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INTRODUCTION 

Karst aquifers are typically characterized by 
great heterogeneity due to their irregular pore net-
work, cracks, fractures and conduits of very dif-
ferent shapes, sizes and connections, which make 
these systems unique and different from other aqui-
fers [Bakalowicz, 2008 in Paiva and Cunha, 2020].

Depending on the development level of the 
channel network and its interconnection within 

the karst system, it is possible to define two types 
of karst aquifers [White, 1988; Ford and Wil-
liams, 2007; Taylor and Greene, 2008]. A karst 
system is characterized by a well-developed and 
well-organized network of karst conduits, which 
allows drainage after rainfall due to the high 
transmissivity and low storage capacity. This re-
sults in an intense discharge over a short period 
characterized by a peak flow on the flood hydro-
graph. These aquifers are known as fast-flowing 
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ABSTRACT
This work performed by considering two complementary approaches for investigating the Karst system of Ras 
El Ma source: (1) The structural approach based on field studies, (2) The functional approach requiring inputs 
data (precipitations) as well as output data at the exit of the karstic system. The choice of the Ras El Ma source 
is justified by the fact that it constitutes the main outlet of the Liassic aquifer at the Southwest of Taza town. The 
structural approach highlighted that the impact of South Rifan and North Middle Atlas faults, oriented mainly 
NE-SW to ENE-WSW and NW-SE, tectonically linked to the Hercynian and late-Hercynian phases; these faults 
compartmentalized the karst into panels. The functioning of this karst system is based on the coupling of inputs and 
outputs, the analysis of interannual hydrograph, flood hydrographs, the recession curves and the analysis of hydro-
geochemical results. Respectively, the obtained results are presented as follows: A close relationship between flow 
rates and precipitation, interannual hydrographs marked by a contrasting variation in flow rates and a periodicity 
that occurs between low water and high-water years. Concerning flood hydrographs, there are two types, a unit 
modal hydrographs type which generally occurs following time concentrated rainfall and a second multi modal 
hydrographs type which follows the repetitive rainfall in the basin. The study of recession curves reveals a clear 
complexity of the systems supplying the source. However, due to the low drying-off coefficients (7.66∙10-4), the 
aquifer seems to have a poorly developed drainage network in a flooded area. According to the Mangin method 
[1975], this karstic system is classified in the category of poor or complex karst systems taking into accounts two 
parameters (i) and (K), which characterize the functioning of the infiltration zone and the volume of flooded karst, 
respectively. The physicochemical parameters study highlighted the nature of drained rock by the sources. The 
correlation between conductivity and different chemical elements shows that bicarbonates and calcium are respon-
sible for the mineralization of the waters of this source. It can be concluded that the low values of mineralization 
occur during the winter and spring floods. The spring regains its normal mineralization during the summer period.
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or fast-flowing karst systems. Conversely, dif-
fuse karst is a system which differs from the first 
type by the predominance of base flow instead 
of rapid flow. In this type of karst system, the 
conduit network is poorly developed or poorly 
interconnected; thus, water takes a long time to 
transit from the recharge area to the outlet. These 
diffuse karst aquifers hold water for a much lon-
ger period; moreover, they have a high capacity 
to store it, and release it later in a dry period or 
season. Consequently, the hydrogeological study 
of karst aquifers by classical study methods, such 
as the application of Darcy’s law, pumping tests 
and mesh models, is particularly difficult or even 
impossible [White, 1988; Ford and Williams, 
2007; Goldscheider and Drew, 2007; Andreo et 
al., 2008; Kresic et al, 2010; Fiorillo, 2014; Mik-
szewski and Kresic, 2015]. Presently, karst hy-
drogeologists use a specific study methodology to 
provide the information on different types of flow, 
groundwater circulation routes, storage capacity 
and spatial and temporal variations [Goldscheider 
and Drew, 2007; Taylor and Greene, 2008]. De-
tailed work on karst hydrodynamic investiga-
tion methods was presented by several authors 
[Bakalowicz, 2005; Kovács et al., 2005; Ford and 
Williams, 2007; Taylor and Greene, 2008; Mar-
tinez-Santos and Andreu, 2010; Rehrl and Birk, 
2010; Kresic and Stevanovic, 2010; Ghasemiza-
deh et al., 2012; 2013; Hartmann et al., 2014]. 

