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Abstract
The High Oum-Er-Rbia basin, located in the Moroccan Middle Atlas, is a karstic region 
with significant water sources that have essential functions regarding agriculture, hydro-
power production, industrial and drinking water. The region contains abundant wetlands, 
especially springs, rivers and natural lakes. These systems are highly sensitive to the effects 
of climate change, experiencing considerable lake level, water chemistry, and biologi-
cal fluctuations in response to regional hydrological balances. This study focuses on the 
hydrogeochemical processes and mechanisms that control the chemical composition and 
variability of Azigza Lake, a typical tectono-karstic lake system of the region. Water moni-
toring was implemented from July 2013 to October 2014 with a monthly water sampling 
for physicochemical measurements and major ion concentration analyses of lake water and 
the surrounding groundwater. Both waters show a relatively low salinity due to the fresh 
input from the Lower Jurassic karst formation. Lake waters are slightly alkaline and of the 
calcium-magnesium-bicarbonate type. The geochemistry of the lake waters is mainly con-
trolled by carbonate weathering through water–rock interaction and, to a lesser extent, by 
cation exchange and precipitation of carbonate minerals. The hydrochemistry of the lake 
showed clear responses to seasonal changes in precipitation and evaporation, with higher 
conductivity during the wet period. During the beginning of the wet season, groundwater 
evolution could be explained by a simple first flush stormwater. The rapid response of lake 
water to subsurface and underground waters confirms the dominance of an underground 
conduct flow regime. These changes and behaviors highlight the sensitivity of Azigza sys-
tem to regional hydrological and climatic changes.
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1  Introduction

Karstic landscapes are mainly dominated by carbonate rock such as limestones and dolo-
mites with complex networks produced by rock dissolution (Kiraly 2003). In view of their 
high storage capacity, karst aquifers are a very significant water resource often used for 
irrigation and drinking purposes but generally have highly heterogeneous characteristics, 
which makes them extremely complex (Hughes et  al. 1994; Zielhofer 2004). The High 
Oum ER-Rbia (OER) basin is typical of karstic hydrological systems in the Moroccan 
Middle Atlas region. Carbonate rocks are widely distributed as the main abundant geologi-
cal units in the region. These units satisfy the drinking water needs of the largest cities and 
villages of the region. The hydrogeochemical evolution of surface and groundwater is con-
trolled by natural processes including the geological structure and lithology of the aquifer, 
and water–rock interaction along the flow paths (Khalil et al. 2004; Bouchaou et al. 2009). 
Anthropogenic activities also have a strong influence on the water hydrogeochemical char-
acteristics and evolution (Etabaai et al. 2012; Benamar et al. 2019; Karroum et al. 2019). 
A sustainable management of the region’s water resources and wetlands in these complex 
karst settings requires understanding the dominant processes that govern their hydrogeo-
chemical evolution. Previous studies aimed to determine groundwater recharge and flow 
path, the source of solutes, water/rock interactions, and contaminant transport (Bouchaou 
et al. 1995, 1997, 2009; Amrani and Hinaje 2014). For example, Miche et al. (2018) used 
the hydrochemical and isotopic characterization of spring and well water samples to under-
stand the groundwater flows and their renewal in the karstic Tabular Middle Atlas Causses. 
Other studies investigated the hydrological and hydrochemical behavior of this karst sys-
tem using discharge and turbidity and showed a variety of spring behaviors related to dif-
ferences in hydraulic connectivity within each spring basin, evidencing the complex and 
heterogeneous structure and functioning of the system (Bouchaou et  al. 2002; Amraoui 
et al. 2003; Howell et al. 2019). In such areas where it is difficult to conduct direct investi-
gations, the analysis of major ions of surface water and groundwater can effectively extract 
key information from water samples, providing explanations about the hydrogeology of the 
system, the material loads into lakes/streams, as well as the local processes that influence 
water chemistry.

Few studies have investigated the hydrochemical composition of surface water of the 
high OER watershed (Khalil et al. 2004; Karroum et al. 2019). Based on these studies, the 
spatial distribution of some hydrochemical components (EC, HCO3

