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Oued Fez (one of the Sebou River tributaries – Morocco) allowed us to study and quantify the effect of the
lack of wastewater treatment on surface water quality in semi-arid hydrological context. The analysis is
based on field data collected from June 2009 to December 2011. Concentration and load patterns of nitro-
gen, phosphorus and chromium (used in the processing of leather) are compared in stable hydrological
conditions during low flow and high flow periods in an eight-location sampling network.

The Oued Fez and the Sebou River are characterised by severe pollution downstream from the city of
Fez, particularly TN (mainly NH4 and Norg), TP (mainly Ppart) and TCr. The most polluted sites are those
directly under the influence of domestic and industrial waste water inputs, particularly tannery effluents.
Obviously, the concentrations measured at these locations are above all environmental quality standards.
Pollutant loads are very heavy in the Sebou River and can contaminate the river course for kilometres.
Moreover, as the water of the Sebou River is used for the irrigation of vegetables, serious problems of
public health could arise.

A better understanding of contaminant dynamics and self-purifying processes in these rivers will help
implement actions and steps aimed at improving water quality in the Sebou River, which is the primary
water supply source in Morocco and is used for agricultural and industrials purposes as well as for
drinking water.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Surface water pollution is one of the most widespread environ-
mental issues of the 21st century. In developed countries, decision
makers have long been aware of such issues and most industrial
and water policy has been implemented in their legislation (e.g.
in Europe, the water Framework Directive 2000/60/EC). So, domes-
tic effluents are now treated before being discharged into the envi-
ronment or being recycled in industrial or agricultural activities.

In developing countries, the supply and treatment of water are
the most important issues and consume most investments in water
management. In practice, less than 20% of the total wastewater
effluents are treated before being discharged into the environment
and large amounts of highly polluted water are used directly for
irrigation. So, domestic sewage and industrial effluents still cause
serious pollution problems in regions which are generally already
severely affected by water scarcity (Campos and von Sperling,
1996; Kamal et al., 1999; Stamou et al., 1999; Karakoc et al.,
2003). As Nyenje et al. (2010) pointed out, industries and urban
areas are becoming the major sources of the nutrients found in sur-
face water bodies. Moreover, when they are available, conventional
treatment systems often combine domestic as well as industrial
waste water with rainwater causing the flow of large volumes of
pathogenic water and the associated public health problems
(Bdour et al., 2009).

The climate plays a significant role in the dynamics of
pollutants, particularly in arid and semi-arid developing countries.
Non-treated domestic and industrial effluents are discharged con-
tinuously and cause almost constant flows of water and pollutants
to the river. In many cases, anthropogenic effluents constitute most
of the river discharge (Tournoud et al., 2005; David et al., 2011) and
can transform intermittent streams into permanent effluent-dom-
inated rivers (Mladenov et al., 2005). Since flow discharges vary
with the hydrological conditions, dilution may or may not occur.
High pollutant concentrations are measured during base flow
conditions which, in arid and semi-arid regions, can last for several
months. It is worth noting that sedimentation of particulate
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Fig. 1. Oued Fez catchment and sampling network.
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pollutants in the river bed can also occur due to the low velocity of
the flow during low flow conditions.

In Morocco, many authors have assessed the acute situation of
the water bodies (Fekhaoui and Pattee, 1993; Sage et al., 1997;
Khamar et al., 2000; Azzaoui et al., 2002; Koukal et al., 2004,
etc). However very few water quality data were available to assess
management steps.

In this study, we focused on Oued Fez, upstream of the city of
Fez, which is a typical example of Mediterranean semi-arid rivers.
It is an intermittent river that receives raw waste waters, from a
population of 1 millions inhabitants, plus handcraft activities, such
as tanneries and brass making. Oued Fez is a tributary of the Sebou
River, which waters are used for a wide range of purposes from
which the most important is the irrigation of agricultural zones.
This practice leads to pollution of agricultural soils and produc-
tions. A study carried out on the Sebou River evaluated that the
economic losses due to water pollution reached 2 billions of dir-
hams (180 millions of euros) per year (Bouchouata et al., 2012).

The objective of our work is to built up an observation network
able to characterise the specificity of the study site, to plan the
necessary field campaigns taking into account the hydrological
conditions to properly characterise the temporal variations in con-
centrations and loads of pollutants (water sampling and coupled
discharge measurements) and to better understand pollutant
dynamics (biochemical processes, dilution effects and sedimenta-
tion processes) by analysing commonly concentrations and loads
of pollutants. The analysis is based on field data collected from
June 2009 to December 2011 at an eight-location sampling net-
work. Concentration and load patterns of nitrogen, phosphorus
and chromium are compared in stable hydrological conditions dur-
ing low flow and high flow periods. A better understanding of
dynamics of contamination and self-purification processes in these
rivers will help implement actions to improve water quality in the
Sebou River.
2. Materials and methods

2.1. Study site

Oued Fez is the main water body crossing the city of Fez in
Morocco. It is a tributary of the Sebou River, the biggest river sys-
tem in Morocco with its 40,000 km2 catchment (Fig. 1). The river
flows in an easterly direction from the springs of ‘‘Ras el Ma’’
(elevation = 420 m a.s.l.) through the Fez medina and into the
Sebou 4 km downstream from the city of Fez (elevation = 210 m
a.s.l.). Its main course is 33 km long and its catchment area is
615 km2 (Lombard-Latune et al., 2010).

