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ABSTRACT

In semi-arid regions, managed aquifer recharge (MAR) is seen as an efficient solution among others
for protecting groundwater resources. Clogging is one of the major issues that can reduce the durability
of recharge facilities. As a consequence of clogging of soils by suspended matter, permeability, and
porosity, and therefore exchange between surface water and groundwater are reduced. To our
knowledge, few researchers have studied the mechanism of clogging of the MAR in a semi-arid region
according to hydrologic conditions of the field. The main objective of the present work is to study the
clogging process of recharge sites in a semi-arid region (Wadi El Himmer, Morocco). These recharge
sites consist of a “Percolation Tank” and “Recharge Releases”, which retard and distribute the flow to
facilitate infiltration into a saturated zone. Field measurements are conducted to quantify the thickness
of the surface deposits (cake) according to precipitation at different recharge sites. To realize these
measurements, wooden pickets were implanted at different locations of the recharge sites. After 12
weeks of exposure to hydro-meteorological conditions, the thickness of the deposited (suspended
matter) layer was measured on each picket. In order to facilitate the interpretation of results, the kriging
method was used to interpolate obtained measurements. A significant variation in cake thickness was
observed at each recharge site following the flow direction. The layer deposited is mainly dominated
by red clays and silts. These results prompted us to investigate the impact of these deposits on the deep
clogging.
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1 INTRODUCTION

Growing population and the increased demand for water resources have resulted in a global
trend of groundwater depletion. Arid and semi-arid climates are particularly susceptible,
often relying on groundwater to support the needs of large urban centers or irrigated
agriculture in the absence of sufficient surface water resources [1]. Also, natural recharge is
intrinsically limited in these climates, and the predicted effects of climate change on recharge
in these regions are highly uncertain [2]. In order to increase the security of groundwater
resources, managed aquifer recharge (MAR) programs have been developed and
implemented globally [3].

MAR is an engineering system that aims to inject water into an aquifer in order to increase
groundwater supplies [4]. Other objectives of this approach include reducing marine
intrusions, storing water and improving surface water quality. It was the subject of several
research studies that addressed its various technical and economic [5], [6].

Clogging of the infiltrating surface and resulting reductions in infiltration rates are the
bane of all artificial recharge systems [7]. Three mechanisms of clogging can be identified:
(i) Physical or mechanical related to solid particle inputs [8], [9] and environmental
compaction related to basin activities, water loads when the basin is filled and settling of
sediment deposits themselves [10]; (ii) Biological by the growth of microorganisms (algae,
biofilm, bacteria) at the infiltration surface or on a thin layer [11]; and (iii) Chemical often
due to precipitation and dissolution of minerals can be used for bacterial development by
significantly modifying the porous medium [12].
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Several researches have been undertaken to study the clogging phenomenon in the field.
Fetzer et al. [13] investigated the dynamics of clogging by comparing infiltration of silty fine
particles and sandy fine particles, and they compared the results between laboratory and field
experiments. They showed that the clogging it’s more pronounced in field, due to a highly
fluctuating water regime, a polydispersed suspension and a high concentration of suspended
particles in compared with laboratory conditions. Casas-Mulet et al. [14] studied the main
hydraulic factors and trends in fine sediment accumulation on a river by installing sediment
collectors in a lateral gravel bar subject to irregular flow fluctuations in the river. They
estimated an important horizontal intergravel transport contributed to a significant
accumulation of fine sediments. Skolasinska [15] identified the post-depositional changes
that have occurred in river deposits affected by forced infiltration of river water and provided
examples of fouling microstructures that have formed in deposits affected by laboratory
clogging and under natural conditions are also presented. She concluded that the
decomposition of organic matter present in deposits or in infiltrating water is a very important
factor controlling clogging.

Until now, and to our knowledge, few studies have investigated the clogging mechanisms
in artificial recharge facilities in a semi-arid environment as a function of hydro-
meteorological conditions of the field. The main objective of present work is to study the
clogging process of streambed (wadi El Himmer, Morocco) in two sites of the MAR. Field
measures are being developed to evaluate the thicknesses de deposits (Cake) according to the
rainfall.

