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Abstract. The oases of the pre-Saharan basin of Wadi Ferkla in southeastern Morocco receives low and erratic
rainfall (annual average of 141 mm and inter-annual standard deviation of 70 mm). From the 1980s, surface water
and groundwater are increasingly used due to the expansion of irrigation, mainly along two wadis, namely Wadis
Ferkla and Satt originating in the High-Atlas and the Anti-Atlas Mountains, respectively. Their flows reach the
Ferkla’s irrigated perimeters only when the volume of the flood events exceed upstream evaporation, withdrawals
and riverbed’s infiltration. Nowadays, these irrigated perimeters exert significant pressure on groundwater re-
sources, through numerous drillings equipped with pumping systems, most of them being powered by solar
energy. This increasing water demand situation incentivizes individual farmers to design and implement innova-
tive techniques to increase water access for their farms. For instance, the spreading of floodwaters – an ancestral
and collective irrigation practice in traditional oases – is currently being modernized by individual farmers. The
new technique consists in partially diverting flood flows into earthen basins. The stored water either infiltrates to
recharge local aquifers, or is pumped for flood irrigation of date palms. An experimental protocol was set up to
characterize groundwater recharge below one of these on-farm basins equipped with a recharge well. Barometric
probes were installed in the basin, in the recharge well and in neighboring boreholes to automatically monitor
water levels. A topographic survey of the monitoring points and of the basin aimed at deriving piezometric levels
from water levels measurements and estimating the height-surface-volume curves of the basin. After 7 months
of continuous monitoring, 3 flood events were recorded. The establishment of the basin water balance at a fine
time-resolution allowed estimating its different components including the infiltration rate influencing ground-
water recharge. An analytical modeling of this process was developed to assess its effect on groundwater level
variations. This approach aims to contribute to a broader reflection on securing water management in this fragile
oasis ecosystem.

Keywords. Water level monitoring; field observations; groundwa-
ter recharge; modelling; oasis; pre-Saharan Morocco

1 Introduction

The pre-Saharan Morocco has experienced a significant ex-
pansion of pumped agriculture since the 1980s. The pressure
on the already scarce groundwater resource has increased
considerably. Nowadays, some farms have set up groundwa-
ter recharge structures (Todd and Mays, 2004) to increase the
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supply of irrigation water from wadi floods (Hashemi et al.,
2013).

Several authors have evaluated the feasibility of farm-level
groundwater recharge (Arshad et al., 2014; Godwin et al.,
2022) and the performance of farm-level well recharge struc-
tures (Soni et al., 2020).

Worldwide, infiltration rates from groundwater recharge
basins vary between 0.3 and 1 m d−1. The volumes infil-
trated into these basins are between 600 and 14 000 m3 d−1

(Wuilleumier and Seguin, 2008). The capacity of the in-
jection wells fluctuates between 1700 and 6000 m3 d−1

(Casanova et al., 2013). It is important to assess the effect
of infiltration on groundwater. The analytical solution devel-
oped by Hantush (1967) for assessing the growth and decay
of the groundwater mound below an infiltration basin is used
worldwide and very accurate compared to numerical mod-
elling (Warner et al., 1989; Carleton, 2010). Recently, this
solution has been adapted to the case where a pumping or
recharge well is located near or inside the recharge area (De-
wandel et al., 2021).

In this paper, we assess the infiltration rate of a farm-scale
recharge basin from its water balance and we evaluate its im-
pact on the local aquifer. The research site, located in Fer-
kla (Morocco), consists of a floodwater storage basin built
around and above a well formerly used for pumping.

2 Material and methods

2.1 Study site

The farm studied (5°02′01.00′′W, 31°29′40.00′′ N) is located
in the arid region of Drâa-Tafilalet (Morocco). It is located on
the left bank of Wadi Satt which originates in the Anti-Atlas.
Its runoff reaches the farm during flood periods only. The
average rainfall is around 141 mm yr−1 with a standard de-
viation of around 70 mm (Ait Bouijane station 1961–2018).
This farm relies on the quaternary formations of Wadi Satt
and pump water from both quaternary and underlying frac-
tured schist-quartzite aquifers. Like all the farms in Ferkla,
this farm is irrigated by pumping groundwater throughout the
year. It has a basin that allows partial storage of flood water
and local recharge of the water table. After filling the basin
with a maximum storage area and depth of about 6400 m2

and 2.8 m, respectively, part of the stored water is pumped
during the day using solar energy, and channeled into a pipe
to irrigate the date palms by gravity. Some palm trees are
planted inside the storage basin.