Over the last decades, some authors focused 
on the following topics: the analysis of time se-
ries which are vectors for interesting information 
on the complex input-output relationship inside 
karst aquifers [Labat et al., 2000; Rahnemaei et 
al., 2005; Panagopoulos and Lambrakis, 2006; 
Gárfias-Soliz et al., 2010; Jukić and Denić-Jukić, 
2011]; the study of recession curves widely ap-
plied as a useful tool for understanding the aqui-
fer hydrodynamics and physical characteristics 
[Mangin, 1975; Bonacci, 1993; Kovács et al., 
2005; Florea and Vacher, 2006; Fiorillo, 2011; 
Malík and Vojtková, 2012; Chang et al,. 2015]; 
the analysis of physicochemical and isotopic tem-
poral variations of the water of the karst outlets 
allows determining the directions, the paths and 
the velocities of the flows as well as the storage 
in the karstic aquifer [Anderson, 2005; Luhmann, 
2011]. Some authors have used water temperature 
and conductivity separately or in combination to 
understand the hydrodynamics and structural or-
ganization of drainage in the karst system [Mas-
sei et al., 2007; Liñan et al., 2009; Wang et al., 

2009; Wang et al., 2019, Paiva and Cunha, 2020]. 
When studying karst, scientists widely appreci-
ate the combination of hydrodynamic and physi-
cochemical analyses, especially of spring flows 
[Birk et al., 2004; Liu et al., 2010; Luhmann et 
al., 2012; Mudarra et al., 2014; Sánchez et al., 
2015; Bicalho et al., 2017; Petalas et al., 2018; 
Gil-Márquez et al., 2019].

The present research aimed to apply a meth-
odology combining two approaches which are 
widely used in investigating the karst hydrogeo-
logical functioning. A structural approach is used 
to identify the fracture network and preferred 
flow directions from field data. Furthermore, the 
functional approach was used to highlight the hy-
drodynamic behavior of the karst aquifer from the 
output data of this system; flow rates and water 
physicochemical characteristics.

Overview of study area 

The study area (Fig. 1) is presented as one of 
the most important regions of Morocco regarding 
karstic aquifers. It therefore deserves to be stud-
ied. This area roughly encompasses the mountain-
ous region south of Taza town. By its southern 
position, between the Middle Atlas foothills and 
the pre-Rif sector, this area offers the character of 
a contrasting mountain region with a presence of 
plateaus, hills and plains [Rachid. 1997]. Previous 
geological and hydro-stratigraphic studies showed 
a lithological variation in deep and at outcropping 
formations, occupied by Paleozoic schists and 
Triassic clay formations with low permeability, 
respectively, overlaid or juxtaposed by the perme-
able Liassic carbonate formations [Colo, 1961; 
Mathieu, 1964; Benshili, 1989; Laville et Faden, 
1989; Sabaoui et viallard 1998 ; Auajjar et Boule-
gue, 1999; Laville et al., 2004], which constitute 
the potentials stratified aquifers: the dolomitic 
aquifer of the Lower Liassic, the aquifer of slab 
limestones and clayey limestones of the Middle 
Liassic, the aquifer of sandstone limestones at the 
base of the Miocene and the aquifer of Quaternary 
limestones. These carbonate formations have nu-
merous superficial karstic faces (Polje, Lapiez, 
Ponor, Aven, Doline…) and underground where 
the most important is Friouatto cave. 

The climatology of the study area is charac-
terized by highly fluctuating precipitation, con-
trasted by orography and hydrological cycles. 
The average cumulative annual rainfall is around 
560 mm, but the South part of the study area is 
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characterized by fairly high altitudes (1500 to 
2000 m) allowing winter humidity of more than 
1000 mm/year on average at the Bab Boudir sta-
tion. The average seasonal rainfall of 265 mm 
showed that winter is the rainiest season, while 
summer is drier with less than 3 mm, Autumn is 
rainier than spring but with less important aver-
ages. The average monthly rainfall is 39.50 mm. 
January, February and March are the wettest 
months, while July receives the weakest water 
budget. For temperatures, January and February 
are the coldest months while August is the hot-
test month. The annual average temperature is 
19.57 °C. The actual evaporation evaluated by 
Turc and Thornthwaite methods gave an average 
value of 400 mm. However, this value remains 
lower than the average annual rainfall (560 mm). 
The resulting surplus contributes to supplying 
groundwater, in particular the Liassic limestones 
and/or surface runoff [Naoura, 2012].

MATERIALS AND METHODS 

Unlike porous media, karst presents different 
flow conditions. Indeed, karstification by prioritiz-
ing flows, introduces heterogeneity at all observation 
levels [Mangin, 1975; Bakalowicz, 1979]. Thus, for 
this reason and previous reasons mentioned in the 
introduction, the use of suitable methods for porous 
media will not provide for karst aquifers the results 
compatible with reality in most cases.

In the present study, the Ras El Ma and Laana-
ceur karst aquifer is considered as a black box, due 
to the scarcity of information from the previous 
scientific studies concerning: (1) the geographical 
extent and the limit between the different hydro-
geological panels as well as possible communica-
tions, (2) data time series (inputs / outputs), (3) 
internal characteristics of the aquifer.

