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Abstract

Morocco possesses a valuable thermal heritage, particularly in the eastern region where numerous springs could constitute
appreciable wealth due to the therapeutic properties of their waters. While some thermal springs attract interest, the majority
remain largely underexploited. It is in this context that our study specifically focuses on the characteristics of two thermal
springs, Ain Hamra and Ain El Haouamed. This selection is driven by the lack of scientific research on the Ain Hamra source
and the absence of previous studies on the Ain El Haouamed source, making our research a pioneering initiative in this
region. Water samples were collected seasonally during the years 2021 and 2022. The results indicate that the waters from
both sources are hypothermal, with an acidic potential of Hydrogen ion (pH). These waters are rich in minerals, character-
ized by high concentrations of iron, reaching 5.10 mg/L in Ain El Haouamed and 1.75 mg/L in Ain Hamra. Additionally,
they exhibit a high carbon dioxide content, measured at 935.83 mg/L in Ain El Haouamed and 803.28 mg/L in Ain Hamra.
These special waters are beneficial for health. However, the high presence of certain elements can make them unsuitable for
uncontrolled human consumption. Therefore, rigorous monitoring of the quality of these waters is of crucial importance.
In this article, we have presented the characteristics of the waters from two sources, which are part of the valuable water
resources that Morocco enjoys.

Keywords Thermal source - Ain El Haouamed - Ain Hamra - Therapeutic effect - Physico-chemical quality - Geological
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1 Introduction globally to examine the physicochemical, bacteriological,
and therapeutic characteristics of thermal waters [1-6]. They
are extensively used for the treatment of many diseases.
Thermal therapy is considered the ultimate natural medicine,
combining several techniques, including both internal treat-
ments, such as drinking cures found in almost all thermal spa
resorts, and external treatments like baths, showers, inhala-
tions, gargles, massages, mud treatments, etc. It has shown
effective results in treating various pathologies [7-14]. Such
as allergies, asthma, osteoarthritis, rheumatism, venous
problems, depressive states, overweight, Intestinal Inflam-
mation. Since 1986, the World Health Organization (WHO)
has conferred official status on the International Federation
of Thermalism and recognized thermal medicine's essen-
tial role by granting it genuine scientific validity [15]. In
Morocco, there are several thermal sources with therapeutic

Thermal sources are widely distributed across the entire
world and have attracted great attention due to their poten-
tial therapeutic effects, which vary according to the charac-
teristics of their waters. Many studies have been conducted
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properties of first quality, most of which are concentrated in
the north of the country, central Morocco, Pre Rif, South Rif
furrow and north-eastern Morocco [16], there is a notice-
able lack of research dedicated to examining the quality of
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their water. Few of the sources that have been the subject of
study, such as Ain Hamra in the Taza region [17-19], Ain
Mkbrta [20], Moulay Yacoub [21] and Sidi Hrazem [14] in
the Fez region.

The imperative of conducting an in-depth study on ther-
mal waters arises from the need to assess their potabil-
ity, especially due to their widespread consumption by a
significant portion of the population, without considering
their quality. It is crucial to raise awareness about poten-
tial health risks associated with the long-term consumption
of untreated thermal water. Our study also aims to confer
increased recognition for regions housing these thermal
springs, in the hope of having positive impacts on the local
economy. Therefore, it is imperative to pay heightened atten-
tion to the thermal sector, following the example of other
nations that consistently prioritize it [22]. Our contribution
to the advancement of scientific knowledge and a compre-
hensive understanding of the properties of thermal waters
in Morocco is manifested through the implementation of
a physico-chemical and hydrogeochemical study of these
two ferruginous- carbogaseous sources located in the eastern
region of Morocco.

Chefgr)dwen
e

Kho'ur'ibga

B "’
© ~ | -
NS 7 - pe

Google O 100% Google Landsat/ Copernicus Data SIO, NO..

