fig. 3c) and that is why the sample SK5 was taken at the 
surface (10 cm), while other samples SK6, SK7 and SK8 
were taken at different depth levels with 10 cm intervals 
(30, 40, and 50 cm). All samples were carefully collected 
and stored in double-sealed plastic bags after air evacua-
tion. The fine tailings were dried in an oven at 40 °C. In 
the laboratory, samples were homogenized, quartered and 
then stored in plastic bags and hermetically sealed.

Field observations showed that secondary weathering 
products in the study area consist of hardpan crusts and 
efflorescent salts (Fig. 3d). The presence of these miner-
als is the mineralogical expression of the AMD process 

(Hakkou et al. 2008). Moreover, during the oxidation–neu-
tralization reactions, significant amount of metals could be 
released into the drainage water (Lottermoser 2010). Once 
leached in the solution, metals can be sorbed and/or pre-
cipitated as secondary minerals depending on the solution 
composition, pH, and Eh (Dinelli and Tateo 2001). Based 
on the colour of the materials, various representative sam-
ples were collected for mineralogical analyses.

3.2 � Analytical methods

Particle size distribution was carried out at the department 
of geology (USTHB) using a Horiba-Partica LA-950V2 Par-
ticle Size Distribution Analyser.

The major elements’ (Si, Al, Ca, K, Fe, Mg, Na, Ti and 
Mn) contents were determined at the Department of Engi-
neering and Mineral Resources of Kyushu University (Japan) 
with X-ray fluorescence spectrometer, RIGAKU RIX 3100. 
The precision of the measurements was verified using the 
pulse height analysis (PHA) test and a standard reference 
material (Ja-3; Japanese Andesite) before starting the analy-
sis (Imai et al. 1995).

Total sulphur contents were measured using an induction 
furnace analyser (ELTRA CS-2000).

Trace elements (Zn, Pb, Cu, Ba and Cd) for samples com-
ing from T1 were analysed after HNO3/Br2/HF/HCl diges-
tion (Potts 1987), using inductively coupled plasma with 
atomic emission spectroscopy (ICP-AES) Perkin Elmer 
Optima 3100 RL with a precision of approximately 5%.

Total sulphur content and trace element analyses were 
carried out in the Institute of Research in Mines and 

Fig. 3   Geographical map of the 
Sidi Kamber mine site showing 
the location of sampling points; 
a sampling station in the mine 
site; b Trench 1 (T1); c Trench 
2 (T2); d sampling station of 
secondary minerals
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Environment (IRME) of the University of Quebec in Abitibi-
Temiscamingue (UQAT).

Atomic absorption spectroscopy (ICE 3000 Series type 
thermo-Fisher Scientific) of the national company of mining 
research in Algeria (ORGM) was used to analyse trace ele-
ments (Zn, Pb, Cu, Ba and Cd) content in samples coming 
from T2. The accuracy is checked by analysis of each Perkin 
Elmer atomic spectroscopy calibration standard solution.

The elemental analysis is done in duplicate to evaluate 
the repeatability of the results. In the absence of a specific 
Algerian regulation law for industrial soils, the obtained 
results are compared to regulatory limits imposed by Italian 
environmental laws (DL 152/2006; Tlil et al. 2016) and to 
crustal abundances (Rankin 2009).

For mineralogical observations, eight polished sections 
from bulk samples were prepared. As the first step, the min-
eralogy was determined using an optical microscope (Zeiss 
Axio imager M2). The observations were focused on sul-
phide minerals. A Hitachi S-3500N scanning electron micro-
scope (SEM), equipped with a microanalysis system (energy 
dispersive spectroscopy, or EDS) was used to complete the 
mineralogical observations and to determine the stoichio-
metric measurements. The semi-quantitative mineralogy was 
also performed, using a Bruker AXS. D8 Advance X-ray dif-
fraction (XRD) instrument equipped with a copper anticath-
ode (detection limit of 0.5–1 wt%). The mineral semi-quanti-
fication was determined using a Rietveld fitting of the XRD 
data with the EVA and TOPAS software (Young 1995). All 
mineralogical observations were carried out in the Institute 
of Research in Mines and Environment (IRME) of the Uni-
versity of Quebec in Abitibi-Temiscamingue (UQAT).