In order to achieve a preliminary under-
standing of the functioning of the Ras El Ma and 

Figure 1. Location map and characteristics of the study area; a) Location map of the study area (modified after 
[Frizon de Lamotte et al., 2004]; b) MNT of the study area; c) Stratigraphy and paleogeography of the study area
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Laanaceur karst aquifers, a synthesis of the fac-
tors influencing surface runoff and depth flow 
in the study area is necessary (lithology, tecton-
ics, permeability and slopes). Subsequently the 
following approached: (1) analysis of the flow 
chronological series, (2) analysis of the recession 
curves (recession curves), (3) analysis and inter-
pretation of water hydrogeochemical results in 
the source Ras El Ma. 

The study was based on flow chronological 
series obtained from the Sebou Hydraulic Basin 
Agency (ABHS), spanning a period of 31 years 
(10/03/1989 - 03/07/2020) which appears reason-
able to draw reliable conclusions. Furthermore, 
the hydrogeochemical analyses were carried out 
in the Laboratory of Natural Resources and En-
vironment (RNE) during the year 2017. At the 
weekly to bimonthly time step, sampling is rep-
resentative of seasonal variations and provides 
a satisfactory estimate of the variations in tem-
perature and water chemistry during a cycle. The 
hydrogeochemical method is not as simple and 
generalized for all karst systems, so the choice of 
markers will be imposed by the type of informa-
tion sought and the means available. The physi-
cal parameters were analyzed. The conductivity 
measured in situ with a portable conductivity me-
ter the values of which are given in (µs/cm). The 
measurements in the field were reduced to 20 °C 
by the formula of J. Rodier [1980]: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶20° =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

0.0227 ∗ 𝐶𝐶𝐶𝐶 − 0.56
 

where: Ct – Conductivity and t – temperature 
of water measured in situ using a 1/10 ° 
mercury thermometer.

These two markers will provide crucial infor-
mation on the functioning (development and or-
ganization of the karstification within the system).

The pH measured either in the field or in the 
laboratory using an electric pH meter accurate to 
within 1/10th pH unit. This marker conditions the 
physicochemical equilibrium, in particular the 
calco-carbonic equilibrium and thus the action of 
the water on the carbonates (attack or deposit). 
The pH is acidic in the waters of sandy or granitic 
aquifers. It is alkaline in limestone.

Major elements: Ca²+, Mg²+, Na+ and K+, 
HCO3

-, Cl-, SO4²
- and NO3

- were also analyzed. 
Three methods were used to perform the determi-
nations of these elements: (1) volumetric determi-
nation of calcium with EDTA acid, bicarbonates 

with sulfuric acid, chlorides with mercuric nitrate 
and magnesium by EDT; (2) spectrophotometry 
for sulfates and nitrates; (3) flame spectrophotom-
etry for sodium and potassium. These markers al-
low estimating the residence time of the water in the 
system, informing on the modalities of infiltration 
and detecting the possibilities of mixing of waters 
of different origins.

RESULTS AND DISCUSSIONS

Structural approach 

Study of the factors influencing surface 
runoff and flow in the study area

The establishment of the permeability map of 
the study area was based on the hypsometric, lith-
ological and structural nature. Thus, permeability 
divided into four classes was found by combining 
these three parameters (Fig. 2a). In the study area, 
despite the hypsometric distribution into seven 
classes (Fig. 2b), two areas can easily be distin-
guished: in its southern part, the Chiker’s polje, 
which is a vast flat-bottomed depression closed by 
steep rocky slopes (steep slopes). Despite the di-
versity of the lithological formations outcropping 
in the study area (Fig. 2c), its geomorphology as 
well as its hydrological behavior are closely linked 
to the Middle Atlas domain characterized by es-
sentially carbonate formations which constitute a 
highly developed karst system thus, conditioning 
a high permeability. Occasionally, the outcrops of 
some gray and brown marl passage, of the Up-
per Domerian - Toarcian or alluvial deposits, give 
semi-permeable or even impermeable formations.

This formation is characteristic of karstic 
environments. The waters are drained by the 
ponor called the ponor of Assoukh. This latter 
feeds the karstic water table which essentially 
produces the resurgence of Ras El Ma which is 
at the origin of the river of Taza stream. In the 
Northern part, the hypsometric characteristics 
subsequently become average to weak. 

The structural environment of the study area 
(Fig. 3) has never undergone significant tectonic 
movements after the Hercynian phases. The ma-
jor Hercynian accidents are reactivated during 
Meso-Cenozoic times and guided the structuring 
of the Middle Atlas. According to the geological 
map of Taza, the major accident is the ANMA 
(North Middle Atlas Accident) which played an 
important tectonic role. It separates this part of 
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the Middle Atlas into two zones, one tabular in 
the west and the other folded in the east. Several 
folds (anticlinal wrinkles and synclinal depres-
sions) distort the Middle Atlas. They are generally 
oriented NE-SW or N-E and are cut or sometimes 
chopped by longitudinal and transverse fractures 
[Ramirez et al., 2008].