2 The Geographical and Geological
Framework of the Ain Hamra and Ain El
Haouamed Sources

The Eastern Moroccan region contains a considerable num-
ber of thermal sources; more than 50% of them are located in
the eastern Rif, such as: Ain Chifaa, Ain Zahra, Ain Hamra,
Ain El Haouamed [23, 24]. The study area is characterized
by short, hot, generally arid summers and long, cold, and
partly cloudy winters. The Ain Hamra Thermal Source
is located in the province of Taza exactly 1 km from the
provincial road linking Aknoul to Bourd and a few kilo-
meters from Ajdir (Fig. 1). Its Global Positioning System
(GPS) coordinates (X=03° 56" 45" West and Y =34° 44'45"
North). The influx of people to the source of Ain Hamra has
resulted in the emergence of a village of about 4403 inhab-
itants (High Commission for Planning (HCP) 2019). It is
locally called Ain Arrahma (source of mercy) because of its
therapeutic properties. The second thermal source of Ain El
Haouamed is located in the Oriental Moroccan region, more
exactly north of the city Guercif exactly 500 m from the pro-
vincial road linking Saka to Guercif. The GPS coordinates
are X=03°21'05" W and Y =34° 35" 15" N (Fig. 1).

Melilla
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Fig. 1 Localization of the two sources: Ain El Hamra and Ain El Haouamed Source Google Eart)
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2.1 Ain Hamra Source

The Ain Hamra region belongs to the Meso-Rifan and
intra-Rifan units of the external Rifan domain. This
region is called a “window zone” [25, 26]. The Rif units
or units of intra-Rif origins such as Aknoul, Bouhaddoud
and Taineste, are completely uprooted units which rest on
the autochthonous mesorifan (the olistostrom pre-rifan)
and partly cover the internal Prerif in the eastern Rif. It
includes at its stratigraphic base black pelites of Apto-
Albian age and Cenomanian marl-limestones. The Turo-
nian perhaps, and in any case the Senonian are represented
by blue marls with calcareous loaves at Globotruncana.
The top of the Eocene column consists of massive Upper
Eocene limestones and marls that contain conglomeratic
horizons (Fig. 2).

2.2 Ain El Haouamed Source

This thermal source is located at the limit of the East-
ern External Prerif presenting gravitational layers with
a marly-sandy matrix of Upper Miocene age (Benyaich,
1991) [28] and its foreland the Guercif basin, which is a
Neogene basin (Miocene -pliocene) (Figs. 2, 3). Through
the contact between the external Prerif and the basin, a
diapir of red saliferous clays of Triassic age rises which
outcrops on the surface in the form of a breccia containing
conglomerates, salt, shale’s and clays.

3 Materials and Methods
3.1 Sampling

The sampling was done seasonally during the years
2021-2022, in accordance with International Organization

Fig.2 The geological map of
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Fig.3 The geological map of the Guercif basin and its surrounding borders (Colo., 1961) [29]

for Standardization (ISO) 5667-3:2016 standards, which
establish the general requirements for sampling, preserva-
tion, handling, transport, and storage of all samples [30].
The water samples were collected from two sources (Fig. 4)
and placed into 500 mL plastic bottles. To maintain sam-
ple integrity, they were stored in an isothermal enclosure at
a temperature of 5+ 3 °C and promptly transported to the
laboratory, where they were analyzed within 24 h of col-
lection to ensure accurate and reliable results. Additionally,
some parameters, such as pH, electrical conductivity, and
temperature are measured directly in situ.

3.2 Physico-Chemical Analysis

The physico-chemical study focused on the analysis of var-
ious parameters of the water. On-site measurements were
conducted for pH, electrical conductivity, and temperature
using a multiparameter Waterproof Meter analyzer, Type
HANNA Instruments. For certain major elements, including
Turbidity, Hardness, Ammonium (NH,*), Nitrates (NO;"),
Nitrite (NO,™), Ortho phosphate (PO43_), Silica (Si0O,),
Sulfate (SO42_), Chlorides (CI7), Bicarbonate (HCO;™),
Calcium (Ca), Magnesium (Mg), Carbon dioxide (CO,)

@ Springer

and total Nitrogen (N,), the measurements were carried
out in the laboratory according to the standards recorded
in Table 1. Additionally, the assessment of metal content,
including Fe (Iron), Na* (Sodium), K* (Potassium), Al
(Aluminum), Li (Lithium), Mn (Manganese), Ni (Nickel),
and Sr (Strontium), was conducted using the ICP technique
(Inductively Coupled Plasma Spectrometry). This analysis
was carried out at the innovation city of Fez.

