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Abstract

Background: The availability of groundwater with acceptable quality has become a significant
challenge in many regions worldwide, particularly in Morocco. This issue is exacerbated by severe
climatic conditions and pollution, which render groundwater resources increasingly vulnerable
to various contamination factors. The Plateau of the El Hajeb region is part of the Causse Middle
Atlas and the water table of the grand basin of Sais, two major main reservoirs of groundwater
in Morocco. In this context, the primary aim of this study is to identify the geochemical facies of
the groundwater in the region housing the municipal waste dump. Additionally, the study seeks
to determine the sources of mineralization affecting these waters.

Methods: Over the course of two sampling campaigns conducted between 2015 and 2018,
groundwater samples were collected from 97 points. These points were strategically located
around the municipal waste dump and along the groundwater flow, including wells, boreholes,
and springs. Analyses were conducted in accredited laboratories following standardized
methods, with a focus on the determination of major ions.

Results: The results of the geochemical analysis, as represented by the Piper diagram, revealed
a calco-bicarbonate facies with low mineralization. This low mineralization does not affect the
potability of the waters, thus maintaining their suitability for human consumption. The carbonate
formations (calcite and dolomite) constitute the host rocks of the groundwater.

Conclusion: Chlorination and/or sulfation alteration processes were observed, contributing to

the presence of specific ionic species associated with anthropogenic pollution.
Keywords: Groundwater, Analyzes, Geochemical facies, Piper’s diagram, Morocco

Please cite this article as follows: Gamar A, Khiya Z. Hydrogeochemical characterization using piper diagram of the groundwater surrounding
the wild dump of the El Hajeb town, Morocco. ] Adv Environ Health Res. 2025; 13(2):104-113. doi:10.34172/jaehr.1373

Introduction

The Atlas domain serves as the structural backbone of
Morocco, stretching from the northeast to the southwest
between latitudes 31°N and 34°N."? It forms a significant
high-altitude mountain barrier, dividing the country into
two distinct climatic regions: the northwest, influenced by
oceanic effects, and the southeast, characterized by an arid
Saharan climate.’*

The central and northeastern regions of the Atlas domain
are characterized by a substantial limestone series, coupled
with extensive and prolonged snow cover across much of
the mountain range. These features establish the Atlas as
a significant “water tower,” supplying water resources to
approximately four-fifths of Morocco’s land area.””’

Population growth in the region, combined with
intensive agriculture, industrial development, and
recurrent droughts, poses significant challenges to
groundwater management. These factors compromise the

ability to ensure a sustainable supply of groundwater, both
in terms of quantity and quality, for the surrounding towns
and villages over time.'*"* The combined effect of drought
and overexploitation of the Causses aquifer results in an
annual destocking of the aquifer reserves by 10 Mm?®.
This destocking will have negative impacts on surface
and underground water resources since the Causses area
represents the water tower ensuring more than 50% of the
supply of the Sais aquifer system.'

The Middle Atlas Causses aquifer, situated between the
Fez-Meknes basin to the north and the Middle Atlas to
the south, spans an area of approximately 4600 km?. This
aquifer is composed of tabular carbonate formations from
the Lias period. However, its geometry and hydrogeological
characteristics remain poorly understood. The water
quality in this aquifer is notably high, with a mineralization
level of less than 0.5 g/L."'

The recharge of the water table occurs exclusively through
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rainwater infiltration. This resource is extracted primarily
via boreholes and wells for irrigation purposes.'”'®

In the Sais Basin (Figure 1), the Liassic and Miocene
formations overlie the Triassic clays, basalts, and
evaporites and are, in turn, overlain by Pliocene-
Quaternary limestone and travertine.”” These carbonates
are affected by several fractures causing a dislocation
of different Liassic blocs and sometimes Pliocene-
Quaternary limestone-travertine.**' The groundwater
flows in this region are conditioned by two major fracture
networks, mainly NE-SW and NW-SE directions,'>***
and probably with a NW-SE preferential flow direction.”

