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ABSTRACT

Acid mine drainage (AMD) threats the soils and water bodies in the territories of the sulfide mining activities all
over the world. Bouaazza’s mine (NE Morocco) lead and sulfides exploitation resulted in the surface exposure of
large superficies of acid discharges. The results of physicochemical and geochemical analysis indicate an acidic
pH (3.0-7.0) of water samples, with concentrations of lead exceeding Moroccan standards (50 pg/L). The pH in
soils is considered from slight up to moderate acidic (< 6.5), with low limestone content (< 6% of CaCO,), and
high lead and zinc values exceeding international standards (300 mg/kg). These results indicate the high health risk
generated by the absence of environmental monitoring of the mining operations which threaten the water quality

in the surrounding area.
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INTRODUCTION

Mining industry has positive impacts on the
economy of countries through to raw materials
it provides (Gatas et al., 2021; Mancini & Sala,
2018). Despite its benefits, it’s the environment
that pays high price in front of the discharges
left by its abandoned or current active mines.
Indeed; the discharges impacts indicate a global
scourge as few policies require site rehabilitation
(Pelletier-Allard, 2014). Contamination and pol-
lution of soil and water by high concentration of
metals (Zinc, Lead, Iron and Arsenic) are among
of the main problems of our time (Rezaie & An-
derson, 2020). The majority of soils and waters
exhibit metals which mainly have a geochemi-
cal origin (bedrock, weathering, etc.) (Gandhi &
Sarkar, 2016; Kelepertzis et al., 2013; Kierczak et
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al., 2021). While in some sectors, anthropogenic
activities (industrial, agricultural and mining)
contribute to increase the total metal content in
these environmental compartments (Briffa et al.,
2020; Saleh et al., 2022).

In a Mediterranean climate with rainfall of
400 mm/year and a temperature of 9 °C to 32 °C,
these sites constitutes a favorable environment for
the production of sulfuric acid (H2SO4), decrease
in pH, release the heavy metals in the medium
and lead to an environmental contamination. It
is the acidic mine drainage (AMD) (Lakrim et
al. 2012). The contamination of water resources
caused by acid mine drainage (AMD) processes
remains the big problem with sulfide mining
(Drapeau et al., 2021; Rivera et al., 2019): Acid
mine drainage, phenomenon generated by mining
activities; is a form of water pollution occurring
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when rain, runoff or streams come in contact with
rocks rich in sulfur that are present in abandoned
or currently active mines.

Despite the studies that have been made to
deal with the impacts generated by this phenom-
enon (Ali, 2019; Coudert et al., 2019; Skousen
et al., 2017; Itard & Bosc, 2001), AMD still
causes negative impacts globally: In Colorado’s
San Juan Mountains (USA), site of the gold King
blowout, an estimated 15 million gallons (57 mil-
lion liters) of acid mine drainage per day are the
results of 400 abandoned or inactive mine sites
(Press, 2019). In China, the amount of coal mines
has been reduced from more than 80,000 to about
5800 at the end of 2018 (China Coal Industry As-
sociation) (Zhang et al., 2019). These abounded
mines have caused negative impacts on the en-
vironment by deteriorating the quality of water
(Wang et al., 2021).

Morocco is a mining country thanks to the di-
versity of its resources (Phosphate, Zinc, Copper,
Iron, etc.). It is the highest producer in Africa for
Silver and Lead (Group Oxford Business, 2016).
The mining sector provides a quarter of national
exports and contributes to 10% of the national
GDP and employs around 40,000 people (Akou-
dad, 2015). Although mining industry provides
benefits to the country, abandoned or current ac-
tive mines produce tones of discharges that have
negative impacts on the environment. During the
last 15 years, several studies were done to high-
light the risks related to old mining activities
which generate AMD (Amrani et al., 2020; Bou-
larbah et al., 2006; Hakkou et al., 2008; Nfissi et
al.,2017). The Kettara’s pyrrhotite ore abandoned
mine (Marrakech province) resulted a very large
superficies of tailings that occupy an area of 16
ha. By geophysics surveys, the volume of its dis-
charges was estimated around 462 400 m3. These
results show the presence of fractured zones that
constitute privileged drains for the transfer of the
AMD to groundwater (Lghoul et al., 2014). The
iron mining district of Nador which extends over
an area of 35 km?, shown pH results of water sam-
ples taken in situ is less than 3, reaches even 0.87
in some places (Lakrim et al., 2016).