−, Ca2+, and Cl−) dem-
onstrated that the variations in the chemical properties of surface water were mainly related 
to the characteristics of the geological formations of the area (Fig. 1). These approaches 
provided an overview of the hydrochemical characteristics of the basin but were restricted 
to surface reservoirs and did not use a temporal approach. In some cases, hydro-geochem-
ical studies of representative lake systems can provide precise information on the func-
tioning of the karst on which they depend (Xu et  al. 2010; Cui and Li 2015; Cui et  al. 
2016; Cejudo et al. 2020). Previous investigations of the Middle Atlas lakes were based on 
the physical properties, elementary chemistry and biological pollutants and the lake level 
variations in response to climate: Dayet Aoua (Abba et al. 2012; Sayad and Chakiri 2010), 
Aguelmam Sidi Ali (Chillasse and Dakki 2004; Sayad et  al. 2011; Menjour et  al. 2016; 
Haddout et al. 2018; Lazhar et al. 2020) and Ifrah (Etebaai et al. 2012). Nevertheless, sys-
tematic studies to understand the processes that control the geochemistry of lake waters 
including regular survey, their hydrogeochemical evolution and the interactions between 
groundwater and lakes within this region have not yet been performed.
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In this context, the hydrogeochemical monitoring of Azigza Lake located in the high 
OER basin was conducted. Monthly physicochemical measurements and analysis of lacus-
trine, springs and well waters were carried out between July 2013 and October 2014. The 
main objectives of this study were to: (1) investigate the hydrochemistry of Azigza Lake 
water and groundwater, (2) identify the geochemical factors and mechanisms controlling 
water chemical composition, (3) highlight the impact of the intra-annual climate variability 
on the geochemistry of the lake, and (4) investigate the groundwater flow from/to the lake 
in order to provide an understanding of the hydrochemical functioning of the regional karst 
system.

2 � Materials and methods

2.1 � Study area

Azigza Lake (32°58’ N, 5°26’ W, 1550  m a.s.l.) is a natural mountain lake located in 
the Tabular Moroccan Middle Atlas Causse in the province of Khenifra (Fig.  1a). It is 
of tectono-karst origin (Hinaje and Ait Brahim 2002) belonging to the high OER water-
shed. The geology in the area (Fig. 1b) is mainly dominated by Lower Jurassic carbonate 
rocks (karstified limestones and dolomites) overlying Triassic clays, evaporates and basalts 
(Lepoutre et al. 1967). The climate is Mediterranean subhumid with cold winters. The lake 
is located in a relatively well-watered area with mean annual rainfall approaching 900 mm 
with considerable interannual variation (Martin 1981). The rainy season lasts from Octo-
ber to May. The monthly average temperature is highest in August (22.8 °C) and lowest in 

Fig. 1   a Study area in the Middle Atlas of Morocco. b Simplified geological map of the high Oum Er-Rbia 
watershed (modified from El Jihad 2010) with sampling location of surface water from Azigza Lake (this 
study), Tarhat station (ABHOER) and from previous measurements carried out on the basin of the high 
OER watershed (Khalil et  al. 2004; Krroum et  al. 2019), c spatial distribution of hydrochemical compo-
nents (EC, Cl−, HCO3

−, and Ca2+) across the high OER basin
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January (3.2 °C). Vegetation is dominated by oak associated with cedar at altitude above 
1400 masl.

Today, Azigza lake has no outflow streams and occupies a unique depression with an 
area reaching up 0.55 km2 (Jouve et al. 2019; Adallal et al. 2019). The maximum water 
depth is about 42 m with a mean depth of about 26 m recorded in April 2013 (Fig. 2). Its 
watershed is relatively small with an area of about 10.2 km2 (Adallal et al. 2019). The lake 
is mainly fed by rainwater, snow, surface runoff and through the subsurface inflows (Ben-
kaddour et  al. 2008). The level of Azigza Lake has experienced large fluctuations from 
year to year and seasonally, and it has undergone a severe decline in recent decades with a 
drastic drop in 2008 as shown on aerial photographs (Jouve et al. 2019). Littoral sediment 
stratigraphy in the catchment shows that many changes in lake level have occurred during 
the past few decades (Flower and Foster 1992). Recent hydrological results from Azigza 
Lake reveal that water levels are mainly driven by precipitation (Vidal et al. 2016; Jouve 
et  al. 2019). This was confirmed using hydrological mass balance modelling during the 
period 2012 to 2016 (Adallal et  al. 2019). The lake has also been the subject of several 
studies conducted on the physicochemical and limnological properties (Gayral and Pan-
ouse 1954; Flower et al. 1989; Flower and Foster 1992; Benkaddour et al. 2008).

