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ABSTRACT

The sustainability of groundwater resources for drinking water supplies, agriculture, and industry a prime concern in
countries dominated by arid and semi-arid climates such as Morocco. The growing demand for groundwater coupled
with impacts from land use and climate change make sustainability an even more important water management goal. In
order to make sound decisions about water use and protection of water quality, managers and policy makers must have
a sound understanding of such factors as the location and amount of groundwater recharge and groundwater ages. Due
to the population growth and climate change (causing long periods of drought) in the world, many countries have inten-
sively increased their use of water sources for supplying potable water to population and for their agricultural (irrigation)
and industrial developments. Due to the lack of surface waters, people exploit mainly underground water reservoirs. So,
it is necessary to study and characterize these water reservoirs to avoid any excess of exploitation. The water resources
of the Essaouira basin are characteristic of a semi-arid climate, and are severely impacted by the climate (quantity and
quality). Considering the importance of the Essaouira aquifer in the groundwater supply of the region, a study was con-
ducted in order to comprehend this aquifer groundwater evolution. It is an aquifer located on the Atlantic coastline,
southern (Morocco), corresponding to a sedimentary basin with an area of near 200 km”. Covering the Palacozoic bed-
rock, the sedimentary series range from the Triassic to the Quaternary. The geological structures delineate a syncline
bordered by the Tidzi diapir of Triassic age which outcrops to the East and South. In the Essaouira basin a multi-aquifer
was identified constituted by detrital deposits of the Plioquaternary and dolomitic limestones of the Turonian. The
Plioquaternary is unconfined below the Senonian marls. However, in some places it can be in direct contact with the
other Cretaceous and Triassic units. The Plioquaternary is generally up to 60 m thick. The Turonian is confined by the
Senonian marls and in direct contact with the Plioquaternary on the edges of the syncline structure. The main flow di-
rection is from SE to NW towards the Atlantic Ocean, being the recharge area located near the Tidzi diapir. In the Es-
souaira basin, in spite of the occurrence of calcareous and dolomitic levels, all waters are of Na-Cl-type. The chemical
signature of these waters should be the result of the preferential recharge area that is located in the Tidzi diapir. Using a
simple mass balance model through the PHREEQC program this scenario was tested. The reaction path was assumed to
be such that waters observed at shallow depths evolved to more mineralized waters. It was possible to notice that these
waters have an important contribution of water-rock interaction in groundwater mineralization, corroborating the influ-
ence of the preferential recharge area located in the Tidzi diaper in the waters signature.

K eywords. Essaouira Basin Aquifer; Hydrogeochemistry; Mass Balance Model

1. Introduction in Morocco.
In coastal regions, the problems related with the in-

Morocco is characterized by a semi-arid to arid climate, crease of salinization and pollution in groundwater sys-

excluding a humid zone in the north. This climat con- tems is generally associated to the effects of seawater
straint requires the application of new technologie to (seawater intrusion by overexploitation of the system and
supplement conventional hydrological method, in order by sea-salt-spray) and on the other hand by the anthro-
to improve water resources assessment and management pogenic activities such as domestic wastes, agriculture
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and industry. Also, intrinsic properties of aquifers (po-
rous/fractured/karstic media, geological structure, per-
meability), and external factors such as climate may con-
tribute to mitigate or worsen these problems.

The Essaouira basin is located in a Moroccan semi-
arid area with maximum annual rainfall of 300 mm/year
and with a high potential evapotranspiration around 920
mm/year [1,2] (Figure 1).

This sedimentary basin has an area of about 1200 km®
and is filled with Mesozoic and Cenozoic materials,
which are overlaid with superficial Plioquaternary ter-
rains (Figure 2). One main aquifer was identified, sup-
plying water for drinking and for agricultural activities [3].

2. Geological and Hydrogeological Data

Covering the Palacozoic bedrock, the sedimentary series
range from the Triassic to the Quaternary. The sedimen-
tary sequence begins with Triassic deposits having the
same lithology as in Sines basin, outcroping in the E and
S of the region. The Carbonate rocks compose the Juras-
sic and marly sediments of lower Cretaceous to Cenoma-
nian dominate the Cretaceous. The dolomitic limestones
of the Turonian are covered by Senonian gypsy marls [4,5],
which appear below the Plioquaternary detrital deposits
of sands, sandstone and conglomerates. The geological
structures delineate a syncline bordered by the Tidzi
diapir of Triassic age which outcrops to the E and S.
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Figure 1. Precipitation (a) annual values and (b) monthly
mean values at Essaouira Station (1990-1991 to 2008-2009).
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Figure 2. Geological map of essaouira basin.

