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Abstract The basin of Moulouya Oued is a region where

mining industry has been developed early in the 20th

century. As a consequence, residues generated from past

mining activities over the years have been dumped as piles

of tailings. Zaı̈da is one of the most affected region in this

basin because of lead mine exploitation for long time. The

aim of this study is to determine the amount of trace ele-

ments and the contamination of the river sediments.

Analysis of collected samples has been achieved using the

prompt gamma activation analysis method. The samples, in

form of powders, were enclosed in Teflon sheets. The

spectra were analyzed using HYPERMET PC software and

the chemical composition is calculated using an Excel-

macro that provides the concentrations as molar and weight

percentages, as well as the corresponding masses of the

oxides. The validation of the analytical method is

demonstrated with the analysis of a reference material. The

results show that the distribution of the studied metals (Pb,

Zn, Cu, Cd, Cr Ni, and As) in the basin is dependent on

location with a very significant contamination by Pb, Zn,

Cu, Cd, Cr, and Ni close to the lead mine sites.
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Introduction

The basin of the Moulouya river is a region where mining

industry has been developed early in the 20th century. As a

consequence, residues generated from past mining activi-

ties over the years have been dumped as piles of tailings.

Located in the heart of high Moulouya, at about thirty

kilometres to the west of Midelt’s city, Zaı̈da constitutes

the most important lead deposit. It is the principal mine of

national production after Touissit and Jbel Aouam. During

time, the exploitation of this mine caused several damages

on the biosphere the lithosphere and the hydrosphere.

Sediments are often considered as a site of accumulation

of heavy metals in the aquatic environment and are natural

reservoirs of trace elements, as it was pointed out in

numerous studies [1–7].

Mining is one of the largest sources of heavy metals in

the environment, and several studies have been devoted to

the study of sediment contamination across the world

especially by trace metals [8–19].

In Morocco, this problem can be illustrated by the Zaı̈da

mine and other mines in the upper Moulouya (Mibladan

and Aouli), which are abandoned without any rehabilita-

tion. Several works related to this contamination of sedi-

ments were carried out [11, 20, 21].
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Zs. Révay � T. Belgya

Institute of Isotopes, Hungarian Academy of Sciences,

1525 Budapest, Hungary

123

J Radioanal Nucl Chem (2012) 291:129–135

DOI 10.1007/s10967-011-1321-6



The aim of this study is to make a diagnosis of the

environmental and socioeconomic impacts of the Zaı̈da

mining activity, and then to develop a specific methodo-

logical approach in the rehabilitation of the abandoned

mine. To reach these objectives, sampling of different type

of matrices was carried out (water, soil, sediments and

mining rejections). The collected samples were analyzed

using several analytical techniques; in this study, we will

focus on the results obtained using PGAA (prompt gamma

activation analysis).

Experimental

Sampling

The sampling was carried out during the period from May

to June 2005, from the Moulouya Oued, its effluents and

quarries mining (Fig. 1). During this period almost all the

tributaries are dry. Surface sediments (5 cm thick) of the

bottom of Moulouya Oued and its effluents as well as those

of mining quarry lakes were sampled. They were collected

using a hand drill on an area of 25 cm2, on the banks of

Moulouya and mining lakes, in areas with calm sedimen-

tation and rich fine materials. During transport, the samples

were kept in clean plastic bags at low temperature in a

cooler. Then, they were stored away from light and at a

temperature below 4 �C to minimize bacterial activity that

could alter their properties until analysis.

Elemental composition

The analysis of the major elements (Ca, Mg, K, Na, P, S,

N, C, Si, and Al) and the trace elements (As, Co, Mn, Fe,

V, Ti, and Sc) as well as their corresponding oxides were

carried out using PGAA. The experiments were realized in

the Institute of Isotopes; Hungarian Academy of Sciences,

Budapest, Hungary.

The PGAA facility at the Budapest Research Reactor is

located at the end of slightly curved, natural nickel coated

guide of cold neutron [22]. The advantages of guided cold

neutron beams are: Higher effective flux due to 1/v

behaviour of the nuclide which led to higher reaction rate.

Accurate and reproducible evaluation of prompt gamma

spectra is of great importance, as analytical information in

derived from them. It is not infrequent that in one spectrum

about one thousand peaks can be identified. So software

which can handle this task is needed. HYPERMET PC [23]

is a user-friendly c-ray spectrum analysis spectrum soft-

ware package developed at the Department of Nuclear

Research at the Institute of Isotopes, mainly for the purpose

of PGAA. The software enables an automatic fit for up to

16 K spectra taken with HPGe detectors. It contains a

partial peak parameter calibration to describe peak shapes

more accurately in the wide energy range.

