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Abstract
Thermal waters from northeastern Algeria have been investigated for their hydrochemical and isotopic characteristics to 
identify the geothermal processes that have produced these waters. Fifteen samples were collected from cold and hot springs. 
The data obtained from sampling period indicate a high level of mineralization (a TDS of up to 6657 mg/L) of thermal waters 
with three dominant water types (Ca–SO4, Ca–HCO3, Na–Cl). The chemical geothermometers applied to thermal waters 
show that the study area is influenced in part through dilution by the infiltration of surface waters. The isotopic contents of 
hot springs vary from − 8.26 to − 6.83‰ for δ18O and from − 55.23‰ to − 42.01‰ for δ2H. These results reveal a meteoric 
origin of thermal waters infiltrated at major faults and heated by deep flow before being discharged to the surface by fractures.

Keywords  Thermal waters · Northeastern Algeria · Hydrogeochemistry · Mineral saturation · Environmental isotopes · 
Geothermometry

Introduction

Since Roman times, thermal waters have been used for dif-
ferent purposes due to their therapeutic properties. Most of 
these waters are located in volcanic areas all over the world 
reflecting the influence of long-lived hydrothermal systems 
(Wohletz and Heiken 1992; Asta et al. 2012; Amarouche-
Yala et al. 2014).

A number of previous studies have been undertaken to 
investigate the hydrogeological, physicochemical and bacte-
riological characteristics of thermal waters in Algeria (Ver-
deil 1982; Dib 1985; Issaadi 1992; Bouchareb-Haouchine 
1993; Kedaid and Mesbah 1996; Bouchareb-Haouchine 
et al. 2012; Amarouche-Yala et al. 2014; Belhai et al. 2016, 

2017). There are more than 240 thermal springs in Algeria, 
70 of which are concentrated in the northeastern part of the 
country that have discharge temperatures that vary from 31 
to 98 °C. These thermal springs are often used in spas and 
are, therefore, are of great social and economic importance 
(Issaadi 1992; Bouchareb-Haouchine 1993; Kedaid and 
Mesbah 1996; Kedaid 2007; Kecha et al. 2007; Bouanane-
Darenfed et al. 2011; Belhai et al. 2017).

The study area is one of the important geothermal areas 
in Algeria. It is located northeast of Algiers and belongs to 
the Maghrebide-Alpine chain of North Africa. It is a part of 
a peri-Mediterranean Alpine region of Tertiary age. Many 
thermal springs in this area are used in public baths. They 
have heterogeneous temperatures reaching 98 °C in Ham-
mam Debagh considered as the highest temperature in the 
country and the second over the world.

Many methods have been used to understand the geo-
thermal systems of the study area including the application 
of hydrogeochemical and isotopic techniques. The chemical 
and isotopic composition and the geothermometer methods 
provide us with information about the origin of fluids, their 
flow path, recharge areas and the reservoir temperature. The 
present study is a contribution to understanding hydrochemi-
cal processes in both hot and cold water in thermal areas. 
The principal aims of this research are as follows: (1) to 
have a better understanding of the water chemistry and the 
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interactions with the host rock, (2) to infer the temperatures 
of the reservoir using geothermometers, and (3) to define 
the origin of thermal waters using environmental isotopes.

Study area

General framework

The study area is located in the northeastern part of Alge-
ria, nearly 600 km to the east of Algiers and 60 km to the 
south of the Mediterranean Sea. The study area constitutes 
a meeting point between six wilaya and covers an area of 
4101 km (Fig. 1). This region is characterized by the pres-
ence of a large number of thermal water sources of variable 
importance, including the Debagh and Hammam Ouled Ali 
hot springs which are known for their healing properties. 
The temperature of these thermal waters varies between 
37.6 and 91.9 °C. The region has a Mediterranean climate, 
characterized by a mild rainy winter and a hot summer. 
The temperature in the region varies from 4 °C in winter to 
35.4 °C in summer with an annual average of 17.3 °C. The 
annual precipitation ranges between 400 and 500 mm in the 
southern part of the area and can reach 1000 mm per year in 
the north. A total of 57% of this rainfall is recorded during 
the period from October to May. This resulted in subhumid 

climate in the center and northern parts of the study area and 
semi-arid climate in the south (ANDI 2013).