Materials and Methods
Study Area
The Plateau of the El Hajeb region (Figure 1) forms part
of the Tabular Middle Atlas. It hosts a groundwater table
that circulates within Liassic limestone and dolomite
formations, providing substantial water quantities and
representing significant hydrological potential.b1920%
The Liassic carbonates dip northward at the junction
of the Tabular Middle Atlas and the Sais Basin, beneath
a thick deposit of Miocene marls, thereby forming a
confined aquifer."

At the junction of the El Hajeb Plateau and the Sais
Basin (Figure 1), several karst springs serve as outlets,
draining travertine deposits.”” The confined aquifer is

characterized by emergences and overflow springs along
the edge of the Causse, flexure springs, and hydrothermal
springs in the Sais region.”

The confined aquifer flows primarily through the
carbonate formations of the Lias but occasionally also
through molasse deposits, consisting of sandstone, sands,
and conglomerates, located at the base of the transgressive
Miocene, which overlies the Lias.'>*?* A karstic complex
water circulation is especially developed locally at the
border of the two hydrogeological units.”

The study area (Figure 2) is underlain by a significant
aquifer reservoir, specifically the deep aquifer, which is
unconfined at the level of the Causse but becomes confined
beneath the impermeable Tertiary deposits. This aquifer is
recharged through the infiltration of rain and snow from
the Middle Atlas Causse.”**! It is also recognized and
exploited through boreholes, which, in the northern part,
are artesian and highly productive.?**

The deep and shallow aquifers of the Sais Basin are
replenished by rainfall, water from the Tabular Middle
Atlas, and springs located along the boundary between the
Tabular Middle Atlas and the Sais Basin. These represent
the most important water supply of the region for drinking
and agricultural uses.**** However, the modalities of water
transfer between the Middle Atlas Causses and Sais basin
and the interactions of water with the different geological
facies are not well known.'
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Figure 1. Geological Section of the Study Area According to the Geological Map of El Hajeb
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Figure 2. Piezometric Map Showing the Positioning of Wells, Sources and Boreholes

The purpose of this study is to characterize the aquifer of
the El Hajeb region (Morocco) from a hydro-geochemical
point of view, to explain outcomes and dynamics of the
changes of ions and cations concentrations, and to find
the mineralization origin of host of these water resources
by exploiting the modeling of PHREEQC (version 2.7).%

Sampling and Laboratory Analyses

The diverse climatic conditions, hydrological regimes,
and geological environments of this region result in a
wide variety of groundwater types. To characterize the
facies of these waters, two sampling campaigns were
conducted at 97 stations, represented by W (wells), B
(boreholes), and S (springs). The sampling sites were
distributed across the entire study area, with higher
density near the waste dump and along the groundwater
flow direction, particularly at the junction between the
Sais Plain and the Tabular Middle Atlas, following the
NE-SW orientation (Figure 2).

The first sampling campaign lasted two years, from
May 2015 to January 2017, while the second campaign
lasted one year, from February 2017 to January 2018.
The locations of the water points were determined using
a Garmin-type GPS, and the static water levels were
measured with a piezometric probe. A technical sheet
was prepared, indicating the distances of the 97 sampling
stations from the waste dump, as well as their depths
(Table 1). Water samples were collected in polyethylene
bottles, previously washed with an alkaline solution and
rinsed with double-distilled water, and then transported
to the laboratory at 4°C.

Physico-chemical variables, including temperature,
pH, electrical conductivity, and dissolved oxygen, were
measured on-site using portable devices. The geochemical

characterization of major elements was performed as
follows: chlorides (Cl") by the Mohr method, sulfates
(SO0,*) by turbidimetry, nitrates (NO,) by visible
spectrophotometry with adsorption on a column, and
bicarbonates (HCO,) by volumetric analysis. Calcium
(Ca**) and magnesium (Mg**) were analyzed using
atomic absorption spectroscopy, while sodium (Na*)
and potassium (K*) ions were measured by flame
spectrophotometry (Horiba Jobin-Yvon ICP-OES).