4 Results and Discussion
4.1 Hydrogeological Interpretations

All the collected data are the subject of a hydro-chemical
study with the aim of describing the composition of the
waters studied according to the chemical classification. From
a graphic representation of these data, several representa-
tions can be used, among which are the Piper diagram, the
Schoeller-Berkaloff semi-logarithmic diagram, the Stiff dia-
gram, the radiant coordinate diagram, and others.

For our study, the triangular diagram of Piper was used to
identify this classification. It makes it possible to illustrate
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Ain Hamra Source Ain El Haouamed Source

Fig.4 Pictures of both Sources: Ain Hamra and Ain El Haouamed

Table 1 Physico-chemical water analysis methods

Parameter References of analyzes methods Brand and model of instruments

Hydrogen potential (pH) Moroccan standards (NM) ISO 10523 Version 2012 pH meter HQ411d Type HACH

Electrical Conductivity NM ISO 7888 V 2001 Conductivity Meter HQ430d Type HACH

Turbidity NM ISO 7027-1 V 2019 TurbidiMeter 2100N type HACH

Nitrate Rodier and al 9th edition: Molecular absorption spectrometry  Cary 60 UV-vis spectrophotometer type
method Agilent Technologies

Nitrites French standards (NF) European standards (EN) 26777V Cary 60 UV-Vis spectrophotometer type Agilent
1993 Molecular absorption spectrometry method Technologies

Ammonium NM ISO 7150-1V 1999 Spectrometric method Cary 60 UV-vis spectrophotometer type Agilent

Technologies

Orthophosphate NM ISO 6878V 2012 Ammonium molybdate spectrometric ~ Cary 60 UV-vis spectrophotometer type Agilent
method Technologies

Silica NF T90-007V 2001 Molecular absorption spectrometry Cary 60 UV-vis spectrophotometer type Agilent
method Technologies

dissolved oxygen NF EN 25813V 1993 Iodometric method -

Free CO, NM 03.7.031V 1995 -

total nitrogen DPD (diethyl-p-phenylenediamine) method KJELDAHL ANALYZER Type Gerhardt

Chlorides NF ISO 9297V 2000 Silver nitrate titration with —

chromate as indicator (Mohr method)
Sulphate NF T90-040V 1986 Nephelometric method Cary 60 UV-Vis spectrophotometer type Agilent
Technologies

Calcium NF T90-016V 1984 EDTA (Ethylenediaminetetra-acetic acid) —
Titrimetric Method

Hardness, Magnesium NF T90-003V 1984 Water Tests: EDTA Titrimetric Method -

Bicarbonate NM ISO 9963-1V 2001 -

Metals: Fe, Na, K, Li, Mn, NM ISO 11885V 2014 Determination of selected elements Inductively Coupled Plasma Spectrometry

Sr, Al, Ni, Ca, Mg by spectroscopy Optical emission with high induced plasma

frequency (ICP-AES)
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Fig.5 Projection on the piper diagram of the waters studied analyses
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Fig.6 Projection on the Stiff diagram of the waters studied analyses

the chemical evolution of water in an aquifer, as well as the
mixtures of waters of different mineralization, and to pre-
dict the lithology from chemical analyses. The representa-
tion of the results of chemical analyzes in the Piper diagram
(Fig. 5) makes it possible to identify two families of water: a
chlorinated and sulphated calcium and magnesium water for
the Ain El Haouamed source, and calcium and magnesium
bicarbonate water for the Ain Hamra source.

To compare the chemical compositions of the studied
spring waters, the results were also represented using the
Stiff diagram. This diagram involves constructing a polygon
for each water sample, and the geometric shape of the poly-
gon is determined by the content of the considered chemical

elements. On the Stiff diagram (Fig. 6), the analytical data
for the major ions are plotted on horizontal axes located on
either side of the original vertical axis. Cations, including
Na*, K*, Ca?* and Mg?", are represented on the left side,
while anions, including C1~, HCO;™, and SO42', are repre-
sented on the right side. According to the results presented
in the stiff diagram (Fig. 6), two distinct families of spring
waters can be observed: the calcic bicarbonate family, which
corresponds to the chemical composition of the Ain Hamra
spring water, and the calcic chloride family, representing
the chemical composition of the El Haouamed spring water.
The stiff diagram effectively demonstrates the differentiation
between these two water sources based on their chemical
compositions, providing valuable insights into the distinct
characteristics of each spring.