Geological setting

The geology of the study area has been described by several 
authors (Deleau 1952; Vila 1966; Vila et al. 1968, 1972; 
Vila and Magne 1969; Vila 1970, 1980; Vila and Ailloud 
1978; Lahondère et al. 1979; Lahondère 1987; Chouabbi 
1987).

The study area belongs to the geological set of the exter-
nal Tell. They are, from top to bottom, the Quaternary, the 
Mio-Pliocene, the Numidian domain, the flysch formations, 
the Tellian domain, the Ultra-Tellian domain, the scales of 
the Sellaoua and finally the Constantine Neritic formations 
(Fig. 2).

The Quaternary formations are located along the Sey-
bouse Valley and represented by terraces: the lower terrace 
(Solatnian), the middle terrace (Tensiftian) and the higher 
terrace (Saletian). These terraces are generally nested but 
can let appear the marly gypsifer substratum between them 
(Vila 1980).

The Mio-Pliocene formations are gray clays with inter-
calations of marl-limestone and gypsum in thin layers. They 
surmount clays and red conglomerates.

The Numidian domain constitutes the tops of the reliefs, 
marked by a clay–sandstone facies. The base of these series 

Fig. 1   Location of the study area
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is represented by clays (Tubotomaculum) of middle-to-upper 
Oligocene age and surmounted by a thick sandstone series of 
Aquitanian age (Lahondère et al. 1979; Vila 1980).

The flysch formations appear under the clay–sandstone 
facies of the Numidian domain. There are the Senonian 
which is a conglomerate and argillaceous series represent-
ing the meridional facies of flysh and the Cenomanian–Turo-
nian represented by clear brecciated levels classified in white 
silicified bands. These formations are dated by Rotalipora 
sp., Thalmanninella sp. and Globotrucana helvética. 
The Lower Cretaceous is a series with gray or brownish 
clay–schist intercalations. At the base, it shows some lime-
stone deposits (Nannoconus) (Vila 1966).

The Tellian domain is the external Tell domain made up 
of the Paleogene formations. They are a thick series with 
dominant marly of the furrow Tellian. The Ultra-Tellian 
domain refers to the series superimposed abnormally on 
the Constantine neritic Cretaceous in the region of Guelma. 
These series are defined by the dominance of clear facies 
throughout the Cretaceous (Durand Delga 1969).

The scales of the Sellaoua are the external tell domain 
made up of the Paleogene formations. There are the Tellian 
units at Globigerins which include a Paleocene made up of 
marls, a Ypresian with limestones and (Globigerins) and a 
lower to medium Lutetian with black marls and yellow car-
bonates; the Tellian unit at Nummulites include a Paleogene 
with black marls and a massive Eocene limestone with Num-
mulites surmounted by a marly series of Lutetian age.

The Neritic Constantine Neritic formations in the region 
of Guelma represent the eastern endpoint of the Neritic 
domain. These formations are isolated and of variable sizes 
(Vila et al. 1972).

Structural framework

The current structure of the study area is the result of a 
series of tectonic movements. The different phases are the 
finite-Eocene phase called “atlasic” which marks the end of 
a large sedimentation cycle in the Maghreb basin that began 
with deposits from the Upper Triassic to the Lutetian. It is 

Fig. 2   a Geological map of the northeastern Algeria, b Hydrogeological cross-section through Hammam Debagh and Aïn Larbi
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responsible for the creation of the flyschs and the Tellian. 
The lower Miocene phase is responsible for the birth of the 
current building. In the post-nappe tectonic phase from Tor-
tonien to the current, the area is known for the set of several 
deformations that have succeeded or combined. These acci-
dents have drawn a spectacular network of faults of atlasic 
direction (NE–SW). It can be noted that the thermo-mineral 
springs are located along the directional faults (NE–SW and 
North–South) (Vila 1980).