2.2 � Sampling and analysis

Water samples from lake, well and springs were collected monthly from July 2013 to Octo-
ber 2014. Lake water samples were collected from three different points on the lake (L1, 
L2 and L3) in order to obtain a representative distribution of the lake water. The water tem-
perature (T °C), pH and electrical conductivity (E.C. µS/cm) were measured in situ using 
a multiparametric probe. Total alkalinity was measured by titration within a few hours fol-
lowing the sampling, using 0.02 N sulfuric acid (Welch, 1948). Major cations (Ca2+, Mg2+, 

Fig. 2   Location of the Azigza Lake in the high OER basin and Azigza Lake catchment with the topography 
of lake bottom and the location of water sampling (L for lake water, W for well water and S for springs)
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Na+, K+) and anions (Cl−, NO3
−, SO4

2−) were analyzed by ion chromatography using 
HPLC-ICS 1100 at the Centre d’Analyse et de Caractérisation (CAC), at Cadi Ayyad Uni-
versity, Marrakech, Morocco. The ionic balance error was estimated to test the accuracy of 
the analyses. Only samples having an ionic balance not exceeding 10% were selected. Total 
dissolved solids (TDS) were calculated as the sum of ionic concentrations.

Saturation Index (SI) was calculated through PHREEQC geochemical software 
(Parkhurst and Apello 1999) for each sample. Results were plotted on a Piper diagram 
(Piper 1944) to identify the water type, and on a Gibbs diagram (Gibbs 1970) to investigate 
the natural mechanisms that control the water chemistry. PCA analysis and matrix correla-
tion were performed using R software, to have a general idea of the relationship between 
elements. Other exploratory analyses of experimental data were carried out by statistical 
analysis.

3 � Results

3.1 � Physical properties

Water physical parameters such as pH, electrical conductivity (EC), temperature and major 
ion compositions are shown in Table 1. The average surface water temperature of Azigza 
Lake was approximately 16.7 °C (during the year 2013). The lowest temperature (7.5 °C) 
and the highest temperature (25.7 °C) were recorded in January and July, respectively. Dur-
ing the same year, we had determined the trophic state of the lake as a monomictic one. 
The thermal stratification of the water body is maintained nearly all the year and single 
water mixing in January with a temperature of the water masses about 8 °C along the 42 m 
depth of the water column.

Groundwater (well and spring) temperatures were lower than those of surface lake 
waters, ranging between 9.2 and 19.7 °C. Temperatures showed clear seasonal variations, 
indicating that both lake water and groundwater are mainly influenced by hydrometeoro-
logical factors.

The EC values of the lake water ranged from 341 to 645 µS/cm (mean value 423 µS/
cm). Well and spring waters were more concentrated, with mean EC values of about 422 
µS/cm and 659 µS/cm, respectively. The pH of lake water measured at the three lake sam-
pling points (L1, L2 and L3) showed considerable seasonal variation. The recorded pH 
values indicate that the lake waters are the most alkaline (mean value 8.2) followed by well 
water (mean value 7.6). Lower pH values were recorded in the intermittent springs (mean 
value 7).

3.2 � Hydrochemical characteristics

The chemical composition of the lake water was similar to that of the ground-
water with higher concentrations in the groundwater than in the lake water. The 
lake water anion concentrations were gradually variable and were in the order 
HCO3

− > CO3
2− > Cl− > SO4

2− > NO3
−, while the cation concentrations were in the order 

Ca2+ > Mg2+ > Na+ > K+. Thus, HCO3
−, Mg2+ and Ca2+ were the dominant elements 

(Table 1). Groundwaters showed a strong temporal variation in their chemistry while the 
lake waters showed slight temporal changes. In general, lake waters were characterized 
by the relatively high Mg2+, Na+ and K+ concentrations and the relatively low Ca2+, 
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HCO3
−, Cl−, SO4

2−, NO3
− concentrations. However, the dominance of HCO3

−, together 
with Ca2+ and Mg2+, and low contents of K+ and Na+ in major ion composition is also 
typical of many lake waters in karst areas (White 1988).

The geochemical facies in the Piper ternary diagram also supported the dominance 
of alkaline earth elements over alkali elements in the surface and groundwater waters of 
Azigza Lake (Fig. 3). Specifically, with respect to cations, most samples were scattered 
in the zone between the magnesian and calcic poles of the lower-left triangle, indicat-
ing that lake waters are of the magnesium-calcium type. Regarding anions, waters were 
grouped at the carbonate-bicarbonate pole of the lower-right triangle (Fig.  3), which 
means that bicarbonate-type water is predominant. Thus, as expected in a karst-influ-
enced region, the site samples are clearly of the HCO3

−–Mg2+–Ca2+ hydrochemical 
facies type.

The EC of the Azigza Lake system water is lower than that in the surrounding area 
(Fig. 1); this can be seen by comparing the results of Azigza lake water and groundwa-
ter analyses with the nearby Oum Er-Rbia springs (samples OER11 and OER12). The 
EC of Oum Er-Rbia springs and of the Srou River are significantly higher than those of 
Lower Jurassic limestone bedrock water samples from the upstream part of the water-
shed (Fig. 1). The Oum Er-Rbia springs and the Srou River are located downstream of 
the study area and are impacted by the contact with Triassic saline clays. These results 
highlight the influence of geological characteristics on the physicochemical properties 
of the regional hydrosystems.

