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Abstract This study focuses on the water and gas chemistry of
the northeastern Algerian thermal waters. The helium gas was
used to detect the origin of the geothermal fluid. In the Guelma
Basin, the heat flow map shows an anomaly of 120 + 20 mW/
m? linked to the highly conductive Triassic extrusion. The
chemical database reveals the existence of three water types,
Ca-SOy4/Na-Cl, which are related to evaporites and rich in halite
and gypsum minerals. The third type is Ca (Na)-HCOj3, which
mostly characterizes the carbonated Tellian sector. The origin of
thermal waters using a gas-mixing model indicates a meteoric
origin, except for the El Biban hot spring (W10), which shows a
He/Ar ratio of 0.213, thus suggesting the presence of batholith.
The helium distribution map indicates a lower *He/*He ratio
between 0 Ra and 0.04 Ra in the W10 and W15 samples, which
is compatible with the crustal ratio. Reservoir temperatures es-
timated by silica geothermometers give temperatures less than
133 °C. The geothermal conceptual model suggests that a geo-
thermal system was developed by the deep penetration of infil-
trated cold waters to a depth of 2.5 km and then heated by a
conductive heat source (batholith for El Biban case). The ther-
mal waters rise up to the surface through the deep-seated
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fractures. During their ascension, they are mixed with shallow
cold groundwater, which increase the Mg content and cause the
immature classification of the water samples.
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Introduction

More than 70 principal hot springs are located in northeastern
Algeria, and they have a temperature discharge ranging be-
tween 31 and 97 °C. Most of the geothermal waters have been
used therapeutically for balneology since the Roman period.
The hydrogeochemistry of the geothermal water discharge is
strongly controlled by the host lithology (Issaadi 1992;
Bouchareb-Haouchine 1993; Kedaid and Mesbah 1996;
Saibi 2009).

The origin of the geothermal manifestations could be
linked to the Mio-Plio-Quaternary magmatic events
(Verdeil 1982) and a relatively high geothermal gradient
that exists in northeastern Algeria (approximately 4.32 °©
C/100 m; Bouchareb-Haouchine 2012). This study focus-
es on the water chemistry and key source rocks to under-
stand the interactions with the host rock. Gas species
(Rezig and Marty 1995) are used to ascertain the origin
of the different thermal manifestations using several gas
ratios to estimate the geothermal reservoir temperature
with gas geothermometry techniques.

Finally, the *He/*He ratio variation and distribution map
are used to examine the eventual intrusion at depth and to
develop a geothermal conceptual model for northeastern
Algeria (Fig. 1).
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Geological setting

The northeastern part of Algeria presents a complex geological
setting that belongs to the North African margin as a part of the
Maghrebide-Alpine belt (Fig. 2), which extends from Gibraltar to
Sicily-Calabria (Domzig et al. 2006; Auboin and Durand-Delga
1971). The study area is situated in the external zones within the
Tellian zones (Wildi 1983) and is mainly characterized by
Miocene folds and nappes thrusted over the Atlasic foreland
toward the south. The Atlasic domain consists of large-scale
SW-NE anticlines and synclines that are crossed by SE graben
and horst developed during the late Cretaceous collision between
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Hot spring sample

Fig. 1 a Study area in the northeastern part of Algeria. b With the location of the hot spring sampling points (in red circles)

the African and European plates. These structures are inherited
from the Eocene tectonic phase. The Atlasic domain is composed
of a carbonated fossiliferous sequence that includes clays, gyp-
sum, and secondary dolomites of Mesozoic to Eocene age.
Certain E-W lineament trends compatible with deep E-W faults
are abundant toward the southern part (Guiraud 1970). NE-SW
trending faults facilitate the release and effusion of saline Triassic
evaporites, thereby contributing to the surmounting diapir zone,
which is typically expressed by gypsum, halite, and anhydrite of
upper Triassic age. Toward the north and separating the external
to the internal zones, the Numidian flysch domain, which was
formed during the upper Miocene compressive phase, appears. It
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Fig. 2 Geological map of the different lithologies of the northeastern Algeria modified from Gouskov and Laffitte (1951)
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is essentially composed of a thick alternating series of sandstones
and clays of Oligo-Miocene age. The internal zones of the belt
are located along the coast and form discontinuous massives that
are considered a separation of part of the ancient Tethyan ocean
(AlIKaPeCa) from the European plate in the Early to Middle
Miocene (Domzig et al. 2006). In the northeastern part of
Algeria, a Hercynian metamorphic basement comprises the in-
ternal zones of the Magrebides belt and is covered by an essen-
tially carbonated sequence of so-called “Dorsale-calcaire”
(Durand-Delga 1969). Granitic and eruptive rocks are wide-
spread in the coastal areas, which are dated from 9.3 to 24 Ma
(Rezig and Marty 1995). Mineral deposits of Pb, Zn, Cu, Fe, and
Hg and the higher geothermal gradients could be related to this
Mio-Pliocene magmatic event, which resulted from the exten-
sional phase of deformation. However, evidence of the southern-
most intrusion of this magmatism and the crust melting process is
still lacking.

Heat flow and tectonics

The heat flow map at the ground surface in the northeastern
Algeria (Fig. 3) was estimated using temperature measurements
from 38 petroleum and geothermal wells (Rezig 1991). This heat
flow distribution map indicates important variations that are
overprinted by short-wavelength anomalies.