4.2 Physico-Chemical Parameters

Thermal water is groundwater, which is not always suit-
able for human consumption. Depending on the composi-
tion, treatment may be necessary to make the water safe for
drinking or other specific uses [31]. It differs from surface
water, either by the presence of gas or mineral salts, or by an
abnormally high temperature. Concerning the classification
of thermal sources, it has been taken into consideration: the
geological origin, the temperature of the emerging water,
and its chemical composition.

4.2.1 Temperature

The main physical property of thermal water is its tempera-
ture when it is emerged, it affects almost all physical, chemi-
cal and biological mechanisms, it is highly variable from one
source to another one. According to the different degrees of
temperature, the waters are distinguished [32, 33].

e Hyperthermal with a temperature above 50°C;

e Mesothermal or thermal when the temperature is between
35 and 50 °C;

e Hypothermal when the temperature is between 20 and 35
OC ;

e Cold when the temperature is below 20 °C.

The emergence temperatures of the thermal waters in the
Eastern Rif region are between 24 and 43 °C (Table 2). The
higher temperature recorded is that of the Yadim and also
of the Kariat Arekman.

Table 2 Temperature of thermal

. . Sources
sources of oriental Rif [17]

Hajra Safra

Ain Chifa

Ain Haddou  Ain Hamam  Arekman  Puits Yadim

Temperature (°C) 26

32 29 38.5 42 43
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Fig. 7 Variation of temperature at different seasons

For our study, the evolution of the temperature is made
according to the seasonal variability (Fig. 7) and we note
that the temperature of Ain El Haouamed decreases slightly
during the winter and the spring, and remains almost stable
for the source Ain Hamra.

The average temperatures recorded for the sources Ain
Hamra, and Ain El Haouamed are respectively 23.98 °C
and 20.32 °C. So the studied sources are classified in the
category of hypothermal waters.

4.3 Hydrogen Potential (pH)

Hydrogen potential (pH) measures the acidity of water. The
determination of the pH value is based on measuring the
potential difference of an electrochemical cell using a suit-
able pH meter. Hydrogen potential values are between 6 and
8.5 in natural waters [34]. This parameter characterizes a
large number of physico-chemical balances and depends on
multiple factors, including the water's origin [35]. For the
waters studied, the average pH values are 6.8 for the Ain El
Haouamed source and 6.48 for the Ain Hamra source. The
acidity of these waters is primarily attributed to their high
mineralization and elevated CO, concentration [36].

The pH values of the waters of the Ain El Haouamed
source show a slight decrease from 7 in autumn to 6.65 in
summer. The highest pH value of the waters of Ain Hamra
is recorded in winter (Fig. 8).

Hydrogen Potential

HAin El
Haouamed

M Ain Hamra

Autumn Winter Spring Summer
(October-21) (January-22) (April-22) (July -22)
Seasons

Fig. 8 Variation of hydrogen potential

The recorded pH values conform to the stringent stand-
ards established for potable water by the World Health
Organization (WHO), falling within the range of 6.5-8.5.
Furthermore, the pH values documented for the investigated
sources exhibit similarities to those observed in multiple
thermal springs of the Eastern Rif, ranging from 6.1 to 7.25
[17].

43.1 Electrical Conductivity

The electrical conductivity of water is the conductance of a
column of water between two metal electrodes with a sur-
face area of 1 cm? and separated from each other by 1 cm.
It depends on the concentration of ions and measures the
capacity of the water to conduct electricity. Since most of
the dissolved matter in water is in the form of electrically
charged ions [37], the electrical conductivity increases in
parallel with the temperature, which explains its high value
for thermal waters [38].

The average conductivity value is very high in Ain El
Haouamed, reaching 9793 uS/cm far exceeding national
and international drinking water standards. On the other
hand, Ain Hamra has an average conductivity of 2700 uS/
cm, which is an acceptable value according to the Moroccan
standard (NM 03.7.001), but it greatly exceeds international
standards, which are around 1500 uS/cm (WHO). The elec-
trical conductivity values for the studied sources are higher
than that of Moulay Yacoub, which is around 48,250 uS/
cm, and Sidi Hrazem, which is equal to 1370 uS/cm [39].
They exhibit similarities to those observed in several thermal
springs of the Eastern Rif [17].