Sampling and analytical methods

Water samples were collected during January 2017 from 
fifteen hot and cold springs to determine their hydrogeo-
chemical and isotopic composition. The seven thermal 
springs and the eight cold water samples were collected 
from different locations in the province of Guelma including 
Hammam Debagh, Hammam Ouled Ali, Hammam N’Bails, 
Hammam A > ssasla, Aïn Souda and Aïn Larbi. Measure-
ments of temperature, electrical conductivity, total dissolved 
solids (TDS), pH and dissolved oxygen were made in the 
field using a Multiparameter WTW set (Multiline P3 PH/
LF SET), and an oxymeter (WTW) with an oxygen probe 
(CellOX 325). Chemical analyses were conducted at the 
“Laboratoire de Radio-Analyses et Environment” of the 
“Ecole Nationale d’Ingénieurs de Sfax”, Tunisia and Civil 
Engineering and Hydraulic Laboratory, University, 8 May 
1945, Guelma, Algeria. Samples for major ion and isotopic 
analyses were collected in polyethylene and glass bottles, 
respectively, and stored at 4 °C until laboratory analysis. 

Ca2+, Mg2+, Na+, K+, Cl−, and SO4 − 2 were measured using 
ion liquid chromatography (ILC) equipped with columns 
IC-Pak TM CM/D for cations using EDTA and nitric acid 
an eluant, and on a Metrohm chromatograph equipped with 
columns CI SUPER-SEP for anions using phthalic acid 
and acetonitrile an eluant. Alkalinity measurements were 
determined by titration with the methyl orange endpoint. 
NO3

− and SiO2 were determined by colorimetric method. 
Stable isotopes (δ18O, δ2H) were analyzed using the Laser 
Absorption Spectrometer LGR DLT 100 (Penna et al. 2010). 
The results were reported to the V-SMOW standard (Vienna 
Standard Mean Ocean Water). The ionic balance error of all 
samples was determined to be within the acceptable limit of 
± 5%. The hydrochemical calculations were performed using 
DIAGRAMMES program. Geothermometers were used to 
determine the temperatures of the geothermal systems.

Results and discussion

Water chemistry

The results of physical and chemical analyses of thermal and 
cold waters are reported in Table 1.

The temperature of the thermal waters ranged from 
27.6 °C in Hammam Assasla spring to 91.9 °C found in 
Hammam Debagh which is considered as the hottest spring 
in Algeria, while the cold waters showed temperatures that 
ranged from 14 to 17.7 °C. Both the thermal and cold waters 
showed near-neutral pH values ranging from 7.13 to 7.84 and 
from 7.45 to 8.06, respectively. The electrical conductivity 

Table 1   Chemical composition (mg/L) of collected hot and cold springs of northeastern Algeria

EC electrical conductivity (µS/cm), TDS total dissolved solids

Samples ID T (°C) pH EC TDS O2 Ca2+ Mg2+ Na+ K+ HCO3
− Cl− SO4

2− SIO2 NO3
− Ionic bal-

ance (%)

RF1 14.2 7.67 801 517.52 3.51 104.46 6.52 25.25 5.02 244 61.01 21.63 4.74 49.65 0
RF2 17.7 7.73 782 575.07 7.15 113.54 7.45 27.63 24.46 237.9 87.78 20.41 4.94 55.92 3
RF3 14.3 7.79 549 403.25 7.6 67.25 11.43 30.90 1.66 225.7 36.24 24.83 4.88 5.26 3
RF4 14.9 8.06 1225 849.13 7.56 44.51 78.28 84.64 5.33 469.7 91.31 62.00 4.80 13.36 3
BOF 17.1 7.45 2510 1954.10 1.83 425.90 17.46 82.98 91.08 122 207.58 963.92 6.12 43.18 0
AS 14.7 7.68 495 355.43 0.03 67.13 13.24 10.12 1.96 219.6 16.39 15.09 3.39 11.91 4
RM 14 7.62 425 316.95 3.26 59.20 12.36 9.38 1.16 183 15.80 23.77 3.23 12.30 3
HOF 14.3 7.78 649 506.46 6.5 111.46 8.02 23.23 1.15 280.6 44.63 32.79 3.76 4.60 5
ASS 27.6 7.82 709 527.10 0.19 101.09 18.74 25.10 3.29 225.7 42.90 110.29 5.86 0.00 4
HN 37.6 7.13 9720 6657.40 0.22 594.20 82.60 1582.50 87.10 671 3192.40 447.60 9.23 0.00 – 1
GR 45.2 7.79 2370 1718.90 5.7 345.20 56.96 114.52 13.80 122 231.60 834.82 22.70 0.00 2
HOC 53.6 7.84 1342 960.19 1.87 198.86 33.48 33.70 8.70 268.4 43.14 373.91 21.40 0.00 4
BH 61.9 7.41 2470 1873.98 0.18 394.68 59.86 117.82 16.10 183 240.52 862.00 22.95 0.00 4
HDC1 91.9 7.76 2180 1488.82 1.65 190.44 30.90 205.74 24.72 251.1 388.72 387.32 33.35 9.88 – 4
HDC2 80.6 7.41 2280 1566.78 2.11 205.96 29.38 211.22 23.06 347.7 374.84 374.62 31.00 0.00 – 3