3.3 � Static tests

Two types of static tests were carried out at the National Pol-
ytechnic School (Algiers, Algeria), to measure the acidic and 
neutralization potentials of the sampled tailings. The paste 
pH test was also used to provide an indication of the nature 
of the studied tailings in terms of pH (Lapakko 2002). The 
paste pH test (Sobek et al. 1978) consists of 20 g of samples 
(less than 1 mm) placed in 50 mL beakers. Water of the 
same mass as the sample (1:1 solid/solution ratio) is added 
and mixed for 10 s to make a paste. The paste pH was then 
measured by inserting a pH electrode into the paste. The pH 
value below four indicates that the sample is acid generating.

The acid–base accounting (ABA) static test was deter-
mined to predict the acid-generating potential of tailings. 
ABA measures the balance between the acid-producing 
potential (AP) and neutralizing potential (NP) of a given 
sample. The NP tests were run in duplicate using the Law-
rence and Wang (1996) static test which is better known as 
the modified Sobek test static test (Sobek et al. 1978). In this 
method, a 250 mL flask with 90 mL of distilled water and 

2.00 g of pulverized sample is placed on a shaking appara-
tus at room temperature. According to the fizz rating test 
(Bouzahzah et al. 2015), a volume of 1.0 N HCl solution is 
added at t = 0 h and t = 2 h to the samples. It should be noted 
that in Sobek et al.’s (1978) test, the sample was boiled in 
HCl, while the modified Sobek test as proposed by Lawrence 
and Wang (1996) exposed the sample to room temperature 
(Dold 2017). After approximately 22 h, the pH of the pulp 
is checked to be in agreement with the Lawrence and Wang 
(1996) protocol. At t = 24 h, distilled water is added to the 
flask to bring the volume to 125 mL. The residual acid is 
then back titrated to a defined end point of pH of 8.3 with 
certified 0.5 or 0.1 N NaOH. The NP of the sample was cal-
culated using Eq (1); results were expressed in kg CaCO3/t.

where NP is the kg CaCO3/t, 50 is conversion factor, a is the 
HCl normality (mol/L), b is the NaOH normality (mol/L), x 
is the HCl volume (mL), y is the NaOH volume (mL), and c 
is the sample mass (g).

AP, also expressed in kg CaCO3/t, was calculated using 
the total sulphur fraction (%S) and Eq (2); results were also 
expressed in kg CaCO3/t.

The net neutralization potential (NNP = NP–AP) was cal-
culated. NNP values < − 20 kg CaCO3/t indicate an acid-pro-
ducing material, whereas when the NNP > 20 kg CaCO3/t, 
the material is considered acid consuming. Hence, an uncer-
tainty zone exists, when NNP is between − 20 and 20 kg 
CaCO3/t (Miller et al. 1991; SRK 1989). NP/AP ratio can 
be also used to evaluate the AMD production potential of 
mine wastes. Typically, the material is considered non-acid 
generating (NP/AP > 2.5), uncertain (2.5 > NP/AP > 1), and 
acid generating (NP/AP < 1) (Adam et al. 1997).

3.4 � Environmental leaching tests

Leaching tests, CTEU-9 (Expertise Center in Environmen-
tal Analysis of Quebec 2012) and the toxicity characteristic 
leaching procedure (TCLP) (USEPA 1992), were performed 
at the Institute of Research in Mines and Environment 
(IRME) of the University of Quebec in Abitibi-Temis-
camingue (UQAT) to remove potentially toxic elements 
from their matrix under specific conditions. Four samples 
were used to conduct the leaching test on Sidi Kamber mine 
wastes; for every trench, two samples were selected: one 
from the weathered tailings (oxidized horizon) and a second 
from fresh tailings (unoxidized horizon). In trench 1, SK1 
comes from the top and SK4 comes from the bottom. For 
trench 2, samples SK5, SK6, SK7 were mixed and homog-
enized, to obtain a representative composite sample, called 

(1)NP =
50

[

x − y(b∕a)
]

c

(2)AP = 31.25 × %Ssulphide
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SK567, while SK8 was used to represent potential unoxi-
dized tailings.

