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Abstract
This work assesses potential physicochemical, metallic, and radiological contamination of liquid discharges from the phos-
phoric acid (PA) production unit at the coast of El Jadida Province in Morocco. The physicochemical parameters: pH, 
conductivity, salinity, turbidity, total hardness, nitrate, nitrite, orthophosphate, and heavy metals were analyzed in PA and 
beach samples. 238U, 232Th, and 226Ra were determined by gamma spectrometry, the Radon contents were determined using 
solid state detectors (LR-115). It is concluded that phosphate effluents are strongly acidic with a mean pH-value of 1.8 and 
that the discharges still contain relatively high levels of fluoride, phosphorus and radiological substances.
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Introduction

Water pollution is among the most challenging issues in 
today’s world. El Jadida Province in Morocco is character-
ized by urban agglomerations and important industrial infra-
structure such as the phosphoric acid production unit at the 
coast that processes phosphate rock using sulfuric acid as 
shown in Eq. (1) [1].

The production of phosphoric acid generates relatively 
large volumes of phosphogypsum. Approximately 20 mil-
lion metric tonnes phosphogypsum are produced at the 
phosphoric acid production unit in El Jadida every year [2]. 
The untreated phosphogypsum is directly discharged into 
coastal waters in form of a liquid slurry. In addition to this 
effluent, various gases are produced during the digestion of 
phosphate rock with sulfuric acid that are also emitted into 
the environment.

The disposal of phosphogypsum into the sea is still con-
ducted in Lebanon [3], Tunisia [4, 5, 6, 7] and Morocco. 
Worldwide approximately 58% of the produced phosphogyp-
sum is stacked, 28% is discharged in coastal waters, and only 
14% is further processed [8]. OCP, the state-owned Moroc-
can phosphate rock mining company and phosphoric acid 
manufacturer, wants to stop the practice of seawater phos-
phogypsum disposal in the near future [9] and is actively 
working on methods to valorize phosphogypsum instead of 
disposing it [10]. The material could indeed be source of 
valuable secondary raw materials such as gypsum [11] and 
rare earth elements [12–14], with the monetary costs for 
mining already covered by the the phosphate industry 
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[15]. As of now the environmental effects of discharging 
phosphogypsum into Moroccan coastal waters are not fully 
understood yet.

Azouazi et al. [16] were probably the first to provide a 
systematic analysis of the radioactivity found in Moroccan 
Khouribga phosphate rock, resulting phosphogypsum and 
potential transfer of the radioactive elements into ground-
waters from dry stacking the phosphogypsum on land (when 
this practice was still used in Morocco). More recent analy-
sis of Khouribga phosphate rock that is processed in El-
Jadida Province as well as the resulting phosphogypsum 
are available [17–19] and since the practice of dry-stacking 
phosphogypsum was not continued several studies focused 
their attention on analyzing coastal samples.

Erramli et al. [20] analyzed six solid samples (includ-
ing one sample taken at the beach of Safi City south of El-
Jadida) and eight water samples from the sewers of the fer-
tilizer plant (not the discharged phosphogypsum). The study 
largely focused on comparing different analyzing techniques 
without commenting on potential pollution of the analyzed 
samples. Belahbib et al. [21] conducted the most recent and 
most systematic analysis drawing sand and seawater samples 
from 17 locations north and south of the discharge point. 
The study focused on the release of radioactive material 
with the phosphogypsum slurry and found a considerable 
increase of the 226Ra activity in beach sand that ranged from 
16 Bq/kg to as much as 217 Bq/kg. The authors could further 
show that the contamination is present in a diameter as large 
as 10 km from the discharge point.