Bouaazza’s mining activities are of local
interest and characterized by limited volume
operations which are not subject to strict gov-
ernmental legislations. It is a small scale mine,
operated by the locals and is situated in the mid-
dle of Makhat’s watershed (Taza Province), it is
a part of the NE of the Tazekka Variscan massif

(Mesrar, 2013); characterized by a semi-arid cli-
mate (Naoura, 2012), cold in winter and hot in
summer (Laaraj et al., 2020). The mineralization
of Bouaazza’s mine is embedded in Tazekka’s
shales. Its discharges are placed on the eastern
slopes of Makhat’s watershed, and are scattered
over large superficies. Thus, the mineral present
in these waste dumps generally galena (PbS),
oxidizes in the presence of water (Moyo et al.,
2019); creating AMD which indicates a pollution
factor. The main objective of this investigation is
to assess the quality of surface water and soil of
Bouaazza’s small scale operating mines and to
identify the risk generated by its discharges.

MATERIALS AND METHODS

Geographical location and geology

The Dar Bouaazza deposit (Figure 1) is locat-
ed in the North eastern part of Morocco, north of
Bab Bou Idir; 12 km crow flies SSW of the town
of Taza. It is part of the NE of the Tazekka Va-
riscan massif, which is a Paleozoic buttonhole lo-
cated SW of Taza at the limit between the tabular
Middle Atlas and the folded Middle Atlas, formed
by lower middle Paleozoic terrain structured in
folds and scales of the NNE-SSW axis during the
eovaric phase (Hoepftner, 1987). The main unit
contains the lower Ordovician epimetamorphic
shales of Tazekka, occupying the center and the
east of the massif. The two veins of the deposit
with NE-SW direction (60 °N) are embedded in
its shales. They feature galena mineralization in
a quartz gang, with sphalerite, pyrite, chalcopy-
rite and malachite. The traces of exploitation are
located on eastern slopes of Makhat’s watershed.

Sampling and analyses

The samples (6 water, 2 soils, 3 embank-
ments) were taken in March 2021 from locations
representative of the study area that are highly
possible to be affected by pollution. For rivers,
the primary sampling site was in the surface wa-
ter layer (0—5 cm from the surface) at the cen-
ter of the main flow. However, the top 1-2 cm of
this surface layer was avoided so as not to collect
floating dust, oil, etc. (Tun, 2005). The physico-
chemical parameters: temperature, pH and elec-
trical conductivity were tested immediately after
sampling as they will change during storage and
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Figure 1. Study area location and sampling sites

transport (Galea, 2015), with a multi-parameter
analyzer Type CONSORT — Model 835. To en-
sure reliable results, water samples were storage
in clean polyethylene bottles. Soil samples were
collected from 2 cultivated lands 6 inches deep in
a 1-inch area with a trowel, and then stored in zip
lock plastic bags. Samples were also taken from
Bouaazza’s mine embankments. All the samples
were kept at a low temperature in the dark, and
then transported to the Faculty of Science and
Technology Fes’s Laboratory.

Once in the Laboratory, soil samples were
dried in ambient air, sieved to 2mm, and quar-
tered by the cone method (Schumacher et al.,
1990). Then, the following Physico-chemical
analyzes were carried out: residual humidity
(Norme NF ISO 11465, 1994); water pH (Norme
NF ISO X31-103, 1988); electrical conductiv-
ity; determination of total organic matter by loss
on ignition (Norme NF ISO 14235, 1998); de-
termination of the contents of calcium carbonate
(CaCO,) using Bernard calcimeter method. For
the geochemical analyzes, the determination of
heavy metals of all the samples was carried out
by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) at the Laboratory of the
Innovation City of the University of Sidi Mo-
hamed Ben Abdellah of Fez, Morocco which re-
quires soil digestion to be analyzed, in this regard
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the triacid attack (Norme NF X31-147, 1996)
was used to bring all the solid phases into solu-
tion without any residue remaining (total analy-
sis). X-ray diffractometry (XRD) analyses were
done in Technical Support Units for Scientific
Research at the National Center for Scientific
and Technical Research of Rabat, Morocco after
well grounding and preserving soils and embank-
ments samples.

RESULTS

Water physicochemical and
geochemical parameters

pH

pH is a one of the most important factors: it
affects the solubility and toxicity of chemicals
and heavy metals in the water (PH of Water - En-
vironmental Measurement Systems). According
to the results shown in Figure 2, the pH values
vary between 3 and 7. The impact generated by
the mine wastes is clearly shown by the pH re-
sults of the samples S3 and S4 taken near the
mine have less than 3,5. However, values great-
er than 6 are found in sites that are far from the
embankments as S4 and S5 of the samples taken
near the mine (less than 6).



Ecological Engineering & Environmental Technology 2023, 24(2), 194-204

Temperature

Temperature is important because of its influ-
ence on water chemistry. At high temperatures
the rate of chemical reactions generally increas-
es, as a result water can dissolve more minerals
from surrounding rocks and will therefore have a
higher electrical conductivity (Ammara Shoukat,
Muhammad Shoukat Hussain, 2020). Figure 2a
shows that the obtained results vary between 13.7
°C and 16 °C due to the period of sampling that
was in winter, which influenced the temperature of
the water, hence its physicochemical parameters.