The leaching behaviour of tailings in acidic environment 
was assessed using TCLP protocol (USEPA 1992). The sam-
ples were grinded and sieved to 9.5 mm as recommended 
in the TCLP protocol. These samples were placed in 1 L 
bottles containing 400 mL of the extraction solution with a 
solid/liquid ratio that is equal to 1:20. The bottles were then 
placed in a rotary system and agitated at a speed of 30 rpm 
during 18 h. The extraction solution N1, with a pH value of 
4.93, was used to accelerate the extraction of metals from all 
the samples. The leaching solution was selected after realiz-
ing a pretest consisting of an assessment of metals’ dissolu-
tion. After filtration and measuring pH and Ec, the residual 
leachates were acidified with 2% HNO3 and analysed by 
ICP-AES (Perkin Elmer Optima 3100 RL). The elemental 
concentrations were compared to regulatory limits fixed by 
Algerian regulation law for industrial wastewater (Décret 
exécutif 2006) and US EPA thresholds (USEPA 2009).

The CTEU-9 leaching test was used to determine the 
concentration of inorganic species which may be leached 
upon contact with water at a neutral pH. To do this, 40 g of 
solid was leached with 160 mL (the solid/liquid ratio is of 
1:4) of water in 1 L bottles and shaked for 7 days at room 
temperature. At the end of the CTEU-9 test, pH and Ec were 
measured after filtration using a 0.45 µm nylon filter. The 
leachates were acidified with 2% HNO3 and analysed by 

ICP-AES (Perkin Elmer Optima 3100 RL). Compositions of 
leachates were compared to Algerian regulation law limits 
for industrial wastewater (Décret exécutif 2006).

4 � Results and discussion

4.1 � Grain size

Figure 4 presents the grain size distributions of different 
samples. The grain size distribution shows a slight differ-
ence between the studied materials which may be related 
to ore processing changes during the lifetime of the mine. 
Table 1 summarizes the main grain size distribution param-
eters (D10, D50 and D90) of the studied tailings. For sam-
ples coming from trench T1 (SK1, SK2, SK3 and SK4), the 
D10 (10% passing) ranges from 0.53 µm to 19.42 µm, and 
the D90 is between 42.06 µm and 257.54 µm. The particle 
size distribution parameter D50 (50% passing) ranges from 
21.17 µm to 135.58 μm. According to Wentworth (1922), the 
tailings from T1 can be classified as fine sand.

By contrast, the samples coming from trench T2 (SK5, 
SK6, SK7 and SK8) have a fine to medium sand texture. D10 
is between 7.81 and 100.75 μm, D90 varies from 237.88 to 
465.37 μm, and the mean particle size (D50) ranges from 
122 to 250.27 μm.

Fig. 4   Particle size distribution 
of the Sidi Kamber mine wastes
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4.2 � Mineralogical characterization

Mineralogical characterization was performed by optical 
microscopy, scanning electron microscope (SEM), equipped 
with an energy-dispersive X-ray spectroscopy (EDS) probe 
(SEM-EDS) and X-ray diffraction (XRD). The mineralogi-
cal observation focuses on iron sulphides. Their oxidation 
produces S (as sulphates), metals and acidity, which could 
have an important influence as well as devastating effects 
on the environment (Jamieson et al. 2015). Moreover, the 
study also focuses on minerals that may provide acid-neu-
tralization capacities.

The optical observations (Fig. 5) showed that the main 
sulphide minerals are pyrite and galena with small amounts 
of hematite as iron oxides. The weathering products of 
sulphides are observed easily during optical and SEM 
observations. During the weathering process, a small fram-
boidal grain appears due to pyrite processing to hematite 
as oxidation products (Fig. 5a). Other secondary phases 
(i.e., iron oxides), resulting from pyrite oxidation through-
out its boundaries and internal fractures (Fig. 5b)  con-
firmed the weathering process. As shown in Fig. 5c and 
d, galena is also affected by the weathering process, which 

corresponds to secondary minerals coating of the weathered 
galena.

SEM–EDS analyses were performed to identify new 
phases not observed by optical microscopy (Fig. 6). Sili-
cate minerals (mainly quartz) (Fig. 6a, b), as well as other 
primary and secondary minerals such as barite (Fig. 6a, b) 
hematite (Fig. 6c) and sphalerite (Fig. 6d) were observed.