The increase in radioactivity at beaches surrounding the 
discharge point is obviously of great concern. There is a 
larger number of other parameters that are of interest as well 
and the present study builds on the earlier work from Belah-
bib et al. [21] but analysis seawater directly and considers 
additional parameters. The pH, turbidity, conductivity, TDS 
(total dissolved solids), TOC (total organic carbon), heavy 
metals, and radioactive elements were determined for six 
samples collected at two sample locations north-west of 
the discharge point (S1: beach near Moulay Abdellah) and 
south-east of the discharge point (S2: beach near Sidi Abed) 
as indicated in Fig. 2. Besides, this work provides a compre-
hensive analysis of the phosphate rock that was processed, 
the resulting phosphogypsum and the resulting phosphoric 
acid before and after concentration. In addition, the liquid 
waste streams from the phosphoric acid production unit 
could for the first time be directly analyzed. Specifically, the 
study analyzed the phosphogypsum slurry as the principal 
effluent (PE) from the phosphoric acid production unit, the 
effluent from the cooling channels of the phosphoric acid 
plant (CC) and the effluent of the phosphoric acid concen-
tration unit (CPA). All samples were collected in February 
2021.

Fig. 1   Schematic overview of the phosphoric acid production unit in El Jadida with the main effluents: Cooling Channel (CC) effluent, phospho-
gypsum slurry as the principal effluent (PE) and phosphoric acid concentration unit effluent (CPA)
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Materials and methods

Samples from the phosphoric acid production unit

Figure 1 provides a simplified schematic overview of the 
phosphoric acid production unit in El Jadida with the three 
main effluents that have been analyzed as part of this study. 
The phosphoric acid production plant uses seawater for cool-
ing in a thermal power plant that provides steam to the sulfu-
ric acid plant. The sulfuric acid is subsequently used in the 
phosphoric acid plant. All three parts of the facility (thermal 
power plant, sulfuric acid plant, and phosphoric acid plant) 
use seawater as a coolant and that coolant (CC in Fig. 1) was 
subsequently analyzed in this work.

The principal effluent analyzed in the work (PE in Fig. 1) 
is the phosphogypsum slurry that is directly discharged into 
the sea. After phosphate rock is processed with sulfuric acid 
to phosphoric acid as shown in Eq. 1 the phosphogypsum 
crystals are separated from the phosphoric acid using tilting 
cell filters as indicated in Fig. 1. The remainder is discharged 
into a waste pit from where the phosphogypsum slurry is 
ultimately disposed of into the sea. Strong ocean currents 
are then supposed to disperse the phosphogypsum.

The phosphoric acid produced in the phosphoric acid 
workshop has a P2O5 concentration of approximately 29% 
and still needs to be further concentrated to 54%. This step is 
done in the concentration unit where the acid is first heated 
in the acid heater to reach the boiling point of water at the 
operating pressure to generate steam in the boiler. During 
water evaporation in the boiler, the vapors formed (or mist) 

mainly contain water, but also minor traces of acid and other 
impurities such as fluorinated compounds. The vapors circu-
late towards the condenser. The condensable gases that are 
contained in the steam condense in contact with a seawater 
film that is used for cooling. The seawater, containing the 
condensed steam, is then evacuated to a hydraulic guard as 
indicated in Fig. 1. The overflow from the hydraulic guard 
is again directed to the tailing pit and another effluent that is 
ultimately discharged into the sea. We labeled this effluent 
CPA and also analyzed it in this work.

Samples near Moulay Abdellah and Sidi Abed

Besides taking samples from the phosphoric acid unit 
directly six seawater samples were taken at two sampling 
locations. Three samples were taken near Moulay Abdellah 
(S1) that is located 16 km northeast of the discharge point 
and three samples were taken near Sidi Abed (S2) that is 
located 11 km southwest of the discharge point (see Fig. 2). 
The average value of each measurement of the three sam-
ples is presented. In addition, two sand samples and two 
mussel (Mytilus galloprovincialis) samples were taken near 
Moulay Abdellah (S1) and Sidi Abed (S2). Sand and sea-
water samples were taken from the wave breaking zone and 
mussels were collected at low tide, in the intertidal zone in 
the lower mediolittoral zone, and then transported to the 
laboratory where they were brushed, cleaned, and stripped 
of their epibionts before they were sorted by size class in 5 
mm intervals.