The results obtained allow us to conclude that the waters
of the two sources studied are highly mineralized. These
strong mineralizations can be linked to the presence of geo-
logical formations containing evaporates [17]. As illustrated
in Fig. 9, there is a limited degree of seasonal fluctuation in
conductivity.

Conductivity
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Fig.9 Seasonal variation of electrical conductivity
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Fig. 10 Seasonal variation of turbidity

4.3.2 The Turbidity

The turbidity constitutes a very important physical param-
eter for water quality control; it refers to the amount of mat-
ter in a liquid that makes it cloudy due to solid and colloidal
particles in suspension that absorb, diffuse, or reflect the
light. High turbidity can allow micro-organisms to attach
themselves to suspended particles.

As shown in Fig. 10, the average turbidity content
recorded in Ain El Haouamed is 66 NTU (Nephelomet-
ric Turbidity Unit), higher than the value recorded for Ain
Hamra, which is 6.8 NTU. According to the standards, the
turbidity values recorded in Ain El Haouamed located in
the turbid water range (> 50 NTU), while Ain Hamra has
an average value located in the slightly turbid water range
(between 5 and 30 NTU). The values obtained are greater
than 5 NTU, so the two sources are not acceptable according
to the Moroccan standard (NM 03.7.001).

The seasonal variations of turbidity for the two sources
show two different episodes: an autumn period character-
ized by high values and a summer period characterized by
relatively low values.

4.3.3 Hardness

Water hardness is the amount of calcium and magnesium
dissolved in water. This is a volumetric titration of calcium
and magnesium ions using an EDTA solution at a pH of
10. The hardness values found are 265 °F (French Degree)
in Ain El Haouamed and 121.7 °F in Ain Hamra (Fig. 11).
Therefore, the waters of the two sources are hard (because
Hardness > 30 °F). This is attributed to the limestone nature
of the geological terrains through which water passes, corre-
sponding to the presence of a high concentration of calcium
and magnesium [40]. These findings align with the results
obtained by Taybi [18]. Regarding seasonal variations, they
are not significant for the two sources.

@ Springer

Fig. 11 Seasonal variation of hardness

4.3.4 Nutritional Elements

The concentrations of orthophosphate and nitrates in the two
sources are insignificant.

The average nitrite concentrations, depicted in Fig. 12,
measure 0.4 mg/L in Ain El Haouamed, surpassing the
recorded value of 0.1 mg/L in Ain Hamra. This parameter
exhibits high concentrations in autumn and summer and low
concentrations in winter and spring.

The average ammonium concentration in Ain El Haoua-
med is 1.97 mg/L, which is higher than the recorded 0.45
mg/L in Ain Hamra. Regarding seasonal variations, they are
not significant for the two sources.

The average total nitrogen value is 3.9 mg/L in Ain El
Haouamed, higher than the recorded 0.49 mg/L in Ain
Hamra. The seasonal variations of total nitrogen do not show
any notable variations.

Nutrient levels based on nitrogen (nitrites, nitrates and
ammonium) and phosphorus (orthophosphate and total
phosphorus) are generally very low in the waters of the two
sources studied. They are lower than the maximum values
admissible by the drinking water standards. These low val-
ues indicate the absence of any source of pollution in Ain El
Haouamed and Ain Hamra, justifying the very deep origins
of their waters.

4.3.5 Silicas (Si0,)

The average concentrations of silica are very high in the
two sources; the recorded values are 25.75 mg/L in Ain El
Haouamed and 32.50 mg/L in Ain Hamra (Fig. 13). These
values significantly exceed the recorded levels for the most
well-known sources in Morocco, Moulay Yacoub (14 mg/L),
and Sidi Hrazem (4.5 mg/L) [39]. The formations surround-
ing the source are composed of clays, marls, and limestones
and the main component of clay and marls is silica. This
indicates significant interaction of water with the clayey
Triassic and Marly formations of the Miocene during its
passage.
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Fig. 13 Seasonal variations in silica content

The silica content remains below the maximum value
acceptable by Moroccan standards for drinking water. For
both sources, the values recorded in spring and summer are
higher than those recorded in autumn and winter.

4.3.6 The Sulphates

They are encountered either in magnesium sulphates form
or calcium form in hard water. In general, the presence of
sulphate in natural waters indicates the presence of gypsum
or pyrite [41].