SEM–EDS analyses confirmed the weathering of sul-
phide minerals and the abundance of secondary minerals as 
oxidation products. Furthermore, a thin layer of iron oxide 
along the pyrite grain boundaries was observed (Fig. 6d). 
Other SEM–EDS observations also showed anglesite as a 
secondary sulphate, covering the surface of galena and barite 
(Fig. 6e, f).

In summary, the mineralogical observations using optical 
microscope and SEM–EDS analyses showed the advanced 
weathering of tailings from Sidi Kamber mine and the abun-
dance of secondary minerals as oxidation products. The 
precipitation of these secondary minerals at the surface of 
particles could affect the chemical and physical behaviour 
of the tailings.

Results issued from the XRD semi-quantitative analysis 
are summarized in Fig. 7. In all samples, aluminosilicates 
are abundant, which is in agreement with the gneiss nature 

Table 1   Grain size distribution 
parameters and major and 
trace element contents of the 
representative tailing samples

Flotation tailings Gravimetry tailings Italian limits Crustal 
abun-
danceT1 T2

SK1 SK2 SK3 SK4 SK5 SK6 SK7 SK8

Depth (cm) 10 20 30 50 10 30 40 50
Grain size parameters (µm)
 D10 2.01 0.53 6.9 19.42 7.81 36.67 42 100.75
 D50 55.21 21.17 117.33 135.58 122 246.99 250.27 211.06
 D90 149.25 42.06 240.71 257.54 237.88 460.14 465.37 328.23

Major elements (wt %)
 Stotal 2.98 3.6 2.7 1.2 5.25 2.76 5.16 5.05
 Si 20.45 21.17 26.65 30.04 21.97 23.54 24.69 24.09
 Al 7.28 4.59 8.05 8.82 5.29 7.04 7.89 4.27
 Ca 0.98 0.12 0.26 0.44 1.17 1.01 0.37 0.09
 K 1.42 1.56 3.25 4.43 0.89 1.14 4.39 1.65
 Fe 2.39 1.99 2.11 3.2 5.15 4.11 8.92 1.73
 Mg 0.25 0.18 0.76 0.74 0.23 0.15 0.89 0.11
 Na 0.36 0.26 0.54 0.68 0.32 0.24 1.03 0.39
 Ti 0.4 0.3 0.44 0.38 0.31 0.36 0.49 0.3
 Mn 0.01 0.02 0.02 0.03 0.02 0 0.02 0

Minor elements (mg/kg)
 Zn 1640 990 640 810 13,340 2528 277 1821 1500 70
 Pb 290 210 276 3080 842 835 177 3172 1000 14
 Cu 102 60 90 140 33 263 < 10 < 10 600 60
 Ba < 50 < 50 < 50 < 50 491 1045 1150 2308 – 424
 Cd < 50 < 50 < 50 < 50 < 5 < 5 < 5 < 5 15 0.15
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of the host rocks. In samples coming from flotation tail-
ings (Trench 1), the main minerals detected by XRD analy-
sis were quartz (55.05–69.29%) muscovite (9.28–15.90%) 
and chlorite (3.14–13.29%). Albite was detected too 
(3.13–8.19%), while corundum ranged from 1.20 to 8.29%. 
The main sulphide mineral detected by XRD analyses is 
pyrite (2.05–6.62%) in addition to chalcopyrite, galena 
and sphalerite. Oxide minerals consist only on hematite as 
observed in SK1 and SK3.

The mineralogical paragenesis within gravimetric tail-
ings (Trench 2) is dominated by quartz (39–75%), albite 
(2.89–12.40%), chlorite (1.92–15.55%) and muscovite 
(3.23–14.53%). Pyrite, which has the most important acid-
generating potential ranged from 4.06 to 9.79%, in addition 
to chalcopyrite, galena and sphalerite. However, hematite, 
goethite and gypsum are the main secondary minerals. Car-
bonate minerals were absent in all the studied samples.

4.3 � Chemical characterization

The chemical characterization (Table 1) shows that all sam-
ples contain a significant content of sulphur, ranging from 
1.20 to 3.60% in T1, and from 2.76 to 5.25 wt% in T2.