Fig. 2   Location of the phos-
phoric acid unit in El Jadida and 
the two locations (S1 and S2) 
where seawater samples were 
collected
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Measurement of physicochemical parameters

Following early experience of Melki and Gueddari [22] 
the collected samples were acidified with 0.1 N HNO3 and 
stored at 4 °C before they were analyzed. Physicochemi-
cal parameters such as the pH, electrical conductivity (EC), 
turbidity, salinity, alkalinity (TAC), oxidizability, total hard-
ness (TH), chloride (Cl−), sulphate, ammonia (NH4), nitrite 
(NO2), and nitrate (NO3) were determined. In addition, 
major elements such as orthophosphates (P2O5), fluorine 
(F), and trace metals were determined.

The pH, EC, and TAC were directly determined at the 
sample location with portable instruments. A turbidity meter 
similar to the work described by Rahmanian et al. [23] was 
used to determine the turbidity. Individual samples were 
poured into sample holders in which they were kept (usu-
ally for a few minutes) until reading stability was achieved. 
After achieving reading stability, the value was recorded. 
Total hardness (TH), chloride content, and sulphate content 
were determined using the Mohr volumetric method [24]. 
Orthophosphates, ammonia, nitrite, and nitrate were ana-
lyzed using UV–Visible spectrophotometry, and the fluo-
ride ion concentrations were measured with an ion selective 
electrode. Trace elements were determined by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) 
with external calibration and internal standard correction.

Activity measurements

The phosphate rock, phosphoric acid (pre-concentrated and 
concentrated), phosphogypsum, effluents and seawater, sand 
and mussel samples were analyzed using gamma spectrom-
etry as described in an earlier work by Arhouni et al. [10]. 
The analyses were carried out using a broad energy germa-
nium (BEGe) detector for the determination of 238U, 226Ra, 
232Th and 235U activity concentration. The concentrations 
of 214Pb (295 keV and 352 keV) and 214Bi (609 keV, 1120 
keV, and 1764 keV) were used to quantify the activity of 
226Ra assuming that the secular equilibrium is established 
between 226Ra and 222Rn during the measurement (226Ra can 
be challending to distinguish from 235U because interference 
from emitting a photon at energy levels close to 186.1 keV 
and 185.72 keV). 228Ac (911 keV and 969 keV peaks) and 
212Pb (239 keV peak) concentrations were used to quantify 
the 232Th activity.

A resolution of 1.8 keV with an energy measurement of 
1332.5 keV was achieved. A certified multi-energy standard 
(same conditions and geometry as the samples) was used for 
calibration of a broad energy Ge detector. This standard con-
tained a liquid multi-gamma source containing several radio-
elements (large energy range) whose activities are certified 
by the supplier. Besides, three reference materials provided 

by the International Atomic Energy Agency (IAEA) were 
chosen for calibration purposes.

Experimental set‑up to measure radon 
and the exhalation rate

The radon concentration and exhalation rates were deter-
mined by passive alpha dosimetry with 2 × 2 cm2 pieces of 
LR115 type 2 detector material from Kodak (Rochester, 
USA) as previously described in detail by Boukhair et al. 
[25] and Taoufiq et al. [26]. The samples were conditioned 
in radon-tight containers to control radon emanation [27] 
for at least 4 weeks to establish a secular equilibrium that 
corresponds to seven half-lives of 222Rn.

Results and discussion

Major and trace element analysis

Data obtained for the major element and trace element con-
centrations in the phosphate rock (PR), phosphogypsum 
(PG), and phosphoric acid (PA) before concentration (PA-
BC) and after concentration (PA-AC) are given in Table 1. 
The Khouribga phosphate rock used here shows a relatively 
high P2O5 content of 30.59%, a relatively low Al2O3 content 
of 0.43%, and a relatively low total silica content of 2.25%. 
Trace elements in the phosphate rock are the main source 

Table 1   Average concentrations of major elements as well as trace 
elements in Khouribga phosphate rock (PR), phosphogypsum (PG), 
and phosphoric acid (PA) before concentration (BC) and after con-
centration (AC) obtained using ICP-AES