Electrical conductivity

The conductivity of water refers to the ability
of water to conduct an electrical current depend-
ing on its salinity. It is important because it can
tell how much dissolved substances, chemicals,
and minerals are present in the water. Higher
amounts of these impurities will lead to a higher
conductivity (Sensorex, 2019). According to the
results obtained in Figure 2b, the values are be-
tween 90 and 1000 puS/cm. The samples S3 and
S4 taken around the mine have a more or less high
conductivity (680 and 933 uS/cm), while the rest
of the samples have values less than 260 pS/cm.

Heavy metals

Heavy metals are natural constituents of our
environment, generally present in small amounts
in natural aquatic environments (Aderinola et al.,
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2009). They are characterized by their high atomic
mass and high density compared to water (Saleh,
2018). Industrial activities have raised natural
concentrations causing serious environmental
problems. The Figure 3 shows the distribution of
heavy metal concentrations in the study area. All
samples have contents less than 0.01 mg/L for As,
Cu, Mo, Sn. However, samples S3 and S4 from the
mine area indicate high concentrations for Fe (> 7
mg/L), Pb (> 0.1 mg/L), Zn (> 10 mg/L), Ni (> 0.4
mg/L). The rest of the samples give concentrations
less than the ones found in S3 and S4 but still im-
portant for Pb (> 0.05 mg/L) and Zn (0.04 mg/L)
which represents a toxicity in Moroccan standards,
with the absence of Fe and Ni (<0.01 mg/L).

Figure 4 defines the grid of Makhat’s water-
shed quality of surface water based on the decree
of the ME-MPUPHE (2002), using the conven-
tional colors created in its Article 8. The results
show that water quality is bad since it has high
concentrations of chemical elements and low pH,
a part from site 5 highlighting a good quality of
water with low concentrations of heavy metals,
and pH under standards.

Soils

Physicochemical parameters

Table 1 represents the physicochemical pa-
rameters of two cultivated lands near the mine:
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Figure 3. Surface water heavy metals results
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Figure 4. Makhat’s watershed surface water quality grid
Table 1. Physicochemical soil parameters
Soil samples pH EC (ps/cm) CaCO, (%) LOI (%) Humidity (%)
S1 6 152 2 8.6 6
S2 6.5 124 5 10.1 13

e soil pH is very important due to the fact that

classified as mineral soils with organics (Day

it regulates plant nutrient availability by con-
trolling the chemical forms of the different nu-
trients and also influences their chemical reac-
tions (Oshunsanya, 2018). The results indicate
that pH values are between 6 and 6.8; these
values are considerate to be moderately acidic
(5.6-6.0) to slightly acidic (6.1-6.5) according
to the USDA National Resources Conservation
Service, which shows the impact generated by
the mine since most agricultural crops perform
optimally around soil pH 7.0 (neutral);

soil electrical conductivity indicates the
amount of salts present in the soil; it is an in-
direct measurement that connects with several
soils physical and chemical properties (Patel,
2015). EC values fond are 152 and 124 pS/
cm; these values are between 0 and 2000 pS/
cm, as a result the soils in the study area are
non-saline (Shirokova, 2000);

soil moisture is the water stored in the soil and is
affected by precipitation, temperature, soil char-
acteristics, and more; it is a measure of soil health
(SSSA, 2022). The results show that the humidity
values are 6 and 13%, this variation is explained
by the difference in texture for each soil;

soil organic matter is any material produced
originally by living organisms (plant or
animal) that is returned to the soil and goes
through the decomposition process (Hiippi et
al., 2015). Loss on ignition (LOI) measures the
weight of a dried soil before and after burning
away its organic matter. LOI measurements
obtained are 8.6 and 10.1%; these values are
between 3 and 15% which reflects soils are
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and Everett, 1972);

one of the most important factors is the amount
of carbonate; it influences the physical, chemical
and biological properties of soils (pH, sorption-
desorption, precipitation-dissolution processes
etc.) (FAQ, 2020). The obtained values show that
the amounts of CaCO, in soils are 2 and 5%; these
values show that soils are very low in limestone,
which coincides with the results found in pH.

Geochemical parameters

Figure 5 indicates the distribution of heavy

metals in the studied soil in the vicinity of the
mine by ICP-AES, these values are well present-
ed in Table 2 in comparison with international
standards:

the results show that the obtained values for
Cu, Fe, Mo, Ni, and Sn are lower than interna-
tional standards, hence the absence of toxicity
regarding these elements;

the obtained values for As show that they ex-
ceed the standards for the Netherlands (> 4.5
mg/kg) but are lower than the Austrian stan-
dards (< 50 mg/kg);

for Pb and Zn, the obtained results exceed
the standards with very high concentrations,
which indicate the impact generated by mine
wastes in the vicinity of the study area.