Fig. 3   Azigza Lake water, groundwater and spring water plotted in the trilinear Piper diagram
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3.3 � Statistical analysis

Pearson correlations among the main ions and physicochemical parameters of Azigza sys-
tem water are shown in Table 2. Bicarbonates and Ca2+ are the major ions significantly 
correlated with TDS (0.97 and 0.87, respectively) and EC (0.72 and 0.85, respectively), 
indicating that these elements are the principal source of salinity. A significant positive 
correlation was found between HCO3

− and Ca2+ with correlation coefficients of 0.79 
indicating strong carbonate weathering, which was also confirmed by the strong negative 
correlation observed between pH and bicarbonates (− 0.87) and Ca2+ (− 0.79). A good 
correlation was observed between NO3

− and SO4
2− and EC (0.72 and 0.73, respectively), 

indicating that these elements come from gypsum and rock salt contained in the Triassic 
clays. Calcium and sulfate were highly correlated (0.73), which indicates that Azigza site 
water chemistry is dominated by the dissolution of Lower Jurassic carbonates and, to a 
lesser extent, by the dissolution of the Triassic evaporitic rock layers located at the base of 
Lower Jurassic.

A principal component analysis (PCA) was performed to understand the complex 
hydrogeochemical processes controlling the hydrochemistry in this system. Results (Fig. 4) 
show three principal components, which explained more than 75% of the total sample vari-
ance. The first three factor loadings explained 54.8%, 12% and 8.7% of the total variance, 
respectively. The first factor (54.8% total variance) has a significant positive correlation 
with CE, Ca2+, HCO3

−, NO3
− and SO4

2− and a negative correlation with the temperature, 
pH, CO3

−, Na+ and K+. This axis represents carbonate dissolution as the primary source 
of the ions with evaporite rock dissolution. The second and third factors (12% and 8.7% 
total variance, respectively) were related to Cl− and Mg2+ and represent the contribution of 
soluble salts and dolomite to the water composition.

3.4 � Saturation indices

Saturation indices (SI) with respect to calcite, dolomite, aragonite and gypsum were esti-
mated (Fig. 5). This index is widely used to predict mineral precipitation in a solution with 
particular physicochemical characteristics (Nordstrom et  al. 2015; Lecomte et  al. 2016). 
Calcite, aragonite and dolomite showed positive SI values in lake water samples (Fig. 5), 
indicating that oversaturation and precipitation of carbonates are possible within the lake. 
Groundwaters, especially springs, plot well below the equilibrium line for the carbonate 
saturation index. This can be mainly attributed to their high CO2 pressure as well as to the 
recent recharge from fresh rainfall water and its rapid circulation within the karst conduits. 
The saturation conditions of gypsum were not reached in any of the Azigza lacustrine sys-
tem waters for the data set (Fig. 5).

4 � Discussion

The hydrochemical analysis and monitoring of a lake can provide valuable clues for under-
standing a complex karst hydrogeological system. In this section, we will first discuss 
the sources of dissolved ions in Azigza lake system waters and the processes that control 
their composition. Then, the physicochemical variations of Azigza Lake water during the 
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different hydrological periods (dry and wet seasons) will be documented. Lastly, we will 
evaluate the hydrochemical response of the lake system to underground water circulation 
from/to the lake in order to understand the hydrodynamic functioning of the water system.

Fig. 4   Biplots of PCA components 1, 2 and 3 for Azigza waters hydrochemical parameters

Fig. 5   Relationships between total dissolved solid (TDS) and saturation indices with respect to some miner-
als (calcite, aragonite, dolomite and gypsum) in Azigza Lake water and groundwater
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4.1 � Geochemical Processes

4.1.1 � Water–Rock Interaction

The chemistry of natural waters is mainly affected by rock and soil weathering and 
anthropogenic activities, and partly by atmospheric inputs. The mechanisms control-
ling the water composition on solutes are evaluated with the boomerang envelope model 
developed by Gibbs (1970). It can be interpreted in terms of a simple plot of TDS ver-
sus the ratio of Na+/(Na+  + Ca2+) and/or Cl−/(Cl− + HCO3