2 MATERIALS AND METHODS
2.1 Study area

Berrechid plain is located in the center of Morocco. It extends to 1500 km?. For many years,
this aquifer has been the subject of many geological and hydrogeological studies [16]-[18].
It’s characterized by an arid to semi-arid climate, with an average temperature of 18°C [19].
The annual average rainfall varies from 280 to 310 mm/year [20]. The supply of aquifer is
mainly through the direct infiltration of rainfall and runoff flows. Four main streams (Fig. 1)
are used to recharge the aquifer during flood events: Boumoussa, Tamedrost, Mazer and El
Himmer [18]. The last stream extends 27 km in length, mainly supplied by flows from rainfall
and releases from El Himmer dam in the upstream.

In the inset photos (Fig. 1) is presented (A) the Percolation Tank which retard the flow to
facilitate infiltration into saturated zone during runoff, and (B) the Wadi bed after infiltration.
During the drying periods, cracks appears with different opening dimensions. Notice that the
high of the embankment (S1 and S3) was around 70 cm above the clogged streambed surface.

The surface deposits in the study area are generally dominated by aggregates topped with
silty red clay, gravel and cobble [18]. The south-north geological section of the Berrechid
aquifer is presented in Fig. 2 which is adapted from [21]. El Himmer wadi is equipped with
an MAR system of two Percolation Tanks (S1 and S3) and two recharge releases (S2 and S4)
constructed on the Wadi (cf. Fig. 1) to promote infiltration to the aquifer by the dam’s releases
in upstream (El Himmer Dam) and rainfall flows.

After more than ten years of use, a high volume of fine suspended particles transported
by the flows, settle along the Wadi, particularly in the percolation basins (Percolation Tanks
and Recharges Releases), thereby limiting the infiltration.
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Figure 1:  Study area at the southern limit of Berrechid aquifer (Morocco). Study sites are
located along the length of El Himmer wadi (S1, S2, S3, and S3). (a)
“Percolation Tank” which retard the flow to facilitate infiltration into saturated
zone during runoff; (b) Wadi bed after infiltration.
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Figure 2:  South-north geological section of the Berrechid aquifer. (Source: Adapted from
Moullard and Hazan [21]).)

2.2 Field investigations

In the present study, two sites (site S1 and site S3) were selected which are spaced by 1 km
each other. On each site, and over an area of 750 m? (15 x 50), pickets were implanted in
different positions. The implantation of these Pickets was done on 20th October, 2018. The
top of each Picket remained uncovered by 10 cm which permits to measure the thickness of
the deposits after twelve weeks of exposure to hydro-meteorological conditions (19th
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January, 2019). A total of nineteen Pickets were implanted: eight pickets in the site S1 and
eleven pickets in the site S3.

From 20th to 28th October, 2018 measurement of the Wadi bed soil hydraulic
conductivity (Ks) was undertaken using a “double ring infiltrometer”. These measurements
were made at the surface of Wadi bed. A total of thirty measurements were done. The median
values for the both sites, are presented in Table 1.

Table 1: Summary of the positions and characteristics of recharge sites studied.

) Lambert coordinates
Location Studied area (m?) | Ks (m/s)
x (m) y (m)
Site 1 313686 287307 50x15 106
Site 3 313224 288314 50x15 103

The daily rainfall time series, provided by the Bouregregreg and Chaouia Hydraulic Basin
Agency (ABHBC), covering a period of eight months (between August 2018 and March
2019) is depicted in Fig. 3. This data was collected from the El Mers climate station
(x =320050 m; y = 279150 m) located at eight kilometers from the study area (cf. Fig. 1).
The observation of the daily rainfall histogram indicates that the precipitation is highly
variable for each month. The most humid period was October and November with an average
of 76 mm/month. Since December, rainfall has become progressively less with 6.8 mm
registered over the month of December. During the study period (20th October 2018 to 19th
January 2019) the total rainfall was less than 120 mm, with an average of 1.33 mm/day.
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Figure 3: Daily rainfall in Wadi El Himmer from 1st August 2018 to 24th March 2019.

