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INTRODUCTION

Agriculture is the largest consumer of wa-
ter worldwide, with irrigation systems account-
ing for approximately 70% of global freshwater 
withdrawals [Hossain et al., 2020]. Groundwater 
plays a crucial role in providing irrigation water, 
particularly in semi-arid regions where surface 
water sources are limited [Gao et al., 2018]. In 
many agricultural regions, farmers predominant-
ly rely on groundwater for their irrigation needs 
due to its reliability as a water source [Shil et al., 

2019]. Consequently, the use of groundwater for 
irrigation has been increasing, often resulting in 
unsustainable levels of exploitation [Foster et 
al., 2018]. This trend raises significant concerns 
about the long-term viability of groundwater re-
sources and highlights the need for sustainable 
management practices [Gleeson et al., 2012]. 
Furthermore, the quality of the groundwater used 
for irrigation is a crucial factor that directly af-
fects the productivity of the irrigation process 
[Pulido-Bosch et al., 2018]. Furthermore, several 
studies have revealed that the water productivity 
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and the efficiency of irrigated water are crucial for 
ensuring food security [Rickson et al., 2015; Is-
saka and Ashraf, 2017]. Indeed, the crop yields are 
significantly influenced by both water intake and 
the properties of soil and irrigation water [Choud-
hary et al., 2011]. The chemistry of irrigation wa-
ter, including the concentration of dissolved salts 
and ions, is a key factor in determining its qual-
ity [Zaman et al., 2018]. This quality not only af-
fects crop yields but also the nutritional value of 
the crops. Additionally, contaminants present in 
irrigation water can be absorbed by plants, poten-
tially entering the human diet [Khalid et al., 2018]. 
Therefore, assessing the quality of irrigation water 
is essential for accurately predicting crop yields 
and ensuring sustainable agricultural practices.

The natural geochemical processes are the 
most important factors that influence groundwa-
ter chemistry [Ren et al., 2021]. These include the 
geological characteristics of the aquifers, the qual-
ity of recharging water, the chemical weathering 
of different rock types, the length of time water 
resides in aquifers, and a range of dissolution, pre-
cipitation, interactions with soil gases, and ion ex-
change reactions [Thockchom and Kshetrimayum, 
2019; Hossain et al., 2020]. In addition to these 
natural processes, human activities such as the dis-
posal of industrial waste, agricultural practices and 
sewage contribute significantly to the presence of 
undesirable elements in groundwater, leading to its 
deterioration [Akhtar et al., 2021]. Consequently, 
many countries are currently facing a shortage of 
suitable groundwater for irrigation purposes. 

Several variables, including toxic metals 
such as total Cu²⁺, Fe, Ni²⁺, Zn²⁺, Co²⁺, Pb²⁺ and 
Cd²⁺, along with excess concentrations of cat-
ions (Ca²⁺, Na⁺, Mg²⁺, K⁺) and anions (HCO₃⁻, 
SO₄²⁻, Cl⁻, NO₃⁻, PO₄³⁻), as well as organic salts, 
are recognized as significant water contaminants 
[Hossain et al., 2020]. To address these issues, 
various water quality indices have been devel-
oped and are extensively used to assess the suit-
ability of water for irrigation. Among the most 
commonly applied indices are electrical conduc-
tivity [Lauer et al., 2023], magnesium hazard 
[Chebet et al., 2021], soluble sodium percent-
age [Aydin et al., 2021], residual sodium car-
bonate [Ahsan et al., 2021], permeability index 
[Batarseh et al., 2021], and sodium adsorption 
ratio [El Bilali and Taleb, 2020]. These indices 
provide critical qualitative assessments that are 
instrumental in the development of effective 
groundwater management strategies by public 

and regulatory authorities, ensuring sustainable 
agricultural practices and water resource man-
agement [Calliera et al., 2021].

The present study aims to assess groundwater 
quality and its impact on agricultural productivi-
ty across six experimental stations. A multi-index 
approach will be employed, utilizing a combina-
tion of key indices including the irrigation poten-
tial (IP), Kelly’s index (KI), sodium adsorption 
ratio (SAR), residual sodium carbonate (RSBC), 
magnesium hazard (MH), irrigation suitability 
index (ISI), sodium percentage (SP) and others. 
This comprehensive approach offers a holistic 
perspective on groundwater quality and its im-
plications for agricultural practices, enabling a 
nuanced understanding of the relationships be-
tween groundwater characteristics and their im-
pact on crop yields and soil health. The signifi-
cance of this study lies in its potential to guide 
sustainable groundwater management practices 
and optimize agricultural productivity in diverse 
agro-climatic regions. Understanding the intri-
cate relationships between groundwater quality 
and agricultural productivity is essential for de-
veloping effective water resource management 
strategies. Furthermore, it is crucial for mitigat-
ing the negative impacts of declining water qual-
ity on crop yields, soil properties and ultimately 
human well-being.