Environmental Earth Sciences (2018) 77:747	

1 3

Page 5 of 15  747

values of water samples varied between 709 and 9720 µS/
cm for thermal springs and between 425 and 2510 µS/cm for 
cold springs. Cold waters were generally oxygenated while 
the thermal waters presented low dissolved oxygen concen-
tration except for Hammam Guerfa (GR) which showed a 
moderate value of 5.7 mg/L. According to the Piper diagram 
(Fig. 3), there are three different types of waters in the study 
area. The majority of the thermal springs (GR, HOC, BH, 
HDC1, HDC2) are sulfate waters with higher Ca–SO4 con-
tents and an average TDS value of 1521.73 mg/L, while the 
most of cold springs (RF1, RF2, RF3, RF4 AS, RM, HOF) 
are bicarbonate waters rich in Ca–HCO3 contents with an 
average TDS value of 509.83 mg/L. However, there were 
two hot springs with differing compositions, those are (HN) 
with a chloride dominant chemical composition with higher 
Na–Cl contents and (ASS) with bicarbonate water type. 
Additionally, one cold spring (BOF) has a sulfate dominant 
composition. The chemical composition of sulfate and chlo-
ride waters reveals the influence of the evaporitic host rocks 
rich in gypsum and halite, while the bicarbonate composi-
tion of waters may be due to interactions of meteoric water 
with limestone and dolomite (Belhai et al. 2017). The high 
TDS values of thermal waters compared to the cold waters 

may reflect a longer circulation and residence times (Bozdağ 
2016). In the thermal waters, sodium appeared as the domi-
nant cation (1582.50 mg/L) followed by calcium (594 mg/L) 
and chloride is the dominant anion (3192 mg/L) followed by 
sulfate (862 mg/L), while in the cold waters the dominant 
cation is calcium (426 mg/L) and the dominant anion is sul-
fate (964 mg/L).

Calcium and magnesium concentrations in water samples 
ranged from 45 to 594 mg/L and from 7 to 83 mg/L, respec-
tively. The main origin of these ions is the dissolution of car-
bonate minerals. The concentrations obtained for Na and K 
varied between 9–1582 and 1–87 mg/L, respectively. Chlo-
ride concentrations ranged from 16 to 3192 mg/L. These 
concentrations may be due to the alteration of sandstone 
and clay of the Numidian, and also to the presence of the 
ion exchange process with calcium (Langmuir 1997; Fourré 
et al. 2011; Belhai et al. 2017). The concentration values of 
bicarbonate varied between 122 and 671 mg/L. The values 
of sulfate ranged from 15 to 862 mg/L. The main sources 
of sulfate are likely to be from the dissolution of gypsum 
and the oxidation of sulfide minerals (Amarouche-Yala et al. 
2014). A high concentration value of NO3 was found in cold 
waters ranging from 5 to 56 mg/L, while in thermal waters 

Fig. 3   Piper diagram of water 
chemistry in the study area
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the values are below detection except for one spring (HDC1) 
which showed a value of 10 mg/L. These concentrations val-
ues may be due to the influence of anthropogenic and agri-
cultural activities as well as the phenomenon of infiltration.