Among the NE-SW folds there are: The an-
ticline of Jbel Bou Messaoud and the synclinal 
of Daya Chiker, in addition to anticlines and syn-
clines of lesser magnitude of variable axial direc-
tion are grafted between the flanks of these two 
major folds. For the N-E folds there are the wrin-
kle, of Rouis el Guenndour, anticlinal ridge of Bab 
Boudir. The secondary cover of the folded and 
tabular Middle Atlas in the study area is crossed 
by three fracture systems that were mapped in the 
Taza sheet and by various authors such as [Colo, 
1961; Robillard 1981; Sebaoui, 1998].

A dominant longitudinal system, is formed 
by faults oriented between N20 and N60, sub-
vertical. A transverse system, is formed by faults 
oriented between N120 and N170, subvertical. 
They generally shift the longitudinal system in 
dextral and sinister. A system of faults of lesser 
importance, subequatorial, oriented between 
N90 and Nl00, locally affects the secondary for-
mations of the Middle Atlas. Under the effect of 
the South Rifain and North Middle Atlas tecton-
ic accidents, oriented mainly NE-SW to ENE-
WSW and NW-SE and tectonically linked to the 
Hercynian and late-Hercynian phases [Combe 
, 1971; Robillard, 1977; Sebaoui, 1998], this 

series was compartmentalized into panels 
[ABHS, 1995]: Moukda and Magoussa panel, 
Ras El Ma and Aanaceur panel and the NE panel 
of the town of Taza.

These tectonic accidents become preferential 
outlets for groundwater circulation and appear 
as very frequent springs which generally emerge 
from the base of limestone beds in contact with 
marls or clays (Triassic in general). Their signifi-
cant flows vary rapidly, which characterizes the 
karst sources (sources with immediate response) 
such as the Ras El Ma spring .

Functional approach

Study of flows variation of the Ras El Ma spring

For this study, the authors employed the 
flow data of the Ras El Ma spring over a period 
of 31 years (10/03/1989- 03/07/2020) as well as 
a chronicle of precipitation in the region. The 
relationship between inflows and outflows (flow 
and ETR) is illustrated by Figure (4). Globally, 
the variations in flows of this spring are closely 
linked to irregularities in precipitation, but the 
response is delayed under the effect of the re-
charge of the karstic aquifer, especially during 
the autumn season, something which will be ver-
ified later with the results of recession curves. 
The maximum flow is recorded in the middle 
of winter followed by a return to slowing down 
following fluctuations in precipitation.

Figure 2. Map of the factors influencing surface runoff and flow in the study area; 
a) Map of permeability; b) Map of hypsometric; c) Map of lithology
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The average annual flow from this source 
is around 350 L·s-1. Figure (5) also shows that 
the flow rates from this source can reach up 
to 800 L·s-1during the periods of high water. 
Furthermore, in the periods of low water, this 
source does not exceed 25 L·s-1. The striking 
effect for this chronicle is the extreme situa-
tion, recorded on 12/26/1990 with a flow rate of 
2490 L·s-1 following exceptional humidity met 
during this year. Another remark concerning 
the hydrograph of this source is the cyclicity 

which occurs between the years of low water 
(generally period of 3 years) and cycles of high 
water (generally of 2 years).

Study of flood hydrograph curves

The different floods of the Ras El Ma spring 
generally present two types of hydrographs (Fig. 
6): (1) Classic unit hydrographs (floods of 1995, 
2001, 2007, 2013 and 2014), with an individual-
ized high peak flow, a generally very short rise 

Figure 3. Structural environment of the study area modified; a) Structural map and geological 
section (Ramirez et al. 2008); b) Schematic map of the aquifers (ABHS.1995)

Figure 4. Relation between inflows and outflows (flow and ETR)



38

Journal of Ecological Engineering 2021, 22(9), 32–47

time, and finally a longer fall time, followed 
by drying up. These floods are generally due to 
heavy uniform rains of short duration over the 
entire upstream basin of the spring. (2) Very fre-
quent hydrographs characterized by a succession 
of rises without clearly visible peak (Floods of 
1989, 1996, 2000 and 2002). They are due to the 
influx of successive masses of water in response 
to separate rainfall events.