Embankments

Figure 6 shows the levels of heavy metals

retained by ICP-AES in the ramblings present
near the galleries of Bouaazza’s mine. The results
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Figure 5. Soil heavy metals results

Table 2. Descriptive statistics of heavy metals in soil samples and the international maximum allowable standards

Heavy metal (mg/kg) As Cu Fe Mo Ni Pb Sn Zn
S1 19.8 25.05 8378.4 0.03 0.03 363.3 0.03 513.8
S2 13.5 15.78 5065.5 0.03 0.03 308.1 0.03 404.9
Netherlands standard 4.5 3.5 - 253 2.6 55 34 16
Austria standard 50 100 - - 100 100 - 300
The European Union standard - 140 - - 75 300 - 300
France standard - 100 30000 - 50 100 - 90

indicate a predominance of Pb in all the samples
with values exceeding 30000 mg/kg. Cu shows a
remarkable presence with values varying between
904 and 15000 mg/kg (Figure 6a). Fe and Zn are
also present with contents of 422 to 630 mg/kg
and 253 to 310 mg/kg, As and Ni show fairly low
concentrations, ranging from 14.7 to 19.22 and
3.9 to 4.2 mg/kg (Figure 6b). The results high-
light the absence of Mo and Sn with concentra-
tions less than 0.3 mg/kg (standards).

The principal component analysis (Table 3) al-
lowed defining the relationships between the con-
centrations of heavy metals in the embankments.
The results show that lead and iron has an excel-
lent correlation with a factor of 0.99. The pairs
Fe-Zn and Pb-Zn indicate plausible correlations
with factors of 0.53 and 0.58, they are causal and
can be established between them in pyrite, galena,
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sphalerite, and in other sulphurous structures de-
pending on the crystallization conditions. The re-
sults show also excellent correlations for As-Cu,
As-Ni, Ni-Sn, Cu-Sn and Cu-Ni pairs with vari-
ance factors ranging from 0.82 to 0.99. X-ray scat-
tering phenomenon is used in XRD technique to
elucidate the crystal structure of crystalline/semi
crystalline materials, with scattering of X-rays by
periodic array of atoms giving rise to definite dif-
fraction patterns that bestow a qualitative image
of atomic arrangements within the crystal lattice
(Rajeswari et al., 2020). Figure 7 represent the
results carried out by XRD, they confirm that the
embankments contains minerals such as cerusite
(PbCO,), chlorite-serpentine (Mg, Al), (Si, Al),
O,, (OH),), high concentrations of galena (PbS),
muscovite-3 \ ITT \ RG ((K, Na) (Al, Mg, Fe),
(Si,, Al ,) O,,(OH),), and quartz (SiO,) which is
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Figure 6. Embankments heavy metals results
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Table 3. Major elements content correlation matrix

As Cu Fe Ni Pb Zn Mo Sn
As 1
Cu 0.82 1
Fe -0.35 -0.82 1
Ni 0.99 0.87 -0.44 1
Pb -0.28 -0.78 0.99 -0.39 1
Zn -0.96 -0.94 0.57 -0.99 0.53 1
Mo 0.60 0.05 0.55 0.51 0.59 -0.37 1
Sn 0.89 0.98 -0.73 0.95 -0.67 -0.99 0.18 1
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Figure 7. XRD embankments results, (a) Neoformation minerals and (b) Basement minerals Shales

available in all samples. Moreover, the comparison
of the diffractograms of the samples indicates the
presence of net spectra relating to the primary min-
eralization (quartz, galena, etc.), and others bad
identified which are probably related to the subsis-
tence of friable and poorly crystallized minerals.
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DISCUSSION

The hydrodynamic processes which con-
trol the circulation of water in various environ-
ments (Liu, 2018), with the intervention of sev-
eral hydrochemical phenomena, in particular of a
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mineralogical nature; dissolution of minerals and
release of chemical elements in the waters (Ngan-
je et al., 2017). This process plays an important
role in the surface water composition. The ob-
tained results by XRD indicated that Bouaazza’s
embankments contains a wide variety of minerals,
with high concentrations of galena (PbS), which
was confirmed by the ICP-AES values that indi-
cated a predominance of Pb in all the samples with
values exceeding 30000 mg/Kg, and the presence
of other heavy metals (Cu: > 14000 mg/kg, Fe:
>500 mg/kg, Zn: > 300 mg/kg). These discharges
influenced the physicochemical and geochemical
composition of the soil near the mine, which was
given in the results of soil samples which indi-
cated very low concentrations of CaCO, regard-
ing the pH values that are moderately to slightly
acidic, and with the results obtained for As, Pb
and Zn that exceeded international standards.
Similar soil heavy metal pollution is documented
from Pb/Zn smelting regions in China that have
resulted mean values of heavy metals for Pb, Zn,
As and Cd 2123 mg/kg, 4110 mg/kg, 63.9 mg/kg
and 502 mg/kg respectively, exceeding the soil
background values in China (Pb: 26.0 mg/kg, Zn:
74.2 mg/kg, Cd: 0.097 mg/kg and As: 11.2 mg/kg)
(Luo et al., 2023) data on heavy metal pollution in
soils resulting from Pb/Zn smelting (published in
the last 10 years. The investigation of the heavy
metal toxicity of tailings and soils collected from
the polymetallic mine (Zn, Pb, Cu and Ag) located
in the south of Morocco, resulted in high soil Zn
(up to 87000 mg/kg) and Pb (up to 29800 mg/kg)
values (Boularbah et al., 2006); validating the link
between high concentrations of heavy metals in
tailings and the toxicity in the soils.