In the Essaouira basin a multi-aquifer was identified
constituted by detrital deposits of the Plioquaternary and
dolomitic limestones of the Turonian [6].

The Plioquaternary is unconfined below the Senonian
marls. However, in some places it can be in direct con-
tact with the other Cretaceous and Triassic units. The
Plioquaternary is generally up to 60 m thick.

The Turonian is confined by the Senonian marls and in
direct contact with the Plioquaternary on the edges of the
syncline structure.

For a few years, water has been withdrawn through
drilling wells to supply the Essaouira City. At present,
the Plioquaternary provides 47% of drinking water for
Essaouira with about 64,000 inhabitants and rural popu-
lation. The total rate of extraction in this system is
around 97 L/s [7].

The piezometric levels in the Essaouira multi-aquifer
present a general standardization through time (1990/
2000). However, locally some piezometric variations can
be identified. As a consequence of the weak thickness the
sensibility to the droughts have an important impact in
the water reservoir, as widespread drought periods that
are affecting Morocco since 1978 [7].

Morocco has a wide range of climate conditions: the
coastal regions generally have a mild climate, the Atlas
Mountains can be cold and wet during spring or even in
summer, while the desert is hot and dry nearly all year.

The main flow direction is from SE to NW towards the
Atlantic Ocean, being the recharge area located near the
Tidzi diaper. The piezometric maps, since 1990 to 2000,
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show, in the N, a line deviation to the NE, indicating a
possible contribution of the oued in the aquifer recharge.

In the Essouaira basin, in spite of the occurrence of
calcareous and dolomitic levels, all waters are of Na-Cl-
type (Table 1 and Figure 3).

The diagram allows not only representation of the hy-
drochemical data, but also definition of the plausible hy-
drochemical processes dominating the groundwater che-
mistry such as mixing, ion exchange and dissolution af-
fecting groundwater composition. Classification of water
into “types” according to the dominating cations and
anions can then be undertaken.

The chemical signature of these waters should be the
result of the preferential recharge area that is located in
the Tidzi diapir. A high correlation coefficient was found
between electrical conductivity, chlorides and sodium
contents, suggesting the large contribution of these ele-
ments to the groundwater chemical load. Nevertheless,
occulted by chloride the groundwater is highly bicarbon-
ate as a result of the presence of carbonate compounds in
the reservoirs matrix.

Analyzing the dispersion of the values of the parame-
ters, it is probable that the difference between the maxi-
mum values and the average is a result of a punctual in-
crease. However, the present range is in majority a result
of the oued contribution into groundwater recharge,
leading to a dilution of the water mineralization. Another
hypothesis to explain the range in mineralization could
be the available time in the water rock interaction with
the diapir that constitutes the basin. It is also important to
consider the huge concentrations in chloride and sodium
(5019 and 3133 mg/L), not included in the diagram be-
cause of the anomaly behaviour of the well number 45
located near the coastline on the NW of the area. These
values could be a result of a local intrusion phenomena
originated by over exploitation.
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Figure 3. Essaouira groundwater piper diagram.
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On the basis of Durov diagram (Figure 4), the water
within the aquifer of the Essaouira basin can be consid-
ered as mostly homogeneous, among which sodium and
chloride are the most dominant facies. These waters
types can be described as follows: waters for the two
aquifers are plotted in the box 9 indicating increasing
salinity by mixing processes and in box 8 highlighting
the existence of cation reverse exchange reactions within
the Turonian as well as within the Plio-Qaternary aqui-
fers.

3. Groundwater Geochemical
Characterization

Hydrogeochemical processes are important in defining
groundwater hydrology in complex layered aquifers.
Subtle variations of salinity in fresh groundwaters are
related to hydrogeochemical processes controlling ground-
water composition. Three physical parameters (T, pH,

A : Direct exchange reaction
B : Conservative mixing line Mg50%
C : Reverse cation exchange reaction
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Figure 4. Expanded durov diagram for the essaouira ground-
water.

Table 1. Factorial analysesin the essaouira basin.