Chloride is one of the most elements used as tracers for 
hydrological cycle studies because of its conservative nature 
and their weak interaction with the host rock (Michard 1990; 
Boudoukha and Athamena 2012). The chloride concentra-
tions versus Ca, Mg, Na, K, and HCO3 are shown in the 
scatter diagram (Fig. 4). The thermal waters of the study 
area show a strong positive correlation with the straight 
line of halite dissolution between Na–Cl (R2 = 0.9), K–Cl 
(R2 = 0.7) and HCO3–Cl (R2 = 0.5). At the same time, a 
positive correlation is noted between Ca–Cl (R2 = 0,66) and 
Mg–Cl (R2 = 0,56). As a result, this positive correlation may 
be explained by the mixing and dilution process of thermal 
waters by the infiltrating shallow cold waters which interact 
with the Triassic evaporates (Alçiçek et al. 2016; Belhai 
2017).

Geothermometry applications

Thermal reservoir temperatures are an important tool that 
allows the assessment of the formation mechanism and 
potential use of geothermal resources. Several geother-
mometers based on the temperature-dependent chemical 
equilibria have been developed to evaluate the geothermal 
reservoir temperatures (Trabelsi et al. 2015; Bozdağ 2016; 
Belhai et al. 2016, 2017). The reservoir temperatures of 
Guelma thermal waters were estimated by the following 
geothermometers: silica: quartz (Fournier 1977), chalced-
ony (Fournier 1977), cristobalite (α) (Fournier 1977) and 
cation: Na–K (Michard 1979), Na–K (Fournier 1977), Na–K 
(Truesdell 1976) and Na–K–Ca (Benjamin et al. 1983). The 
silica concentrations are expressed in mg/l and Na, K and 
Ca concentrations in mol/l. As shown in Table 2 and Fig. 5, 
the lowest estimated reservoir temperatures are given by 
the silica geothermometers (Fig. 5b) in contrast to the high-
est temperatures calculated by cationic geothermometers 
(Fig. 5a). Water temperatures estimated at the origin using 
the silica geothermometers vary between 17 and 84 °C. The 
temperatures obtained by quartz geothermometers appear 
higher and more plausible than chalcedony and cristobalite 
(α) geothermometers. However, the low estimated tempera-
tures of silica geothermometers could be due to the silica 
precipitation or the mixing process (Boudoukha and Atha-
mena 2012; Belhai et al. 2017).

The cationic geothermometers provides high temperature 
values ranging from 91 to 325 °C. The values higher than 
temperatures at emergence show a dissipation during the 
upwelling from the reservoir to the surface. This dissipation 
could be due to several assumptions: a mixture with cold 
water, the thermal diffusion linked to the long path travelled 

by these waters to the surface, the loss of Ca by precipita-
tion of calcite or to the high Mg contents indicating surface 
reactions with the rocks (Boudoukha and Athamena 2012; 
Belhai et al. 2017).

Na–K–Mg diagram

The ternary diagram of Na/1000-K/100-Mg1/2 (Fig. 6) pro-
posed by Giggenbach (1988) was used to estimate the res-
ervoir temperatures and to differentiate between mature and 
immature waters along their flow paths (Ersoy and Sönmez 
2014). The diagram applied for this study shows that thermal 
samples are concentrated at the magnesium pole indicating 
the waters are immature. This may suggest that the thermal 
waters of the study area are influenced by high dilution and 
mixing with shallow cold waters (Bouchareb-Haouchine 
et al. 2012).

Mineral saturation

The geochemical program PHREEQ-C (Parkhurst and 
Apello 1999) was used to calculate mineral saturation 
indices of thermal waters from the study area at the out-
let temperatures and pH values. The results are presented 
in Table 3. A saturation index of zero indicates an equilib-
rium state for each mineral reacting with aqueous solution. 
Positive or negative SI values correspond to oversaturation 
or undersaturation, respectively (Gökgöz and Akdağoğlu 
2016). The thermal waters of the study area are oversatu-
rated with respect to calcite, dolomite, and most of the silica 
phases indicating phases undergoing precipitation due to the 
short time of contact with the minerals or to the gas deple-
tion, or else due to the fluid temperature rise which generates 
the calcite precipitation (Djidi et al. 2008). Quartz is close 
to equilibrium in ASS, HN, BH and HDC2. On the other 
hand, the thermal waters are undersaturated with respect to 
chalcedony and gypsum indicating phases undergoing dis-
solution that reflects a long time of contact accelerated by 
the temperature of the thermal fluid.

