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Abstract This study focuses on the hydrochemical
characteristics of 47 water samples collected from thermal
and cold springs that emerge from the Hammam Righa
geothermal field, located in north-central Algeria. The
aquifer that feeds these springs is mainly situated in the
deeply fractured Jurassic limestone and dolomite of the
Zaccar Mount. Measured discharge temperatures of the
cold waters range from 16.0 to 26.5 °C and the hot waters
from 32.1 to 68.2 °C. All waters exhibited a near-neutral
pH of 6.0-7.6. The thermal waters had a high total dis-
solved solids (TDS) content of up to 2527 mg/l, while the
TDS for cold waters was 659.0-852.0 mg/l. Chemical
analyses suggest that two main types of water exist: hot
waters in the upflow area of the Ca—Na-SO, type (Ham-
mam Righa) and cold waters in the recharge zone of the
Ca—-Na-HCO;3 type (Zaccar Mount). Reservoir tempera-
tures were estimated using silica geothermometers and
fluid/mineral equilibria at 78, 92, and 95 °C for HR4, HR2,
and HR1, respectively. Stable isotopic analyses of the 8'*0
and 8D composition of the waters suggest that the thermal
waters of Hammam Righa are of meteoric origin. We
conclude that meteoric recharge infiltrates through the
fractured dolomitic limestones of the Zaccar Mount and is
conductively heated at a depth of 2.1-2.2 km. The hot
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waters then interact at depth with Triassic evaporites
located in the hydrothermal conduit (fault), giving rise to
the Ca—Na—SQ, water type. As they ascend to the surface,
the thermal waters mix with shallower Mg-rich ground-
water, resulting in waters that plot in the immature water
field in the Na—K-Mg diagram. The mixing trend between
cold groundwaters from the recharge zone area (Zaccar
Mount) and hot waters in the upflow area (Hammam
Righa) is apparent via a chloride-enthalpy diagram that
shows a mixing ratio of 22.6 < R < 29.2 %. We summa-
rize these results with a geothermal conceptual model of
the Hammam Righa geothermal field.

Keywords Thermal waters - North-central Algeria -
Geochemistry - Geothermometry - Geothermal conceptual
model - Cold groundwaters

1 Introduction

Because of its geologic setting in the tectonically active
Alpine-Magrebide belt, the northern part of Algeria has
considerable geothermal potential of the low enthalpy type,
generating a heat discharge of 240 MW, (Saibi 2015).
Geothermal development and exploration activities are
currently increasing in line with Algeria’s plan to diversify
the sources of energy for electricity production, which
currently is primarily derived from fossil-fuel resources
(which account for 98 % of production). The country’s
goal is to attain 40 % of consumed electricity generation
from renewable energy resources by 2030 (Bouchareb-
Haouchine 2012; Saibi 2015).

The study area is located in the north-central part of
Algeria (Fig. 1), approximately 100 km southwest of the
city of Algiers and at an altitude of 525 m above sea level
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Fig. 1 a Study area in the north-central part of Algeria. b Locations of cold and hot springs sampled in the Hammam Righa region

(ASL). The thermal activity of the Hammam Righa area is
characterized by artesian thermal springs, travertine depo-
sition, sulfur gas seepage, and hydrothermal alteration
zones. The thermal waters of Hammam Righa are used in
some of the most famous Algerian hot spas. Referred to as
“Aqua Calidea” during the Roman period, they have been
used for balneology and bathing since that time (Belhai
et al. 2013).

This study investigated the hydrochemical characteris-
tics of samples from 44 hot springs and three cold springs
from the study area collected in 1990, 2010, and 2013. The
distribution of the three main hot springs in the upflow area
(HR1, HR2, and HR4) roughly parallels the northeast-
southwest fault network considered to be the main fault
system of the Hammam Righa geothermal (HRG) mani-
festation (Bouchareb 1987; Issaadi 1992; Bouchareb-
Haouchine 1993; Bouchareb-Haouchine et al. 2012). The
discharge temperature of hot springs in the HRG mani-
festation ranges from 32.5 to 68.2 °C, and the springs have
a mean discharge rate of 2.5 L/s. Two cold spring samples
(HRS5 and HR6) were collected from the Zaccar Mount,
which is considered the recharge area for the HRG mani-
festation (southwest of the study area; Fig. 1b). Another,
HR3, was sampled close to the upflow area (Hammam
Righa).

Previous studies conducted at the HRG area have shown
that the chemical characteristics and the location of
hydrothermal discharge are strongly linked to the regional
geology (Issaadi 1992; Fekraoui and Kedaid 2005; Bou-
chareb-Haouchine et al. 2012; Belhai et al. 2013). The
geothermal reservoir is mainly hosted by the limestone and
dolomite sequences of the Tellian zones. However, the
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thermal waters could also be related to adjacent magmatic
intrusions of the post-thrust Miocene basins (Issaadi 1992).
Stable isotopic analysis of the 8'® O and 8D compositions
of HR1 and HR2 (hot springs) as well as HR3 (a cold
spring) and local meteoric water were carried out to
determine the origin of the thermal waters.

This work aimed to comprehensively evaluate the
geothermal potential of the HRG field for future develop-
ment (electricity generation and/or heating) by using
existing data (from 1990 and 2010) combined with new
data (from 2013) from sampling campaigns in the HRG
area. To construct a reliable geothermal conceptual model
for the HRG field, we focused on water chemistry, using
correlations between various chemical components to
investigate the key controls on water chemistry and to
highlight the heterogeneity in mineralization resulting from
the complex geologic setting.