Elements Unit PR PG PA

BC AC

Al % 0.43 0.10 0.21 0.18
Ca % 51.95 30.99 0.11 0.01
Mg % 0.62 0.02 0.51 0.51
Si % 4.49 0.93 0.28 0.28
P2O5 % 30.59 1.39 24.37 47.88
Cd ppm 18 1.32 22.6 47.8
Cr ppm 128 6.5 149.9 337.65
Cu ppm 35 2.1 40.25 99.85
Fe ppm 2200 100 2166 4000.9
Ni ppm 14.20 300 37 71.5
Pb ppm 5 0.17 0.8 0.2
V ppm 129 5 114.8 275.65
Zn ppm 208 28 245.95 566.95
Zr ppm 24 6.2 25 55.35
U ppm 137 23.5 127.45 334.85
Th ppm 4 3.27 14.45 14.95
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of impurities that further transfer to the phosphoric acid. 
During the manufacturing of phosphoric acid, the impurities 
originally contained in the phosphate rock are distributed 
between the phosphoric acid and the phosphogypsum. The 
results in Table 1 show that overall more than 2/3 of the 
impurities pass into the phosphoric acid. The major element 
contents in the phosphoric acid are phosphorus, aluminum, 
iron, and magnesium. In addition, other trace elements such 
as cadmium, chrome, copper, vanadium, zinc and uranium 
largely transfer to the phosphoric acid.

The phosphogypsum is usually sent as a pulp into the 
seawater. The solubility of the phosphogypsum in seawater 
is pH dependent, and it is according to Guo et al. [28] gener-
ally highly soluble in saltwater reaching a value of 4.1 g/L. 
There are two types of impurities in the phosphogypsum 
that can be differentiated. Soluble impurities, composed of 
salts or acids not eliminated by washing in the process, such 
as P2O5 and fluorine as well as particles that are responsible 
for the low pH of phosphogypsum (pH < 3). The other group 
of impurities are insoluble impurities that come from the 
phosphate ore and do not react with the phosphoric acid. 
Silica, major trace elements and heavy metals are examples 
of the second group of impurities.

Acidity as a result of hydrofluorosilicic acid (hexafluoro-
silicic acid) is one of the issues raised by Fertilizers Europe 
[29]. This acid reacts with seawater salt as following:

The salt dissolves in the water, whereas the HCl acidi-
fies the medium. Due to the large volume of seawater and 
the intense marine flow on the coast of Morocco, this acid-
ity cannot be easily detected, even when only being tens of 
meters away from the discharge point. The same conclusion 
is reached when it comes to radioactive elements and lime 
sulphate. Insoluble products are present in very low con-
centrations and are widely dispersed by the seawater at the 
discharge point.

Table 2 summarizes the variations of the pH, P2O5, and 
heavy metals concentrations in the samples collected from 
the liquid discharges of the phosphoric acid production unit 
(PE, CC and CPA).

The pH of the cooling channel sample was found to be 
slightly acidic with a value of 6.2. However, the pH in the 
samples collected from the outlet of the concentration unit 
and the PG was only 1.8 showing that both substances are 
highly acidic. According to the United States Environmental 
Protection Agency [30], the acceptable pH that is suitable 
for the protection of aquatic habitats ranges between 6.5–9.0.

In the wet phosphoric acid industry, the main objective 
is to extract the maximum of P2O5. Losses of phosphorus 
may occur after processing when phosphorus is consumed 
and excreted, or during processing by the impregnation 

(2)H
2
SiF

6
+ 2 NaCl → Na

2
SiF

6
+ 2HCl

of co-crystallized P2O5 in the crystal lattice of gypsum or 
throughout the condensation of the vapor obtained as a 
result of the concentration of the phosphoric acid. These 
losses affect the overall performance of the phosphoric acid 
production units. Analysis of phosphorus compounds have 
shown that these effluents present higher phosphorus con-
centrations. It was further eminent that the effluents were 
polluted with fluoride (concentrations varied from 3.28 to 
927 mg/L). Fluoride has both beneficial and detrimental 
effects on human health. At low doses, fluoride prevents 
dental caries, at high doses (> 1.5 mg/L) [31] it causes prob-
lems such as dental and bone fluorosis.