MATERIAL AND METHODS

Study area

The study encompassed a geographically di-
verse expanse in Morocco, specifically targeting 
six distinct regions: Doukkala, Bahira, Tassaout, 
Beni Amir, Beni Moussa, and Tadla (Fig. 1). A 
central aspect of this investigation was the de-
termination of fifty-six safeguarded dug wells 
distributed throughout these areas. This broad 
geographic distribution was meticulously chosen 
to encapsulate a wide array of hydrogeological 
variations, thereby providing a thorough under-
standing of water quality and the sustainability of 
dug wells in varied environmental settings. Each 
region was deliberately selected for its unique 
geological and hydrological traits, ensuring that 
the study could offer a comprehensive analysis of 
the factors affecting water quality in these pro-
tected dug wells. The strategic selection of these 
regions was designed to yield valuable insights 
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into water resource management and conserva-
tion strategies, addressing broader implications 
for the effective stewardship of water resources in 
the areas under study.

Sampling

Groundwater samples were meticulously 
collected from six experimental stations in 
Morocco, ensuring the preservation of their in-
tegrity through a carefully controlled process. 
Clean polypropylene bottles were employed for 
sample collection, having been pre-cleaned with 
a 10% nitric acid solution and thoroughly rinsed 
with double-distilled water to eliminate any po-
tential contaminants. Each sample, precisely 
measured at 125 ml, was stored at a controlled 
temperature of 4 °C, adhering to the standards 
set forth by the APHA [2005]. This meticulous 
storage protocol is critical for maintaining the 
stability of the samples and preventing any al-
terations in their hydrochemical and bacterio-
logical properties during storage. Additionally, 
a portion of each sample was vacuum-filtered 
through a 0.45 Millipore membrane filter paper 
to eliminate particulate matter, ensuring a clear 
distinction between filtered and unfiltered sam-
ples. For comprehensive analysis, an unfiltered 
portion of 250 ml was also retained, facilitating 
a direct comparison with the filtered samples 
and providing a more complete understanding of 
the groundwater’s original composition.

Water analysis

Permeability index 

The permeability index is determined using 
the approach proposed by [Joshi et al., 2009]. The 
formula for PI is:
 PI = [( Na+ + HCO3

−)/ 
 /(Ca2+ + Mg2+ + Na+  )] × 100 (1)

The PI serves as a measure to assess the so-
dium risks associated with irrigation water.

Kelly index (KI)

The appropriateness of water properties for ir-
rigation is also assessed using Kelly’s index, which 
evaluates the proportion of sodium relative to calci-
um and magnesium. The Kelly index is determined 
using the formula [Srinivasamoorthy et al., 2014].

 KI = Na+ / (Ca2+ + Mg2+) (2)

A KI value greater than one (KI > 1) suggests 
an abundance of sodium, whereas a KI value less 
than one (KI < 1) indicates that the water is fit for 
irrigation purposes.

Soluble sodium percentage index

The percentage of sodium is frequently used 
to evaluate the suitability of water for agricultural 
purposes. This measurement is also referred to as 
the soluble sodium percentage (SSP), a term first 
introduced by Wilcox in 1955. SSP is calculated 
using the following formula: 

Figure 1. Location map of the study area
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 SSP = Na+ × 100 / (Ca2+ + Mg2+ + Na+ + K+) (3)
According to study of Ravikumar et al. 

[2011], water with a sodium percentage exceed-
ing 60% is deemed unsafe, while water with a so-
dium percentage below 60% is classified as safe 
for agricultural activities.