To this end, several cationic and silica geothermometers
as well as fluid/mineral equilibria were applied to assess
the geothermal reservoir temperatures for the HRG mani-
festation. These were applied to the datasets collected in
campaigns conducted by Bouchareb-Haouchine in 1990
and 2010, as well as the dataset from the new 2013 cam-
paign. A chloride mixing model is discussed in detail; it
was used to estimate the rate of mixing with cold
groundwater and the effects of the conductive cooling
process as waters ascend, and also to confirm the estimated
reservoir temperature obtained by chemical geother-
mometers. Finally, the isotopic data (8'® O and 8D values)
of four samples were used to determine the origins of the
thermal water and to ascertain the contributions of Miocene
magmatic events.
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2 Geologic setting

The northern part of Algeria belongs to the North African
margin and forms part of the Alpine-Magrebide belt that
extends from Gibraltar to Sicily-Calabria (Fig. 2a, inset).
The Alpine-Magrebide belt is the result of collision
between the African and European plates, which began in
the late Permian at the beginning of the breakup of Pangea
and progressed through the Cenozoic Alpine orogeny
(Auboin and Durand-Delga 1971; Bouaziz et al. 2002;
Domzig et al. 2006; Fourré et al. 2011). Two main struc-
tural domains exist in northern Algeria: the Tellian Atlas in
the north and the Saharan Atlas further to the south.

The HRG manifestation area lies in the external zones of
the Tellian Atlas, or the so-called “Tellian zones” (Wildi
1983), which are mainly characterized by Miocene folds
and nappes thrust over the Atlasic foreland (Saharan Atlas).
The HRG field is located at the western edge of the post-
thrust Miocene basin of Boumadfaa and is bounded by the
Zaccar Massif (Mount), which consists of a relatively thick
dolomitic and marine carbonate sequence of Lower Juras-
sic age (Fig. 2a).

The upflow area of the HRG field is characterized by the
presence of NO60-NO75 and N135-N150 conjugated faults,
which were initiated during the Helvetian stage of the
upper Miocene. These major northeast-southwest structural
lineaments, which border the springs, accommodated the
closure of the Mediterranean Sea and the displacement of
Tellian thrust-sheets southward during the late Miocene
(Belhai 1996; Bouchareb-Haouchine et al. 2012).

LEGEND:

Lower Cretaceous (c)

The exposed Paleozoic age volcanic-sedimentary
complex and metamorphic formations in the Zaccar
Massif constitute the basement rock of the study area
(Fig. 2a, c). They are overlain by a relatively thick and
deformed “fractured” sequence of Jurassic dolomite and
Mesozoic carbonates typical of the Tellian zones (Mat-
tauer 1958). The deep-seated northeast-southwest trend-
ing faults and folds give rise to a limited extrusion of
evaporites from the Triassic basement (Glangeaud 1932;
Lepvrier and Velde 1976; Belhai 1996). These evaporites
are mainly composed of gypsum and anhydrite, with
interbedded clays and thin deformed dolomite layers
outcropping as a discontinuous border that delineates an
abnormal contact between the different sets (Fig. 2a, b).
To the east, the Miocene formations outcrop uncon-
formably with a carbonate formation of Cenomanian and
Senonian age, consisting of marl and folded marl-lime-
stone up to 1000 m thick. The presence of conglomerate
and sandstone accompanied by marl and limestone from
the Cartenian stage of the lower Miocene indicates a
period of non-deposition due to tectonic uplift and sub-
sidence in the basin. These formations are covered by an
80 m-thick upper sequence of marl and sandstones that is
Helvetian in age (upper Miocene). Faults cutting these
Miocene formations give rise to a graben structure in the
southwestern part of the study area (Fig. 2b). Extensive
hydrothermal deposits of travertine comprise the Quater-
nary formations. These outcrop in three main areas;
thermal water rises through the largest one, which is up to
50 m thick.
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Fig. 2 a Small-scale map of the main geologic domains of the Alpine-Magrebide belt (inset, modified from Belhai 1996). And a simplified
geologic map of the HRG field. Geologic cross-sections: b oriented northeast-southwest from the upflow area (Hammam Righa) to the recharge
zone (Zaccar Mount), indicating the stratigraphy and structure of the basin; and ¢ lithologic cross-section oriented northwest-southeast in the
Zaccar area showing the basement rock (modified from Bouchareb-Haouchine et al. 2012)
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Post-collisional calc-alkaline magmatic activity of the
post thrust—-Miocene basins has occurred periodically since
the early Miocene following the opening of the Mediter-
ranean Sea between 11 and 13 Ma (Bellon 1976; Lepvrier
and Velde 1976). These volcanic products include rocks
from the calc-alkaline series (from andesite to rhyolite to
trachyte and dacite) and generally erupted in areas with
east—west faults.

2.1 Hydrogeology

Hydrogeologic study has revealed the existence of several
potential aquifers. The most important one is the highly
fractured Jurassic limestone and dolomite of the Zaccar
Massif, which extends to the upflow area and acts as a
reservoir in the HRG field. These formations lie on the
impermeable metamorphic complex of the Zaccar Mount.
The Jurassic aquifer is primarily fed by rainwater infiltra-
tion; it has a precipitation rate of 7 Ls~'/km? and a flow
rate of 200 L/s to an area of 30 km? mostly composed of
limestone (INRH 1976). The rising Triassic formation is
mainly composed of gypsum and anhydrite, and clays can
act as a cap rock that contains heat and maintains water
pressure.