The presence of heavy metals in Bouaazza’s
embankments affected also the quality of Makhat’s
watershed, which was confirmed by the results of
the physicochemical parameters which gave low
pH values especially for the samples taken from
the sites in the vicinity of the mine (<3). However
the conductivity was very low with values reach-
ing 933 uS/cm. These results are explained by the
geological nature of the study area based on the
shales of Tazekka, and the absence of limestone
and dolomite which was confirmed by Bernard
calcimeter method. The main heavy metals found
present in the surface water are Pb and Zn. All
samples exceeded Moroccan standards of Pb in the
natural waters (>50 pg/L). Makhat’s fresh water
values are higher than the obtained for the Biata
Przemsza River in Poland impacted by the local

ore mining industry (Jabtonska-Czapla et al., 2016)
total contents of metals and metalloids were re-
searched in the water and bottom sediment samples
from the Biata Przemsza River. The samples were
collected monthly in 2014 at five sampling points
along the river. The research helped to determine
correlations between the parameters and compo-
nents of the water environment (metals/metalloids,
cations/anions, pH, Eh, conductivity, carbon (TOC,
IC, TC. Also Makhat’s Pb values are higher than
the drainages of both former Pb—Zn mines of Aouli
and Mibladen (Iavazzo et al., 2012), which contrib-
ute into the Moulouya tributary (Morocco) gener-
ating potential risk to human health.

CONCLUSIONS

The recent situation of Makhat’s watershed
surface water shows an unfavorable environmen-
tal impact of past mining activities generated by
Bouaazza’s mine. Generally, pH values are acidic
reaching 3.2. The highest concentrations, especial-
ly of Pb, with values exceeding Moroccan stan-
dards (> 50 pg/L) are recorded in the water sam-
ples collected near the mine. These concentrations
are caused by the presence of the embankments
with wide variety of minerals confirmed by XRD
results. The results of this analysis have indicated
the presence of galena (PbS), cerusite (PbCO,),
and anglesite (PbSO,), in winter these minerals
dissolve and release high concentrations of Pb,
resulted by the ICP-AES values the embankments
with concentrations exceeding 30000 mg/Kg, and
the presence of other heavy metals (Cu: >14000
mg/kg, Fe: >500 mg/kg, Zn: > 300 mg/kg). The
presence of high concentrations of Pb can gener-
ate dangers to riparian that are using these waters
for different purposes: domestic use, watering live-
stock and irrigating. The impact on agricultural
soil was confirmed by the physicochemical and
geochemical analyses which shown that the pH
of soil samples is moderately to slightly acidic (<
6.5), caused by the low concentrations of CaCO,
that maintain the neutralization of the soil. The
ICP-AES results have shown values for Pb and Zn
exceeding international standards (>300 mg/kg).

The presence of contamination generated
by acid mine drainage from Bouaazza’s mine in
Makhat’s watershed is validated. Waters and soils
are exposed due to the lack of pollution monitor-
ing during the historical mining operations and
the semi-arid conditions. These results warn for
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the health risk of water, soils and food nexus
caused by acid mine drainage of the abandoned
mines in Morocco.

REFERENCES

1. Aderinola O.J., Clarke E.O., Olarinmoye O.M.,
Kusemiju V., Anatekhai, M.A. 2009. Heavy Metals
in Surface Water, Sediments, Fish and Perwinklesof
Lagos Lagoon, 5(5), 609—-617.

2. Akoudad N. 2015. FICHE MARCHE Le secteur
minier au Maroc. ww. w.ocpgroup.ma (Date of ac-
cess: March 20, 2022.

3. Amrani M., Taha Y., Haloui Y., Benzaazoua M.,
Hakkou R. 2020. Sustainable reuse of coal mine
waste: Experimental and economic assessments
for embankments and pavement layer applications
in morocco. Minerals, 10(10), 1-17. https://doi.
org/10.3390/min10100851

4. Ben Ali H. 2019. Traitement passif du drainage
minier a faible température et forte salinité. Thése
de doctorat, Université de Montréal, 255. https://
publications.polymtl.ca/3871/