Factor 1 Factor 2 Factor 3
HCO; —0.05209 0.56697 —0.59120
Cr 0.91966 —0.24626 0.20629
NO; 0.51705 —0.59032 0.05719
SO7 0.10906 0.82363 0.23708
Na* 0.83928 0.23035 0.16783
K 0.03055 0.24041 0.85555
Ca® 0.82401 —0.14683 —0.02267
Mg** 0.83775 0.09662 —0.43083
OJMH
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conductivity) have been measured in situ during sam-
pling with a handling multiparameters equipment. Che-
mical analysis have been realised according to standard
protocols in the Laboratory of 3 Geolab of University
Cadi Ayyad of Marrakech.

Unfortunately, levels of physical-chemical parameters
such as TDS, EC, CI, SOi_ are higher than the maxi-
mum permissible level prescribed by the World Health
Organization standards sets fro drinking water.

3.1. Principal Component Analysis

Considering the numerous species involved in the chem-
ical analyses, the sources of salinization were sought
using Principal Component Analysis (PCA). PCA is a
Factorial Analysis, in which graphs are generalised, tak-
ing into account all the elements involved, in order to
achieve optimal data visualization [8]. Using this statis-
tical analysis a reduction of the observation dimensions
species obtained in which the given objects are studied,
by creating linear combinations of variables that charac-
terize the studied objects [9].

The application of the PCA method to Essaouira
groundwater data allows the identification of 3 factors
with eigen values greater than 1 (Tables 1 and 2):

Factor 1 represents 41% to the total variance of the
groundwater system with a positive correlation between
chloride, sodium, calcium and magnesium. This pattern
materialises the water-rock interaction namely the disso-
lution of evaporate minerals and/or the contribution of
Tidzi diapir in the water recharge.

Factor 2 with a relevance of 19% to the groundwater
characterization represents the sulphates content. These
values could have natural or anthropogenic origins, re-
sulting from evaporatic dissolution and/or the use of fer-
tilisers.

Factor 3 represents 17% of the total variance and it is
probably the result of the influence of the bedrock in the
water mineralization; factor 3 shows a high correlation
with potassium.

The samples recovered after the exceptional rainfalls
in January 1996, show a remarkable increase in Na™ and
CI" concentrations when compared with the data of 1995.
In fact, the infiltrated water in 1996 remobilized the salts
trapped and concentrated in the soil and in the unsatu-
rated zone during the long period of low precipitations.

Table 2. Total variance of factor in the essaouira basin.

Eicenval % Total Cumul. Cumul.
g Variance Eigenval %
1 3.27 40.90 3.27 40.90
2 1.49 18.69 4.77 59.59
3 1.40 17.44 6.16 77.03

Copyright © 2013 SciRes.

However, dilution effects can be observed in a par-
ticular recharge environment. Indeed, spatial distribu-
tions of sodium and chloride for 1996 (Figure 5) show
that the lowest concentrations are in the NE area imme-
diately southward of Ksob wadi. It highlights the aquifer
recharge by Ksob wadi and the dilution originated by it.
This recharge was also confirmed via water flow meas-
urements in this wadi [10].

The higher concentrations located in the central part of
the area are a result of the influence of the Tidzi diapir in
the water recharge, leading to high contents in sodium
and chloride, according to the main flow direction. The
evolution of these parameters do not indicate the main
flow direction probably as related to the Ksob wadi re-
charge and the dilution effect generated by it.

3.2. Anthropogenic Influence on the Aquifers
Contamination

In 1995, nitrate concentrations in the groundwater system
of Essaouira basin ranged from 1.4 to 187 mg/L (Table
3). The mean NO; concentration was 53.5 mg/L and
45 % of the groundwater samples exceeded 45 mg/L [2],
which is the World Health Organization maximum
amount of NOj content for drinking water.

In 1996 the nitrate content was higher than the one of
the previous campaign, the concentration ranged from
1.6 to 295.8 mg/L, with a mean value of 91.5 mg/L being
65% of the groundwater samples over 45 mg/L. The
NO; and CI” concentration increasing after the rains
of 1996°s supports the above hypothesis for the external
origin of these elements as well as the salt remobilization
phenomena triggered by precipitation after a long period
of drought.
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Figure 5. Spatial distribution of sodium and chloride and
sodium in the Essaouira basin.
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Table 3. Correlation matrix in the essaouira basin.