As represented in Fig. 14, the quantity of sulphate in the
Ain El Haouamed source is equal to 167.75 mg/L, while

Fig. 14 Sulfate content variations

Ain Hamra has an average value equal to 593.75 mg/L. The
concentration recorded in sulphates in the waters of Ain
Hamra greatly exceeds the acceptable limit values for water
intended for human consumption. However, the concentra-
tion recorded in the water of Ain El Haouamed remains
within the standards (Fig. 14). The obtained results fall
within the range of sulfate concentrations observed in the
thermal springs of the Eastern Rif, typically ranging between
28.2 and 709.10 mg/L [17].

The sulfate-rich water is known for its healing proper-
ties [42, 43], used for the treatment of kidney ailments and
metabolic disorders. It is recommended for the treatment of
eczema, scars and sequelae of burns, disorders of the diges-
tive tract, disease of the hepatic tract, and also for the treat-
ment of venous affections and rheumatism, as well as for
intestinal problems.
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4.3.7 Chlorides

The chloride content of natural waters is associated with
that of sodium. The chloride concentration should not
exceed 750 mg/L according to Moroccan standards and
250 mg/L according to the WHO.

The average chloride content is assembled in Fig. 15.
In Ain El Haouamed, the average chloride content is
extremely high: 2512.73 mg/L, while Ain Hamra con-
tains a value not exceeding 30.93 mg/L. The chloride
concentrations in thermal springs in Morocco vary sig-
nificantly from one station to another [39]. Seasonal vari-
ations in chloride are not significant for the two sources
(Fig. 15). The evolution of chlorides over the study period
is similar to that of conductivity (the more the conduc-
tivity increases, the more the concentration of chlorides
increases). This could be due to the regional geological
nature [44]. Chlorinated waters have growth-stimulating
effects, used for treatments of neurological conditions and
developmental disorders.

4.3.8 Bicarbonates

Sodium bicarbonate, calcium bicarbonate, and mixed
bicarbonate waters are of deep origin (volcanic region)
[45], naturally carbonated if the concentration of carbon
dioxide is greater than 250 mg/L.

For the waters studied, the variation of bicarbonate con-
centrations at different season are presented in Fig. 16. The
bicarbonate concentrations are very high in the waters of
both Ain El Haouamed (2032.83 mg/L) and Ain Hamra
(1338.95 mg/L). This indicates that the waters of the stud-
ied sources are bicarbonate waters and have a great thera-
peutic effect on certain diseases [46]. Regarding seasonal
variations, they do not affect the bicarbonate parameter of
the two sources.

The bicarbonate concentration is higher than that
recorded for several thermal waters in Morocco [39].
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Fig. 15 Seasonal variations in chloride content
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Fig. 16 Bicarbonates content variation at different seasons

4.3.9 Carbon Dioxide (CO,)

The sources of Ain El Haouamed and Ain Hamra are rich
in carbon dioxide, the average contents are respectively
935.83 mg/L and 803.28 mg/L (Fig. 17). The results are
similar to those of certain sources in the eastern Rif region,
which are characterized by their high carbon dioxide content
[17].

These values indicate that these sources are naturally
gaseous and can dissolve the rocks with which they come
into contact, resulting in strong mineralization (magnesium,
calcium, iron...), which explains the therapeutic quality of
these two sources [46].

For both sources, the values recorded in spring and sum-
mer are higher than those recorded in autumn and winter.
This leads to the conclusion that seasonal variations are
insignificant due to disruptions in climatic conditions.

These carbonaceous waters can be rich in sodium, derived
from the hydrolysis of plagioclases, as well as in calcium
and magnesium resulting from the hydrolysis of ferromagne-
sian silicate minerals (olivine, micas, etc.) in the rocks [47].

4.3.10 Metals

The average concentration of iron presents a very high
value in Ain El Haouamed and in Ain Hamra, as shown in
Fig. 18, with concentrations of 5.10 mg/L and 1.75 mg/L
respectively. This explains the red color of their waters.
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Fig. 17 Variations in carbon dioxide content
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The latter are Ferruginous because the iron content is
greater than 1 mg/L. Generally, the average concentra-
tion values measured in the two sources exceed the con-
centrations recommended by Moroccan and international
standards (WHO) (Fig. 18). Concerning Ain Hamra source
water, the results obtained agree with the values found by
Taybi et al. [18].
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The presence of iron in groundwater originates from vari-
ous sources, and iron is generally associated with sedimen-
tary rocks deposited in reducing environments (marls, clays)
and with metamorphic rocks because it is often found in
high concentrations in the waters of the cuirasses. basement
alteration [48].