In 1968, four wells were drilled by GEMP (Groupe
d’Etudes sur les Milieux Poreux), to depths ranging from
35 to 65 m. These wells cross the Quaternary travertine and
Miocene formations. Water pumped from the wells attains
temperatures of 69.0 °C with discharge rates of 3.69 and
3.66 L/s and a transmissivity, T, of approximately 10~ m%s.
After a long period of exploitation, the current flow rate is
approximately 2.5 L/s for HR1 and only 1 L/s for both HR2
and HR4.

3 Sampling and analysis methods

The first sampling campaign for hydrochemical analyses
was performed in 1990. Over 12 months, 12 samples were
collected at each hot spring (HR1, HR2, and HR4). A
second campaign took place in 2010 to complete the initial
dataset. The first and second campaigns were conducted by
Dr. Bouchareb-Haouchine. In January 2013, a third cam-
paign was carried out for this study, including four samples
from the upflow area of Hammam Righa (HR1, HR2, and
HR4; hot spring samples) and one cold spring sample
(HR3). Cold spring samples from the Zaccar Mount (HRS
and HR6) were also collected. Temperature, electrical
conductivity (EC), and pH measurements were conducted
on-site. Major ion analyses (for Na™, K*, Ca*", Mg®", and
Si0,) were measured by atomic absorption spectropho-
tometry, while SO,%~ concentrations were determined by
spectrophotometry and alkalinity was determined using
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standard titration techniques. CI~ was analyzed using the
AgNO; titration method at the National Agency of
Hydraulic Resources (ANRH-Algiers).

For SiO, analysis, samples were diluted tenfold using
deionized water to prevent SiO, precipitation in the water.
Si0O, concentrations were determined by atomic absorption
spectrophotometry. Ionic balance provides an indication of
the accuracy and reliability of the analysis and is given by
the following equation (Freeze and Cherry 1979):

> Cations(meq/L) — »_ Anions(meq/L)

Y Cations(meq/L) + _ Anions(meq/L)
x 100

Balance (%)

(1)

Analyses with an ionic balance error exceeding 5 %
were excluded from the dataset.

The 8'30 and 8D values of HR1, HR2, and HR3 were
analyzed by mass spectrometry at the Department of
Environment of Kyuden Sangyo Co., Inc. (Japan). Isotopic
values are reported using standard notation relative to the
NIST/IAEA reference material V-SMOW. The analytical
precision is £0.1 and £1 %o for 5'%0 and 3D, respectively.

4 Results
4.1 Water chemistry

Temperatures (in °C), pH values, electrical conductivity
(EC, in puS/cm), and chemical analyses from the HRG field
are listed in Table 1. The water samples show hetero-
geneity in their chemical-physical features. Both cold
water (T < 25 °C) and hot water (T from 32.1 to 69.0 °C)
samples had a near-neutral pH of 6.0-7.6. Thermal waters
show a higher total dissolved solids (TDS) concentration of
up to 2527 mg/L, while the TDS for cold water ranges
from 659.0 to 852.0 mg/L. The higher TDS value in hot
water is likely due to the interaction between infiltrated
meteoric water and the host rock and probably reflects a
longer circulation and residence time.

The cold and hot waters belong to two main chemical
classification types, based on Piper and ternary diagrams
(Fig. 3a, b). Thermal water facies from the upflow area of
the HRG field are of the Ca—Na—SO,4(Cl) type and the Ca—
Na-SO,4 (HCOs) type for HR1, HR2, HR4 and HR3, sug-
gesting interaction with gypsum/anhydrite-bearing Triassic
formations. Cold waters from the Zaccar Mount (HRS5 and
HR6) are of the Ca—Na-HCOj; type. The high HCO;™
content of these waters (317-366 mg/L) reflects the inter-
action between meteoric water and high permeability and
COj,-rich karstic (fractured) limestone and dolomite aqui-
fers, as shown in Eq. 2:
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SO,
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pH EC
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Table 1 continued
month-year

Sample
location-
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0.65
0.56
0.09
0.43

0

—0.23
—0.27

-0.2

0.7

286.7
286.7
280.6
280.6
292.8

886.6
805.9

315.0
297.5
332.5
288.8

74

6.6
8.2
8.2
7.0

5.1

193.2
192.5
200.1

2097 7.3 2850.0 368.6 39.1

38.0

HR4-4-1990

0.4
-0.5

368.6 323

2760.0

7.2
6.7

1990
2163
1955
1994
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2052

35.0
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905.8
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364.8

3050.0
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HR4-6-1990

—0.27
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—-1.31
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—-0.7
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355
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759.4
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364.8
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6.6
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—-0.24
-0.17

0.08

292.8
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297.5

349.4 36.8
3214
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6.4
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HR4-9-1990
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5.1

47.0

6.5 2680.0

35.0
3

HR4-10-1990
HR4-11-1990
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305.0
317.0
366.0