−). Three distinct fields con-
stitute the segments in the Gibbs diagram: precipitation dominance, rock weathering 
dominance and evaporation–crystallization dominance. All of the samples (lake, well 
and springs) are within the evolutionary path from ‘‘Rock dominance’’ in the Gibbs 
diagram (Fig. 6), suggesting that water–rock interaction is the major geochemical pro-
cess responsible for the chemical composition of the lake water and groundwater. This 
result is in agreement with the findings of previous studies in the Middle Atlas region. 
The bedrock is mainly composed by dolomite and limestone, the reason why most of the 
lakes are alkaline and characterized by magnesium bicarbonate-type waters. For exam-
ple, hydrochemical studies on Ifrah Lake and Tigalmamine Lake indicated that their 
water chemistry is mainly controlled by carbonate weathering (Benkaddour et al. 2005; 
Etebaai et al. 2012). However, unlike groundwater samples, lake samples were located 
between rock weathering and the evaporation zone, albeit closer to rock weathering. 
This indicates that the chemical compositions of the lake waters were affected by rock 
weathering and, to a lesser extent, by evaporation. Adallal et al. (2019) showed that sta-
ble isotope values of Azigza Lake were relatively higher than those of groundwater and 
rainfall, which suggests that lake waters undergo a certain degree of evaporation. Com-
pared to other regional wetlands, evaporation is relatively less pronounced in Azigza 
Lake as expected from an open system with a short residence time. Generally, closed or 
small lakes are more affected by evaporation and are enriched in ionic concentrations. 
The typical example in the Middle Atlas region is Lake Iffer (Benkaddour et al. 2008).

Fig. 6   Total dissolved solids versus Na+/(Na+ + Ca2+) and vs. Cl−/(Cl− + HCO3
−) within the Gibbs boomer-

ang model showing dominant processes controlling the hydrochemistry in the Azigza Lake Basin
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4.1.2 � Dissolution of Carbonate and Evaporite Minerals

The origin of dissolved salts and the mechanisms that control the observed mineralization 
of water can also be revealed by the dissolved ions and their relationships with one another 
(Hussein 2004; Su et  al. 2009). Water chemistry in the Azigza system is dominated by 
HCO3

−, Ca2+, Mg2+ and CO3
−. These ions are mostly generated by the dissolution of car-

bonates (such as calcite and dolomite) in karstic aquifers.
Correlations between different hydrogeochemical parameters show a good correlation 

between Ca2+ and HCO3
− (Fig. 7, Table 2). This indicates that the weathering of carbon-

ates releases ions to the Azigza Lake water and groundwater due to the widespread occur-
rence of carbonate rocks in the study area. Dissolution of carbonate minerals may take 
place due to the attack of H2CO3 derived from CO2 dissolution in the water which can be 
described by the following equations:

According to reactions (1) and (2), the dissolution of calcite and dolomite releases 
equally charged amounts of Ca2+ and HCO3

−, (Ca2+  + Mg2+) and HCO3
−, respectively. 

Crossplots for Azigza Lake water and groundwater samples plot above the 1:1 line of 

(1)CaCO
3
+ CO

2
+ H

2
O ↔ Ca2+ + 2HCO

3

−

(2)CaMg(CO
3
)
2
+ 2H

2
O + 2CO

2
↔ Ca2+ + Mg2+ + 4HCO

3

−

Fig. 7   Relationships among major ions in Azigza Lake waters and groundwaters. a HCO3
– versus Ca2+ 

plot, b HCO3
– versus Ca2+  + Mg2+, c HCO3

– + SO4
2– versus Ca2+  + Mg2+ and d Na+ versus Cl–
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the Mg2+ + Ca2+ versus HCO3
− plot (Fig. 7b), indicating that the dissolution of dolomite 

was not the sole source of Ca2+, Mg2+, and HCO3
− in Azigza waters. Considering Ca2+ 

and HCO3
−, most of the samples were distributed between the 1:1 and 1:2 lines (Fig. 7a), 

implying that the dissolution of calcite and dolomite was the major source of Ca2+ and 
HCO3

− for these waters. Moreover, the SI indicates that lake water samples were mostly 
saturated to oversaturated with calcite, dolomite and aragonite (Fig. 5), implying that the 
dissolution of carbonate minerals is the prevailing process affecting the chemical composi-
tion of Azigza Lake water. Furthermore, most groundwater samples were undersaturated 
or nearly saturated with respect to calcite and dolomite (Fig. 5), indicating that these car-
bonates dissolve into water from the fissured aquifer along the flow path and increase the 
contents in TDS.