Heavy metals are a major pollutant found in phosphogyp-
sum [32]. The highest concentrations of the majority of met-
als (Fe, Zn, and Cr) were recorded at the phosphogypsum 
discharge (PE). The obtained results are, however, within 
the permissible limit set by the Moroccan Standards [33] for 
direct discharges of heavy metals into aquatic environments 
(surface waters). The maximum concentrations set by these 
standards are: 0.5 mg/L for Pb, 2 mg/L for Cr, 0.5 mg/L for 
Cu and 0.2 mg/L for Cd [33].

Physicochemical parameters

To assess the effect of the industrial effluents on the marine 
environment, the common physicochemical parameters of 
water pH, electrical conductivity, turbidity, salinity, and total 
hardness have been determined at two locations (S1 and S2). 
Results are listed in Table 3.

Table 2   Average concentrations of trace elements in the phosphogyp-
sum slurry (PE), the cooling water (CC) and the concentration unit 
discharge (CPA) obtained using ICP-AES

Parameter Unit PE CC CPA

PH –  < 2 6.171 1.800
P2O5 g/L 481.177 35.713 166.860
SO3 mg/L 4.183 2.607 –
Fluor mg/L 272.595 3.288 927.000
Al ppm 6.334 0.579 1.063
Cd ppm  < 0.4  < 0.4 0.009
Co ppm  < 0.4  < 0.4 0.003
Cr ppm 0.87 0.44 0.060
Cu ppm  < 0.4  < 0.4 0.023
Fe ppm 4.257 1.11 1.115
Mn ppm  < 0.4  < 0.4 0.024
Mo ppm 1.17 1.15 0.032
Ni ppm  < 0.4  < 0.4 0.010
Pb ppm 0.554 0.577 0.033
V ppm 0.99  < 0.4 0.064
Zn ppm 2.436 1.913 0.102
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The results show that the seawater from all locations was 
moderately alkaline (pH 7.0–7.9) but within the permissible 
national limit of pH 6.5–9 [33]. Low pH levels can promote 
heavy metal solubility.

The measured conductivity provides insights into pollu-
tion with inorganic materials [34]. The conductivity in the 
seawater samples is in the order of 48.3 mS/cm. The meas-
ured values were within the allowable level of conductivity 
which is in the order of 50 mS/cm [33].

Turbidity refers to the content of suspended particles in 
water that disturb it. The values obtained of turbidity varied 
in the range of 0.92 to 5.27 NTU. The measured values were 
within the national allowable limit which is in the order of 
5 NTU [33].

Salinity generally describes the total concentration of the 
dissolved inorganic ions in a medium with increases in salin-
ity as a result of anthropogenic activity referred to as second-
ary salinization [35]. Since both values measured at S1 and 
S2 are the same we did not measure secondary salinization 
in this work.

In the present study the total hardness (sum of calcium 
and magnesium concentration) of the seawater samples was 
found to be 7.4 °F. The samples can thus be classified as soft 
following the classification of Shariati-Rad and Heidari [36].

The chloride content of marine water is similar in both 
locations. The results show higher chloride ion concentra-
tions in the seawater samples. This augmentation could be 
caused by a non-negligible contribution of chemicals, spe-
cifically phosphogypsum discharged at these two sites.

Nitrites are generally less abundant than nitrates. They 
are formed as a result of organic matter degradation, nitrate 
reduction, and ammonia oxidation. Nitrite concentrations are 
less than 0.10 mg/L in this work and are below the Moroccan 
standard limit of 0.5 mg/L [33].

Table 4 shows the concentrations of heavy metals in the 
seawater samples collected near Moulay Abdellah (S1) and 
Sidi Abbed (S2). The highest values of P2O5 and fluorine 
were recorded at the Sidi Abed beach while the lowest are 
recorded for the Moulay Abdellah beach. All obtained con-
centrations are within the permissible limits.