Tools and methods

To effectively analyze this data and extract the maximum
amount of information within a limited timeframe, it was
essential to apply efficient and rapid tools and methods.
The primary tool used for this purpose is DIAGRAMMES
software, developed by Roland Simler of the Avignon
Hydrogeology Laboratory.® This free, open-source
software is specifically designed for hydrochemical
analysis, facilitating water quality assessments. One of its
key functions is the generation of Piper diagrams, which
visually represent the distribution of anions and cations
across two specific triangles. These triangles depict the
relative concentrations of major ions in comparison to the
total concentration of these ions—cations are represented
in the left triangle, while anions are represented in the
right triangle. The relative position of a sample’s analytical
result within each triangle allows for the identification
of the dominant anion and cation species. Additionally,
these two triangles are linked to a rhombus, where the
intersection of lines drawn from the points on each
triangle is plotted. The point of intersection within the
rhombus provides a global analysis of the water sample,
with its location helping to identify the specific facies of
the studied water.
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Table 1. Technical Data Sheet of the Sampling Stations Indicating Their Table 1. Continued.
Coding, Depths and Distances From the Wild Dump
Station Coding Depth (m) Distance From the Landfill (m)
Station Coding Depth (m) Distance From the Landfill (m)
B1 15.5 462.13 :542 1_7 j:zz
B2 13.5 512.66 - 145 2470
53 i 63520 B52 16.5 2305
w4 17.5 306.63 b5 18 2388
ws 5 407 W54 21.5 2177
B6 7 30282 B55 19.5 1905
w7 16 356.19 B56 18.5 1615
B8 14.5 429.77 W7 - 1838
w9 16.5 466.63 858 ] 1
510 ) o08 B59 26.5 1723
BI 215 461 B60 20.5 7085
W12 19.5 1262 - i .
B13 18.5 1296 W62 30 6219
Wi4 20 608 W63 23 5410
— ) 1579 S64 - 2407
Blo 26:5 915 B65 14 1972
Wiz AU 1491 B66 245 2246
w18 29 1314 W67 17 1849
S19 - 1761 568 B 1874
B20 23 1822 B69 31 2009
B21 31 1310 $70 N 2401
w22 14 1971 B71 26 2041
w23 24.5 1854 B72 15 4045
w24 7 1907 B73 27.5 6346
B25 30.5 1624 W74 B 6529
B26 31 1810 B75 28.5 5840
B27 S0 1S5S W76 13.5 6147
w28 26 1310 B77 24 2830
w29 15 2042 w78 28 2491
B30 27.5 1974 B79 23 2292
S31 - 1665 $80 - 2035
W32 28.5 2152 B81 17,5 2134
W33 13.5 1480 w82 31 2177
B34 24 1417 B83 15.5 2336
B35 28 1501 wa4 30.5 2565
W36 23 1308 S85 - 6800
W37 15 358.06 B86 19 7197
S38 - 499 B87 28.5 4666
B39 31 504.40 B88 13.5 6834
W40 15.5 1704 B89 24 6636
B41 30.5 400.25 W90 28 6395
W42 18 1708 w91 23 3166
w43 19 1131 B92 28.5 2636
S44 - 4190 B93 13.5 2428
B45 13.5 5370 W94 24 5347
W46 - 5144 B95 28 6575
W47 17.5 2988 W96 23 6871
B48 15 5455 $97 - 4002
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Results and Discussion

Physico-chemical Quality of Groundwater

Theanalysis of the physicochemical quality of groundwater
reveals variations in concentration across the different
measurement points (Table 2).

Study of Facies: Piper Diagram

The representation of the samples on the Piper diagram

(Figure 3) revealed the presence of dominant chemical

facies, with their distribution being influenced by the

lithology of the soil in which the aquifer was situated
throughout the observation period. The identified facies
are as follows:

o Calcium bicarbonate facies, which accounted for 77%
of the stations (S3, W12, B13, W14, S15, B16, W17,
W18, S§19, W22, W23, W24, B25, B27, W29, B30,
W32, W36, B39, W42, W46, S50, B53, W54, B56, S61,
W63, S64, B73, W74, S80, W82, B87);

o Chlorinated-calcium facies, which were observed at
only 2% of the surveyed stations (W37 and B60);

o Chloride-sodium facies, represented by 15% of the
stations (B1, B2, W4, B6, W7, B8, W9, B20, B34, S38,
W40, B41, B55);

e Bicarbonate-sodium facies, which were found at 6% of
the stations (510, W17, W23, B27, B30, S31, B35, S50,
B51, B53, B73, B87, B883).