Oued Fez is an urban catchment as more than 10% of its area is
located within the city of Fez. Fez’s medina (old city) is densely
populated and constitutes the city’s handicraft centre. The city of
Fez is responsible for 40% of the total impact of water quality on
the Sebou River (ABHS, 2006). All of Fez’s sewage (estimated at
200,000 m3 per day in 2004 by Koukal et al., 2004) is flushed di-
rectly into nearby watercourses. This includes industrial effluents
generated by many industries including tanneries, oil mills, metal
works, potteries, resulting in serious degradation of water quality.
Tanneries, where the different processes are still carried out tradi-
tionally, are probably the most polluting and flush, day after day,
considerable amounts of chemicals including chromium and
ammonium in addition to organic matter into the river (Nazer
et al., 2006; Prabhavathy and De, 2010).

The catchment has a continental semi-arid climate with cold
winters and hot summers. The mean monthly temperature re-
corded at the ABHS (Agence de Bassin Hydraulique du Sebou) weath-
er station over the 1978–2008 period was 16.8 �C and is similar to
the values calculated at Fez airport for the 1961–2003 period
(ABHS et al., 2005).

Precipitation data recorded at ABHS station revealed high inter
and intra-annual variation in rainfall, a typical feature of semi-arid
climates. Estimation of the daily maximum rainfall return periods
with the Generalized Extreme Value (GEV) distribution yields a
maximum daily rainfall of 53 mm for the 10-year return period
and daily precipitation of 67 mm for the 100 year return period.

Marked variations in potential evapotranspiration data (PET)
were also recorded at Fez-Saiss airport for the 1980–2003 period
using the Colorado sunken pan method. PET can reach 163 mm
in July and drop to 25 mm in January (ABHS et al., 2005). The high
PET combined with low or null precipitation causes water stress
throughout the summer months.

2.2. Observation networks

A refined observation network was designed for one-day field
surveys (Fig. 1). Three sites were located on the Oued Fez
(1 – Supermarket bridge) and its affluents: Oued Merhaz (2) and
Oued Boufkrane (3) before they enter the Old Medina of Fez. Two
other sites are located on Oued Fez: just downstream from the
urban zones (4 – Old Medina) and just before the confluence with
the Sebou River (6 – Oued Fez confluence). The three last sites are
located on the Sebou River: before the confluence with Oued Fez (5
– Portuguese bridge), 100 m after the confluence (7 – Sebou
confluence) and 10 km downstream (8 – Latnine bridge). This
network includes the stream gauging station 4.

2.3. Measurement and sampling protocols

The main features of nutrient and total chromium dynamics in
the Oued Fez and Sebou River were assessed between June 2009
and December 2011; 17 campaigns were conducted in stable
hydrological conditions during this period (Table 1 and Fig. 2). Nine



Table 1
Sampling campaigns and hydrological conditions.

Date of the
campains

Number of
sampled sites

Reference
discharges (m3/s)

Hydrological
conditions

09/06/09 7 1.7 LF
20/10/09 8 2.6 LF
11/11/09 3 2.1 LF
15/12/09 3 2.7 LF
03/02/10 3 3.3 HF
24/03/10 8 7.9 HF
21/04/10 3 5.3 HF
18/05/10 3 4.6 HF
23/06/10 8 1.6 LF
12/07/10 3 2.8 LF
01/09/10 8 1.2 LF
15/12/10 3 6.0 HF
09/02/11 3 5.6 HF
29/03/11 8 5.6 HF
14/06/11 8 3.4 HF
13/09/11 8 2.3 LF
06/12/11 8 3.4 HF

LF: Low and average Flow conditions.
HF: High Flow conditions.
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Fig. 2. Daily discharge at gauging station and sampling campaigns.
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one-day surveys were conducted at the beginning and at the end of
the low flow periods as well as during high flow periods at eight
points in the river network. Eight other routine surveys were con-
ducted to better monitor changes in the concentration and fluxes
over the year in the three most polluted sites (sites 4, 6 and 7).

The same protocol was followed at each site. Water discharge
was gauged by velocity field exploration in the river section, using
an electro-magnetic current meter or an acoustic Doppler current
profiler. Physical and chemical parameters (water conductivity,
dissolved oxygen, temperature and pH) were measured in situ with
specific probes (HACH

�
). Water samples were removed manually

from the middle of the flow section, kept in a cool box and taken
to the laboratory in less than 4 h. The samples were immediately
preserved until analysis.