74
43

40.0

380.2
329.2
111.4
114.8

3100.0

6.7

5.0

—0.04

0.38
0.74

245.0

37.7

1820 6.6 2620.0

659.0
852.0

325

HR4-12-1990

0.5

14.5
10

170.8

3.7 133.1
0.8

87.5

28.0

1120.0

7.3

26.5

HR5-01-2013

1.3

46.5

77.0

17.8

36.1

730.0

7.6

16.0

HR6-01-2013

Sample location-month-year; T temperature, EC electrical conductivity, SI (Dol) saturation index of dolomite, SI (Anh) saturation index of anhydrite, SI (Cal) saturation index of calcite

CO, + 2H,0 + CaCO; = Ca’" + 2HCO; (2)

Chemical sources are more difficult to interpret in
sedimentary environments such as the Tellian zones of the
HRG manifestation, because the mineralogical and
chemical properties of the host aquifers are inherently
more heterogeneous. The heat flux, tectonic regime, and
hydrologic conditions (e.g., infiltration depth and residence
time in the reservoir) are specific to each field. In the
context of this complexity, we discuss the key factors
controlling the evolution of the Hammam Righa thermal
waters.

A Na' and CI~ scatter diagram shows a very good
correlation with the halite dissolution line (Y = X). We
argue that halite-bearing Triassic evaporites are likely the
source of Na* and C1~ in thermal waters of the Himmam
Righa field. However, Cl-rich hot waters in the upflow area
show CI7/3 anions > 0.73, indicating a Nat/ClI™ ratio of
approximately 1 (the stoichiometric Nat/Cl™ ratio of
halite dissolution; Fig. 4a).

All the thermal waters from the upflow area (HR1, HR2,
and HR4) are located on the gypsum/anhydrite dissolution
line (—0.06 < SI anhydrite <—0.3; Table 1) and have a
higher Ca/SO, ratio of approximately 1, while cold springs
from the Zaccar Massif have a Ca/SO, ratio lower than 1
(Fig. 4b). This suggests that the dissolution of gypsum/an-
hydrite minerals likely occurs in the Triassic evaporitic
sequence in the local stratigraphy. According to Capaccioni
et al. (2014), this process can be described as follows:

Na + CaCO;s + hydrated-silicates
= (CaSO4 + Na-silicates + CO, + H,O (3)

Carbonate formations are dominant in Tellian zones
such as the Zaccar Mount region. Cold springs from the
recharge area (Zaccar Mount; HR5 and HR6) have a
Ca’*—HCO;~ composition and plot on the calcite disso-
lution line with Ca*"/HCO;™ ratios typically near 1
(Fig. 4c). In contrast, hot waters from the Hammam Righa
(upflow area) display Ca**/HCO; ™ ratios greater than 1,
which implies another source of Ca®' besides the car-
bonates; this source could be sulfate dissolution and
leaching of Ca’" from Triassic evaporite minerals. The
water samples are consistently in equilibrium with calcite
(—0.47 < ST calcite < 0.74; Table 1). Generally, carbon-
ate mineral dissolution can be written as follows (Garrels
and Mackenzie 1971):

CaCO;(Calcite) + H,CO; = Ca®" + 2HCO; (4)

The key process controlling the chemistry of the thermal
waters of the HRG field is summarized in Fig. 4d, e. The
Na/Cl ratio of most samples is buffered at approximately 1,
typical of halite dissolution in the Triassic formation. Most
of the waters from the HRG field have an HCOs/
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field

(Ca + SO,) ratio between 1.0 and 10.0 (Fig. 4d). This shift
towards gypsum dissolution is characteristic of Tellian
zones (Fourré et al. 2011). Hot waters from the upflow area
have HCO5/SOy, ratios between 0.1 and 1.0 (Fig. 4e), and
higher Ca + Mg contents of approximately 20 meq/L. This
suggests evaporitic (gypsum/anhydrite) influences in the
upflow area, shifting to carbonate and dolomite in the
recharge zone area, which has an HCO5/SO, ratio between
1.0 and 10.0. The contribution of dolomite is implicated by
a high Mg content in thermal waters of up to 62 mg/L,
which is unlikely with high enthalpy geothermal fluids that
have low Mg contents between 0.01 and 0.1 mg/L (Ni-
cholson 1993). Ca?*, Mg>", and HCO;~ can be derived
from alteration/weathering of carbonates, as explained by
the following reaction (Garrels and Mackenzie 1971):

CaMg (CO3),+ 2H,CO5 « Ca*" + Mg*" + 4 HCO;
(5)

4.2 Chemical geothermometry

Chemical geothermometers enable estimation of the tem-
perature of the reservoir fluid. They are based on specific
temperature-dependent chemical reactions that exist
between water and the minerals within the rock at deep
thermal reservoir temperatures (Pasvanoglu and Chan-
drasekharam 2011). In this study, the following geother-
mometers were applied to estimate the HRG field reservoir
temperature for HR1, HR2, and HR4 samples from 1990,
2010, and 2013, as shown in Table 2 and Fig. 5: (A): Na—

K—Ca (Fournier and Truesdell 1973); (B) Na/K (Nieva and
Nieva 1987); (C): Na/K (Fournier 1979); (D): Na/K
(Truesdell 1976); (E): Na/K (Tonani 1980); (F): Na/K
(Giggenbach 1988); (G): K/Mg (Giggenbach 1988); (H):
quartz (Verma 2000); (I): chalcedony (Fournier 1992); (J):
silica (Giggenbach 1992); (K): silica no steam loss (Four-
nier 1977); (L): silica (Fournier and Potter 1982); and (M):
silica max steam loss (Fournier 1977).