The results of PCA showed that PC2 were of great loading on Cl− (Fig. 4). The dissolu-
tion of halite was one of the major sources of Na+ and Cl− in the site waters. The Na+ vs 
Cl− plots show approximately a 1:1 relationship (Fig. 7c). Since Cl− is generally derived 
from the dissolution of evaporites, this 1:1 relationship possibly suggests that evaporites 
are the unique source of Na+ and Cl− in Azigza catchment waters and that they influence 
the water chemistry to a moderate extent. It is reasonable to consider the dissolution of 
evaporitic minerals as a source of these elements due to the widespread occurrence of 
salutiferous clays (Trias strata) in the study area. The human impact on water chemistry in 
the area is relatively weak, because, if strong, the Na+ versus Cl− line would be expected to 
deviate from the 1:1 equilibration line. However, the well water deviates slightly from the 
1:1 Na+ versus Cl− line, suggesting that other processes may control the chemical compo-
sition of the well water such as cation exchange and human activities which could increase 
or decrease the concentration of Na+ or Cl− in the well water. In addition, all Azigza Lake 
waters and groundwaters were under-saturated with respect to halite, with halite SI values 
less than 0 (Fig. 5), indicating that the dissolution of halite may take place in the waters of 
the study area.

As displayed in the correlation analysis of geochemical parameters, a good correlation 
between Ca2+ and SO4

2− indicates a possible dissolution of gypsum and anhydrite that may 
release ions to the lake water and groundwater, as expressed in Reaction (3):

Generally speaking, the weathering and dissolution of minerals in the host rocks rep-
resent the main source of ions in Azigza waters. However, unlike other watershed water 
samples, Azigza groundwater and lake water are marked by their relatively low salinity and 
chloride, sodium and sulfate contents. This indicates that the site water arises mainly from 
water–rock interactions within the Lower Jurassic limestone dolomite aquifer and is weakly 
affected by Triassic rocks which are not exposed in the lake site. In addition, Azigza site 
waters (outcropping from the mountain) are close to the recharge area of groundwater, 
which leads to a shorter residence time of groundwater runoff. Thus, the influence of rock 
weathering is relatively weak compared to its influence on the waters of downstream areas.

4.1.3 � Ionic Exchange

Cation exchange is also an important process that influences the evolution of the hydro-
chemical characteristics of water (Xiao et al. 2012). Two indices of base exchange, namely 
the chloro-alkaline indices (CAI-1 and CAI-2), were examined to evaluate ion exchange 

(3)CaSO
4
.2H

2
O ↔ Ca2+ + SO2−

4
+ 2H

2
O
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between Na+ and K+ in Azigza site waters with Ca2+ and Mg2+ in the host environment 
(Schoeller 1965):

Positive Schoeller indices imply that an exchange of Na+ and K+ from water with Ca2+ 
and Mg2+ from rocks takes place, representing the reverse ion exchange process. Nega-
tive CAI indicate that Ca2+ and Mg2+ from waters are replaced by K+ and Na+, represent-
ing ion exchange with the aquifer material. If the CAI value is 0, it indicates no exchange 
and implies a state of equilibrium between the chemical constituents present in waters and 
aquifer material. In this study, the CAI-1 and CAI-2 values were negative for most of the 
lake and spring water samples and some well samples (Fig. 8), indicating that Na+ and K+ 
were released to the lake and spring water from the aquifer through cation exchange with 
Na+ previously adsorbed in the aquifer matrix. However, most of the well samples show 
CAI values greater than zero, indicating a reverse ion exchange process (Fig.  8). These 
results confirm that dissolution of halite is not the sole source of Na+ in Azigza waters, but 
that cation exchange also plays an important role and can increase or decrease the concen-
tration of Na+ in conjunction with rock weathering.

4.2 � Seasonal Hydrochemical Variations

Monthly geochemical data of Azigza Lake waters were used to explain the temporal varia-
tions in water chemistry and illustrate the potential impacts of climate and subsurface fea-
tures on the geochemical processes operating in the lake. The time-series of major phys-
icochemical components of Azigza Lake water were compared with variations in regional 
precipitation (Fig.  9). The seasonal precipitation in the study area and at Azigza Lake 
shows a marked wet season from October to April and a dry season from May to Sep-
tember (Adallal et al. 2019). The salinity of the lake water showed responses to seasonal 
changes in precipitation with higher conductivity following a wet period while a decline in 
conductivity was recorded in the dry season (Fig. 9). The dominant ions Ca2+ and HCO3

− 
account for 61–79% of the total dissolved ions in the lake samples. Thus, lower conductivi-
ties during the drought season could result from higher carbonate precipitation due to low 

CAI-1 =
[

Cl
− −

(

Na
+ + K

+
)]

∕Cl−

CAI-2 =
[

Cl
− −

(

Na
+ + K

+
)]

∕
(

HCO
−
3
+ SO

2−
4

+ CO
2−
3

+ NO
−
3

)

Fig. 8   Chloro-Alkaline Indices CAI 1, 2 for the interpretation of ion exchange between waters and aquifer 
in Azigza site
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rainfall and higher evaporation rates resulting from high atmospheric temperatures (Fig. 9). 
Indeed, an increase in temperature contributes to a decrease in the solubility of calcite 
which increases when the temperature decreases (Plummer and Busenberg 1982; Cao et al. 
2012). Factor 1 in the PCA (Fig.  4) shows this influence, as the temperature exhibits a 
negative relationship with Ca2+ and HCO3