2.4. Analysis protocols

Water samples were analysed for total phosphorus (TP), soluble
reactive phosphorus (SRP), total nitrogen (TN), ammonium (NH4),
nitrates (NO3), nitrites (NO2) and total chromium (TCr). Given the
difficulty of finding appropriate analytical facilities in Fez, analyses
were performed using a HACH LANGE DR 2800 VIS-photometer
(Germany). TP, TN and TCr were analysed using HACH LANGE
LCK348, LCK338 LATON, LCK313 cuvette tests respectively, after
digestion using a high temperature HACH HT 2500 thermostat.
Using 0.45 lm filtered samples, NH4 was analysed with LCK304
and LCK305 cuvette tests while NO3 and SRP were analysed using
LCK339 and LCK338; NO2 was analysed using HACH NitriVer3. Norg

was calculated as the difference between TN and NH4, NO3, NO2

and Ppart as the difference between TP and SRP.
3. Results and discussion

3.1. Climato-hydrological conditions

2008/2009 and 2009/2010 were characterised by exceptional
rainfall amounts. Rainfall reached 840 mm and 794 mm for these
two hydrological years respectively whereas the maximum annual
rainfall recorded at the ABHS weather station in Fez was only
577 mm for the last 30 years. With 359 mm of rainfall, 2010/
2011 can be considered as a dry year. Measurements of discharge
clearly revealed the impact of the high rainfall amounts on the
baseflow of the Oued Fez which had been completely dry for five
years, only with ephemeral flow during rainfall events. Between
September 2008 and February 2009, the contribution of the up-
stream catchment to the Oued Fez discharge increased from 0 to
3 m3 s�1. This contribution increased from 0.5 to more than
10 m3 s�1 between September 2009 and March 2010, but only
from 0.2 to 1.5 m3 s�1 from November 2011 to February 2012,
while 2010/2011 was characterised by very low contributions from
the upstream catchment. In January 2010, our gauging station
failed and was out of service until the middle of March 2010
(Fig. 2).

Taking into account hydrological conditions, two sets of data
are currently available for the Oued Fez, the first one in low and
middle flow conditions (8 sampling campaigns with discharges of
less than 2.5 m3 s�1 at site 4), the second one in high flow condi-
tions (9 sampling campaigns with discharges above 4 m3 s�1 at site
4) (Table 1 and Fig. 2).

During low and average flow conditions, Oued Fez was strongly
influenced by domestic and industrial effluents from the city, dis-
charged directly into the nearby river network. These effluents rep-
resented 70% of the total discharge (mean value 2.9 m3 s�1)
measured just before the confluence with the Sebou River. Even
during high flow conditions, these effluents represented more than
40% of the total discharge (mean value 5.6 m3 s�1) measured at the
same location. This anthropogenic baseflow did not vary much
over time and reached a maximum of 2 m3 s�1 (e.g. 180,000 m3/
day). The discharge of the Sebou River upstream from the conflu-
ence with the Oued Fez was less variable (mean values 1.5 m3 s�1

and 2.1 m3 s�1) during low flow and high flow conditions respec-
tively, due to dam regulation. It represented 35% and 27% of the to-
tal discharge of the Sebou River downstream from the confluence
with the Oued Fez during low flow and high flow conditions
respectively.
3.2. Physico-chemical conditions and nutrient and total chromium
concentrations

In the next sections, results will be discussed, regarding at first
the three sites which were not affected by massive waste water
inputs (sites 1, 2 and 5), secondly the three sites affected by direct
waste water inputs (sites 3, 4 and 6) and lastly the two sites
located downstream from the Oued Fez-Sebou River confluence
(sites 7 and 8).

The levels of pollution were relatively low at the sites, which
were not affected by massive inputs of waste water (sites 1, 2
and 5) (Table 2).



J.L. Perrin et al. / Journal of Hydrology 510 (2014) 26–34 29
Water conductivity was high and remained relatively stable de-
spite increasing or decreasing discharge. The mean conductivity
values were 800 lS cm�1 at site 1 and 1060 lS cm�1 at site 5.
The mean DO saturation values were 68% at site 1 and 98% at site
5. DO saturation values were more variable, mean DO saturation
dropped during low and average flow conditions and increased
during high flow conditions at site 1, while DO saturation values
remained stable at site 5, the least polluted site (Table 2b and c).

The mean concentration of TN was 5.0 mgN L�1 and that of TP
was 0.2 mgP L�1 at site 1, while at site 5, the mean concentrations
of TN and TP were in the same range of values (Table 2a). During
very high flow conditions, the mean concentrations of TN increased
at both sites 1 and 5, due to significant leaching of the soil. TP con-
centrations remained relatively stable despite increasing dis-
charge. Nevertheless the concentrations of TN and TP denoted
that eutrophication may occur all along the river course.