Sodium adsorption ratio 

The sodium adsorption ratio serves as an es-
sential measure for assessing irrigation water qual-
ity and used to measure the proportion of sodium 
ions relative to calcium and magnesium ions in 
water [Srinivasamoorthy et al., 2014]. Increased 
salinity impedes osmotic processes, reducing the 
soil’s capacity to deliver water and nutrients to 
plants. This interference affects water transport to 
the aerial organs and disrupts plant metabolism 
[Arumugam and Elangovan 2009]. Indeed, wa-
ter quality is categorized into four classes based 
on SAR values. Water with SAR less than 10 is 
classified as excellent. SAR values between 10 
and 18 indicate good quality. SAR values ranging 
from 19 to 26 are considered doubtful or fair to 
poor. When SAR exceeds 26, the water is deemed 
unsuitable (class S-IV).

Residual sodium carbonate index

The residual sodium carbonate (RSBC) index 
was used to evaluate water quality concerning al-
kalinity hazards. The carbonate ions are usually 
absent in natural waters and bicarbonate ions do 
not precipitate magnesium ions. Consequently, 
the RSBC index serves as a more accurate mea-
sure of alkalinity hazards. The RSBC is deter-
mined using the formula provided by Ravikumar 
et al. (2011).

 RSBC = HCO-
3 − Ca2+ (4)

The concentrations of different ions are repre-
sented in meq/L.

Magnesium hazard 

Typically, Ca2+ and Mg2+ are balanced in most 
water sources. Nevertheless, an excess of Mg2+ 
can negatively impact crop productivity [Ali and 
Ali 2018]. Magnesium can degrade soil structure, 
particularly in sodium-dominated and highly sa-
line water. Elevated Mg2+ levels are often the re-
sult of exchangeable Na+ in irrigated soils. In this 
research, the magnesium hazard was calculated 
using the following formula: 
 MH = (Mg2+) / (Ca2+ + Mg2+) (5)

A magnesium concentration exceeding 50 
me/L is deemed detrimental, rendering the water 
unsuitable for both drinking and irrigation. In this 
study, magnesium hardness (MH) was found to 
vary from 12.6 to 65.4 meq/L. specifically; the 
water samples from points S1, S2, and S5 exhib-
ited MH values above 50 meq/L, making them 
unsuitable for agricultural use.

Langelier saturation index 

Measuring the Langelier saturation index (LSI) 
in water involves assessing its potential for scaling 
or corrosion. The LSI is calculated using param-
eters such as pH, temperature, total dissolved solids 
(TDS), calcium concentration, and alkalinity. By 
combining these factors, the LSI indicates whether 
the water is likely to deposit calcium carbonate (pos-
itive LSI), maintain equilibrium (LSI of zero), or dis-
solve calcium carbonate (negative LSI). The LSI can 
be determined using the following formula:
 LSI = pHa – pHs (6)
where: pHa represents the measured pH of the 

water, while pHs denotes the equilibrium 
pH of water with specific calcium content 
and alkalinity. 

Ryznar stability index 

The Ryznar index serves as a practical tool 
to forecast the likelihood of scaling in water sys-
tems, derived from observations of water perfor-
mance across different saturation levels. Intro-
duced by John Ryznar in 1944, the stability index 
incorporates the Langelier index into a novel for-
mula, enhancing its precision in anticipating wa-
ter’s propensity for scaling or corrosion. The RSI 
can be determined using the following formula:

 RSI = 2 (pHs) – pH = pHs – LSI (7)

Aggressive index

The aggressive index serves as a tool for mon-
itoring water flow within asbestos pipes, offering 
insights into water corrosiveness as an alternative 
to the Langelier index. The AI provides a simpler 
and more practical assessment compared to the 
Langelier index, which accounts for temperature 
effects [Langelier, 1936]. The AI can be deter-
mined using the following formula:

 AI = pHactual + C + D (8)

where: the C and D values are determined using 
the method of Langelier [1936].
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Larson and Skold index 

Measuring the Larson and Skold index 
(LS) in water involves evaluating the corrosive 
potential of the water, particularly in terms of 
its impact on metallic structures. This index is 
determined by analyzing the concentrations of 
chloride, sulfate, and bicarbonate ions in the 
water. High levels of chlorides and sulfates can 
increase water’s corrosivity, while bicarbonates 
can mitigate this effect. By calculating the ratio 
of the harmful ions to the protective bicarbon-
ates, the Larson and Skold index provides a use-
ful metric for assessing the risk of corrosion in 
water systems. The LS was determined using the 
following formula:

 LS = (Cl- + SO4
2-)/(HCO3 + CO3

2-) (9)

where: the LS value falls below 0.08, it suggests 
that chloride and sulfate are improbable to 
disrupt the formation of a protective film. 
However, when the LS value ranges be-
tween 0.8 and 1.2, corrosion rates might sur-
pass anticipated levels. Conversely, an LS 
value exceeding 1.2 indicates a likelihood of 
elevated rates of localized corrosion.