Radioactivity measurements

Radiological characterization of the radionuclides contained 
in the phosphate rock (PR), phosphogypsum (PG), phos-
phoric acid (PA), before concentration (BC) as well as after 
concentration (AC) and seawater effluents have been per-
formed to provide a database for the assessment of the envi-
ronmental and the radiological impacts of the phosphoric 
acid unit. Table 5 shows the specific activities of the main 
radionuclides of the three radioactive families (238U, 232Th, 
and 235U) present in these samples. Most samples showed 
concentrations that were below the detection limit.

Table 3   Physicochemical parameters of the seawater samples (S1 and 
S2)

Parameters Unit S1 S2

pH – 7.9 7.7
Alcalinity F 13.00 14.00
Electrical conductivity mS/cm 48.3 48.3
Turbidity NTU 5.27 0.98
Salinity – 35.5 35.4
Cl g/L 20.80 20.80
TH F 740 740
NO2 mg/L 0.19 0.13
NO3 mg/L  < 0.10  < 0.10
NH4 g/L 3.51 1.91
SO

2−

4
g/L 2.98 2.78

Oxydizability mg O2/L 23.20 6.00

Table 4   Average trace element concentrations in seawater samples 
collected near Moulay Abdellah (S1) and Sidi Abbed (S2)

Parameter Unit S1 S2

P2O5 g/L 0.948 4.526
SO3 mg/L 2.038 2.187
Fluor mg/L 1.001 2.448
Al ppm 0.463 0.683
Cd ppm  < 0.4  < 0.4
Co ppm  < 0.4  < 0.4
Cr ppm  < 0.4  < 0.4
Cu ppm  < 0.4  < 0.4
Fe ppm  < 0.4  < 0.4
Mn ppm  < 0.4  < 0.4
Mo ppm  < 0.4 1.233
Ni ppm  < 0.4  < 0.4
Pb ppm 0.581 0.621
V ppm  < 0.4  < 0.4
Zn ppm 1.807 1.768

Table 5   Specific activities of the main radionuclides obtained from 
the effluents of the phosphoric acid unit and the seawater samples

DL Detection Limit

Samples Activities in Bq/kg
238U 226Ra 235U 232Th

PE  < DL 19.62 ± 2.36  < DL  < DL
CPA  < DL 10.51 ± 1.33  < DL  < DL
S1  < DL 9.83 ± 1.31  < DL  < DL
S2  < DL 23.67 ± 2.72  < DL  < DL
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The sedimentary phosphate rock from Morocco treated 
for the production of phosphoric acid is clearly enriched in 
radionuclides from the uranium series, which is also well-
known [37, 38]. Furthermore, in the phosphate rock, all 
radionuclides of the uranium series are in secular equilib-
rium (Fig. 3), as expected given that the material undergoes 
no radionuclide concentration during the physical processes 
used prior to digestion. Phosphate rock (PR) from Morocco 
contains among many other accompanying elements natu-
ral uranium in relatively high concentrations (1048 Bq/kg). 
During the processing of phosphate rock with sulfuric acid, 
the majority (892 Bq/kg) of the radiotoxic Ra present in 
phosphate rock transfers to the phosphogypsum replacing 
Ca in the chemical structure [39, 40]. As a result of the rela-
tively low radioactivity of phosphogypsum the material is 
usually classified as the TENORM (Technically Enhanced 
Naturally Occurring Radioactive Material) residue and not 
a radioactive waste under most national regulations [41–43]. 
If phosphogypsum is stacked on land it is often considered to 
be a serious environmental liability though [43, 44]. Seawa-
ter disposal should not be considered as a serious alternative 
since the environmental risks associated with it are too little 
understood. This study and an earlier work by Jia et al. [45] 
that looked into the effects of roughly 30 years of phospho-
gypsum seawater disposal in Italy indicate that the practice 
does, however, disperse the phosphogypsum to a degree that 
most activity is well below the detection limit.