The mean NO3 concentrations ranged from 2.3 mgN L�1 to
2.7 mgN L�1 (Table 2a) and NO3 represented 37% to more than
50% of the TN concentrations. In very high flow conditions (during
the March 2010 sampling campaign), NO3 concentrations in-
creased dramatically due to leaching and flooding in the agricul-
tural zones of the Fez-Saïss plain located upstream from the city.
These concentrations were strongly influenced by the flood and
reached 8 mgN L�1 at sites 1 and 2 but remained stable at site 5
whose catchment was not influenced by flooding. At sites 1, 2
and 5, SRP (mean concentrations ranging between 0.05 mgP L�1

and 0.13 mgP L�1) (Table 2) contributed 27% to 42% of the TP
concentrations.

The mean concentrations of TCr at the least polluted sites were
also very high. The mean concentration reached 0.07 mgCr L�1 at
site 5, particularly in high flow conditions during which the mean
concentration of TCr reached 0.13 mgCr L�1 (Table 2b).

The pollution levels in the Oued Fez and its tributaries were very
high in the reaches affected by waste water inputs (sites 3, 4 and 6)
(Table 2).

In these reaches water conductivity was high and dissolved
oxygen concentrations were low. Mean conductivity reached
1730 lS cm�1 at site 4 and 1850 lS cm�1 at site 6. At site 4, near
the source of waste water discharge, DO saturation remained high
and the mean value was 80% but decreased quickly and reached
14% at site 6. During low and average flow conditions, mean con-
ductivity at site 4 increased with maximum values of up to
2200 lS cm�1 at the end of 2009, and DO saturation at site 6
dropped (Table 2c). During high flow conditions, mean conductiv-
ity at site 4 decreased with minimum values less than
1340 lS cm�1 during the spring of 2011, and DO saturation at site
6 increased due to dilution effects (Table 2b).

The mean concentration of TN reached 39 mgN L�1 and that of
TP reached 5.2 mgP L�1 at site 4. The mean TN concentration at site
6 was 41 mgN L�1 and that of TP was 4.3 mgP L�1 (Table 2a). Dur-
ing low and average flow conditions, the mean concentrations of
TN and TP at site 4 increased (Table 2c) with maximum values
reaching 60 mgN L�1 and 9 mgP L�1 at the end of 2009. During high
flow conditions, the mean concentrations of TN and TP at site 4
dropped (Table 2b) with minimum values of less than 20 mgN L�1

and 2 mgP L�1 during spring 2010, due to dilution effects.
Despite of the high concentrations of total suspended solid

(TSS), dissolved forms of nitrogen often represented the main con-
tribution to the river’s nitrogen input. Generally, NH4 and Norg

represented more than 90% of the TN concentrations (Fig. 3). Mean
NH4 concentrations ranged from 10 mgN L�1 to 18 mgN L�1,
(Table 2) and NH4 represented 40–50% of the TN concentrations.
While NOx (NO3 + NO2) forms (mean concentrations ranging be-
tween 1.2 mgN L�1 and 2.5 mgN L�1) represented less than 10%
of the TN concentrations except in March 2010, when NO3 repre-
sented more than 30% of the total nitrogen levels (Fig. 3). The
relative proportions of NH4 and Norg varied significantly over time
and clearly evolved with temperature. The NH4/Norg ratios varied
from 0.25 in winter (T = 18 �C) to 1.9 in summer (T = 28 �C) due
to ammonification (Fig. 3). Ammonification explained the high
concentration of NH4 all along the Oued Fez and Sebou River. A
large fraction of organic nitrogen is readily converted into ammo-
nia (Vymazal, 2007). As observed at our study sites, and as already
observed by many authors (Vymazal, 2007; Mangimbulude et al.,
2012) ammonification increased with temperature. In spite of the
high concentrations of NH4, concentrations of NOx in the water
remained low, in the same range as those measured at the unpol-
luted sites. Kinetically, ammonification proceeds more rapidly than
nitrification in optimal conditions (Vymazal, 2007; Mangimbulude
et al., 2012). In our case, nitrification is inhibited by the low levels
of dissolved oxygen (lower than 1 mgO2 L�1 at the most polluted
sites) as well as by the high concentration of NH4.

In contrast, particulate forms of phosphorus represented the
main contribution to the river’s phosphorus input. At the most pol-
luted sites, sites 4, 6 and 7, SRP (mean concentrations ranging be-
tween 0.62 mgP L�1 and 1.25 mgP L�1) (Table 2a) represented less
than 30% of the TP concentrations (Fig. 4). It is worth noting that
the highest concentrations of SRP were measured in winter, during
the December 2009, February 2010 and February 2011 campaigns
(concentrations ranging between 2.5 and 3.5 mgP L�1) while the
concentrations of total phosphorus remained more stable in all
the campaigns. Temporal variations in the relative proportion of
SRP in the TP concentration were difficult to monitor although its
proportion appeared to increase in the winter periods, in relation
with discharge.