2.2 Material

In order to assess groundwater recharge from the flood basin
and its well, four barometric probes recording surface and
groundwater levels every 10 min (Fig. 1) were installed in the
basin, in its well and in two boreholes located 30 and 360 m
away from the basin. The depth of the well inside the basin

does not exceed 12 m. The other boreholes are more than
80 m deep and capture water from the Ordovician quartzite
and the shale aquifers. One probe placed in the open air
aimed to remove the biases caused by the atmospheric pres-
sure variations from the water level measurements. Measured
water levels were converted to piezometric levels based on a
topographic survey.

Periodic measurements with a manual piezometer aimed
to validate automatic records. A topographic survey of the
basin was carried out and processed in ArcGIS to derive the
height-volume-surface curve of the basin. Daily precipita-
tion and evapotranspiration data calculated by the Penman-
Montheith method (ET0) were available from the nearest me-
teorological station (Goulmima, ORMVA-Tf).

2.3 Methods

2.3.1 Calculating the infiltration rate from the basin

Infiltration from the basin and its well were estimated from
the simplified water balance equation of the basin Eq. (1)
obtained during periods with no pumping, no inflow and no
rainfall. During these periods visually identified on the graph
depicting temporal variations of the basin water level, its wa-
ter balance simplifies as follows:

1hbasin = −
(
q +E+ ETpalm

)
(1)

where 1h is the variation of the basin water level (mm) over
time, q, E and ETpalm are the infiltration (mm), the evapo-
ration (mm) and the evapotranspiration of the palm trees lo-
cated in the basin, respectively, over the same period of time.

These computation periods were selected at least 24 h af-
ter each flood event to ensure the absence of delayed inflow
that can bias the infiltration rate calculations, and during the
nighttime when there is no pumping from the basin. Infiltra-
tion rates were assessed for different water levels in the basin,
over time periods of a few hours and exhibiting near-constant
drawdown. E and ETpalm were calculated with Eqs. (2) and
(3), respectively:

E = k× Etank = k×

(
ET0

f

)
(2)

where k is the coefficient of the Colorado tank measuring
Etank, usually equal to 0.8, f is the Penman reduction factor
of ET0 used to estimate Etank, equal to 0.82 for semi-arid
areas (Riou, 1971).

ETpalm = kc× ET0 (3)

where kc is the crop coefficient of the date palm. It depends
on the vegetative stage and varies between 0.8 and 1. In order
not to under evaluate ETpalm, kc was fixed to 1.

The infiltration rates q calculated over the selected periods
were plotted against their corresponding mean basin water
level (hbasin). Spurious values likely caused by undetected
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Figure 1. Cross section of the study site and location of the probes S1, S2, S3 and S4.

Figure 2. Water level in the basin (S4) and in the piezometric mon-
itoring points (S1, S2, S3).

pumping or probe dysfunctions were removed from the sam-
ple (3 values among 17). Linear regressions with R2 exceed-
ing 0.94 were fitted to the scatter plots of each recorded flood
using Eq. (4):

q = a×hbasin+ b (4)

Different values for the parameters a and b were obtained
for each flood event because of the change in the geometry
and permeability of the basin due to siltation. On one of the
recorded floods, the infiltration rates were calculated for shal-
low depths. Thus, two infiltration equations were calculated
for this flood, depending on the water level, either lower or
greater than 1.4 m.

Infiltration rates of the well located in the basin were com-
puted for water levels lower than those ensuring hydraulic
connection with the basin. These infiltration rates were calcu-
lated from the well discharge curve. The calculation intervals
selected from this curve are the same for all recorded flood
events. This velocity is multiplied by the cross-sectional area
of the well to derive the seepage rate from the well.

Figure 3. Infiltration rates as a function of water depth in the basin.

2.3.2 Analytical modelling of groundwater recharge

In order to model the response of the water table below the
studied recharged basin, the analytical model developed by
Dewandel et al. (2021) which is based on the equations of
Hantush (1965 and 1967), was used. The model accounts for
the aquifer characteristics (storage coefficient, permeability
and aquifer thickness) and for the infiltration flow as a func-
tion of time (Eq. 4), to estimate piezometric variations.

For the purpose of the modelling, the geometry of the
basin was approximated to a rectangle with the same aver-
age area of ponded water. The aquifer thickness used in the
model was assigned to 30 m, which corresponds to the satu-
rated quaternary deposit and the top of fractured Ordovician
aquifer in the studied region (Ressources en Eau Du MAROC
Tome III, 1977). An additional probe located in the vicinity
of the wadi 3 km upstream showed no reaction of the piezom-
etry during floods. Therefore, the natural river recharge was
assumed to be negligible and not accounted for in the model.