HCO, cr NO; SOr Na' K* Ca** Mg*

HCO, 1.00 -0.38 -0.18 0.12 0.11 -0.15 -0.19 0.20
cr -0.38 1.00 0.52 -0.06 0.77 0.08 0.79 0.65
NO; -0.18 0.52 1.00 -0.39 0.36 0.04 0.38 0.33
o 0.12 -0.06 -0.39 1.00 0.18 0.23 0.04 0.09
Na 0.11 0.77 0.36 0.18 1.00 0.26 0.46 0.59
K -0.15 0.08 0.04 0.23 0.26 1.00 -0.06 -0.30
Ca -0.19 0.79 0.38 0.04 0.46 -0.06 1.00 0.66
Mg 0.20 0.65 0.33 0.09 0.59 -0.30 0.66 1.00

The nitrate distribution also indicates the oued contri-
bution in the groundwater mineralization, by dilution the
groundwater near this river assume lower concentrations
in this pollutant (Figure 6).

Based on the different nitrate content at the Essaouira,
one might think that important amount of fertilisers were
used in intensive agricultural activities in Morocco. The
main source of nitrate is associated to wrong wells design,
lack of head well protection (e.g. hand-dug wells with no
casing and cover), lack of head well protection areas,
traditional extraction methods, accumulation of livestock
waste nearby the wells. The lack of prevention and envi-
ronmental programs for the population seriously threat-
ens the groundwater resources and leads to poor quality
in the water supplies.

In relation to the sulphates, the origin in the both aqui-
fers could be similar. In Essaouira sulphates are probably
the result of evaporites and diapiric dissolution, but they
could also be the result of the fertilisers. However, we
haven’t obtained any correlation between sulphates and
other element that supports the different origins (Table
4).

3.3. Geochemical Modelation

In the Essouaira basin, in spite of the occurrence of cal-
careous and dolomitic levels, all waters are of Na-Cl-type.
The chemical signature of these waters should be the
result of the preferential recharge area that is located in
the Tidzi diapir. A high correlation coefficient was found
between electrical conductivity, chlorides and sodium
contents, suggesting the large contribution of these ele-
ments to the groundwater chemical load. Nevertheless,
occulted by chloride the groundwater is highly bicarbon-
ate as a result of the presence of carbonate compounds in
the reservoirs matrix.

Analysing the dispersion of the values of the parame-
ters is probable that the difference between the maximum
values and the average is a result of a punctual increase.
However, the present range is in majority a result of the
oued contribution into groundwater recharge, leading to a
dilution of the water mineralization. Another hypothesis

Copyright © 2013 SciRes.
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Figure 6. Spatial distribution of nitrate in the Essaouira
basin.

to explain the range in mineralization could be the avail-
able time in the water rock interaction with the diapir that
constitutes the basin.

If we assume that sample 23 is representative of the
water, it is expected that waters progressively increase
the concentrations of chemical constituents. The higher
Na and Cl concentration could be explained by the calcite
and halite dissolution. Calculated saturation index (S.I.)
indicated that the majority of groundwaters are near
equilibrium with respect to calcite and strongly under-
saturated relatively with halite. The progressively in-
creasing EC values, Cl and Na concentrations due to in-
creased water rock interaction would ultimately result in
higher saturation indexes values with respect to the re-
ferred minerals.

Using a simple mass balance model through the
PHREEQC program this scenario was tested. The reac-
tion path was assumed to be such that waters observed at
shallow depths evolved to more mineralised waters. We
considered a path that initiated in sample 23 that was
calculated on the basis of the behaviour of groundwater
mineralisation with different percentages of halite disso-
lution (Table 3).

Figure 7 shows the results of modelling, with halite
dissolution at open system where are projected all the
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Table 4. Physical parametersand chemical analyzes of water from the aquifer.