Concentrations of chromium measured in the most polluted
sites were very high for this kind of element (Table 2). The mean
total chromium concentration was 0.19 mgCr L�1 and reached
0.8 mgCr L�1 in December 2010 at site 4. It is worth noting that
TCr concentrations increased dramatically in December 2009 and
to a lesser extent in December 2010 (0.76 and 0.32 mgCr L�1

respectively) at site 4. This is certainly related to the Aïd el Kebir
‘‘the sacrificial feast’’ during which each Moroccan family sacrifices
a sheep. The December sampling campaigns took place just after
this celebration, when many sheep skins are available and the tan-
neries, which use chromium in the leather making process, work in
full mode.

Downstream from the confluence of the Oued Fez and the Sebou
River (site 7), dilution effects were systematically observed, but
pollution levels remained high (Table 2).

The mean conductivity value was high and
reached 1440 lS cm�1 and the mean DO saturation value was
39% at site 7.

The mean concentration of TN for the whole data set
reached 25 mgN L�1 and that of TP 2.7 mgP L�1 at site 7
(Table 2a). During low and average flow conditions the mean con-
centrations of TN and TP increased (Table 2c), with maximum val-
ues reaching 54 mgN L�1 and 5.2 mgP L�1 at the end of 2009.
During high flow conditions, the mean concentrations of TN and
TP dropped, with minimum values of less than 9 mgN L�1 and
1 mgP L�1 in March 2010, due to dilution effects (Table 2b and c).
It is worth noting that in the March 2010 campaign, the concentra-
tions of TN and TP were comparable to those measured at the
sampling sites not directly affected by waste water effluents.

TCr did not follow the same trend (Table 2). The mean concen-
tration of TCr was 0.15 mgCr L�1 for the whole data set. Although
these concentrations did not vary much with hydrological condi-
tions, they did tend to increase during high flow conditions and
decrease during low and average flow conditions (Table 2b and c).

Between sites 7 and 8, located 10 km downstream from site 7,
there was a significant decrease in the concentrations of each
element (Table 2).



Table 2
TN, TP, TCr, NH4, NO3 and SRP concentrations (mean values) at each sampling site, during low and high flow periods as well as for the whole data set.

C (lS cm�1) DO (%) pH TN (mg N L�1) NH4 (mg N L�1) NO3 (mg N L�1) TP (mg P L�1) SRP (mg P L�1) TCr (mg Cr L�1)

mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD

(a) Pollutant concentrations – All campaigns
1 (n = 9) 803 201 68 26 7.97 0.26 5.2 2.7 0.1 0.1 2.4 3.1 0.2 0.1 0.08 0.09 0.03 0.01
2 (n = 9) 965 244 97 6 8.18 0.19 7.0 2.9 0.1 0.0 2.7 2.5 0.6 0.4 0.13 0.12 0.14 0.16
3 (n = 9) 1502 215 57 39 7.99 0.17 38.4 36.8 23.1 33.1 3.5 3.1 4.6 5.7 0.62 0.55 0.09 0.08
4 (n = 17) 1727 289 80 16 7.97 0.18 38.7 13.0 18.3 8.8 2.5 1.8 5.2 2.2 1.25 1.02 0.19 0.17
5 (n = 9) 1062 138 98 5 8.20 0.07 5.7 3.8 0.0 0.1 2.3 0.4 0.2 0.1 0.05 0.06 0.07 0.03
6 (n = 17) 1851 372 14 18 7.70 0.42 40.6 14.7 17.2 10.0 1.5 1.3 4.3 1.8 1.00 0.78 0.22 0.15
7 (n = 17) 1436 310 39 20 7.86 0.19 24.9 10.5 10.1 5.6 1.2 0.8 2.7 1.3 0.62 0.62 0.15 0.09
8 (n = 8) 1232 184 19 32 7.74 0.20 16.0 7.6 8.4 5.5 1.1 1.2 1.8 1.1 0.50 0.52 0.09 0.08

(b) Pollutant concentrations – High flow campaigns
1 (n = 4) 795 283 77 24 8.04 0.20 5.8 3.5 0.0 0.0 4.1 4.3 0.2 0.0 0.07 0.03 0.03 0.02
2 (n = 4) 982 293 95 9 8.11 0.19 8.9 3.7 0.0 0.0 3.7 3.8 0.5 0.2 0.08 0.06 0.22 0.20
3 (n = 4) 1392 263 85 17 8.11 0.16 11.4 1.8 1.6 0.6 6.5 1.5 0.8 0.3 0.16 0.12 0.04 0.02
4 (n = 9) 1541 237 85 10 8.03 0.20 31.8 7.9 13.4 5.1 2.7 2.4 3.8 1.4 1.09 1.01 0.15 0.09
5 (n = 4) 1044 130 99 2 8.21 0.05 7.0 5.1 0.1 0.1 2.6 0.3 0.2 0.1 0.03 0.01 0.08 0.04
6 (n = 9) 1612 251 20 21 7.82 0.22 33.4 10.1 12.9 6.3 1.8 1.6 3.4 1.5 0.96 0.91 0.23 0.14
7 (n = 9) 1292 191 52 21 7.91 0.15 19.1 6.3 7.7 3.6 1.7 0.9 1.9 0.7 0.61 0.79 0.17 0.11
8 (n = 4) 1089 102 36 40 7.79 0.26 10.4 1.1 3.8 2.3 1.8 1.5 1.0 0.3 0.19 0.03 0.11 0.12