Water samples were taken from the water retention tanks at the two recharge sites to
calculate the concentration of suspended matter carried by the flows. The results indicate that
the concentration at site S1 is around 1.4 g/L, while for site S3 it does not exceed 1.1g/L.

3 RESULTS AND DISCUSSION
After twelve weeks of exposure to climatic conditions, the thickness of the deposited
(suspended matter) layer was measured on each picket (Fig. 4). Cracks appeared after the
rainy period (mainly between late November and mid-January).
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Figure 4: Deposit measuring on a picket.

3.1 Thickness of deposits

Table 2 summarizes the thickness of sediments accumulated for all pickets in the studied
infiltration sites. Deposits accumulation varied significantly as a function of the distance to
the limit of percolation tank (embankment). For both studied sites, sediments thickness varied
between 0 and 12 cm, by following flow direction from upstream to the limit of the
percolation tanks. Several factors influence the variation in deposition thickness of suspended
particles carried by the flows. Many factors can affect the depth’s cake such as streambed
topography, presence of preferential flow and vegetation density, etc.

Table 2: Deposit thickness on pickets.

Picket DlSt?.nCC (m) Thickness Picket Dlstgnce (m) Thickness
name picket/ (cm) name picket/ (cm)
embankment embankment
A 6 4.5 K 3 4
B 6 2.5 1 3 12
C 18 2.5 J 3 1.7
S S X Y B PR S
F 32 3 N 14 0
G 32 0 0 26 1
H 40 1.5 P 37 0
Q 45 1.3
R 50 1.3
S 50 1.3

Correlation by kriging was used to interpolate the layer thickness (cake) formed on each
recharge site, and the obtained results are presented in Fig. 5. It is noted that the largest
thickness of the deposits measured reaches 12 cm in the site S3. This may be due to the
topography of the site, with the presence of a bowl-shaped in which a significant volume of
water was stagnated over a long period. Roughly speaking, thickness of deposits in the site
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S1 is greater on the right bank than on the left one. This may be due to the presence of a
preferential path and/or the lack of vegetation on the right bank, which has contributed to the
surface erosion from the bank during rainfall and consequently to a high accumulation
compared to the left bank.

Site 1 Site3

Flow direction

Figure 5: Cake deposited on the both infiltration sites.

It is also noted that with low rainfall of 3 months, the average thickness of the cake on
both sites is around 2.5 cm. This indicates the rate of surface clogging of these recharge sites
by suspended particles. This can minimize the vertical infiltration of surface water into the
unsaturated zone and therefore the groundwater recharge.

3.2 Particles size distribution

The particle size distribution (PSD) of the cake was determined by using the Mastersizer
2000 particle size analyzer (Malvern instruments). Samples used for the PSD of the deposits
were taken in the cake around the pickets. Fives samples were analyzed. The results of the
PSD (Fig. 6) indicate that the particles are characterized by a large size distribution within a
range between 0.2 um and 600 pm. The median diameter dso equals to 7.2 pm, djo equals
0.76 um, and dgo equals 150 um. The deposited particles consist of 20% clay, 51% silt, 22%
of fine sand (>63 to 200 pm), and 6% of medium sand (> 200 to 630 pm) [22].
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Figure 6: Particle size distribution of the particles constituting the cake.
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4 CONCLUSION
Investigation undertaken in the recharge sites on wadi El Himmer during 12 weeks indicates
that although the low rainfall, the thickness of the accumulated sediments is important, with
an average of 2.5 cm. Cake thickness developed at both sites increases in the direction of
flow, and are probably influenced by the variations of the sites topography, presence of
preferential flow paths, and the density of the vegetation. The sediments are generally
dominated by silt and clay.

The particle size distribution is characterized by a large distribution, with a significant
proportion under 10 um.

Considering the rapid clogging of the studied area, further detailed investigations of the
clogging mechanisms in the sub-surface are still being investigated in the field. The
concentration and the PSD of the infiltrated particles, hydraulic conductivity evolution of the
soil, hydrodynamics conditions, and other factors influencing the percolation tanks clogging
are among the parameters studied.
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