Study of recession curves

The study of flow chronological series is es-
sential to understand the evolution and the inter-
action between the inputs and the outputs of a 
karst system. However, to fully understand the in-
ternal hydrodynamic functioning of this system, 
it is necessary to refer to the recession curves, the 
main ones of which are illustrated in Figure (7)

This method, introduced by Mangin [1975], 
allows quantitatively characterizing the infiltra-
tion conditions throughout the unsaturated zone 
and the storage capacity of the saturated zone. The 
method consists of modeling the recession curves 
using a model with two mathematical functions, 
each representing two reservoirs independent of 
each other. These two conceptual reservoirs are 
the infiltration zone and the flooded zone.

The recession curve of 03/09/2001 was taken 
as a reference given its representative quality and 
the chronicle of its follow-up (Fig. 8). It should 
be noted that the various other recession curves 
(Fig. 7) show very variable trends, which leaves 
us very cautious about their uses, given their very 
large measurement step.

Thus, the function ψ (t) represents the func-
tion of the recession curve which corresponds to 
the emptying of the infiltration zone (unsaturated 

Figure 5. Flow variation of the Ras El Ma Spring (1994-2004)

Figure 6. Flood hydrographs types of Ras El Ma Spring; a) unit hydrographs; b) multi-modal hydrographs
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value of η, the slower the infiltration;   
ε is the coefficient of heterogeneity 
characterizing the type of groundwater 
circulation (Eq. 5).

𝜀𝜀𝜀𝜀 =
(𝑞𝑞𝑞𝑞0 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡)
(𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 ∗ 𝑡𝑡𝑡𝑡)

−
𝜂𝜂𝜂𝜂𝑞𝑞𝑞𝑞0
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

 (5)

The total initial volume (Vt) supplied by the 
source at t0 (flood peak) is the sum of the dynam-
ic volume (𝑉𝑑𝑦𝑛) and the volume drained during 
the rapid decline (V *).

The dynamic volume (𝑉𝑑𝑦𝑛) expressed by equa-
tion (4) is calculated by integrating the equation (2)

𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  � 𝑄𝑄𝑄𝑄𝑅𝑅𝑅𝑅0𝑒𝑒𝑒𝑒−𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 = 𝐶𝐶𝐶𝐶
𝑄𝑄𝑄𝑄𝑅𝑅𝑅𝑅0
𝛼𝛼𝛼𝛼

∞

0
 (6)

The drained volume during the rapid reces-
sion (V1*) is calculated by (Eq. 7)

𝑉𝑉𝑉𝑉1∗ = � 𝑞𝑞𝑞𝑞0
𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖

0

(1 − 𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂)
(1 + 𝜀𝜀𝜀𝜀𝜂𝜂𝜂𝜂)

𝑑𝑑𝑑𝑑𝜂𝜂𝜂𝜂 = 

=
𝑞𝑞𝑞𝑞0
𝜀𝜀𝜀𝜀
�𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(1 + 𝜀𝜀𝜀𝜀𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖) �1 +

𝜂𝜂𝜂𝜂
𝜀𝜀𝜀𝜀
� − 𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖� 

(7)

One of the objectives of this method is to be 
able to classify the different karstic systems based 
on their functioning. In order to simplify this 
classification, Mangin [1975] proposed the study 
of two dimensionless coefficients, (k) and (i) 

zone), the function φ (t) is the function of the dry-
ing-off curve which corresponds to the emptying 
of the flooded area. Thus, the whole of the reces-
sion curve (Fig. 8) can be presented according to 
the following equation (Eq. 1):

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 =  𝜓𝜓𝜓𝜓(𝑄𝑄𝑄𝑄) + 𝜑𝜑𝜑𝜑(𝑄𝑄𝑄𝑄) (1)

The dry-off curve is defined by the coefficient 
of Maillet’s emptying law [Ford and Williams, 
2007], which is as follow (Eq. 2):

𝜑𝜑𝜑𝜑(𝑡𝑡𝑡𝑡) = 𝑄𝑄𝑄𝑄𝑅𝑅𝑅𝑅0𝑒𝑒𝑒𝑒−𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 (2)

where: QRt - the Drying flow rate at a time (t); 
QR0 - the ordinate of the dry-off curve at 
t = 0; t - represents time; α - the drying-
off coefficient, must be adjusted to the ob-
served drying-off curve (Eq. 3).

𝛼𝛼𝛼𝛼 =
log𝑄𝑄𝑄𝑄𝑅𝑅𝑅𝑅0 − log𝑄𝑄𝑄𝑄𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡
 (3)

In order to characterize the infiltration, 
Mangin [1975] suggests using the homographic 
function expressed by (Eq. 4).

𝜓𝜓𝜓𝜓(𝑡𝑡𝑡𝑡) = 𝑞𝑞𝑞𝑞0 ∗
(1 − 𝜂𝜂𝜂𝜂𝑡𝑡𝑡𝑡)
(1 + 𝜀𝜀𝜀𝜀𝑡𝑡𝑡𝑡)

 (4)

where: q0 is the difference between peak flow;   
Qt0 and QR0: q0 = Qt0 − QR0; η = 1/ti given 
in day-1 with [0, ti] equal to the dura-
tion of the rapid decline; η is related to 
the infiltration speed, so the lower the 

Figure 7. Different recession curves of the Ras El Ma Spring
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relating to the functioning of the infiltration zone 
and to the volume of flooded karst, respectively. 