Temperatures estimated by the Na/K geothermometers
from (B) to (F) give high and widely ranging results from
96 to 185 °C for HR1, 96-184 °C for HR2, and 85-181 °C
for HR4 (Table 2; Fig. 5). These wide ranges of tempera-
tures may not be reliable, because they are mostly suit-
able for equilibrated chloride waters (Simmons 2002;
Alacali and Savas¢in 2015). In contrast, temperatures
estimated by the Na—K—Ca geothermometer (A) vary from
82 to 94 °C for HR1, 82-93 °C for HR2, and 72-90 °C for
HR4. The R correction of Fournier and Potter (1979) ran-
ged from 50>R>5, [ie, R= (Mg2+ x 100)/
(Mg>*+ Ca’*+ K*)]. However, the Mg correction is
negative and cannot be applied because of the high Mg
content of the hot waters. These results suggest that the
Na-K-Ca temperatures in the HRG field are less affected
by mixing with cold waters and precipitation of calcite
causing the loss of Ca (that is, calcite and anhydrite are
close to equilibrium in the upflow areas; Table 1).

Temperatures inferred by the K/Mg geothermometer
(G) range from 35 to 39 °C for HR1 and HR2 and from 38
to 45 °C for HR4. The K/Mg geothermometer—estimated
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temperatures were much lower than the discharge tem-
peratures due to rapid equilibration after mixing with Mg-
rich groundwater (Giggenbach 1988; Pasvanoglu and
Chandrasekharam 2011). Therefore, conductive cooling
and mixing with cooler Mg-rich waters have a strong
influence on the temperature decrease of thermal water as it

@ Springer

flows upward to discharge at springs (Han et al. 2010;
Pasvanoglu 2013).

The ternary diagram of Na/1000-K/100-Mg'? (Fig. 5e)
proposed by Giggenbach (1988) was used to estimate the
reservoir temperature and to select the waters most suit-
able for geothermometry. The diagram helps identify the
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fluid maturity of waters that have attained equilibrium with
the host lithology and demonstrates the effects of mixing.
All thermal waters from the HRG field plotted in the
immature water field, close to the Mg'/? corner. This pat-
tern may be the result of mixing of fully equilibrated or
partly equilibrated thermal waters with cooler, Mg-rich
groundwater that comes from dissolution of the Jurassic
dolomitic sequence of the Zaccar area and leaching of Mg
into the water. However, the use of immature waters to
evaluate geothermal reservoir temperatures is not robust
and confers only weak reliability to cationic geother-
mometers (Giggenbach 1988; Tarcan 2005).

It is well known that silica geothermometers are more
sensitive to mixing processes, which have a negative effect

important to apply quartz geothermometers cautiously
(Fournier 1992). The chalcedony (I; Fournier 1992) and
silica (J; Giggenbach 1992) geothermometers suggest
temperatures varying between 70 and 76 °C for HR1, 67
and 72 °C for HR2, and 46 and 50 °C for HR4. These
results are similar to the discharge temperatures measured
on-site for each sampling point. Thus, the quartz geother-
mometer (H; Verma 2000) suggests similar temperatures to
the Na—K—Ca geothermometer, of 94 and 87 °C for HR1-
13 and HR2-13, respectively. Finally, the silica no steam
loss geothermometer (K; Fournier 1977) gives a similar
temperature to Na—K—Ca for HR4-13, estimated at 86 °C.

4.3 Fluid-mineral equilibria

on the reliability of those geothermometers. At tempera-
tures less than 180 °C, the solubility of silica is often
controlled by chalcedony rather than quartz. Thus, in
dolomite-limestone reservoirs such as the HRG field, it is

The mineral saturation indices at the discharge tempera-
tures of the thermal waters of the HRG field were calcu-
lated using the computer program PHREEQC (Parkhurst

Table 2 Estimated reservoir temperatures (°C) of the Hammam Righa thermal waters using different cationic and silica geothermometers

ID/Geoth A R Mg B C D E F G ID/Geoth H I J K L M
O O correction  (°C)  (°C) (°C) (°C) (°C) (O (O O O (O (O (O (O
HR1-13 94 11 —1185 155 167 127 155 185 35 HR1-13 95 70 76 110 101 102
HR1-10 86 14 —1359 142 154 111 138 172 39