The calibration of the model was performed by adjusting
the permeability and storage coefficients values so as to ob-
tain a visually satisfactory match between observed and sim-
ulated piezometric levels at S2 and S3.
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Figure 4. Modelling of groundwater recharge in S2 for floods 1 and
2 (K = 4.1× 10−6 m s−1; S = 3.5× 10−3).

Figure 5. Modelling of groundwater recharge in S2 for flood 3
(K = 2.2× 10−6 m s−1; S = 8.5× 10−3).

3 Results and discussion

3.1 Description and analysis of piezometric and
limnimetric measurements

During the three recorded flood events (Fig. 2), the water lev-
els in the basin (S4) and in the well inside the basin (S1) ini-
tiate a sharp and rapid increase (filling stage), immediately
followed by a smoother drop (emptying stage). At the begin-
ning of the emptying stage, S1 and S4 follow similar decrease
rates, suggesting that the well and the basin are hydraulically
connected. The staircase-like shape of the curves (Fig. 2) re-
flects the intermittence of pumping that occurs during day-
time to irrigate the farm.

After several days of nearly synchronized drawdown of S1
and S4, S1 initiates a much sharper decrease, suggesting that
the well disconnects from the basin.

The monitoring points S1 and S2 respond to all filling of
the basin. The maximum groundwater level reached during
each flood in S2 decreases overtime. In contrast, point S3 did
not seem to respond to the first and the third flood, and its
response to the second flood is delayed.

Figure 6. Modelling of groundwater recharge in S3 for floods 1 and
2 (K = 4.1× 10−6 m s−1; S = 3.5× 10−3).

Figure 7. Modelling of groundwater recharge in S3 for the 3rd
flood (K = 2.2× 10−6 m s−1; S = 8.5× 10−3).

3.2 The infiltration rate in the basin

The basin infiltration rates vary between 1 and 9 mm h−1.
Figure 3 shows that the infiltration rates decrease overtime
(from flood 1 to flood 3). This is assumed to result from the
silting up of the basin and the local clogging of the bottom.
Furthermore, it is found that the rates are proportionally lin-
ear to the depth of water in the basin; the infiltration equa-
tions from the basin are thus deduced.

The basin has a maximum storage capacity of approxi-
mately 6500 m3, the volumes of water infiltrated during the
three events fluctuate between 2100 and 3150 m3. Moreover,
the sum of evaporation and evapotranspiration accounts for
3 %, 7 % and 14 % of the infiltrated volumes for the first, sec-
ond and third floods, respectively. As for the infiltration flows
from the recharge well, they do not exceed 0.7 m3 h−1, i.e.
less than 17 m3 d−1. These values are negligible compared to
the infiltration from the basin, which are between 240 and
380 m3 d−1. Thus, we are only interested in infiltration from
the bottom of the basin in the remainder of this work.
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3.3 Calibration of the groundwater recharge model

The model was first fitted at point S2 where all the fills
of the basin induced an increase of the observed and mod-
elled water levels. The permeability and the storage coeffi-
cient values yielding the best match between the observed
data and the simulated values are K = 4.1× 10−6 m s−1 and
S = 3.5× 10−3, respectively. The third flood was fitted with
a permeability coefficient, K = 2.2× 10−6 m s−1, slightly
lower than that used for the first two floods (Fig. 5). This
slight difference may be due to errors in flow estimation and
to the artefact of modelling the basin as a rectangle. These K

and S values are typical of free fractured aquifers (Dewandel
et al., 2006; Lachassagne et al., 2021).

The calibration values of permeability and storage coeffi-
cient obtained in S2 were also used in S3 (Figs. 6 and 7), as-
suming that the structure of the aquifer is homogenous. How-
ever, the model could not reproduce the groundwater level
fluctuations observed in S3 during the three floods, even for
other K and S values. Thus, we may conclude that there is no
direct link between the infiltration basin and S3. The piezo-
metric increase in S3 may be due to the return flow from
irrigation (Fig. 6) that occurs around this point.

4 Conclusions

Modelling that takes into account the infiltration flow rates
from the basin and does not take into account the natural
recharge of the wadi and the recharge by the well has al-
lowed the response at piezometer (S2) to be reproduced rea-
sonably. This modelling also shows that a farther piezometer
(S3) does not respond to the pond infiltration, probably due
to the absence of a dense enough fractures network to con-
nect the aquifer on a large scale. After each flood, infiltration
rates decrease because of the basin siltation. In summary, this
recharge basin allows the groundwater to be recharged lo-
cally over a radius less than 360 m, which may improve lo-
cally water sustainability for agriculture. Also, we show that
on this experimental site, the recharge induced by the wadi is
weak, likely because of its low-permeable bed, and that the
recharge induced by the well inside the basin is weak too,
probably due to the partial or total clogging caused by the
flood deposit.
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