These two coefficients defined as follows:
1) k is equal to the dimensionless ratio between the 

greatest dynamic volume value calculated over a 
large period and the interannual transit volume. 
This interannual transit volume corresponds to the 
volume passed over a large number of hydrological 

cycles divided by the number of cycles consid-
ered. Thus, k reflects the ability of the system 
to store high water reserves in order to restore 
them during low flow, i.e. its regulatory power.    
In the case of karst aquifers, k is generally less 
than 0.5. A value close to zero indicates a low reg-
ulating power. On the other hand, a value which 
tends towards 1 implies significant reserves. 

Table 1. Parameters from Mangin’s method (Mangin 1975, 1984) for Ras-Elma source for six recession periods
Parameters

(Mangin’s method) Units R28/03/1991 R18/02/1994 R13/02/1998 R09/03/2001 R17/04/2002 R12/03/2014

ψ(t) function

QT0 m3s-1 0.520 0.635 0.464 0.859 0.468 0.070

η days−1 0.007 0.006 0.005 0.009 0.009 0.0054

ε days−1 0.006 0.0188 0.0213 0.034 0.0038 0.0099

q0 m3/s 0.451 0.585 0.416 0.769 0.355 0.271

φ(t) function

QR0 m3s-1 0.069 0 .050 0.048 0.090 0.113 0.341

α days−1 0.0003 0.0004 0.0002 0.0012 0.0024 0.0001

Qi m3s-1 0.056 0.041 0.038 0.075 0.058 0.042

ti days 148 157 216 108 110 185

Recession duration days 241 242 325 288 164 215

Infiltration volume (V1
*) 106 m3 3.97 2.34 0.1 5.87 1.5 3.82

Dynamic volume (Vdyn) 106 m3 5.89 10.8 20.73 6.48 4.068 0.6

Total initial volume (Vt) 106 m3 9.86 13.14 20.83 10.45 5.56 4.42

𝑘𝑘𝑘𝑘 =
𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑
𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡

 - 0.59 0.82 0.99 0.62 0.73 0.13

𝑖𝑖𝑖𝑖 =
1 − 𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂
1 + 𝜀𝜀𝜀𝜀𝜂𝜂𝜂𝜂

 - 0.97 0.96 0.97 0.92 0.97 0.96

Figure 8. Recession curve of the Ras El Ma spring
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2) i is equal to the dimensionless value that ψ(t) 
takes two days after the flood period. Thus, it 
reflects the speed of the karst system in transmit-
ting rainfall information so it reflects the degree 
of karstification. The k and i indices are calcu-
lated by equations (8) and (9), respectively:

𝑘𝑘𝑘𝑘 =
𝑉𝑉𝑉𝑉𝑑𝑑𝑑𝑑
𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡

 (8)

𝑖𝑖𝑖𝑖 =
1 − 𝜂𝜂𝜂𝜂𝜂𝜂𝜂𝜂
1 + 𝜀𝜀𝜀𝜀𝜂𝜂𝜂𝜂

 (9)

The main results of this application are shown 
in the Table (1).

The quantitative characterization of the infil-
tration conditions in the unsaturated zone and the 
storage capacity of the saturated zone of the karst-
ic aquifer relative to the source of Ras El Ma is 
demonstrated by the application of the Mangin’s 
method [1975; 1984]. The hydrodynamic behav-
ior and hydrological functioning of this aquifer 
will be concluded as follows:

From the results of the ψ (t) function, it can 
be seen that the recession is spread over four 
months, which may be due to a non-immediate 
response to the input signal (rain). The hetero-
geneity coefficient (ε) and the infiltration coef-
ficient (ɳ) are respectively of the order of 0.034 
J-1 and 0.009 J-1 for the year 2001 taken as a ref-
erence for considerations already mentioned. 
These parameters indicate a not very marked 
concavity of the recession curve, which reflects 
less rapid declines than those observed in oth-
er karstic regions, especially in the dry period 
such as the Olhos de Água do Anços source in 
Portugal [Paiva and Cunha, 2020].

Moreover, the average value of the infiltration 
index i is 0.95 which is very close to 1. This leads 
to concluding that this karst system is complex, re-
charged by a slow or delayed infiltration contrib-
uting to a better flow regulation. This parameter 
thus confirms the observations already mentioned.