−. Endogenic calcite precipitation caused by ion 
saturation enhanced by algal blooms and increasing water temperatures is typical in lakes 

Fig. 9   Daily precipitation on the region (Tamchachat station), lake level changes in Azigza Lake (Adallal 
et al. 2019), water temperature of the lake, pH, electronic conductivity (EC) and time variations for Ca2+ 
and Cl.− concentrations from July 2013 to October 2014
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emplaced in carbonate-rich bedrock areas (Kelts and Hsü 1978; Brauer 2004; Romero-
Viana et al. 2008). On the other hand, the increased conductivity values recorded in Azigza 
Lake water for the wet season are related to the dissolution of carbonates by CO2-rich karst 
groundwaters (produced by root respiration and organic matter decomposition in the soil) 
which release Ca2+ and HCO3

− to the lake water. The other major ions such as Cl− and Na+ 
show an increase in concentration values during the dry season which is attributed to evap-
oration (Fig. 9). The decrease in concentration values of these ions during the rainy season 
may be due to dilution by rainwater. The significantly higher conductivity value recorded 
for Azigza Lake during the wet season suggests that allochthonous materials brought in by 
runoff draining the catchment area during precipitation play a minor role in the hydrochem-
istry of the lake compared to the carbonate precipitation/dissolution process. These results 
are in agreement with the findings of others in the Middle Atlas region. For example, Eta-
baai et al. (2012) pointed out that the dry season of Lake Ifrah is reflected by lower levels 
of alkaline earth elements (Ca2+ and Mg2+) as a result of their precipitation as endogenic 
carbonates and by an increase in salinity manifested mainly by increased alkali contents 
(Na+ and K+) and chloride. However, the seasonal patterns of chemical composition of 
this type of lake are disturbed by the increasing impacts from human activities and climate 
change that have had a negative effect on the water budget along with a major increase in 
the lake’s salinity (increased concentrations of alkaline elements and chlorides) and nutri-
ent enrichment (phosphates and nitrates) (Etabaai et al. 2012). At Azigza Lake, it is likely 
that anthropogenic influence in the form of excess nutrients is negligible, as evidenced by 
the low concentration of NO3

−. Furthermore, as mentioned above, the concentration of Cl− 
was equal to Na+ concentration in most of the lake samples (Fig. 7d), which indicates that 
there is no excess Cl− or Na+ in the site waters related to anthropogenic activities. The 
PCA and correlation results do not support relationships between NO3

− and other phys-
icochemical parameters such as Cl− or Na+ that could reflect the impact of anthropogenic 
activities on water quality in the area (Fig. 4, Tab. 2).

4.3 � Lake/Groundwater Interaction

The Azigza lake level fluctuated, with a clear decreasing trend from July 2013 to October 
2014 (Fig. 9). Recent studies have demonstrated a strong link of Azigza Lake level fluctua-
tions with precipitation variability (Vidal et al. 2016) supported by paleohydrological evidence 
in Jouve et al. (2019). A detailed study of Azigza Lake, based on a 4-year observation period, 
including lake level measurements, isotope analyses of precipitation, lake and spring waters 
and local meteorological data showed the dominance of groundwater exchanges in the lake 
water balance, with significant interannual variations related to annual precipitation (Adal-
lal et  al. 2019). Azigza groundwater has a similar stable isotope signature of δ18O and δD 
to that of rainfall (Adallal et al. 2019), indicating rapid recharge of the groundwater by rain-
fall via karst features. Therefore, the lake water chemistry variability is mainly related to the 
degree of interaction between surface and groundwater. Concentrations of major ions indicate 
that both lake water and groundwater belong to a common water type (Ca2+–Mg2+–HCO3