HR1-1-90 85 10 —1386 139 151 108 134 170 37

HR1-2-90 88 11 —1339 144 156 114 140 175 37

HR1-3-90 83 11 —1451 135 146 103 128 166 38

HR1-4-90 80 13 —1538 129 140 9% 121 160 40

HR1-5-90 82 12 —1495 132 144 100 125 163 39

HR1-6-90 93 11 —1214 153 165 125 153 184 35

HR1-7-90 89 13 —1314 146 158 116 143 177 38

HR1-8-90 82 13 —1479 133 145 102 127 164 39

HR1-9-90 84 13 —1422 138 149 106 132 168 39

HR1-10-90 84 14 —1412 138 149 106 132 168 39

HR1-11-90 85 12 —1410 139 151 108 134 170 39

HR1-12-90 85 14 —1397 139 151 108 134 170 39

HR2-13 87 14 —1351 139 151 108 134 170 37 HR2-13 92 67 72 107 98 99
HR2-10 85 13 —1412 138 149 107 132 168 39

HR2-1-90 85 10 —1387 139 151 108 134 170 37

HR2-2-90 88 11 —1331 144 156 114 140 175 37

HR2-3-90 84 13 —1428 137 148 105 131 167 39

HR2-4-90 80 10 —1534 129 140 9% 121 160 38

HR2-5-90 82 11 —1493 132 144 100 125 163 39

HR2-6-90 93 12 —1217 153 165 125 153 184 35

HR2-7-90 86 11 —1379 141 153 110 136 172 38

HR2-8-90 82 11 —1480 133 145 102 127 164 39

HR2-9-90 84 10 —1410 138 149 106 132 168 38

HR2-10-90 84 12 —1425 138 149 106 132 168 38

HR2-11-90 85 12 —1408 139 151 108 134 170 38

HR2-12-90 85 12 —1406 139 151 108 134 170 38
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Table 2 continued

ID/Geoth A R Mg B C D E F G ID/Geoth H I J K L M
O O correction  (°C)  (°C) (°C) (°C) (°C) (O (O O O (O O (O (O
HR4-13 89 13 —1302 150 162 121 149 181 41 HR4-13 70 46 50 86 78 82
HR4-10 83 14 —1436 135 147 104 129 166 41

HR4-1-90 86 10 —1354 141 153 111 137 172 38

HR4-2-90 87 12 —1369 142 154 112 138 173 39

HR4-3-90 83 15 —1443 133 145 101 126 164 40

HR4-4-90 84 15 —1419 135 147 104 129 166 40

HR4-5-90 80 12 —1547 129 140 9 121 160 40

HR4-6-90 85 13 —1395 139 151 108 134 170 39

HR4-7-90 90 14 —1285 148 160 119 146 179 39

HR4-8-90 84 14 —1419 137 148 105 131 168 41

HR4-9-90 74 15 -1676 119 130 85 109 150 44

HR4-10-90 77 19 —1400 125 136 92 116 156 45

HR4-11-90 85 15 —1378 140 151 109 135 170 40

HR4-12-90 72 16 —1728 114 125 79 102 145 46

Geoth geothermometers in (°C)

A (°C): Na—K—-Ca (Fournier and Truesdell 1973): T = [1112/log (Na/K) +B*log (Ca/Na) + 2.24] — 273.15, f = 1/3 as t < 100 °C, R = Mg/
(Mg + Ca + K)*100 (Fournier and Potter 1979)

B (°C): (Nieva and Nieva 1987): T = [1178/(log (Na/K) +1.47) — 273], Mg % less than 8 %. Mg % [100 Mg/TMEQ]
C (°C): Na/K (Fournier 1979): T = [1217/(1.483 + log (Na/K)] — 273.15

D (°C): Na/K (Truesdell 1976): T = [856/(0.857 + log (Na/K)] — 273.15

E (°C): Na/K (Tonani 1980): T = [833/log (Na/K) + 0.780] — 273.15

F (°C): Na/K (Giggenbach 1988): T = [1390/log (Na/K) + 1.75] — 273.15

G (°C): K/Mg (Giggenbach 1988): T = [4410/14 — log (K*/Mg)] — 273.15

H (°C): Quartz (Verma 2000) T = [1175.7/4.8 — log SiO,]

I (°C): Chalcedony (Fournier 1992): T = [1032/(4.69 — log SiO,)] — 273.15

J (°C): Silica (Giggenbach 1992): T = [(1000/(4.55 — log SiO,)] — 273.15

K (°C): Silica no steam loss (Fournier, 1977): T = [1309/(5.19 — log C)] — 273.15

L (°C): Silica (Fournier and Potter 1982): T = [42.198 + 0.278831C — 3.6686 x 107% C? + 3.1665 x C* + 77.034log C], where C; is SiO,
content in spring discharge

M (°C): Silica max steam loss (Fournier 1977) T = [1522/(5.75 — log SiO,)] — 273.15

and Appelo 1999) and are reported in Table 3. Results
show that the thermal springs are under-saturated with
respect to gypsum, anhydrite, dolomite, halite, and amor-
phous silica. They are oversaturated or nearly in equilib-
rium with respect to quartz, chalcedony, calcite, and
aragonite (except for HR4-13).

The SI CO; (4, under-saturation state suggests that CO,
contributions in the thermal water are partly due to the
precipitation of calcite related to the travertine deposits
around HR1, HR2, and HR4. This causes a loss of Ca in the
hot waters.

The saturation state results presented in Fig. 6 indicate
that the thermal waters undergo a change of saturation
indices with temperature. All waters are oversaturated with
respect to calcite and aragonite at temperatures above
30-50 °C (Fig. 6b, c), quartz at temperatures below

@ Springer

75-100 °C (Fig. 6f), and chalcedony at temperatures below
60 °C (see Fig. 6g).

The fact that hot waters are undersaturated with respect
to gypsum and anhydrite at temperatures lower than 150
and 90 °C (see Fig. 6e and a, respectively) suggests the
dissolution of these minerals in thermal waters. This is
further attested by the absence of sulfate deposits in the
spring vent.

Assuming a temperature-dependent chemical equilib-
rium between minerals and the fluid in the deep reservoir,
the geothermal reservoir temperature is graphically indi-
cated by the intersection of the mineral curve with the line
SI=0.