Equilibrium state modeling between water and minerals 
at different temperatures is another approach for estimating 
thermal reservoir temperatures according to the saturation 
indices by maintaining the chemical composition constant 
and varying the temperature (D’Amore et al. 1987; D’Amore 
and Mejia 1999; Lopez-Chicano et al. 2001) (Fig. 7). In all 
thermal water samples, calcite was oversaturated at all tem-
peratures which means probably that they are considered as 
the dominant carbonate minerals (Bozdağ 2016). For sample 
ASS, calcite and dolomite intersect each other at 160 °C 
above the equilibrium line indicating a precipitation phase, 
while the other minerals intersect at temperatures around 
100–140 °C below the equilibrium line indicating a dissolu-
tion phase due to mixing process between thermal and cold 
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Fig. 4   a Ca vs. Cl, b Mg vs. Cl, c Na vs. Cl, d K vs. Cl, e HCO3 vs. Cl scatter diagrams for the northeastern Algerian thermal waters
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Table 2   The reservoir 
temperatures (°C) of thermal 
waters from the study area using 
different cationic and silica 
geothermometers

(a) Quartz (Fournier 1977) T = [1309/(5.19–log SiO2)] − 273.15; (b) chalcedony (Fournier 1977) 
T = [1032/(4.69 – log SiO2)] − 273.15; (c) cristobalite (α) (Fournier 1977) T = [1000/(4.78 – 
log SiO2)] − 273.15; (d) Na–K (Michard 1979) T = [908/(log Na/K + 0.7)] − 273.15; (e) Na–K 
(Fournier 1977) T = [1217/(log Na/K + 1.483)] − 273.15; (f) Na–K (Truesdell 1976) T = [855,6/(log 
Na/K + 0.8575)] − 273.15; (g) Na–K–Ca (Benjamin et  al. 1983) T = [1416/(1.69 + log Na/K) + (0.055 * 
log √Ca/Na)] − 273.15
nd not determined

Samples ID/geo-
thermometers

a (°C) b (°C) c (°C) d (°C) e (°C) f (°C) g (°C)

ASS 23 nd nd 228 196 161 216
HN 37 nd nd 141 136 91 170
GR 68 36 19 218 189 153 214
HOC 66 34 17 325 256 237 271
BH 69 37 19 233 199 165 223
HDC1 84 53 34 217 189 153 217
HDC2 81 49 31 207 182 144 210

Fig. 5   Estimated reservoir 
temperatures: a Cationic 
geothermometers, b Silica 
geothermometers
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waters (Fig. 7a). For sample HN, quartz intersects at 40 °C 
as estimated by quartz geothermometer (Fournier 1977). The 
other minerals intersect each other at temperatures around 
60–100 °C below the equilibrium line and at 160 °C above 
the equilibrium line (Fig. 7b). At GR sample, dolomite inter-
sects with the equilibrium line at 190 °C while chalcedony, 
gypsum, and quartz are connected with each other close 
to the equilibrium line at 80 °C which is close to quartz 
geothermometer (Fournier 1977) (Fig. 7c). At HOC, chal-
cedony intersects at 40 °C which is close to the temperature 
estimated by chalcedony geothermomter (Fournier 1977) 
(Fig. 7d). For sample BH, chalcedony and quartz cross the 
equilibrium line SI = 0 at temperatures of 40 °C and 60 °C, 
respectively. Gypsum crosses the line at 160 °C near to Na/K 
geothermometer (Truesdell 1976) (Fig. 7e). For samples 
HDC1 and HDC2, chalcedony intersects the line at 40 °C, 
quartz crosses it at 80 °C close to quartz geothermometer 

(Fournier 1977). For the other minerals, calcite and dolomite 
intersect each other at 150 °C above the equilibrium line 
(Fig. 7f, g). These results found reveal that thermal waters 
from the study area are affected by thermal fluids giving a 
state of non-equilibrium or partial equilibrium at different 
temperatures from 40 °C to 190 °C which partially overlap 
with those of quartz and Na/K geothermometers. However, 
45–180 °C is considered the most representative reservoir 
temperature for the study area.