5. Boularbah A., Schwartz C., Bitton G., Morel J.L.
2006. Heavy metal contamination from mining
sites in South Morocco: 1. Use of a biotest to as-
sess metal toxicity of tailings and soils. Chemo-
sphere, 63(5), 802—810. https://doi.org/10.1016/].
chemosphere.2005.07.079

6. Briffal., Sinagra E., Blundell R. 2020. Heavy metal
pollution in the environment and their toxicological
effects on humans. Heliyon, 6(9), e04691. https://
doi.org/10.1016/J. HELIYON.2020.E04691

7. Coudert L., Benzaazoua M., Jouini M. 2019. Etude
sur les résidus de traitement passif du drainage mi-
nier acide. https://www.uquebec.ca/reseau/fr/me-
dias/actualites-du-reseau/etude-sur-les-residus-de-
traitement-passif-du-drainage-minier-acide (Date
of access: April 25, 2022).

8. Day J.H., Everett K.R. 1972. Classification of Or-
ganic Soils. Arctic and Alpine Research, 4(3), 283.
https://doi.org/10.2307/1550232

9. Drapeau C., Argane R., Delolme C., Blanc D.,
Benzaazoua M., Hakkou R., Baumgartl T., Edraki
M., Lassabatere L. 2021. Lead mobilization and
speciation in mining waste: Experiments and mod-
eling. Minerals, 11(6). https://doi.org/10.3390/
minl1060606

10. FAO. 2020. Standard Operating Procedure for soil
calcium carbonate equivalent - titrimetric meth-
od. https://www.fao.org/publications/card/fr/c/
CAS8621EN/ (Date of access: April 22, 2022).

11. Gata$ A., Kot-Niewiadomska A., Czerw H., Simi¢
V., Tost M., Warell L., Gata$. S. 2021. Impact of

202

Covid-19 on the Mining Sector and Raw Materials
Security in Selected European Countries. 10, 39.
https://doi.org/10.3390/resources

12. Galea C. 2015. Sample handling and Storage Re-
quirements for Water and Wastewater Samples.
Standard Operating Procedure, Mackay Regional
Council, Document No: SAS SOPO0O01https://
www.mackay.qld.gov.au/__data/assets/pdf
file/0011/192683/SOP_0012_Sampling And_Stor-
age V4.1.pdf (Date of access: April 10, 2022).

13. Gandhi S.M., Sarkar B.C. 2016. Chapter 6 - Geo-
chemical Exploration. In S. M. Gandhi & B. C. Sarkar
(Eds.), Essentials of Mineral Exploration and Evalu-
ation (pp. 125-158). Elsevier. https://doi.org/https://
doi.org/10.1016/B978-0-12-805329-4.00013-2

14. Hakkou R., Benzaazoua M., Bussiére, B. 2008. Acid
mine drainage at the abandoned kettara mine (Mo-
rocco): 2. mine waste geochemical behavior. Mine
Water and the Environment, 27(3), 160—170. https://
doi.org/10.1007/s10230-008-0035-7

15. Hoepftner C. 1987. Hoepftner, C. 1987. La tecto-
nique hercynienne dans I’Est du Maroc. These €s
Sciences, Université de Strasbourg, 280.

16. Hiippi R., Felber R., Neftel A., Six J., Leifeld, J.
2015. Effect of biochar and liming on soil nitrous
oxide emissions from a temperate maize crop-
ping system. Soil, 1(2). https://doi.org/10.5194/
soil-1-707-2015

17.1avazzo P., Ducci D., Adamo P. 2012. Impact of Past
Mining Activity on the Quality of Water and Soil
in the High Impact of Past Mining Activity on the
Quality of Water and Soil in the High Moulouya Val-
ley (Morocco ). May 2014. https://doi.org/10.1007/
s11270-011-0883-9

18. Itard Y., Bosc R. 2001. Traitements et préventions des
drainages acides provenant des résidus miniers. Re-
vue bibliographie. http://infoterre.brgm.fr/rapports/
RP-50829-FR.pdf (Date of access: April 25, 2022).

19. Jabtonska-Czapla M., Nocon K., Szopa S., Lyko A.
2016. Impact of the Pb and Zn ore mining industry
on the pollution of the Biata Przemsza River, Po-

land. Environmental Monitoring and Assessment,
188(5). https://doi.org/10.1007/S10661-016-5233-3

20. Kelepertzis E., Galanos E., Mitsis 1. 2013. Origin,
mineral speciation and geochemical baseline map-
ping of Ni and Cr in agricultural topsoils of Thiva
Valley (central Greece). Journal of Geochemi-
cal Exploration, 125. https://doi.org/10.1016/].
gexplo.2012.11.007

21.Kierczak J., Pietranik A., Pedziwiatr A. 2021. Ul-
tramafic geoecosystems as a natural source of Ni,
Cr, and Co to the environment: A review. Science
of The Total Environment, 755, 142620. https://doi.
org/10.1016/j.scitotenv.2020.142620

22.Laaraj M., Benaabidate L., Mesnage V. 2020.