–) 
with similar ion composition (Fig. 3). However, the TDS values showed that groundwaters 
are more concentrated compared to lake waters, with average values of 427 and 310 mg/L, 
respectively (Table 1). The reason for the high TDS of groundwaters is the longer flow path 
which increases the interaction time between water and rocks and hence mineral weathering 
and dissolution. Therefore, the much higher TDS of lake waters observed during the wet sea-
son can result from the groundwater contribution to the increased concentration of solutes in 
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the lake. This rapid response of the lake hydrochemistry to rain episodes is consistent with that 
observed in the geochemistry of spring waters in the region and explains the turbidity prob-
lems after strong rainfall events (Bouchaou et al. 2002; El Khalki and Hafid 2002). Amraoui 
et al. (2003) showed a weak memory effect and little inertia of the karstic systems based on the 
rainfall–turbidity analysis. In contrast, Howell et al. (2019) carried out an investigation of the 
weak response of three Middle Atlas springs to storm events using autocorrelation lag times 
and spectral regulation times for water temperature and water level and demonstrated signifi-
cant inertia in those spring basins, which further indicates the limited karstification of lime-
stone–dolomite formations. Other hydrodynamic and hydrochemical studies suggest that there 
is a high degree of inertia in the system as a whole although an upper karst is active in high 
water conditions (Bouchaou et al. 1997; Naoura et al. 2021). Azigza Lake lies in a depression 
of structural origin along an anomalous contact between crushed and faulted limestone forma-
tions (Lepoutre et al. 1967; Hinaje and Ait Brahim 2002), which suggests that this structur-
ally favorable area ensures a fast groundwater flow to the lake (Adallal et al. 2019). Regional 
hydrogeological studies have demonstrated the role played by fracturing and/or faults in the 
preferential direction of water flow and infiltration in the Middle Atlas area (Muzirafuti et al. 
2005; El Fartati et al. 2021; Tahiri et al. 2020). This underlines the importance of changes in 
groundwater fluxes on the Azigza Lake water level, probably representative of many other 
lakes and wetlands belonging to the Middle Atlas karstic system and thus, indicates their sen-
sitivity to short-term hydroclimatological changes. Consequently, prolonged drought may 
significantly reduce discharges and induce a lake level drop, as observed in Azigza Lake 
where multiple lake level drops after periods of drought have occurred during the last few 
decades (Flower and Foster 1992; Jouve et al. 2019). Similarly, a dramatic lake level decrease 
has been observed in most of the Middle Atlas lakes over recent decades due to recurrent 
droughts: Dayet Aoua (Abba et al. 2012; Sayad and Chakiri 2010), Aguelmam Sidi Ali (Chil-
lasse and Dakki 2004; Sayad et al. 2011; Haddout et al. 2018) and Ifrah (Etebaai et al. 2012). 
The groundwater resources of the Tabular Middle Atlas are also under pressure from pumping 
for municipal use and irrigation due to population growth (Amraoui et al. 2005; Miche et al. 
2018; Ahmed et al. 2021) which could amplify the impact of ongoing climate change on the 
incoming surface water at a regional scale that includes lakes, springs and rivers.

The role of geological characteristics and fracturing in the close hydraulic connection and 
interaction between Azigza Lake water and groundwater is clearly observed on a regional 
scale (in the high basin of OER). The spatial distribution of hydrochemical components 
(Fig. 1c) made it possible to further elucidate this finding and illustrates the strong control that 
regional geology and fracturing exert on surface water chemistry, giving rise to two distinct 
hydrogeological systems: (1) fresh waters located in the upstream part of the basin and mainly 
flowing through the Lower Jurassic limestone, (2) and on the other hand, more concentrated 
waters in contact with the Triassic saline clays through fracturing and faults, giving rise to 
spring waters with high salinities contaminating the downstream part of the watershed.

5 � Conclusion

The hydrology, hydrochemistry and associated processes in the high OER basin-Middle 
Atlas were studied through the hydrochemical monitoring of a typical Moroccan karstic 
lacustrine system. The lake and groundwater were considered to be freshwater due to 
the low ionic concentrations and were of the HCO3

−–Ca2+–Mg2+ type. Statistical analy-
sis suggested that the major geochemical processes responsible for the observed chemical 
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composition in the area are the dissolution/precipitation of carbonates of Lower Jurassic 
formations in the region, cation exchange and, to a lesser extent, evaporation. The seasonal 
variations in concentrations of chemical components demonstrate that the Azigza Lake 
geochemistry is sensitive to climatic changes in both precipitation and temperature. These 
results indicate that, when high precipitation drives an increase in the lake level through 
high inflows of mineralized water, then the ion concentration in lake water increases due to 
the dissolution of carbonate minerals such as calcite and dolomite. In contrast, strong lake 
water evaporation decreases the lake level and leads to a decrease in ion concentrations 
by precipitation of these minerals. The lake receives inflow mainly from subsurface water 
which has a much higher solute concentration. This is likely to contribute to the increased 
concentration of solutes in the lake during the rainy season. The rapid response of the lake 
water chemistry to underground flows after rainfall events suggests a strong interaction 
between groundwater and lake water. The results obtained at Azigza Lake, representative 
of many karstic lakes in the Middle Atlas region, provide insight into the hydrochemical 
functioning and could help decision makers to develop water resource management strate-
gies in these lake basins in order to minimize the negative natural and/or anthropogenic 
impacts on the water system.
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