The cold and thermal water samples (Fig. 8) are plotted 
in stability diagrams for both the Na2O–Al2O3–SiO2–H2O 
(Fig. 8a) and CaO–Al2O3–SiO2–H2O (Fig. 8b) partial sys-
tems. In both diagrams, all thermal samples except ASS are 
in the stability field of montmorillonite while the cold water 
samples with ASS are divided between the stability field 
of kaolinite and montmorillonite. This suggests that kao-
linite and montmorillonite are the principal clay minerals 
interacting with both cold and thermal waters. On the other 
hand, all of the cold and thermal waters in the study area 
are contained frequently in an alumino-silicate environment 
(Gueroui et al. 2014).

Stable isotopes

Stable isotope measurements can be used to determine 
groundwater circulation based on the isotopic content of 
atmospheric waters. The isotopic content of thermal waters 
can also be used to determine the fluid origins in geother-
mal systems (Craig 1963; White 1986; Matiatos and Alexo-
poulos 2011). The results of δ18O and δ2H are reported in 
Table 4.

Stable isotope (δ18O and δ2H) levels for thermal and cold 
waters throughout the study area are depleted and highly 
homogeneous. Their values of thermal waters range from 
− 8.26 to − 6.83‰ for δ18O and from − 55.23 to − 42.01‰ 
for δ2H with respect to V-SMOW. The δ18O and δ2H ratio 
of cold waters ranges from − 7.91 to − 5.50‰ and from 
− 50.06 to − 33.95‰, respectively, to V-SMOW.

Figure 9a shows the relationship between δ18O and δ 
2H and also the Global Meteoric Water Line of Craig 1961 
(GMWL; δ2H = 8 δ18O + 10) and the Mediterranean Mete-
oric Water Line (MMWL; δ2H = 8 δ18O + 22) (Gat and 
Carmi 1970). All the samples taken in the study area are 
distributed close to the GMWL indicating a meteoric origin 
of the recharge. On the other hand, most of thermal waters 
show a lower values of δ18O and δ2H than cold waters with 
the absence of an oxygen shift to positive values in thermal 
waters suggesting that there has been little isotopic interac-
tion with rocks (Belhai et al. 2016). However, the differ-
ence of δ18O and δ2H values can be linked to the recharge 
elevation of thermal waters in comparison to cold waters 

Fig. 6   The Na-K-Mg1/2 triangular diagram of thermal waters from 
the northeastern Algeria (Giggenbach 1988)

Table 3   Saturation indices with respect to different minerals of the 
collected thermal waters

Samples ID Quartz Chalcedony Calcite Dolomite Gypsum

ASS − 0.07 − 0.49 0.68 1.01 − 1.47
HN 0.01 − 0.39 1.01 1.64 − 0.74
GR 0.27 − 0.10 0.89 1.45 − 0.43
HOC 0.14 − 0.21 1.25 2.20 − 0.84
BH 0.08 − 0.25 0.94 1.48 − 0.38
HDC1 − 0.10 − 0.36 1.47 2.32 − 0.81
HDC2 − 0.00 − 0.28 1.22 1.91 − 0.83
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Fig. 7   Mineral equilibrium diagrams for collected thermal waters of the study area: a ASS, b HN, c GR, d HOC, e BH, f HDC1, g HDC2
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(Peñuela-Arévalo and Carrillo-Rivera 2013). Thereby, ther-
mal waters show more negative and a close δ18O and δ2H 
values indicating that these waters have the same recharge 
area (Bozdağ 2016).

Depletion of δ18O and δ2H to negative values in thermal 
waters (HN, GR, BH, HDC1, HDC2) with generally higher 
Cl content (~ 200 to 3000 mg/L) indicates at first a mixing 
process with shallower cold water and that waters have a 
long time of residence and a deep circulation (Issaadi 1992). 

For cold waters, the slightly higher values of δ18O and δ2H 
than thermal waters and the low Cl content except BOF 
reveal that these waters have shallow circulation (Fig. 9b, c).