Puckorious saturation index

Determining the Puckorius saturation index 
(PSI) in water involves evaluating the scaling po-
tential and corrosive tendencies of water. The PSI 
provides insights into whether water will precipi-
tate calcium carbonate, leading to scale forma-
tion, or if it will remain under saturated, poten-
tially causing corrosion. This index is particularly 
useful in managing water treatment processes to 
maintain system efficiency and longevity. The in-
terpretation of the PSI is similar to the interpreta-
tions used for RSI. 

Data analyses

To comprehensively assess the variation of 
water quality indices across six experimental sta-
tions, the dataset comprising measurements from 
each station was subjected to descriptive statisti-
cal analysis to characterize central tendency and 
dispersion measures for each quality index. Addi-
tionally, analysis of variance (ANOVA) was em-
ployed to evaluate the significance of differences 
among the experimental stations. Student-New-
man and Keuls test (SNK) was utilized to identify 
specific pairwise differences between stations at p 
≤ 0.05. This robust statistical approach provided 
valuable insights into the spatial variability of 
water quality indices among the experimental sta-
tions, facilitating a deeper understanding of the 
factors influencing water quality in the study area.

RESULTS AND DISCUSSION 

The Table 1 presents a comprehensive over-
view of the variation in groundwater quality 
across six regions in Morocco, as indicated by 
four key indices: permeability index, Kelly in-
dex, sodium ion (Na+) strength percentage index 
and sodium adsorption ratio. Across the regions, 
notable differences are observed in these indices, 
reflecting diverse groundwater characteristics. 
In the Doukkala region, the permeability index 
stands at 56.54, indicating moderate permeabil-
ity, while the Kelly index of 1.28 suggests a rela-
tively low risk of water salinity. However, the Na+ 
SSP and SAR index are notably high at 50.14 and 
6.87, respectively, signifying elevated sodium 
levels and potential risks associated with sodium 
adsorption. In Bahira, a similar pattern is ob-
served with slightly higher values for PI and KI at 

Table 1. Variation of permeability index (PI), Kelly index (KI), sodium ion (Na+), strength percentage index (SSP) 
and sodium adsorption ratio (SAR)

Station IP KI SSP SAR

Doukkala 56.54 a 1.28 a 50.14 a 6.87

Bahira 59.77 a 0.95 ab 47.63 ab 4.37

Tassaout 48.21 ab 0.52 bc 33.73 cd 2.54

Beni amir 45.44 ab 0.83 abc 40.86 bc 5.95

Beni moussa 37.69 c 0.49 c 23.28 d 2.00

Tadla 43.61 b 0.15 d 12.59 e 0.63

* * * ns

Note: values with different letters indicate significant difference (p < 0.05, SNK test); ns: non-significant difference; 
∗: significant difference at p < 0.05.
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59.77 and 0.95, respectively, while SSP and SAR 
remain high but comparatively lower than Douk-
kala, suggesting a comparable level of groundwa-
ter salinity and sodium content. Contrastingly, the 
Tassaout region exhibits lower values across all 
indices, indicating potentially better groundwa-
ter quality with a PI of 48.21, KI of 0.52, SSP of 
33.73, and SAR of 2.54, suggesting lower salin-
ity and sodium levels. Similarly, Beni Amir and 
Beni Moussa regions show decreasing trends 
in all indices, with Beni Moussa registering the 
lowest values overall, suggesting relatively good 
groundwater quality compared to other regions 
in the dataset. Remarkably, Tadla station stands 
out with the lowest values across all indices, indi-
cating excellent groundwater quality with a PI of 
43.61, KI of 0.15, SSP of 12.59 and SAR of 0.63, 
suggesting minimal risks associated with salinity 
and sodium content, making it potentially suit-
able for various applications without significant 
treatment requirements.