Ecological Engineering & Environmental Technology 2023, 24(2), 194-204

Assessment of inaouene river pollution for po-
table water supply, Northern Morocco. Journal of
Ecological Engineering, 21(7), 68—80. https://doi.
org/10.12911/22998993/125450

23.Lakrim M., El Aroussi O., Mesrar L., Jabrane R.
2011 . Etude d’impact des déchets miniers de la
mine ferrifére de nador sur I’environnement (Nord-
Est du Maroc). Revue Notes et Mémoires du Service
Géologique, 575, 152-155.

24. Lakrim M., Mesrar L., El Aroussi O., Jabrane R.
2016. Application Géomatique Pour La Cartogra-
phie De La Vulnérabilité Environnementale Engen-
drée Par Les Déchets Miniers De La Mine Ferrifere
De Nador (Nord-est du Maroc). European Scientific
Journal, ESJ, 12(15), 287. https://doi.org/10.19044/
ESJ.2016.V12N15P287

25. Lghoul M., Magsoud A., Hakkou R., Kchikach A.
2014. Hydrogeochemical behavior around the aban-
doned Kettara mine site, Morocco. Journal of Geo-
chemical Exploration, 144(PC), 456—467. https://
doi.org/10.1016/j.gexplo.2013.12.003

26.Liu L. 2018. Application of a Hydrodynamic and
Water Quality Model for Inland Surface Water
Systems. Applications in Water Systems Man-
agement and Modeling. https://doi.org/10.5772/
INTECHOPEN.74914

27.Luo X., Wu C,, Lin Y., Li W,, Deng M., Tan J.,
Xue S. 2023. Soil heavy metal pollution from Pb/
Zn smelting regions in China and the remediation
potential of biomineralization. Journal of Envi-
ronmental Sciences, 125, 662—677. https://doi.
org/10.1016/J.JES.2022.01.029

28.Mancini L., Sala S. 2018. Social impact assess-
ment in the mining sector: Review and comparison
of indicators frameworks. Resources Policy, 57,
98—111. https://doi.org/https://doi.org/10.1016/j.
resourpol.2018.02.002

29. Mesrar L. 2013. Caractérisation géotechnique mi-
néralogique technologique des marnes miocenes du
couloir sud riffan (Taza-Fés): Etude et valorisation.
Sciences and Techniques Ph.D. Dissertation, Sidi
Mohamed Ben Abdellah University, Morocco, 189.

30. Group Oxford Business. 2016. Mining sector in
Morocco diversifies away from phosphates. https://
oxfordbusinessgroup.com/overview/new-tricks-hav-
ing-traditionally-relied-phosphates-industry-mining-
sector-diversifying (Date of access: March 25,2022).

31.Moyo A., Filho J.R.D.A., Harrison S.T.L., Broad-
hurst J.L. 2019. Implications of Sulfur Speciation
on the Assessment of Acid Rock Drainage Generat-
ing Potential: A Study of South African Coal Pro-
cessing Wastes. Minerals, 9(12), 776. https://doi.
org/10.3390/MIN9120776

32.NaouraJ. 2012. Caractérisation hydrologique et qua-
litative des eaux de surface du bassin versant du haut
inaouene. Sidi Mohamed Ben Abdellah University.

33. Nfissi S., Alikouss S., Zerhouni Y., Hakkou R., Ben-
zaazoua M., Bouzahzah, H. 2017. Control of acid
mine drainage from an abandoned mine in Morocco
by using cement kiln dust and fly ash as amend-
ments. Journal of Materials and Environmental Sci-
ences, 8(12), 4457-4466.

34.Nganje T.N., Hursthouse A.S., Edet A. et al. 2017.
Hydrochemistry of surface water and groundwater
in the shale bedrock, Cross River Basin and Niger
Delta Region, Nigeria. Appl Water Sci 7, 961-985.
https://doi.org/10.1007/s13201-015-0308-9

35.Norme NF ISO 11465. 1994.
36. Norme NF ISO 14235. 1998.
37.Norme NF ISO X31-103. 1988.
38.Norme NF X31-147. 1996.

39. Oshunsanya S.O. 2018. Introductory Chapter: Rel-
evance of Soil pH to Agriculture. Soil PH for Nutri-
ent Availability and Crop Performance. https://doi.
org/10.5772/INTECHOPEN.82551

40. Patel A.H. 2015. Electrical Conductivity as Soil
Quality Indicator of Different Agricultural Sites of
Kheda District in Gujarat. International Journal of
Innovative Research in Science, Engineering and
Technology (An ISO, 4(8), 7305-7310. https://doi.
org/10.15680/1JIRSET.2015.0408111

41. Pelletier-Allard R. 2014. Caractérisation et neu-
tralisation du drainage minier acide par une dolo-

mie a haute pureté. Master in environment, Univ.
Shrbrouke, Canada, 84p.