For HR1-13, the anhydrite and quartz curves intersect
near SI = 0 at a temperature of 95 °C (Fig. 7a), which
corresponds to the temperatures estimated by the quartz
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Table 3 Results of saturation indices with respect to hydrothermal minerals at the discharge temperatures of the thermal waters from the HRG field

SI SI

SI SI SI SI SI SI SI SI SI SI SI

Discharge temperature

°C)

Sample
1D

halite COy(g)

SiOy(a)  talc

aragonite  calcite  chalcedony chrysotile dolomite  gypsum  quartz  sepiolite

anhydrite

0.7
—0.53
—-1.29

—5.84
—5.75
—-5.95

—1.75
—-2.12

-3

—0.67
—-0.71
—-0.71

—9.36
—9.65
—8.45

0.36
0.32
0.48

—0.36
—-0.37
—0.31

—0.42
—0.38
—0.47

0.04
0.01
0.09

0.15
0.12
0.07

0.04
0

—0.28
—0.28
—0.47

66.5

HRI1-13

—6.29
—7.04

67.1

HR2-13

—0.06

38.0

HR4-13

geothermometer (H; Verma 2000). For HR2-13, the quartz
and anhydrite curves intersect at the SI = 0 line at 92 °C
(Fig. 7b), which is also similar to the temperature inferred
by the quartz geothermometer (H; Verma 2000). In con-
trast, for HR4-13 the quartz and halite curves intersect at
the SI = 0 equilibrium line at a temperature of 78 °C
(Fig. 7c), similar to that inferred by the silica geother-
mometer (L).

Thus, a temperature range from 78 to 95 °C is the zone
of overlap between the chemical geothermometers and
fluid mineral equilibria. This range is considered as the
most likely reservoir temperature for the HRG field. The
lower temperature of HR4-13 suggests mixing with cold
groundwater.

4.4 Evidence of mixing
4.4.1 Chloride mixing model

The enthalpy-chloride mixing model of Fournier (1979) is
useful for characterizing the parent geothermal liquid for
the HRG field thermal waters and delineating the upflow
and cooling process. This can help elucidate the hydrologic
complexities of various hydrothermal systems and estimate
reservoir temperatures (Mutlu 1998; Guo et al. 2009; Guo
and Wang 2012).

A principal trend can be inferred from Fig. 8a: mixing
with cold groundwater that is less enriched in C1™ causes a
decrease in the enthalpy and CI™ content. This process is
apparent in the HR4 samples, which are likely mixed with
cooler groundwater from the Zaccar Massif (recharge zone
area), as represented by HRS and HR6.

To simplify mixing calculations, it is assumed that the
sampled groundwater is a mixture of two end-members:
thermal and non-thermal waters. Chloride is used to esti-
mate the mixing ratio because it is considered a highly
mobile component and does not precipitate in chemical
reactions even at high concentrations and temperatures
(Han et al. 2010). The equation for the mixing ratio is as
follows:

1] [Clund
K=o o)

where R is the mixing ratio, expressed as the percentage of
non-thermal groundwater; [Clyx] is the chloride content
in the mixed thermal water of HR4, which was approxi-
mately 292 mg/L; [Clﬂ is the chloride content in the
thermal waters HR1 and HR2, which was approximately
355-381 mg/L; and [CIE ] is the chloride content in cold
groundwater of HR6 from the Zaccar Massif. The esti-
mated mixing ratio is between 22.6 % and 29.2 %, and the
results are reported in Table 4.

x 100(%) (6)
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Fig. 7 Mineral equilibrium diagrams for thermal waters of the HRG field. Discharge temperature corresponds to chalcedony-aragonite or calcite
intersections at SI = 0; reservoir temperatures shown by black arrows correspond to quartz-chrysotile or CO,y at SI = 0

Mixing ratio values based on chloride contents are much
lower than those obtained by the silica-enthalpy mixing
model of Bouchareb-Haouchine et al. (2012) and give a
mixing ratio of 60 %. The mixing proportion depends on
the distance between the center of groundwater exploita-
tion and the location near the fault zone. In the HRG field,
HR4 samples are located along deep-seated northeast-
southwest Miocene faults, which can cause a higher mixing
ratio.

5 Stable isotope geochemistry

The isotopic signature of thermal waters can act as a tracer
for the fluid origins and reservoir processes in geothermal
systems (Craig et al. 1956; Craig 1963; White 1986). The
3'®0 and 8D values are reported in Table 5, and they range
from —7.7 to —8.2 %o and —47 to —49 %o, respectively
(Fig. 8b).

The thermal waters from the HRG field fall along the
Global Meteoric Water Line (GMWL; Fig. 8b), the equa-
tion for which is 8D = 8.13 x 8'®0 + 10.8 (Rozanski
et al. 1993). This suggests a meteoric origin for the thermal
waters.

@ Springer

The plot shows the absence of an oxygen shift towards
positive values, which indicates that there is no interaction
with the host rock and suggests that the thermal waters
belong to a low-enthalpy resource. The downward shift of
the 0D values of the samples relative to local meteoric
water reflects the high altitude of the recharge zone area
(the Zaccar Massif, at 1200 m ASL). The meteoric water
likely infiltrated through a deep-seated fault network and
was heated during deep circulation. Recharge probably
took place in the fractured Jurassic limestone and dolomite
of the Zaccar Massif. The thermal waters preserved heat
when rising up to the ground surface by interaction with the
Triassic evaporite sequence bordering the hydrothermal
conduit (fault). The negative shift in 3'80 values from
HR3-13 to HR1-13 and HR2-13 is likely due to interaction
with CO, from carbonated rocks.