The obtained results induced that each region 
exhibits unique characteristics, as evidenced by 
variations in these indices. Indeed, in the Douk-
kala region, moderate permeability is noted with 
an elevated PI value, coupled with a relatively low 
risk of water salinity indicated by a high KI value. 
However, elevated levels of sodium are highlight-
ed by the high SSP and SAR values of 50.14 and 
6.87, respectively, suggesting potential risks as-
sociated with sodium adsorption [Acharya et al., 
2018; Adimalla et al., 2018]. Similarly, the Bahira 
region mirrors this trend with slightly higher PI 
and KI values, yet comparable levels of salinity 
and sodium content. In contrast, the Tassaout re-
gion showcases lower values across all indices, in-
dicative of potentially better groundwater quality, 
with lower salinity and sodium levels. Similar re-
sults were reported by Abualhaija et al. [2020] in 

Jordan, and Güngör and Arslan, [2016] in Turkey. 
Moreover, the Beni Amir and Beni Moussa re-
gions exhibit decreasing trends in all indices, with 
Beni Moussa displaying the lowest values over-
all, implying relatively good groundwater quality 
based on the water quality assessment of Kalaiva-
nan et al. [2018] compared to other tested regions. 
Notably, the Tadla station emerges as an outlier, 
demonstrating the lowest values across all indi-
ces, signaling excellent groundwater quality with 
minimal risks associated with salinity and sodium 
content, thus making it potentially suitable for 
various applications without significant treatment 
requirements based on the investigation method of 
Adimalla, [2019]. These results enhance our com-
prehension of the nuanced differences in ground-
water quality among various regions of Morocco, 
emphasizing the significance of conducting as-
sessments tailored to specific regions in water 
resource management and planning. This study 
complements existing research endeavors aimed 
at evaluating water quality in Morocco [Kanga 
et al., 2020; Ait Said et al., 2023; Al-Aizari et al., 
2023; Ouhakki et al., 2024].

The variation in groundwater quality across 
six regions in Morocco through the analysis of 
the residual sodium carbonate index, magne-
sium hazard index, Langelier saturation index, 
and Ryznar stability index was presented in the 
Table 2. The findings revealed distinct patterns 
among the regions, suggesting notable differ-
ences in water quality parameters. Across the six 
regions in Morocco, significant variations in key 
water quality parameters were observed, high-
lighting the diverse characteristics of ground-
water quality. For the RSBC index, the results 
exhibited that the Beni Amir region exhibited 
the most negative variation at -23.11, indicating 
a substantially higher sodium hazard compared 

Table 2. Variation of the residual sodium carbonate index (RSBC), magnesium hazard index (MH), Langelier 
saturation index (LSI) and ryznar stability index (RSI) in the experimental stations

Station RSBC MH LSI RSI

Doukkala -15.10 ab 45.14 b -2.07 11.48

Bahira -5.86 c 46.06 b -2.05 11.55

Tassaout -6.99 c 44.45 b -2.02 11.54

Beni amir -23.11 a 56.37 a -2.31 11.80

Beni moussa -11.07 bc 56.84 a -2.47 12.19

Tadla -1.27 d 37.82 c -2.19 11.8

* * ns ns

Note: values with different letters indicate significant difference (p < 0.05, SNK test); ns: non-significant difference; 
∗: significant difference at p < 0.05.
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to other regions such as Doukkala (-15.10) and 
Beni Moussa (-11.07). Conversely, the Tadla re-
gion displayed the least negative RSBC value at 
-1.27, suggesting a lower sodium hazard level 
relative to other regions. Secondly, focusing on 
the magnesium hazard index, both Beni Amir and 
Beni Moussa regions displayed relatively higher 
values (56.37 and 56.84, respectively) compared 
to other regions, indicating a greater magnesium 
hazard. Conversely, Doukkala, Bahira, and Tass-
aout regions demonstrated lower MH indices, 
suggesting a comparatively lower magnesium 
hazard. Thirdly, the Langelier saturation index 
varied across the regions but this variation was 
not significant, with Beni Moussa exhibiting the 
most negative value at -2.47, indicating a higher 
tendency towards scaling, followed by Beni Amir 
(-2.31). Conversely, Doukkala, Bahira, and Tadla 
regions displayed relatively less negative LSI val-
ues, suggesting a lower propensity towards scal-
ing. Finally, the Ryznar stability index showed 
relatively consistent values across the regions, 
with slight a not significant variation.