This system can be compared to the System of 
the Dir of Beni-Mellal in the Middle Atlas and that 
of the Imouzzer region of the Western High Atlas 
[Bouchaou, 1995 and Qurtobi 1996]. Another com-
parison can be made with another karst system in the 
Rif area, the hydrodynamic functioning of the Ras 
El Maa and Chrafate springs shows the presence of 
a very inertial, poorly drained and poorly karstified 
system [El Bardai, Targuisti and Aluni 2014].

In other words, the drying curve represent-
ing the function φ(t) is characterized by a very 

soft slope, which means that the volume of wa-
ter stored in the saturated zone is higher caus-
ing the steady decrease in flow over time. The 
drying coefficient (α = 0.0007days-1) is low and 
suggests a very slow emptying of the reservoirs 
of which the calculated dynamic volumes are 
part. This considerable storage capacity of the 
Ras El Ma Karst Aquifer saturated zone can be 
explained by the Vauclusian characteristics of 
the saturated zone, which allows classifying this 
karst among this type. However, this conclusion 
remains hypothetical.

The second explanation relating to this stor-
age capacity can be related to the structural char-
acteristics already discussed in the first approach 
targeted by this study, which suggests supply 
from other panels guided by the fault network

The values of (k) are important reflecting a 
regulating power of flows which is important and 
therefore, a little karst character of the drowned 
area of the spring. This is in line with the previ-
ous interpretations. However, this large storage 
capacity is responsible for the perennial nature of 
the Ras El Ma spring even in a very dry year.

According to the Mangin karst system classi-
fication diagram, as well as the (i) and (k) indices 
values, the aquifer studied here is in the field of 
poorly karstified systems with the exception of 
the values of the year 2014 that classifies the karst 
in a complex system. However, the values of the 
k parameter should be used with caution and the 
interpretation cannot be taken further, due to the 
limited number of outlets and recession curves 
having smaller measurement steps. In most karst 
aquifers, (k) is generally less than 0.5, but in the 
case of Ras El Ma, with the exception of the year 
2014, this parameter far exceeds the norm. More-
over, it is observed that the value of the infiltra-
tion index (i) is relatively greater than 0.5.

Moreover, this classification remains equivo-
cal; because this karst region is the area of all karst 
manifestations of surface as well as those of depth 
including a large number of caves, no less than 
365, the most important is the cave of Friouato, 
27 km from the city of Taza, around the national 
park of Tazekka. These karst manifestations tes-
tify to a karstification phenomenon of a greater 
order than that highlighted by these results.
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Contribution of hydrogeochemistry in 
understanding of karst functioning

Evolution chronicle of the physicochemical 
composition of Ras El Ma spring waters

The physico-chemical parameters character-
izing a water, can undergo different seasonal vari-
ations. These variations related to the supply of a 
large volume of water, allow better understanding 
the functioning of the aquifer.

The evolution of these parameters follows 
the classical pattern described by some authors 
[Bakalowicz, 1979; Bouchaou, 1995; Paiva, 
2020] in a karst environment, i.e., following a 
downpour, the water from the springs undergoes 
variations of temperature, of pH and mineraliza-
tion. These variations will be a function of the 
abundance and intensity of rainfall. Thus, the 
magnitude of the temperature variation of the 
spring water depends on the importance of the 
recharge event and the previous hydraulic con-
ditions of the system. The pH will also be influ-
enced by these water temperature contrasts.

The temperature and the pH of the water of 
the Ras El Ma spring have an antagonistic evolu-
tion (Fig. 10). The average temperature variations 
(2 °C) indicate the existence of a slightly rapid 
circulation through a functional network of con-
duits and a concentrated recharge.

The pH of the waters of the karstic spring 
of Ras El Ma is basic, both in winter and sum-
mer. Thus, the calco-carbonic balance will not be 
much influenced and subsequently the attack of 
the carbonate casing will be weak. This finding is 

consistent with the results proven by the hydrody-
namic study, namely the low karstic character of 
the drowned area of the source

In Figure (10), low conductivity values are 
measured during rainy events (January) while 
high values are recorded at the end of February, 
in June, July, August and September.

The evolution of conductivity is closely related 
to that of ions (HCO3

-, Mg²+ and Ca²+). Indeed, the 
evolution of their respective curves follows a pace 
close to conductivity curve. Thus, low values dur-
ing the rainy period and a tendency to a gradually 
increase during low water levels are noted. Ad-
versely, the ion contents (Cl-, Na+ and K+) increase 
during the rainy season and tend towards a decrease 
in low water levels. Their origin refers to Triassic 
marls and gypsiferous clays rich in salts (halite).