The contents of major elements show the same orders 
of magnitude in all samples. In accordance with the miner-
alogical composition of samples from T1 to T2, chemical 
analyses showed that Si (20.45–30.04 wt% and 21.97–24.69 
wt%, respectively), Al (4.59–8.82wt% and 4.27–7.89 wt%, 

respectively) and K (1.42–4.43 wt% and 0.89–4.39 wt%, 
respectively) were significant in most of the tailings sam-
ples. Mg was also present (0.18–0.76 wt% and 0.11–0.89 
wt%, respectively). Ca concentrations are relatively low 
and reached 1.17% which confirms the absence and/or low 
content of calcium carbonate minerals within the studied 
tailings. Iron is present in high quantities in all samples 
(1.99–3.20 wt% and 1.73–8.92 wt%, respectively) due to the 
presence of iron sulphide (pyrite) or secondary iron-bearing 
minerals (oxides and sulphates) in a high amount.

The abundance of Zn (640–1640  mg/kg and 
277–13,340 mg/kg, respectively) and Pb (210–3080 mg/kg 
and 177–3172 mg/kg, respectively) is due to the presence 
of galena and sphalerite in the bulk ore. The tailings contain 
also significant Cu amounts (60–140 mg/kg and 33–263 mg/
kg, respectively). Barium mainly issued from barite is below 
the detection limits in T1 and ranged from 491 to 2308 mg/
kg in T2.

Chemical analyses of tailings also showed that all the 
trace elements detected (Zn, Pb, Cu, Ba and Cd) are higher 
than crustal abundance (Rankin 2009) and may exceed the 
recommended limits for industrial soils (Table 1 reported 
by the Italian limits for industrial soils as defined by DL 
152/2006).

Fig. 5   Optical microscopy 
observations using reflected 
light of tailings; a secondary 
hematite (Hem) resulting from 
framboidal pyrite oxidation in a 
gangue of quartz; b weathered 
pyrite (Py) coated by secondary 
iron oxide (FeO) and associ-
ated to quartz; c anglesite (Ang) 
coating weathered galena (Ga); 
d galena (Ga) at the early 
stages of weathering coated by 
anglesite (Ang)
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4.4 � Static tests

Static test results (Pastes pH and Acid–base accounting) are 
highlighted in Table 2. The paste pH results of the studied 
tailings (T1 and T2) are between 2.49 and 3.70 and corre-
spond to acid-generating tailings. As shown in Fig. 2b and 
d, the pore water issued from tailings showed an acidic pH 
(between 3 and 4 as showed in), which is in accordance 
with these findings. Low paste pH can be related to iron 
sulphide oxidation and also to soluble minerals dissolution 
(most probably as secondary phases) (Yucel and Baba 2016).

Acid–base accounting results according to the modi-
fied static test proposed by Lawrence and Wang (1996) are 
shown in Table 2 and Fig. 8. All samples have low NP values 
with maximum value in samples SK1 (18.56 kg CaCO3/t) 
and SK5 (14.56 kg CaCO3/t). SK4 (6.36 kg CaCO3/t) and 
SK6 (5.26 kg CaCO3/t) have the lowest NP values com-
pared to other samples. The AP values were high in all 

samples (37.49 kg CaCO3/t to 163.99 kg CaCO3/t). NNP 
values vary between − 31.13 and − 152.38 kg CaCO3/t. 
The criteria of Miller et al. (1991) or the NP/AP ratio cri-
teria of Adam et al. (1997) show that all Sidi Kamber mine 
wastes are acid generating. Tailings coming from T2 (aver-
age value of NNP = − 133.57 kg CaCO3/t) is the most prob-
lematic compared to the flotation tailings (average value of 
NNP = − 69.22 kg CaCO3/t). According to mineralogical 
observations, the AP values result from sulphide minerals 
oxidation, while the NP values are provided by dissolution 
of silicate minerals (albite, chlorite and muscovite) under 
acidic conditions (Jambor et al. 2002).