The chemical composition is determined using the fol-

lowing equation:

AE ¼ m � S � t

S ¼ NA=Mð Þ � h � r0 � Ic � U0 � e Ec
� �

Where: m: Mass of the element, S: Sensitivity, AE: Peak

area, NA: Avogadro-number, M: Molar weight, h: Isotopic

abundance, r0: Neutron capture cross-section, Ic: Gamma-

yield, U0: Neutron flux, e(Ec): Detector efficiency.

To determine the chemical composition, we determine

the peak positions and peak intensities. The latter can be

used to obtain the masses of the components using their

partial gamma-ray production cross-sections. These data

are taken from an analytical library prepared at Budapest

[24]. If possible, the analysis is based on up to 25 peaks per

element that makes possible to exclude outliers and

improves the statistical uncertainties of the values. The

chemical composition is calculated using an Excel-macro

[22] that provides the concentrations as molar and weight

percentages, as well as the corresponding masses of the

oxides.

The chemical composition is determined using the

method developed at Budapest. The method and its vali-

dation, has been demonstrated elsewhere [22].
Fig. 1 Location of the sediment samples in the municipality of

Zaı̈da
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Results and discussions

Geochemistry of sediments of Zaı̈da commune

Zaı̈da’s sediments, either for those of the Oueds or the

lakes of mining careers, show pH values tightening all to

the alkalinity (Table 1). This tendency to the alkalinity

reflects the nature of sediments, dominated by the lime-

stone and clay, in spite of the presence of mining effects.

The conductivity of these sediments shows a variation

marked by an increase from the upstream to downstream of

the Moulouya Oued. Furthermore, the conductivity is

higher in lake sediments than in those of Oued sediments,

especially in the lake C4 with a visible salinity in dry

period (Salt crystals deposited by evaporation on the sur-

face of waters).

The percentage of organic matter is significantly higher

in the sediments of the lakes mining quarries than in those

of the Moulouya Oued and its effluents (Table 1) which

could be explained by the fact that the lakes are closed

environments.

The analysis of major element contents (Table 2) shows

that the sediments are mainly constituted by quartz, cal-

cium carbonate, and different oxides and clays. Further-

more, the presence of high levels of SiO2 (61.33%) and

Al2O3 (9.62%) reflects the sandy nature of the sediments.

This sandy nature results from the rock of the mineraliza-

tion of Pb (the arkose) and from the granite which is largely

present in the Zaı̈da commune. The high percentage of

calcium oxide ‘CaO’ (36.77%) could be attributed to

limestone and marly nature of sediments that cover the

studied area.

Pollution by trace elements of the Zaı̈da commune

sediments

Sediments of the Moulouya Oued and its effluents

The analysis of different trace elements (Pb, Zn, Cu, Cr,

Cd, Ni, and As) in the sediments of Moulouya Oued shows

variable concentrations from a station to another, with high

concentrations at the mining district, mainly in S5, S6, S14,

and S20 stations (Fig. 2). Moreover, the maximum values

recorded for different trace elements are lower than the

values reported in the literature [25–29] except for arsenic

and lead that have maximum values of 9.5 and 35 mg/kg,

respectively (see Table 3).

The variation of metal concentrations from S16 station

(located upstream of the mine of Moulouya Oued) to S20

station (located downstream) (Fig. 1) reflects the impact of

Table 1 Values of pH, conductivity and organic matter of the sediments of Zaı̈da commune

pH Conductivity lS/cm Organic Matter %

Sediments Oued Lakes Oued Lakes Oued Lakes

Min 7.89 7.99 154 320 0.65 7.85

Average 7.70 8.08 513 897 5.68 12.29

Max 8.12 8.33 850 2100 11.56 16.35

Table 2 Concentrations of different oxides measured in the sediments of Zaı̈da commune

Oxides % N2O5 NaO2 MgO CaO K2O P2O5 SO3 SiO2 Al2O3

Min 0.52 0.13 2.06 4.86 0.87 0.99 0.24 10.96 2.23

Average 1.11 0.44 3.00 16.59 2.29 1.23 0.38 31.37 6.59

Max 1.71 0.9 4.00 36.77 4.21 1.42 0.51 61.33 9.63

Fig. 2 Trace element concentrations in Oued sediments
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Zaı̈da mine on sediments. So, the concentrations of trace

elements recorded in S16 station (upstream of the mine) are

lower than those recorded in S20 station (downstream of

the mine), demonstrating the contamination generated and

induced by the Zaı̈da mine on sediments of Moulouya

Oued (Fig. 2).

The distribution profile of different trace elements along

the studied sites shows significant enrichment from up to

downstream of the mine indicating the influence of mining

activities on the quality of Oued sediments.