The calcium carbonate facies is the dominant facies,
reflecting the influence of the dissolution of gypsum
(CaS0,) and halite (NaCl) present in the limestones and
dolomites of the Middle Atlas on the chemical composition
of the waters. This explains the high concentrations
of bicarbonates and calcium. This facies is observed
upstream of the waste disposal site, where it originates
from the carbonate formations bordering the aquifer. The

Table 2. Physico-chemical Quality of Groundwater

Parameters Mean +SE Min Max
T 19.22+0.31 12.2 23.2
pH 7.22+0.05 6.13 8.15
EC 899.47 +£73.72 310.65 3710.35
Turb 9.34+0.54 1.41 19.57
Eh 489.15+24,32 72.92 777.34
TDS 587.31+158,97 74.23 13781.9
Sal 342.33+31,51 20.45 1090.47
TSS 108.51+9.45 1.38 295.42
Cl 129.63+11.24 8.19 386.76
CAT 9.45+0.42 5.47 18.47
TH 41.92+1.74 15.12 77.75
BOD5 2.42+0.1 1.01 4.98
Pl 4.44+0.23 1.11 8.21
Na 308.30+41.4 113.13 1336.42
SO4 37.92+5.65 0.09 217.45
NH4 0.29+0.03 0.01 1.47
PO4 0.16+0.02 0.001 1.15
SiO2 10.24+0.63 1.43 21.45
HCO3 398.21+9.93 232.37 557.51
SO4 37.92+5.65 0.09 217.45
F 0.36+0.06 0.002 217
NO3 63.93+3.22 0.33 96.25
NO2 0.19+0.03 0.001 0.99
TH 41.92+1.74 15.12 77.75
| 0.38+0.05 0.00 1.78
DO 6.33+£0.17 2.37 8.62

All parameters are expressed in mg/L except pH without unit; T in °C; EC in
pS/Cm; CAT and TH in °F; Min: Minimal value; Max: Maximal value; Mean:
Average value; SE: Standard Error; Pl: Oxidizability; DO: Dissolved O2.

Diagramme de Piper

A Borehole
a Well
O Source

100

Figure 3. Piper Diagram of Wells, Springs and Boreholes in the El Hajeb Region
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results are consistent with the study by Miche et al'® on the
spring waters at Khadem, Maarouf 1, and Maarouf 2 sites,
which are part of the present study area. Furthermore,
the findings align with a similar study by Nour et al,*
which demonstrated that the distribution of cations and
anions in the Piper diagram indicated a dominant facies
of calcium and magnesium bicarbonates, comprising
75% of the groundwater samples from the town of Gagal
in southwestern Chad. The chlorinated facies can be
attributed, in addition to the lithological characteristics of
the soil, to the proximity of sampling stations to the waste
disposal site, which generates leachates. However, the
exceptions are boreholes B55 and B60, which are located
farther from the landfill and are likely influenced by septic
tanks and latrines, which contribute wastewater. This
chlorinated facies is also present in the Piper diagram in
the study by Miche et al,'® although the origin of the facies
was not further discussed.