The physico-chemical water behavior of the 
Ras Elma spring reflects its conditions of emer-
gence. The contents of HCO3

-, Mg²+ and Ca²+ come 
from the Liassic limestones, the major facies from 
which this source is issued. The Triassic salt and 
gypsiferous soils, which constitute the sealing facies 
either at the base of the aquifer or of the boundaries 
between the hydrological panels inherited by struc-
tural compartmentalization, provide SO4²

-, Na+ and 
Cl- ions. These elements are abundant in high water 
periods by leaching of these evaporitic facies.

Contribution of water chemistry to 
understanding the karstogenesis phenomena

In the previous paragraph it was noted that 
the variation in water inputs to carbonate aqui-
fers automatically implies variations in the 

Figure 9. Classification of the Ras-Elma karst system in the Mangin (1975; 1984) diagram
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concentrations of chemical elements during the 
different seasons. This let wondering about the 
consequences of such phenomena on the evolu-
tion of karst formation (karstogenesis).

Changes in the conditions of inflow (rain) and 
outflow (source flow) of aquifers due to increased 
water volumes generally result in an increase 
in the flow rate in the internal areas of the karst 
(Couturaud, 1993). This phenomenon implies 
new possibilities for increased karstification, 

either by underground erosion or by the rapid ar-
rival of water that remains corrosive at depth.

Indeed, the supply of a large amount of new 
and aggressive water from the superficial sectors 
will dissolve the carbonate rock and this in deep in 
the system. This water must be enriched with CO2, 
because it stays momentarily in the epikarst so 
close to the ground, area of production of this gas.

This water will be less saturated with respect 
to calcite compared to the water before the rainy 
episode, by the fact that its residence time in the 

Figure 10. Evolution chronicle of the physicochemical composition of the water of Ras El Ma
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epikarst has not been long enough and that the con-
tact with the carbonate rock is less important too.

The analysis of the CO2 pressure parameter 
(pCO2), calculated from the Wateq Software, es-
sentially shows a significant peak in April and a 
significant decrease in saturation indices (Fig. 11). 
The saturation indices of the waters of this source 
calculated in relation to different phases of miner-
alization show that these waters are oversaturated 
compared to aragonite, calcite and dolomite, but 
they are undersaturated with respect to gypsum 
and anhydrite. These mineral phases are character-
istic of highly outcroping carbonate rocks in the 
study area. Even in the presence of rains during 
January and March, pCO2 remained low reflecting 
that the carbonates dissolution phenomenon was 
present but in small quantities. Conversely, as soon 
as the rains of April arrived, a stronger increase in 
the pCO2 was noted compared to the other months, 
and a greater decrease in the value of saturation 
indices of calcite, aragonite and dolomite. Further-
more, there is a slight increase in the saturation in-
dices of gypsum and anhydrite.

The difference in behavior of pCO2 between 
the January and March, and April can be explained 
by the intense regrowth of vegetation during this 
month (full spring). This vegetation remains the 
origin of this gas export of to the epikarstic zone.

It should also be noted that the low value re-
corded for the saturation indices of calcite, arago-
nite and dolomite are due to the fact that the infil-
trated waters remained much more in the epikarstic 
zone than at the level of the drowned zone already 
filled by the waters of previous events (January 
and March). In addition, the evolution of gypsum 
saturation indices and anhydrite are independent 

of pCO2, because they are directly related to the 
dissolution of the evaporites of the crossed Trias-
sic formation, which constitute the sealing facies 
either at the base of the aquifer or of the boundaries 
between the hydrological panels inherited by struc-
tural compartmentalization already mentioned.

CONCLUSIONS

The study of the karst hydrodynamic behavior 
in the southwest of Taza shows certain cyclicity 
in the Ras El Ma flow variations at the interannu-
al scale. Flood hydrographs reveal two variation 
types, uni-modal which usually occurs following 
rainfall concentrated in time and a second multi-
modal type repetitive rainfall in the basin. 

Modeling by using the Mangin method of the 
recession curve for the year 2001 taken as a refer-
ence highlights that the karst system is complex or 
even poorly karstified, according to the values of 
different coefficients and indices. The coefficient 
of heterogeneity ε = 0.034 days-1, the infiltration 
coefficient ɳ = 0.009 days-1, the drying coefficient 
α = 0.0007 days-1, the infiltration index i = 0.92 and 
the regulatory power index k = 0.62.

The physico-chemical behavior of the Ras El 
Ma spring reflects its conditions of emergence. 
Accordingly, the HCO3

-, Mg²+ and Ca²+ contents 
come from the Liassic limestones. The salt and 
gypsiferous soils are from Triassic, which consti-
tute the sealing facies either at the aquifer base-
ment or at the boundaries between the hydrologi-
cal panels inherited by structural compartmen-
talization, providing SO4²

-, Na+ and Cl-. These 
elements are abundant in high water periods by 
leaching the Triassic evaporitic rocks.

Figure 11. Evolution Chronicle of different phases of mineralization in relation to CO2 pressure
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