The study of these indices provides insightful 
data on regional variations and potential impacts 
on water usability for agriculture and human con-
sumption. These findings align with and contrast 
other regional studies, revealing unique and com-
parable trends in groundwater quality parameters. 
Indeed, the finding induced that the Beni Amir 
region exhibited the most negative RSBC value 
indicates a significantly higher sodium hazard, 
which can adversely affect soil structure and crop 
yield. This extreme negative variation suggests 
more intensive ion exchange and potential soil 
sodicity issues. In contrast, Tadla displayed the 
least negative RSBC value, indicating a lower so-
dium hazard and thus more favorable conditions 
for agricultural activities. In this sense, several 
results induced that the prolonged utilization of 
water with high residual sodium carbonate results 
in the accumulation of sodium in the soil, thereby 
modifying its physical and chemical characteris-
tics [Murtaza et al., 2021]. The sodium adsorption 
ratio signifies the sodicity risk associated with ir-
rigation water [Qadir et al., 2021]. Additionally, 
other studies have shown that water with elevated 
RSBC levels poses a greater threat than water with 
no RSBC but similar SAR [Gupta, 2015; Murtaza 
et al., 2021]. The achieving sustainable agricul-
ture on such soils necessitates the implementation 
of specific management practices tailored to the 
site before employing these low-quality waters 

for economically viable crop production [Minhas 
and Bajwa, 2021]. On the other hand, magne-
sium hazard is a crucial qualitative criterion for 
assessing water quality for irrigation purposes. 
An elevated Mg2+ ratio in water can disrupt the 
balanced ratio of Ca2+ to Mg2+. Moreover, exces-
sive Mg2+ levels can increase water alkalinity, 
adversely impacting plant growth [Khanoranga 
and Khalid, 2019]. Water with MH values of 50 
or higher is deemed unsuitable for irrigation. For 
instance, Beni amir and Beni moussa water, with 
an MH value of 56.37 and 56.84 respectively, are 
not fit for irrigation, whereas the Doukkala, Ba-
hira, Tassaout and Tadla with MH values below 
50 suggesting lesser magnesium-related risks and 
are considered suitable. 

The LSI is an indicator of the scaling poten-
tial of water, with more negative values suggest-
ing a higher tendency to form scale [Lodha et 
al., 2023]. In this study, the Beni Moussa region 
showed the most negative LSI value, indicating 
a higher scaling tendency. Although the variation 
in LSI values across the regions was not signifi-
cant, the trend is noteworthy for its implications 
on water infrastructure and aligns with the gen-
eral understanding that groundwater chemistry 
can vary subtly within relatively short distances, 
affecting the management of water distribution 
systems. Furthermore, the Ryznar stability index 
is similar to the LSI and provides insights into 
the corrosive potential of water. In the same way, 
Taghipour et al. [2012] reported RSI values of 
8.16 for the drinking water resources in Tabriz, 
which are slightly lower than the values found in 
our study. Conversely, a study of Hasania1 et al. 
[2021] on the quality and stability of drinking wa-
ter in Meshginshahr city, Iran, using RSI and LSI, 
found the water to be corrosive. Similarly, Shams 
et al. [2012] analyzed rural water supply networks 
and found that 90% of the water samples exhib-
ited corrosion as indicated by the RSI. These phe-
nomena of corrosion and scaling greatly influence 
the quality of drinking water, highlighting the im-
portance of evaluating pertinent parameters and 
implementing appropriate measures.

The investigation of the groundwater quality 
of the six experimental stations based on the ag-
gression index, Larson and Skold index and Puck-
orious saturation index was presented in the Table 
3. No significant difference was detected between 
the six experimental stations based on the IA and 
PSI index. Indeed, in the Doukkala station, the AI 
is recorded at 9.63, ISLS at 7.87, PSI at 12.27 and 
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S3 at 1.48. Notably, the highest AI is observed in 
Beni amir (9.38), while the lowest is in Beni mous-
sa (9.17). However, Beni amir station also exhib-
its the highest LS (8.35), suggesting potentially 
elevated levels of certain pollutants. Meanwhile, 
Tadla displays the lowest LS (0.38), indicating 
comparatively lower levels of contaminants. The 
highest PSI is noted in Beni amir (12.77), poten-
tially indicating increased mineral saturation lev-
els, whereas the lowest is in Tassaout (12.48). 