(c) Pollutant concentrations – Low and average flow campaigns
1 (n = 5) 811 118 60 29 7.91 0.30 4.7 2.0 0.1 0.1 1.0 0.3 0.3 0.1 0.10 0.13 0.04 0.01
2 (n = 5) 949 228 99 2 8.24 0.18 5.5 0.6 0.1 0.1 1.9 0.8 0.8 0.5 0.17 0.15 0.06 0.02
3 (n = 5) 1612 78 29 33 7.90 0.11 60.1 37.3 44.7 36.3 1.2 1.1 7.6 6.2 1.00 0.46 0.13 0.09
4 (n = 8) 1913 242 76 20 7.91 0.12 46.5 13.5 24.6 8.7 2.1 1.1 6.8 2.0 1.45 1.08 0.25 0.23
5 (n = 5) 1079 158 97 7 8.20 0.09 4.6 2.6 0.0 0.0 2.1 0.1 0.1 0.1 0.07 0.08 0.06 0.02
6 (n = 8) 2090 251 8 2 7.59 0.54 48.8 15.3 22.6 11.7 1.0 0.6 5.3 1.6 1.04 0.65 0.22 0.17
7 (n = 8) 1580 389 27 10 7.82 0.22 31.4 10.8 13.1 6.5 0.7 0.4 3.6 1.2 0.63 0.39 0.14 0.06
8 (n = 4) 1375 117 3 1 7.71 0.15 21.7 6.9 13.0 3.1 0.5 0.2 2.7 1.0 0.82 0.61 0.07 0.03

n: number of available campains.
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Fig. 3. Relative proportions of the different forms of nitrogen for the whole data set at the most polluted sites (sites 4, 6 and 7).
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Fig. 4. Relative proportions of the different forms of phosphorus for the whole data set at the most polluted sites (sites 4, 6 and 7).

J.L. Perrin et al. / Journal of Hydrology 510 (2014) 26–34 31
At site 8, the mean concentration of TN reached 16 mgN L�1 and
that of TP reached 1.8 mgP L�1 for the whole data set (Table 2a).
During low and average flow conditions, the mean concentrations
of TN and TP increased (Table 2c), with maximum values reaching
32 mgN L�1 and 3.9 mgP L�1 in September 2010 and at the end of
2009 respectively. During high flow conditions, the mean concen-
trations of TN and TP decreased (Table 2b), with minimum values
of less than 9 mgN L�1 and 1 mgP L�1 in March 2010, due to dilu-
tion effects.

TCr did not follow the same trend, its mean concentration
reached 0.09 mgCr L�1 for the whole data set (Table 2a). But during
low and average flow conditions the mean concentration of TCr
dropped. During high flow conditions, the mean concentration of
TCr increased, with a maximum value of 0.29 mgCr L�1 in March
2010, due to remobilization (Table 2b and c).

The concentrations of TN, TP and TCr, in Oued Fez and its tribu-
taries, were very high in the reaches under the influence of waste
water inputs (sites 3, 4 and 6) (Table 2). At the other sites, which
were not influenced by massive inputs of waste water (sites 1, 2
and 5), these concentrations were relatively low. In the Sebou Riv-
er, the concentrations of TN, TP and TCr remained low upstream
from its confluence with the Oued Fez. Downstream from the con-
fluence of Oued Fez and the Sebou River (locations 7), dilution
effects were systematically observed, but these concentrations re-
mained high (Table 2). Despite the marked variations in the level of
pollution in space but also over time, pH values remained rela-
tively constant throughout the sampling network and sampling
period with values ranging from 7.5 to 8.5.

The low levels of NO3 (mean concentrations ranging between
1.2 and 2.5 mgN L�1) and SRP (mean concentrations ranging be-
tween 0.05 and 0.13 mgP L�1) at the unpolluted sites confirmed
the limited role played by agricultural activities in the pollution
of the Oued Fez and Sebou River (Table 2). These values are lower
than the Moroccan provisional quality standards defined as an an-
nual concentration (11.3 mgN L�1 for NO3, 0.16 mgP L�1 for SRP). In
comparison, domestic and industrial effluents played a major role.
Inputs of NO3 and SRP from the agricultural zone became signifi-
cant only during very exceptional flood events, as shown by the
March 2010 campaign (Figs. 3 and 4).