4.5 � Environmental leaching tests

As shown is Fig. 9, the leachate of the studied tailings pro-
vided by TCLP and CTEU-9 leaching tests is in ‘‘acid-high 
metal’’ and ‘‘acid-extreme metal’’ domain, except SK8 

Fig. 6   SEM–EDS micrographs 
of tailings showing: a quartz 
(Qtz) and barite (Ba) grains 
and weathering product (Fe–O–
Pb–S); b barite grain; c hema-
tite grain; d sphalerite (Sph) and 
pyrite (Py) coated by secondary 
iron oxide; e weathered galena 
(Ga) associated to barite and 
coated by anglesite (Ang); f 
weathered galena coated by 
anglesite which completely cov-
ers also barite (Ba) grains



436	 Rendiconti Lincei. Scienze Fisiche e Naturali (2019) 30:427–441

1 3

leachate (CTEU-9) which corresponds to the acid-ultra 
metal domain (Plumlee et al. 1999).

The TCLP test results are highlighted in Fig. 10 and show 
an acidic pH (4.50–4.62) with high electrical conductivity 
(3.05–4.90 mS/cm). This finding is in agreement with the 
high net acid-generating potential of the Sidi Kamber tail-
ings. The high concentrations of Si (9.51–31.10 mg/L), Al 
(7.89–98.50 mg/L) and Ca (19.70–220 mg/L) indicate the 
dissolution reactions of gangue minerals such as silicate 
minerals and secondary phase’s minerals.

The high concentrations of Fe (55.40–205 mg/L) and S 
(24.80–393 mg/L) are mainly associated with the iron sul-
phide mineral oxidation (i.e., pyrite) and secondary iron 
oxide dissolution (i.e., goethite and hematite).

In the pH conditions encountered in this study, Fe, S, Al 
and K could precipitate as various possible secondary phases 

like iron oxides, jarosite, gypsum and anhydrite (Fig. 11), as 
demonstrated by geochemical simulations with VMinteq and 
confirmed by XRD and SEM–EDS analyses.

The concentrations of Pb and Zn, resulting from 
galena and sphalerite dissolution, reached, respectively, 
21.60 and 32.80 mg/L, which exceed the Algerian reg-
ulation law (0.5 mg/L and 3 mg/L) and US EPA limits 
(5 mg/L and 2 mg/L, respectively). The Cu concentra-
tions (0.00–0.28 mg/L) were under the Algerian limits 
(0.5 ml/L).

The results of CTEU-9 indicate an acidic pH value 
range of 4.70–4.82. The electrical conductivity is between 
3.95 and 4.29 mS/cm. This test shows that the Sidi Kam-
ber mine wastes are acid generating with high release of 
Si (45.90–70.60 mg/L), Ca (65.90–516.00 mg/L) and Al 

Fig. 7   Results of the XRD 
semi-quantitative analysis. 
*Primary sulphides: pyrite, 
sphalerite, galena, chalcopyrite, 
**secondary minerals: hematite, 
goethite, gypsum
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Table 2   Acid–base accounting 
test results issued from the Sidi 
Kamber tailings

Flotation tailings T1 Gravimetry tailings T2

SK1 SK2 SK3 SK4 SK5 SK6 SK7 SK8

S (%) 2.98 3.60 2.70 1.20 5.25 2.76 5.16 5.05
Paste pH 2.85 2.80 3.70 3.15 3.10 2.75 2.62 2.49
AP (kg CaCO3/t) 93.26 112.44 84.32 37.49 163.99 86.20 161.10 157.77
NP (kg CaCO3/t) 18.56 10.43 15.25 6.36 14.56 5.26 8.72 6.21
NNP (kg CaCO3/t) − 74.70 − 102.01 − 69.07 − 31.13 − 149.43 − 80.94 − 152.38 − 151.56
NP/AP 0.11 0.12 0.09 0.04 0.16 0.05 0.10 0.17
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(1.20–378 mg/L) in leachate, which results from the acidic 
dissolution of silicates.

The main conclusions that can be drawn from this test 
are that the neutralization potential was mainly provided by 
albite or Ca-rich plagioclase and the chlorite and/or musco-
vite dissolution under acidic conditions was provided by iron 
sulphide oxidation. Furthermore, the hydrolysis of iron and 
aluminium hydroxides could also generate acidity.