The variation in radon activity and exhalation rate of each 
effluent sample type is shown in Table 6. The highest value 
of the radon activity and exhalation rate was recorded for 
the phosphogypsum slurry (PE), with a value in the order 
of 509 Bq/m3.

The phosphogypsum discharge has a direct impact on 
approximately 150 km of coastline and beaches in the 
Moroccan province of El Jadida. This radioactive pollution 
has the potential to harm marine and coastal ecosystems, 
as well as the livelihoods of entire communities. Among 
aquatic organisms, mussels extract and concentrate elements 
from their surroundings but lack the ability to release radio-
isotopes from their bodies. In a study [21] conducted in 2019 
in the two stations, Mytilus galloprovincialis mussels were 
analysed since they are filter feeders and thus effective bio-
accumulators that can act as reliable indicator of radioactive 
elements in water over longer periods of time. In addition 
to mussels, the volume activities of radon in coastal sand 
samples was evaluated because this sand is widely used in 
the construction industry in the El Jadida region and other 
provinces. Results of beach sands and mussels samples from 
S1 and S2 that were evaluated as part of this work are pre-
sented in Table 7.

The average volume activities of radon in sand and mus-
sel samples at station 1, which is located an average dis-
tance of 16 km north of the discharge point, are in the order 
of 707 and 286 Bq/m3, respectively. Whereas, in station 2, 
at a perimeter of 10 km, the average activities of radon in 
sand and mussel samples increased significantly to 6,066 
and 897 Bq/m3. The radiological impact is significant, and 
it has the potential to harm humans and the environment. 
Even though Moulay Abdellah is indeed closer to the main 
discharge point, the radiological impact has remained low. 
This was most likely due to the discharge being dispersed 
by the dominant north–south sea current.

To better understand the results in Tables 6 and 7 the 
radon activity and exhalation rate of the phosphate rock 
(PR), phophogypsum (PG) as well as the phosphoric acid 

Fig. 3   Variation of the specific activities of the main radionuclides 
obtained for Khouribga phosphate rock (PR), phosphogypsum (PG) 
and phosphoric acid (PA) before concentration (BC) and after con-
centration (AC)

Table 6   Radon activity and exhalation rate of the main effluents of 
the phosphoric acid unit and the seawater samples

Effluents Stations

PE CPA S1 S2

Av (Bq/m3) 508.92 94.97 47.89 161.95
ES (mBq m−2 h−1) 403.29 75.26 39.26 132.76
EM (mBq Kg−1 h−1) 22.35 5.60 2.13 7.26

Table 7   Average radon volume activities from sands and mussels col-
lected at the two sample locations

Average radon volume activities (Bq/m3)

Stations Sands Mussels (Mytilus galloprovin-
cialis)

S1 707 286
S2 6066 897
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(PA) before concentration (BC) and after concentration (AC) 
were determined and are depicted in Fig. 4. The phospho-
gypsum showed a radon activity of approximately 2005 Bq/
m3 that explains the relatively high activity value in the prin-
cipal effluent. The seawater at the Sidi Abed beach shows 
higher radiation levels than the seawater drawn from the 
Moulay Abdellah beach which is not surprising given the 
different distances from the discharge point. Both values 
remain within the permissible limit (11,100 mBq/m3) set 
by the World Health Organization [31] and it can thus be 
assumed that the phosphate effluents do not present a rel-
evant radiological risk during their release into the aquatic 
environment in Morocco.

Conclusions

The effluents from the phosphoric acid production unit in El 
Jadida Province in Morocco contain considerable amounts 
of heavy metals and radiological substances. The effluents 
are further highly acidic and can contain high levels of fluo-
ride and phosphorus. Seawater samples taken at two loca-
tions (Moulay Abdellah and Sidi Abed) indicate that the 
concentrations are within permissible limits. We nonetheless 
urge the practice of direct seawater discharge to stop and to 
find better ways to valorize phosphogypsum and the other 
effluents rather than disposing them into the sea. Although 
within permissible limits we strongly believe that with phos-
phogypsum dilution should not be the solution to pollution.
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