42.pH of Water - Environmental Measurement Sys-
tems. https://www.fondriest.com/environmental-
measurements/parameters/water-quality/ph/ (Date
of access: April 16, 2022).

43.Press A. 2019. How mining sites are tainting drink-
ing water sources in the US West. https://nypost.
com/2019/02/20/how-mining-sites-are-tainting-
drinking-water-sources-in-the-us-west/ (Date of
access: March 20, 2022).

44, Rajeswari A., Jackcina Stobel Christy E., Gopi S.,
Jayaraj K., Pius A. 2020. Characterization studies
of polymer-based composites related to functional-
ized filler-matrix interface. In K.L. Goh, A M.K.,
R.T. De Silva, & S.B.T.-I. in P. and F.R.C. Thomas
(Eds.), Woodhead Publishing Series in Composites
Science and Engineering. Woodhead Publishing,
219-250. https://doi.org/https://doi.org/10.1016/
B978-0-08-102665-6.00009-1

45. Rezaie B.,AndersonA.2020. Sustainable resolutions
for environmental threat of the acid mine drainage.
Science of The Total Environment, 717, 137211.
https://doi.org/10.1016/j.scitotenv.2020.137211

46.Rivera M.J., Luis A.T., Grande J.A., Sarmiento
A.M.,DavilaJ. M., Fortes J.C., Cordoba F., Diaz-Cu-
riel J., Santisteban M. 2019. Physico-Chemical In-
fluence of Surface Water Contaminated by Acid

203



Ecological Engineering & Environmental Technology 2023, 24(2), 194-204

Mine Drainage on the Populations of Diatoms in
Dams (Iberian Pyrite Belt, SW Spain). Internation-
al Journal of Environmental Research and Public
Health, 16(22), 4516. https://doi.org/10.3390/
IJERPH16224516

47.Saleh A., Dawood Y. H., Gad A. 2022. Assessment
of Potentially Toxic Elements’ Contamination in the
Soil of Greater Cairo, Egypt Using Geochemical
and Magnetic Attributes. Land, 11(3), 319. https://
doi.org/10.3390/land 11030319

48.Saleh H.E.-D.M. 2018. Heavy Metals. https://doi.
org/10.5772/INTECHOPEN. 71185

49. Schumacher B.A., States U., Protection E. 1990.
Comparison of Soil Sample Homogenization Tech-
niques. September https://www.researchgate.net/pub-
lication/248696175 Comparison_of Soil Sample

50. Shirokova Y., Forkutsa I., Sharafutdinova N. 2000.
Use of Electrical Conductivity Instead of Soluble
Salts for Soil Salinity Monitoring in Central Asia.
Irrigation and Drainage Systems, 14, 199-205.
https://doi.org/10.1023/A:1026560204665

51.Shoukat A., Muhammad Shoukat Hussain, A.S.
2020. Effects of Temperature on Total dissolved
Solid in water. Conference: Water Quality Study.
At: Mehran University Sindh. Projects: Water
treatment and recycling. Water treatment and re-
cycling .Homogenization Techniques (Date of

204

52.

53.

54.

55.

56.

57.

access: April 25, 2022).

Sensorex. 2019. Why Electrical Conductivity of
Water is Important for Industrial Applications - Sen-
sorex. https://sensorex.com/2019/10/08/electrical-
conductivity-water-important-industrial-applica-
tions/ (Date of access: April 18, 2022).

Skousen J., Zipper C.E., Rose A., Ziemkiewicz P.F.,
Nairn R., Mcdonald L.M., Kleinmann R.L. 2017.
Review of Passive Systems for Acid Mine Drainage
Treatment. 36(1), 133—153. https://doi.org/10.1007/
$10230-016-0417-1

SSSA. 2022. Soil Moisture | Earth Science Week.
https://www.earthsciweek.org/classroom-activities/
soil-moisture (Date of access: Mai 05, 2022).

Tun M.K.M. 2005. IT Sampling. Fabrication and Char-
acterization of Co-Sputtered CoxAlyOz Granular Thin
Films and Devices, 23-309. https://www.env.go.jp/en/
chemi/pops/Appendix/04-GuideLine/04Chapter2.pdf
(Date of access: April 17, 2022).

Wang Z., Xu Y., Zhang Z., Zhang Y. 2021. Re-
view: Acid mine drainage (AMD) in abandoned coal
mines of Shanxi, China. Water (Switzerland), 13(1).
https://doi.org/10.3390/W13010008

Zhang J., Li M., Taheri A., Zhang W., Wu Z., Song,
W. 2019. Properties and Application of Backfill Ma-
terials in Coal Mines in China. Minerals, 9(1), 53.
https://doi.org/10.3390/MIN9010053