Fe concentrations in leachates reached 863 mg/L; this 
highlights how iron sulphide dissolution is important. More-
over, the incongruent dissolution of silicates at acidic pH 

(e.g., chlorite) may release a small amount of iron in the 
leachate.

As expected,  S  concentra t ions  were  h igh 
(134–1570 mg/L) in all leachates and this is related to sul-
phides (i.e., pyrite) oxidation and secondary sulphates (i.e., 
gypsum) dissolution.

Except for leachate from sample SK567 (1.5 mg/L), 
Pb concentrations were under the considered limits 
(0.5 mg/L) because of the passivation of galena grains. 
Indeed, as observed by optical microscopy and SEM–EDS 
analyses, the formation of low solubility minerals, as 
anglesite, under weathering conditions, may encapsulate 
sulphides like galena preventing further oxidation (Lin 
1997; Plumlee et al. 1999; Acero et al. 2007; Lottermoser 
2010).

Cu concentrations are relatively low in all the leachates 
due to both the low amount of chalcopyrite within samples 
and its low degree of liberation (encapsulation). Contrary 
to Pb and Cu, leachates show high concentrations of Zn 
(2.31–121 mg/L) due to its high mobility at acidic and 
near-neutral conditions (Smith 1999; Pope and Trumm 
2015).

The environmental characterization of mine wastes 
from Sidi Kamber mine demonstrate the acid-generat-
ing nature of the studied tailings, which correspond to 
an acidic pH associated to high metal release. A simi-
lar pattern of results was obtained in the case of Moroc-
can abandoned mine sites, as described by Hakkou et al. 
(2008), Michard et al. (2011), Goumih et al. (2013) and 
El Adnani et al. (2016). Contrary to Algeria and Morocco, 
in Tunisia, most of problematic mine sites correspond to 
carbonate-rich tailings which implies mainly the neutral 
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Fig. 8   Environmental characterization of the studied tailings accord-
ing to Adam et al. (1997)

Fig. 9   Ficklin’s diagram show-
ing the sum of dissolved Pb, 
Zn, Cu in leachates issued from 
TCLP test (red square) and the 
CTEU-9 (blue diamond) in the 
base metal environments (Plum-
lee et al. 1999)
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mine drainage as observed by Souissi et al. (2013), Othm-
ani et  al. (2013) and Tlil et  al. (2016). However, the 
environmental behaviour of the studied samples is more 
problematic, because of the low reactivity of neutralizing 
minerals (e.g., plagioclase and other silicates minerals) 
compared to carbonates.

5 � Conclusions

Tailings from the former Pb–Zn mine of Sidi Kamber in 
north-eastern Algeria showed fine-grained to medium-
grained textures. Mineralogical studies identified as acid 
generator minerals, pyrite, in addition to galena, sphaler-
ite and chalcopyrite which could produce acidity under 

Fig. 10   Geochemical param-
eters of leachates from CTEU-9 
and TCLP tests
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oxidation conditions. On the other hand, quartz, albite, mus-
covite, chlorite and corundum may only contribute slightly 
to neutralization reactions, because of their low neutrali-
zation potential. Hematite, goethite, jarosite, anglesite and 
gypsum occurred as a result of oxidation of primary sul-
phides. The results of geochemical analyses of tailings show 
abundance of Si, Al and Ca which is in accordance with the 
mineralogical observations. In term of metal release, leach-
ing tests have shown that Zn and Pb concentrations in lea-
chates reached values which may exceed the recommended 
limits as fixed by US EPA and Algerian regulation law. Acid 
base accounting static test showed a high AP associated with 
low NP and confirmed the acid-generating nature of tailings. 
Leachates from leaching tests (TCLP and CTEU-9) showed 
an acidic pH and high metal concentrations (Zn, Pb, Al, 
Si, Ca) due to sulphide oxidation and dissolution of silicate 
minerals during water–rock interactions. Concentrations of 
Fe and S in leachates were controlled by secondary mineral 
precipitation, such as jarosite and gypsum. However, mobil-
ity of potential toxic elements seems to be controlled both by 
passivation phenomena associated with secondary phase’s 
precipitations and the degree of liberation of sulphide miner-
als from the silicate matrix.
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