Conceptual model

A conceptual model for different northern geothermal 
systems (Fig. 10) was constructed according to those pro-
posed by Saibi 2009, Belhai 2017 and Djorfi et al. 2018, 
who suggest that the geothermal spring emergence is due 
to deep conductive heat in relation with faults. So, the 
geothermal system in the study area is recharged through 
different faults by a deep penetration of infiltrating cold 
waters (meteoric waters) from Debagh and Debar moun-
tains in the northeast of the study area and Maouna and 
Maida mountains in the northwest. The infiltrating waters 
heated at depth flowed upward along faults and fractures 
through limestone and sandstone formations and mixed 
with shallow cold waters increasing the different mineral 
contents of thermal waters.

Conclusion

Thermal water samples collected from northeastern Alge-
ria show high values of TDS (527–6657 mg/L) and EC 
(709 to 9720 µS/cm) with a neutral pH (7.13–7.84). In 
the study area, there are three types of thermal waters: 
the Ca–SO4 is the dominant type in five springs (GR, 
HOC, BH, HDC1, HDC2), the Na–Cl type in (HN) and 
the Ca–HCO3 type in (ASS). These waters appear to be 

Fig. 8   Plot of cold and thermal water samples in the Na2O-Al2O3-SiO2-H2O (a) and CaO-Al2O3-SiO2-H2O (b) partial systems at 25°C and 1 atm

Table 4   Isotopic composition of cold and thermal waters from the 
study area

Samples ID δ2H (‰ 
V-SMOW)

δ2H Error δ18O (‰ 
V-SMOW)

δ18O Error

RF1 − 40.92 ± 1.0 − 6.55 ± 0.2
RF2 − 40.30 ± 1.0 − 6.17 ± 0.2
RF3 − 38.46 ± 0.6 − 6.11 ± 0.2
RF4 − 37.25 ± 1.3 − 5.76 ± 0.2
BOF − 33.95 ± 0.7 − 5.50 ± 0.2
AS − 50.06 ± 1.0 − 7.91 ± 0.2
RM − 48.43 ± 1.2 − 7.19 ± 0.2
HOF − 38.60 ± 0.6 − 6.46 ± 0.2
ASS − 43.29 ± 0.6 − 7.00 ± 0.2
HN − 43.58 ± 1.3 − 6.83 ± 0.2
GR − 54.22 ± 1.2 − 8.16 ± 0.2
HOC − 42.01 ± 1.4 − 7.02 ± 0.1
BH − 55.23 ± 1.2 − 8.26 ± 0.2
HDC1 − 46.51 ± 1.2 − 7.05 ± 0.2
HDC2 − 49.02 ± 1.0 − 7.70 ± 0.2
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controlled chemically by water–rock interactions and the 
length of subsurface of the flow paths.

Cationic geothermometers give a large range of high 
temperatures reaching 325 °C which reflects the dissi-
pation process from the emergence to the surface. The 
silica geothermometers show a low temperatures between 
− 17 °C and 84 °C at the origin due to the mixing process. 
All the thermal waters are immature waters aligned at the 
magnesium pole in the Giggenbach (1988) diagram reflect-
ing the dilution and mixing process of these waters with 
cold waters.

The results of mineral saturation show that thermal waters 
of the study area are oversaturated with respect to calcite, 
dolomite, and quartz and undersaturated with respect to 
chalcedony and gypsum indicating phases undergoing pre-
cipitation dissolution, respectively. However, these waters 
are in the state of non-equilibrium or partial equilibrium at 
different temperatures ranging from 45 to 180 °C.

The stable isotope investigation of thermal and cold 
waters from the study area reveals a meteoric origin of 
these waters. Also, the obtained results of δ18O and δ 2H 
show a recharge elevation of thermal waters compared to 
cold waters. Thus, precipitation waters infiltrated through 
the deep reservoir rocks within faults and became heated by 
a deep flow moving up to the surface along fractures.

The conceptual model proposes that the geothermal sys-
tem of the study area is influenced by infiltrating meteoric 
waters which penetrate deeply through the faults and then 
heated by a conductive heat flow. The hot waters moved 
to the surface also through the faults and mixed with cold 
waters and finally emerge as thermal waters in different sites.

Fig. 9   Isotopic composition of thermal waters: a Relation-
ship between δ18O and δ2H with the Global Meteoric Water Line 
(GMWL) and the Mediterranean Meteoric Water Line (MMWL), b 
Relationship between δ18O and Cl−, c Relationship between δ2H and 
Cl−
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