The tritium (°H) value in the thermal waters varies
between 3.3 TU for HR1, 6 TU for HR4, and 15.7 TU for
HRS5, while the tritium value of meteoric water from
northern Algeria is approximately 50 TU (Issaadi 1992).
The elevated *H content in thermal waters of the HRG field
is likely explained by mixing with surface waters, while the
*H increase from the upflow area represented by HRI to
the recharge zone area represented by HRS indicates the
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Fig. 8 a Chloride-enthalpy mixing model for northwestern Algerian
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mixing trends. b Plot of 5'%0 versus 8D for thermal waters showing
trends and shifts from different geothermal fields (from Giggenbach
1992). The Global Meteoric Water Line (GMWL) is also shown

flow direction. The groundwater component present in the
mixed thermal waters can be deduced using the following
simple equation:

X = (Tsp/Tgw) x 100 (7)

where X stands for the groundwater component in mixed
thermal waters given in %; Tsp represents the tritium value
of HR1 and HR4; and Tgw indicates the tritium value of
HRS (the cold spring from the Zaccar Massif). Mixing in
the Hammam Righa thermal waters varies between 21 %
and 38 %.

6 Discussion and conclusions

The thermal waters from the HRG field are classified as
two main types. The first is Ca—Na—-SO, (Cl) and Ca—Na-—
S04 (HCOy), represented by HR1, HR2, HR4, and HR3
waters mainly located in the upflow area of the Hammam
Righa, suggesting an interaction with gypsum/anhydrite-
bearing Triassic formations. The second is cold springs
located in the Zaccar Massif, represented by HR5 and HR6,
indicating a Ca—Na-HCO; water type. This mineralization
heterogeneity in the waters results from the complex geo-
logical features of the Tellian sector. Dissolution of gyp-
sum/anhydrite in HR1, HR2 and HR4 exerts an important
control on the chemistry of hot water. Dissolution of calcite
is a typical characteristic of cold water from the Zaccar
area.

Na/K geothermometers give a wide range of results
between 95 and 185 °C, because of the enrichment of Na
from the dissolution of halite minerals in Triassic evapor-
ites. The K/Mg geothermometer records lower tempera-
tures than the thermal water discharge (35-45 °C) because

Table 4 Estimation of the

: S . . Sample ID R (%) CIT (HR1 and Cl Mix (HR4) (mg/L) CIC (HR6) (mg/L)
chloride mixing ration R (%) in HR2) (mg/L)
HR4 mixed waters, based on the
Cl content of the hot waters HR1 (2013) 232 357 292 77
HRI and HR2 and the cold HR1 (2010) 26.7 370.62 292.17 77
water HR6
HR2 (2013) 29.2 381 292 77
HR2 (2010) 22.6 355 292.17 77
Table 5 The 8D and 5180 ID sample 818 O (%0) vs. SMOW 8 D (%o) vs. SMOW
values, expressed in %o relative
to V-SMOW, of thermal waters HR1-13 —48 _82
from the HRG field HR2-13 —49 3.1
HR3-13 —47 =77
Local meteoric water —10 —-2.6
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Fig. 9 Conceptual geothermal model for the HRG field

of Mg leached from near-surface reactions with Jurassic
dolomite and mixing with shallow groundwater. This effect
is apparent from the position of the waters in the Na—K-Mg
diagram, which fall close to the Mg corner in the immature
water field. Na—K—Ca geothermometers without Mg cor-
rection give suitable reservoir temperatures that are similar
to those estimated by the quartz geothermometer (Verma
2000). However, temperatures estimated by the silica
geothermometers (Fournier and Potter 1982; Verma 2000)
give the most suitable temperatures (95 °C for HR1, 92 °C
for HR2, and 78 °C for HR4). The fluid mineral equilibria
overlap in the same range, confirming the temperatures
given by the silica geothermometers.

According to stable isotope data (5'%0 and 8D values),
meteoric waters recharged at higher altitudes (the Zaccar
Massif at 1200 m ASL) circulated through deeper fault
networks that acted as conduits for ascending water and
saline sediments that preserve heat and maintain pressure
(Fig. 9). The high heat flow in northern Algeria is caused
by the tectonic setting and supplies the required heat to the
geothermal system. Ascending thermal water is conduc-
tively cooled and loses heat to surrounding host rocks in
HR1 and HR2 or is mixed with cooler Mg-rich shallow
groundwater that is mainly responsible for the temperature
decrease (e.g., HR4, which has a mixing ratio
226 >R >292 % in Table 4). Assuming a higher
geothermal gradient in the Tellian zones of northern
Algeria, which can reach 33 °C km™' (Bouchareb-
Haouchine 2012); 7 =Ty +SLZ, where Ty is a surface
temperature of approximately 15 °C and g—; represents the
geothermal gradient of the HRG field. Therefore, the cir-
culation depth Z is approximately 2.1-2.2 km at HR1 and
HR2 and 1.9 km for HR4. According to the geologic cross-
section (Fig. 9), these depths correspond to the Jurassic
dolomite and limestone sequence, which acts as a reservoir.

@ Springer

The possible contribution of the Miocene calc-alkaline
intrusion of 16—10 Ma in the heating process should be
rejected, as the geothermal system is a non-volcanogenetic
system.
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