Na*/CI Report

The Na/Cl ratio provides insight into the origin of
chloride contamination. A molar Na/Cl ratio of less than
0.86 typically indicates water that has been impacted by
pollution.”? Naand K, being alkaline metals, are commonly
found in natural environments. In uncontaminated
groundwater, their concentrations rarely exceed 100
mg/L for Na and 90 mg/L for K. The Na/K ratio in weakly
mineralized water typically ranges from 0.2 to 0.9; this
ratio tends to increase with rising mineralization, often
reaching values between 30 and 200.*

This study serves as a valuable tool for tracing the origin
of mineralization.* Na behaves as a function of chloride
content, with chloride being considered a conservative
ion. It is highly soluble, rarely involved in chloride
salt precipitation, not affected by redox processes, and
unaffected by bacterial activity.” Figures 4 and 5 reveal

Cl/Na=f(Cl)
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Figure 4. Relationship between Cl/Na and Cl
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five distinct groups:

The first group consists primarily of stations exhibiting
a strong correlation between the Cl/Na ratio and chloride
concentration (Figure 4). It can be deduced that the
Na concentration varies slightly, a finding supported
by Figure 4.

The second group shows a Cl/Na ratio of 0.18. The third
group presents a Cl/Na ratio of 0.2. The fourth group
has a Cl/Na ratio of 0.3. These last three groups display
an enrichment of Na accompanied by a reduction in
chloride, with chloride concentrations decreasing from
the second to the fourth group. The fifth group contains
only one station, W37, where the Cl/Na ratio is 1.1
(greater than 1), indicating an enrichment in chloride and
a Na deficit (Figures 4 and 5). This is likely attributable to
anthropogenic pollution.

The results of the first four groups of water align closely
with findings from the Tertiary aquifers and the base of
the supply zone (BR02), the Ypresian aquifer (hill region)
(BR04), and the Bruxellian aquifer (BRO05) in the Brussels-
Capital Region, as reported by Thomas et al*® Their study
revealed that some points exhibited Na/Cl ratios greater
than 0.86, likely reflecting Na enrichment due to Na-
Ca cationic exchanges during cooling processes. In this
phenomenon, Na ions adsorbed onto geological material
in the subsurface are released into the water, displacing
calcium ions, which take their place on the adsorption sites.

The results for the fifth group are also consistent with
the study by Thomas et al*® They noted that certain points
had Na/Cl ratios lower than that of seawater (0.86). This
suggests that, for these points, the source of chloride was
not ancient marine water or halite dissolution but likely of
anthropogenic origin, such as pollution.

Ca?*/Mg** Ratio
A priori, the evaporitic origin of magnesium is weak and comes

Cl/Na=f(Na)
it 937
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Figure 5. Relationship Between Cl/Na and Na
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from the dissolution of dolomites, dolomitic limestones, and
ferromagnesian minerals. Calcium comes from the dissolution
of calcite (CaCO,) and gypsum (CaSO,), which are easily soluble.
Magnesium is an element that often accompanies calcium. At
first glance, Figure 6 illustrates a relatively strong correlation
between the Ca/Mg ratio and calcium content, suggesting
that the magnesium (Mg) levels remain relatively constant
across these stations. Furthermore, the Ca/Mg ratio allows for
the distinction of two groups: the first group, with a Ca/Mg
ratio of less than 1, indicates that magnesium predominates
over calcium. The second group, comprising the majority of
the stations, has a Ca/Mg ratio greater than 1, suggesting that
calcium predominates over magnesium (Figures 6 and 7).
These results align closely with the findings of Miche et al,'® as
previously mentioned. Their study reported a higher Mg/Ca
ratio (1.1) in certain springs of Type I in the western sector of
the El Hajeb region. This was likely due to advanced dolomite
dissolution followed by calcite precipitation in an aquifer with
longer water transit times. Another possible explanation for the
elevated Mg/Ca ratio could be the hydrolysis of magnesium-rich
silicates in Quaternary and Triassic basalts. It is worth noting
that the causses in the study area were formed during the same
period and share a similar geological composition, primarily
consisting of dolomite and calcite. From a geochemical
perspective, dolomite, which is difficult to reprecipitate,”
exhibits a notable distinction between the eastern and
western regions. In the western part of the study area, the
longer transit times favor the reprecipitation of calcite,
resulting in a higher Mg/Ca ratio in the Lias aquifer.

Na*/K*Ratio

The presence of Na in water can be anthropogenic or
naturally occurring in the soil.