The average calcium content is very high in Ain El
Haouamed (721.44 mg/L) comparing it with those of Ain
Hamra (339.68 mg/L), this concentration is mainly due to
water contact with carbonate rocks also with some igneous
rocks [49]. The high calcium values explain the high min-
eralization of the waters of the sources studied (Fig. 19).
Regarding the average concentration of magnesium found
in Ain El Haouamed which is around 186.76 mg/L is very
higher than that recorded in the waters of the Ain Hamra
source (81.03 mg/L) (Fig. 19). The dissolution of carbonate
rocks and magnesium minerals can be the origin of magne-
sium in the waters from two sources [49]. For the average
sodium concentration, it is very higher in the water of Ain
El Haouamed (720.45 mg/L) than in the water of Ain Hamra
(195.09 mg/L) (Fig. 19). We notice that the source with the
highest sodium value, Ain El Haouamed, also has a high
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chloride content. This phenomenon is due to the capture
of water by the NaCl contained in the salt diapirs of the
Triassic clay. The average concentration of potassium has a
value of 72.23 mg/L high in Ain El Haouamed whereas for
Ain Hamra, the average value is lower, around 5.89 mg/L
(Fig. 19). Potassium is an element mainly found in igneous
rocks and clays.

Strontium concentrations are found in the order of
9.80 mg/L and 16.15 mg/L in Ain El Haouamed and Ain
Hamra.

The concentrations of lithium and manganese present
very high values in Ain El Haouamed (2.39 mg/L of Li
and 0.72 mg/L of Mn), compared with those of Ain Hamra
(0.15 mg/L of Li and 0.08 mg/L of Mn).

The waters of the two sources generally have very low
concentrations (less than 0.01 mg/L) of certain metals Cr;
Cu; Ni; Al

5 Conclusion

The present study focuses on two thermal water sources,
namely Ain El Haouamed and Ain Hamra, emphasizing the
diversity of factors that impart uniqueness to the studied
waters. According to the obtained results, it is observed that
the studied thermal waters are hypothermal, with an acidic
pH and distinctive physicochemical characteristics. They are
hard, and have high electrical conductivity, with reduced
levels of silica, nitrogen, and phosphorus. Both sources pro-
vide ferruginous waters, with iron concentrations exceed-
ing national and international drinking water standards. The
high concentrations of carbon dioxide classify them as car-
bonated waters, conferring therapeutic properties, especially
for the treatment of anemia, digestive disorders, and skin
issues, and they may be used for the prevention and treat-
ment of cardiovascular diseases.

The high concentration of chlorides, sodium, and sulfates
in the thermal waters of the Ain El Haouamed source can
be attributed to contact with the saliferous terrigenous for-
mations and through base exchange with Triassic red clay
(Diapir) at the contact zone between the eastern Rif and its
front-country. On the other hand, the Ain Hamra source is a
thermal spring rich in bicarbonates, calcic, and manganese
metals. The variation in hydrogeochemical facies is primar-
ily attributed to the geological nature of the traversed terrain
and the emergence of water through faults. The waters of
both studied sources exhibit considerable levels of metallic
elements, indicating a deep crystalline circulation. The Sea-
sonal variations are not significant due to the disturbance of
meteorological conditions in Morocco.

The results obtained indicate the crucial importance of
these two springs, fully justifying the need to deepen sci-
entific research to reveal their benefits both therapeutically

@ Springer

and economically. This is in line with other countries,
such as France, which strategically utilize thermal springs
for individual well-being, economic and tourism gains.
Renowned thermal stations like Vichy, Aveéne and La
Roche, exemplify this integrated approach. The recogni-
tion of this value emphasizes the necessity to persist in
research for a deeper understanding and for the exploita-
tion of the therapeutic and economic potentials inherent
in these precious resources.

In order to prevent any health risks associated with the
consumption of untreated water from these two sources, we
have planned to incorporate a microbiological study into
our perspectives.
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