The representation of metal concentrations (Cd, Pb, Cr,

Cu, Ni, and As) versus Zn contents in Oued sediments,

Table 3 Maximum, minimum and average concentrations of trace elements in sediments of Moulouya Oued and its effluents in Zaı̈da commune

Elements (mg/kg) As Cd Cr Cu Ni Zn Pb

Min 4.5 0.16 16.35 14.7 5.2 42.4 19.5

Average 6.76 0.25 44.14 15.6 8.03 36.52 26.86

Max 9.5 0.4 95.40 21.7 10.6 90.3 35

SD 2.11 0.10 33.18 2.98 2.36 21.48 7.02

[25] 1.7 0.35 – 32 80 90 35

[31] – 0.03 4 – 20 9

[26–29] 5 – \100 – \20 70–140 –

[4] – 0.5 – – – 75 20

– means that the values are not given in the considered reference

Fig. 3 Relations between Zn and various trace elements in Oued sediments
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permits to distinguish the signature of the metal sources in

the sediment of the Oued bed upstream and downstream

the mine. As it is represented in Fig. 3, a good linear

relationship is generally observed between Zn and other

trace elements.

The high concentrations of trace elements recorded at

different stations, in comparison to S16 station (situated

upstream of the mine), could therefore be attributed to the

impacts of Zaı̈da abandoned mine. It is mainly due to the

effects of mining tailings, which are very rich in trace

elements, and to the industrial unit related to mining

activities; both of them are located on the banks of Mou-

louya. In fact, the tailings, without vegetation cover, are

subject to the effect of intense wind and water erosion; and

contribute therefore to provide the sediment by trace

metals. The wastewaters coming from Zaı̈da village could

also be considered and added to these effects because they

are directly released into Moulouya Oued without any pre-

treatment.

Lake sediments of mining quarries

Table 4 shows the minimum, maximum and average values

of metal concentrations measured in lake sediments of the

quarry mining of Zaı̈da commune.

A comparison with a literature [27–30] shows that the

concentrations recorded in lake sediments of mining quarry

of Zaı̈da commune are lower than those reported in the

literature, except for Pb and As that indicate higher values

(Table 4).

The high concentrations of trace elements recorded in

mining lake sediments could be attributed to the impact of

mining residues which are rich in trace elements and which

probably contribute directly by water and wind erosion to

the observed enrichment. Furthermore, the spatial evolu-

tion of trace element concentrations in the mining lake

sediments shows that the studied metals (Pb, Zn, Cu, Cr,

Cd, Ni, and As) have approximately the same profiles

(Fig. 4). On the other hand, the representation of trace

element contents in function of Zn concentrations (Fig. 5)

shows in general a good correlation indicating that these

elements have a common source in the study area. The

most probable common source could be mainly attributed

to the mining activities.

The trace element contents in sediments of quarry lakes

are clearly higher than those recorded in the sediments of

Moulouya Oued at the mining center. In fact, the remobi-

lization and the transport of Oued sediment could cause the

release and the transport of trace elements and thus a

diminution of concentrations in sediments. However, for

the quarry lakes, because there are considered as a closed

aquatic system, an accumulation of pollutants takes place

by successive additions.

So, there is a significant pollution by trace metals in

sediments of Moulouya Oued and the mining lake of the

Zaı̈da commune and they are considered as a potential

reservoir of pollutants; the source of pollution is essentially

mining.

Conclusion

The prompt gamma activation analysis (PGAA) gives

satisfactory results with proper accuracy and reliability for

determination of major elements and some trace elements

and proves to be suitable for geological applications and

determination of pollution in sediment samples.

Table 4 Average, minimum and maximum metal concentrations in lake sediments of the quarry mining of Zaı̈da commune

Elements (mg/kg) As Cd Cr Cu Ni Zn Pb

Minimum 6.4 0.06 10.5 8.5 6.72 9.7 15.4

Average 12.4 0.19 17.8 9.24 8.96 18.8 249

Maximum 15.5 0.42 24.6 42.5 11.3 29.6 1605

SD 4.16 0.17 5.71 13.61 2.03 7.76 125.02

[25] – 0.35 – 30 80 90 35

[27–30] \15 – \100 – \20 70–140 –

Fig. 4 Trace element concentrations in the mining lake sediments
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The use of this technique for chemical characterization

of sediments from the Moulouya Oued and mining quarry

lakes of Zaı̈da commune permits us to quantify the con-

centrations of major and some trace elements. The princi-

pal obtained results show that the S16 station located

upstream the Zaı̈da mine out of mining quarries lakes and

away from any mining disturbance, has the lowest con-

centrations. Similarly, for S14 and S20 stations, located

downstream of the Zaı̈da mine, the quarries have the

highest concentrations indicating the direct influence of the

mine and its components on the sediment quality.

This study elaborated on the sediments of the Moulouya

Oued, its effluents and mining quarries lakes indicates the

degree of contamination of these sediments at the level of

Moulouya Oued and lakes located near the industry of

mineral treatment. The distribution of trace elements

highlighted the main contaminated areas.
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