135

Pointdean T (°C) C.E.25°C HCO; cr NO; SO Ca*" Mg* Na* K*
(us/cm) (mg/I) (mg/l) (mg/l) (mg/I) (mg/l) (mg/l) (mg/l) (mg/l)
140/51 19 2700 363.6 738.4 4.5 177.8 179.6 56.6 333.5 3.1
11/51 18 4830 263.5 1654.3 133.4 290.7 172.4 101.0 736.0 35.1
20/51 22 3250 209.8 1029.5 106.3 2212 159.2 76.3 471.5 7.0
M20 23 3130 383.1 972.7 225 163.9 164.0 61.9 414.0 9.8
28/51 23 3360 339.2 1136.0 70.6 137.5 2272 109.4 333.5 3.5
125/51 24 3330 226.9 1228.3 58.5 106.4 279.6 63.1 368.0 3.1
135/51 22 2500 219.6 788.0 62.0 164.8 1552 73.7 287.5 2.3
116/51 22 2610 285.5 671.0 165.5 1435 194.4 69.1 299.0 1.9
104/51 22 2100 268.4 546.7 1.6 168.3 152.0 53.3 287.5 3.5
33/51 21 2340 285.5 646.1 115.2 84.3 172.0 432 299.0 2.3
261/51 23 2000 266.0 436.7 79.6 178.4 146.8 48.7 241.5 2.3
327/51 21.5 1870 1623 4225 2732 78.6 92.0 27.8 253.0 5.1
149/51 22 3580 353.8 1075.7 2163 104.8 1013 655.5 4.7
272/51 20.5 2280 295.2 600.0 243.3 108.0 98.4 253 2.7
M5 22 1590 205.0 429.6 100.1 112.8 55.2 200.1 12.1
3/51 19 2550 412.4 646.1 163.4 117.2 52.6 391.0 47
M10 19 2700 390.4 771.5 131.8 184.4 19.4 402.5 47
133/51 22 4710 307.4 1462.6 402.2 295.2 150.0 678.5 3.5
18/51 21 5040 302.6 1693.4 4183 320.8 76.8 713.0 3.1
132/51 15.5 2580 226.9 830.7 163.4 185.6 75.1 322.0 2.3
137/51 21 3490 175.7 1320.6 1293 248.0 91.2 471.5 3.9
138/51 21 3960 192.8 1487.5 166.4 298.4 104.6 517.5 3.9
21/51 20 4460 207.4 1728.9 162.0 376.0 61.4 586.5 2.3
124/51 23 1860 241.6 586.8 455 140.4 67.9 218.5 2.0
126/51 24.5 3240 222.0 1189.3 132.0 306.0 64.1 356.5 3.1
127/51 19 3570 180.6 1359.7 131.5 325.6 106.3 391.0 2.7
M31 23 3220 102.5 1221.2 147.9 291.2 121.7 368.0 2.7
M33 205 1890 346.5 436.7 187.1 107.2 73.0 167.9 12
130/51 22 2170 324.5 500.6 205.9 112.0 71.3 299.0 12
49/51 20.5 2340 369.7 5325 244.6 102.0 104.4 287.5 1.6
93/51 21.5 2150 339.2 489.9 202.9 111.2 128.6 230.0 1.6
103/51 21 2100 314.8 5325 2133 112.2 85.2 207.0 2.7
260/51 20.5 2090 287.9 539.6 2389 109.6 71.3 218.5 2.3
227/51 20.5 2280 295.2 600.0 2433 108.0 98.4 253.0 2.7
27/51 21 2000 358.7 433.1 229.4 108.0 106.1 165.6 2.3
236/51 21 2380 3428 5822 241.4 120.0 118.1 264.5 2.0
Copyright © 2013 SciRes. OJMH
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Figure 7. Halite saturation index versus calcite saturation
index; sodium and chloride contents.

analysed samples in order to evaluate the behaviour of
groundwater from the aquifer. It is possible to notice that
the waters are projected along the line that represent the
waters evolution in open system, indicated these waters
have an important contribution of water-rock interaction
in groundwater mineralisation. Corroborating that the
chemical signature of these waters should be the result of
the preferential recharge area that is located in the Tidzi
diaper.

4. Conclusions

The economic and social activities in the Essaouira basin

Copyright © 2013 SciRes.

depend heavily on groundwater. In this basin, the very
high evaporation and scarce precipitation of the semi-arid
climate activate the processes of salinization and con-
tamination. In this context, the rainfall triggers a remo-
bilization of residual chemical species and contaminants
(sodium, chloride, nitrate) trapped and concentrated in
the soil or seeped into the unsaturated zone during the
long period of drought. This clearly shows the small po-
tential of natural attenuation by precipitation of the
semi-arid regions.

According to the climatic and environmental condi-
tions and social and economical factors it is evident that
each of the referred basins requires specific management
measures to protect and to preserve the groundwater re-
sources and to guarantee the water supplies. [11] suggest
three recommendations that might be useful in the Es-
saouira basin, where less management measures exist:

The use of the water from Ksob wadi for artificial re-
charge of the aquifers. In fact, the most significant out-
flows of the wadi are related to occasional floods in win-
ter. A small part feeds the aquifers and the rest is lost to
the Atlantic Ocean.

Improvement of the techniques of drilling, construct-
ing and protecting wells.

Public awareness and participation in water manage-
ment.
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