Potassium is an alkaline metal with high reactivity in the
presence of water. It predominantly occurred in igneous
rocks and naturally exists as double chlorides in various

Ca/Mg=f(Ca)
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Figure 6. Relationship Between Ca/Mg and Ca

mineral ores. Additionally, K was found in vegetation
in the form of carbonate. Its primary sources include
the alteration of silicate formations, such as gneiss and
shale, the presence of K-rich clays, and the dissolution
of nitrogen-phosphorus-potassium (NPK) fertilizers.
The Na/K ratio is approximately 47 in seawater and less
than 10 in rainwater.***’ In these waters, the present study
classifies the various water brands from the sampled
stations into four distinct groups based on Na enrichment
(Figures 8 and 9). The first group, consisting of most
stations with relatively lower Na content, exhibits an
Na/K ratio ranging from 10 to 44. The second group,
characterized by lower K content, has a ratio between 72
and 90. The third group, also K-deficient, presents ratios
ranging from 105 to 115. Finally, the fourth group, with
a Na-enriched composition, demonstrates ratios between
15 and 20. The findings for the first group are consistent
with the results reported by Szymanska-Pulikowska,*
who conducted a study from 1995 to 2007 on Na and K
concentrations in groundwater near the Maslice municipal
refuse dump in Wroctaw. The study indicated that Na
and K concentrations generally remained within natural
ranges, except during the years 2000-2001. During the
study period, the Na/K ratio ranged from 2.52 to 14.04.

HCO,/Na* Ratio

The HCO,/Na ratio can serve as an indicator for assessing
weathering processes in groundwater.’** A ratio greater
than 1 suggests the predominance of carbonate weathering,
whereas a ratio less than 1 indicates silicate weathering.
Figure 10 illustrates the relationship between bicarbonate
and Na ion concentrations, revealing three distinct
groups. The first group exhibits a ratio of 0.6<HCO,/
Na<1, with noticeable Na enrichment, suggesting that
silicate weathering is the dominant process controlling
groundwater chemistry. Similar findings were reported by

Ca/Mg=f(Mg)
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Matini et al.”* in a study of groundwater from Brazzaville,
Congo, where the HCO,/Na ratio ranged from 66.66 to
33.34% for silicate and carbonate weathering, respectively,
during the rainy season, and from 60.87 to 39.13% during
the dry season.

The second group exhibits an HCO,/Na ratio ranging
from 1 to 1.42, indicating bicarbonate enrichment, while
the third group is characterized by Na enrichment,
with an HCO,/Na ratio varying between 0.12 and 0.29.
Bicarbonates are commonly present in natural waters,
primarily resulting from the dissolution of carbonate
formations such as limestone and dolomite. The behavior
of water in this context depends on its equilibrium state.
The presence of bicarbonates in groundwater can be
attributed to the dissolution of carbonate rocks, such as
cipolin and limestone, through interaction with carbon
dioxide-enriched water. The overall dissolution process
can be represented by the following equations®***:

Environmental pollution
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CaCO, +H,0, +CO, »2HCO, +Ca**
Conclusion

The groundwater in the El Hajeb region is primarily
recharged through the infiltration of precipitation,
including rain and snow, originating from the Middle Atlas
mountain range. This recharge subsequently feeds the
Sais plain. Mineralization, occurring in an open system,
results from the dissolution of the geological matrix and
the interaction with biogenic CO,. A hydrogeochemical
analysis, conducted using the Piper diagram, revealed that
these waters are predominantly of the calcium-bicarbonate
facies. However, evidence of chlorinated and/or sulfated
alteration processes indicates the presence of ionic species
of anthropogenic origin.

The major ionic composition suggests that water-rock
interactions are the principal processes governing the
chemistry of the investigated groundwater. Most stations
exhibit a carbonate-soda-lime mineralogical signature
(HCO,-Na-Ca), which does not significantly compromise
the potability of the water. The concentrations of these ionic
components vary, generally decreasing from upstream,
near the Middle Atlas, to downstream in the Sais plain,
following the groundwater flow direction and associated
precipitation phenomena. Additionally, the residence
time of groundwater within the aquifer plays a crucial role
in shaping the geochemical facies of these waters.
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