Concentration values obtained during our study are difficult to
compare with those of other authors who worked on these rivers.
No TN and TP data was available for this site. However, SRP, NO3

and NH4 concentrations compare well with those obtained by Kha-
mar et al. (2000) and Koukal et al. (2004). In spite of the dilution
effect, the concentrations observed in the Oued Fez and the Sebou
River were in the same range as typical concentrations in un-
treated domestic wastewater (Asano et al., 2007). Obviously, the
measured concentrations were over the Moroccan (ME-MCATUHE,
2002) environmental quality standards (0.39 mgN L�1 for NH4,
0.16 mgP L�1 for SRP and 0.3 mgP L�1 for TP) and even well over



32 J.L. Perrin et al. / Journal of Hydrology 510 (2014) 26–34
the limit of the Moroccan ‘‘bad’’ water quality standards
(6.22 mgN L�1 for NH4, 1.63 mgP L�1 for SRP and 3 mgP L�1 for
TP) at all the sites directly affected by waste water inputs (sites
3, 4, 6 and 7). This could be also the case at the other sampling sites
(sites 1, 3 and 5) in particular for TP. The TN and TP concentrations
measured in Oued Fez and in the Sebou River downstream from the
confluence hinder the development of macro-invertebrates and
vertebrates. In fact, excess NH4 is toxic to cellular organisms
(Adamsson et al., 1998; Ip et al., 2001; Suski et al., 2007; Chilundo
et al., 2008). Concentrations of TCr originating from the tanneries
are very high. WHO (1996) established a human health based
guideline of 0.05 mgCr L�1 for drinking water. The recommended
limit for long term irrigation is 0.1 mgCr L�1 (Feigin et al., 1991;
Smith et al., 1996). For example, before purification, the water of
the Sebou River, used for drinking water at site 5 exceeded the
WHO limit in 80% of the available sampling campaigns. In the same
way, the water sampled at sites 4, 6, 7 and 8, which is used for irri-
gation almost systematically exceeded the 0.1 mgCr L�1 limit.

3.3. Nutrient and total chromium loads

The pollutant fluxes recorded at the entries of the system (sites
1 and 5) were generally negligible compared to the fluxes observed
at the exit of the Old Medina (sites 4 and 6) (Fig. 5).

In fact, at the entries of the system, the mean TN loads were
respectively 41 kgN h�1 at site1 and 37 kgN h�1 at site 5 and the
mean TP loads were respectively 1.0 kgP h�1 and 1.4 kgP h�1 at
the same sites, for the whole data set (Fig. 5a and b).
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During low and average flow conditions, the mean TN and TP
loads decreased significantly, while during high flow conditions,
the mean NT and TP loads increased at both sites 1 and 5 (Fig. 5a
and b). Maximum TN loads of 250 kgN h�1 were observed in March
2010 at site 1 due to the significant NO3 loads from the agricultural
zones of the Fez-Saïss plain, after leaching and flooding, (Fig. 5a
and b).

In contrast, the mean TN loads reached respectively
504 kgN h�1 at site 4 and 570 kgN h�1 at site 6 and the mean TP
loads reached respectively 63 kgP h�1 and 59 kgP h�1, at the same
sites for the whole data set. TN and TP loads did not vary much be-
tween low and average flow conditions, on one hand, and high flow
conditions, on the other hand, at the most polluted sites (Fig. 5a
and b). At site 6, the maximum TN load was measured in March
2010 with 1100 kgN h�1 and the maximum TP load was measured
in February 2010 with 100 kgP h�1 (Fig. 5a and b).

After the confluence with the Sebou River, the pollutant fluxes
remained stable at site 7 but decreased quickly downstream, as
shown at site 8, located at a distance of only 10 km from site 7.
Thus, the mean TN loads were respectively 494 kgN h�1 at site 7
and only 289 kgN h�1 at site 8 and mean TP loads were respec-
tively 54 kgP h�1 and only 32 kgP h�1 at the same sites for the
whole data set (Fig. 5a and b). The same trend was observed under
all hydrological conditions.

Concerning chromium, the mean loads of TCr were respec-
tively 0.2 kgCr h�1 and 0.5 kgCr h�1 at sites 1 and 5, and respec-
tively 2.5 kgCr h�1 and 3.5 kgCr h�1 at sites 4 and 6, which were
directly affected by waste water inputs (Fig. 5c). Variations in
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chromium loads were difficult to characterise. High concentra-
tions were measured in December 2009 and December 2010 just
after the sacrificial feast as mentioned previously. However, in
high flow conditions, the mean TCr loads reached 4.3 kgCr h�1

and 5.1 kgCr h�1 at sites 6 and 7 respectively, due to remobiliza-
tion of particulate chromium from the river bed sediments
(Fig. 5c).

Spatial variations in the pollutant fluxes were difficult to inter-
pret and sedimentation and remobilization processes were difficult
to characterise for each individual pollutant at the reach scale
(between sites 4 and 6 and between sites 7 and 8).