The analyses of these traits provide a com-
prehensive picture of the groundwater character-
istics in the study area, considering factors such 
as acidity, pollution levels, mineral saturation 
and salinity. For the aggression index, the results 
indicate that the groundwater across these sta-
tions is consistently aggressive, with only slight 
variations, which suggested that external factors 
influencing AI are relatively uniform across the 
stations. This index is generally used to assess the 
corrosive tendency of water and its potential im-
pact on asbestos-cement pipes and was related to 
the water’s pH, hardness and alkalinity [Bhuyan 
et al., 2021]. However, for the Larson and Skold 
index, which used to assess the presence of certain 
pollutants, primarily focusing on the corrosively 
related to chloride and sulfate ions [Kalyani et 
al., 2017]. The Beni Amir shows the highest LS 
which points to potentially elevated pollutant lev-
els, particularly chloride and sulfate. In contrast, 
Tadla exhibits the lowest LS at 0.38, indicating 
much lower pollutant concentrations. These sig-
nificant differences highlight varying degrees of 
industrial or agricultural runoff and natural min-
eral content influencing water quality [Boualem 
et al., 2024]. On the other hand, the results of the 
Puckorius Saturation Index in the six experimen-
tal stations suggests that all locations have a high 

tendency for scale formation, with minor differ-
ences likely due to local geological and hydrolog-
ical conditions. For the S3 index which evaluates 
the water salinity, a crucial factor for agricultural 
suitability and potability. 

The agricultural landscapes of the six experi-
mental regions used in this study are characterized 
by a diverse array of crops and trees cultivated 
in varying agro-ecological zones. The predomi-
nant agricultural practices used in these areas 
include the cultivation of cereals such as wheat 
and barley, oilseed plants such as sesame along-
side high-value cash crops like, pomegranate, 
olives, citrus fruits, and vegetables [Adiba et al., 
2021; Kouighat et al., 2022]. Additionally, these 
regions are renowned for its extensive vineyards, 
contributing significantly to Morocco’s viticul-
ture sector. Given the reliance of these agricul-
tural economies on irrigation, the quality of wa-
ter used plays a pivotal role in determining crop 
productivity and sustainability [Bouasria et al., 
2021]. The rigorous assessment of water quality 
indices for irrigation purposes in these regions is 
paramount, as it directly impacts soil health, crop 
yield, and overall agricultural viability [Laaraj et 
al., 2024]. By employing established water quali-
ty tests and indices can effectively manage irriga-
tion practices, mitigate potential soil degradation 
and optimize agricultural production. Moreover, 
the integration of water quality assessment into 
agricultural management strategies enhances the 
resilience of farming communities against envi-
ronmental stressors, thereby promoting long-term 
sustainability and food security in these regions 
of Morocco. In relation with this situation and by 
analyzing the variation in water quality indices 
in these regions, we have laid the foundation for 
identifying plant species that are best adapted to 

Table 3. Variation of the aggression index (AI), Larson and Skold index (LS) and Puckorious saturation index 
(PSI) in the experimental stations

Station IA LS PSI

Doukkala 9.63 7.87 a 12.27

Bahira 9.59 2.94 b 12.37

Tassaout 9.64 2.74 b 12.48

Beni amir 9.38 8.35 a 12.77

Beni moussa 9.17 3.20 ab 12.67

Tadla 9.49 0.38 c 12.53

ns * ns

Note: values with different letters indicate significant difference (p < 0.05, SNK test); ns: non-significant difference; 
∗: significant difference at p < 0.05.
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the specific environmental conditions of each re-
gion. This knowledge is invaluable for informing 
agricultural practices and guiding crop selection 
decisions, ultimately contributing to the sustain-
ability and resilience of agricultural systems in 
these regions. Furthermore, by promoting the 
cultivation of plant types that are well-suited to 
local conditions, our findings have the potential to 
enhance agricultural productivity, mitigate risks 
associated with climate variability, and support 
the livelihoods of farmers in these regions.

CONCLUSIONS 

The study on groundwater quality and its 
effect on agricultural productivity in Morocco 
reveal a significant variation among the experi-
mental stations, with distinct implications for ag-
ricultural productivity. The Doukkala and Bahira 
regions, despite moderate permeability and low 
salinity risks, face challenges due to high sodium 
levels, which can affect soil and crop health. The 
Tassaout region, with lower values across all indi-
ces, indicates better groundwater quality and few-
er risks for agriculture. In contrast, Beni Amir and 
Beni Moussa, particularly with high magnesium 
hazard values, are unsuitable for irrigation, with 
Beni Amir showing severe sodium hazards that 
could lead to soil structure problems. Tadla pres-
ents the most favorable conditions with the least 
sodium hazards. Overall, the findings underscore 
the need for tailored water management strategies 
in each region to mitigate risks and enhance agri-
cultural productivity.
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