Between sites 4 and 6, large quantities of effluents flow
uncontrolled into Oued Fez as evidenced by measurements of
the discharge for whole set of sampling campaigns. At sites 4
and 6, mean discharge reached respectively 3.3 and 3.9 m3 s�1,
for the whole data set. However, discharge values did not follow
this trend in many of the sampling campaigns, but remained
constant between the two sites. In fact, the variation in TN
and TP fluxes was not significant (+/�10%) between these two
sites (Fig. 5a and b). Mean TN values of 517 kgN h�1 and mean
PT values of 65 kgP h�1 were recorded at site 4 and 559 kgN h�1

and 58 kgP h�1 at site 6 for the whole set of campaigns. The
fluxes of all the dissolved forms of nitrogen and phosphorus de-
creased along this reach, in some cases considerably: from 45 to
32 kgN h�1 for NO3, from 229 to 214 kgN h�1 for NH4, and from
20 to 16 kgP h�1 for SRP (Fig. 5d–f). In this reach, where the gen-
eral slope of the channel is quite high and where the vegetation
is relatively dense, self-purification processes probably explain
the decrease in the load of pollutants. The mean TCr fluxes did
not follow the same trend but increased significantly from
2.8 kgCr h�1 at site 4 to 3.6 kgCr h�1 at site 6 for the whole set
of campaigns (Fig. 5c). The effluents of numerous tanneries are
discharged without any kind of treatment into this reach of
the Oued Fez.

At the confluence, the Sebou River was characterised by a highly
braided stream where complex sedimentation/remobilisation pro-
cesses occur. Moreover, the input of nonpolluted water with high
dissolved oxygen concentrations favoured biochemical processes
such as nitrification/denitrification. Comparison of the sum of the
fluxes at sites 5 and 6 on one hand and at site 7 on the other hand
revealed significant losses of elements, particularly of nitrogen
(Fig. 5a, d and e). These phenomena were difficult to quantify
and varied from one campaign to the other. The anthropogenic
activity link to irrigation probably amplified the temporal variabil-
ity of the pollutant loads in this zone.

Variations in pollutant fluxes between sites 7 and 8 revealed a
general decrease in pollutants, as also reported by other authors
(Khamar et al., 2000). Although all the fluxes were concerned
(Fig. 5), particulate form fluxes (Norg, Ppart and TCr) were particu-
larly affected by sedimentation in the riverbed (Fig. 5c). Over a dis-
tance of only 10 km, sedimentation reduced the total loads of these
elements by 30% at site 8 and thus comprised a sizable reservoir of
pollutants between sites 7 and 8 that are available for remobiliza-
tion by the next floods (Obermann et al., 2007). Mean values of
494 kgN h�1 and 54 kgP h�1 respectively for TN and TP at site 7
and 289 kgN h�1 and 32 kgP h�1 at site 8 were recorded for the
whole set of campaigns (Fig. 5a and b). Fluxes of dissolved pollu-
tants also decreased from 199 to 134 kgN h�1 for NH4 and from
13 to 8 kgP h�1 for SRP along this reach due to self-purification
(Fig. 5d and f). It is worth noting that the mean values of NO3 in-
creased from 33 to 37 kgN h�1 along this reach (Fig. 5e), but these
values were only explained by the March 2010 campaign when
exceptional NO3 fluxes were observed. The March 2010 campaign
revealed a very specific pattern. In high flow conditions, the pollu-
tant fluxes between sites 7 and 8 remained constant, as the high
hydraulicity of the river hindered sedimentation.
4. Conclusion

The low levels of NO3 and SRP at the unpolluted sites confirm
the limited role played by agricultural activities in the pollution
of the Oued Fez and Sebou River. All the measured values were
lower than the Moroccan environmental quality standards. But in
an other hand, the sites directly affected by inputs of domestic
and industrial waste water, particularly effluents from tanneries,
were characterised by severe pollution, especially by TN (mainly
in the forms of NH4 and Norg), TP (mainly in the form of Ppart)
and TCr. Obviously, the concentrations measured at these sites
were above all Moroccan environmental quality standards. As al-
ready mentioned by many authors (Fekhaoui and Pattee, 1993;
Khamar et al., 2000 and Koukal et al., 2004), continuous pollution
has completely destroyed the aquatic ecosystems of these water
bodies. Pollutant loads are very high in the Sebou River and con-
taminate the river course for many kilometres. Moreover, as the
water of the Sebou River is used for the irrigation of vegetables,
serious problems of public health could arise. In the majority of
the river reaches, large quantities of pollutants are trapped in the
riverbed sediments and can be flushed out during each flood event.
These reservoirs of pollutants also need to be studied to improve
our understanding of the long-term pollution of the Sebou River
starting from the source of pollution (the city of Fez) down to its
outlet in the Atlantic Ocean. Our results and those of the other
authors emphasize the urgent need for remediation plans to im-
prove the water quality of the Sebou River which is the primary
water supply source in Morocco.
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