Northward, the Guelma Basin (near W01, W02, and W04
in Fig. 3) shows high heat flow anomaly values varying be-
tween 80 and 120 + 20 mW/m?2. Toward the south, a heat flow
of 45 mW/m? is found (Rezig and Marty 1995).

This anomaly is exclusively linked to the local geological
structures that belong to the Tellian sector, especially the
Triassic evaporites and salt deposits that form NE-SW trending
diapir zones, which extend from Bizerte (Tunisia) to
Souk-Ahrass and Guelma (Algeria). In fact, salt has a thermal
conductivity that is two to four times greater than that of other
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Fig. 3 Heat flow distribution map of northeastern Algeria determined from petroleum and geothermal wells
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sedimentary rocks. Its values can be as highas 5to 6 Wm ' K!
(Cermak and Rybach 1982; Lerche and O’Brien 1987).
Therefore, a salt diapir intruded in the sediment of much lower
thermal conductivity will act as a conduit for heat transport, both
vertically and horizontally (Magri et al. 2008). The presence of
extensional Miocene-Pliocene-Quaternary volcanism in the in-
ternal zones of the North African plate border suggests a possible
contribution of a recent mantle thermal event.

It is not clear in Fig. 3, but generally, in the northern part of
Algeria, the heat flow distribution map shows an E-W
trending anomaly that affects the northern part of the African
plate, stretching from the Canaries (volcanic islands) to Libya
(Saibi 2009).

Sampling and analysis methods

Rezig and Marty (1995) sampled 12 free and dissolved gases
from hot springs in the northeastern Algeria. The sampled gases
were evacuated in sealed glass tubes connected to a funnel.

The analyses were conducted at the M.A.G.LE. Laboratory
(University P. and M. Curie in Paris, France) using a mass spec-
trometer after both extraction and separation. The analytical un-
certainties were estimated to be between 5 and +10% for the gas
composition. Helium isotopic analyses were performed using a
mass spectrometer with a magnetic sector, model V.G. 5400.

Major ion analyses (for Na*, K*, Ca**, Mg”*, and SiO,) were

measured by atomic absorption spectrophotometry, while SO4*~

concentrations were determined by spectrophotometry and alka-
linity was determined using standard titration techniques. CI™
was analyzed using the AgNOj; titration method by ENEL
(1982). For SiO, analysis, samples were diluted tenfold using
deionized water to prevent SiO, precipitation in the water. SiO,
concentrations were determined by atomic absorption
spectrophotometry.

Results
Water chemistry

The discharge temperature, pH, and chemical composition
of the collected water samples are reported in Table 1.
Previous silica data were inferred from the database of each
hot spring in order to estimate the reservoir temperatures
(ENEL 1982; Kedaid 2007). The geothermal waters gener-
ally show a near neutral pH that ranges from 6.5 to 7.8 and
are characterized by very high total dissolved solid (TDS)
values up to 16,108 mg/L. This high water salinity is ex-
pected to be due to the interaction of the infiltrated meteoric
waters with the saline host rocks and probably reflects a
longer circulation and residence time.

According to the ternary diagrams (Fig. 4a, b), the north-
eastern Algerian geothermal waters can be classified into three
major types. The majority of the collected water samples are
sulfate waters with higher Ca-SO, contents (W17, W06, W07,

Table 1  Chemical composition (mg/L) of collected hot springs of northeastern Algeria (ENEL 1982; Kedaid 2007)

Sample ID  Hot spring (prefecture) T(°C) pH TDS Na* K*  Mg*  Cca*t Cl SO HCO;  SiO,
Wol H. Chellala (Guelma) 98 ND 1600 219 16 28 215 336 396 331 75
w02 H. N’Bails (Guelma) 34 6.6 6211 1550 12 157 370 2425 450 702 30
wo3 H. Zaid 39 7.1 1302 128 6 91 145 330 43 580 22
W04 H. Ben Hachani (Sedrata) 71 6.8 2046 93 12 108 380 195 863 415 60
Wwo5 H. Beni Salah (Guelma) 48 7.8 1256 358 8 28 23 295 30 592 55
W06 H. El-Hamma 34 7.6 2094 100 12 90 470 175 1150 320 14
wo7 H. Salhine (Skikda) 55 6.5 2046 33 12 352 64 195 863 415 ND
W08 H. Meksa (El Kala) 36 6.9 704 75 8 60 64 135 48 360 39
W09 H. Sidi Djaballah 37 7.1 1262 273 10 61 50 350 150 427 33
W10 H. El Biban 80 7.8 16,108 5000 13 155 408 8300 1000 250 ND
Wil H. Soukhna 50 7.1 2052 413 4 82 124 775 283 260 ND
wi2 H. El-Hamma-2 ND ND ND 60 3 82 124 775 283 260 ND
W13 H. Beni Haroune 42 7.3 3762 940 35 44 190 1688 375 244 ND
w14 H. Boutaleb (Setif) 52 7.1 3416 625 35 112 286 1175 815 195 ND
W15 H. Ouled Yelles 47 7.1 1672 220 52 132 58 350 438 268 ND
Wwie6 H. Ibainan 60 7.3 13482 3660 81 112 496 5800 1500 372 ND
w17 H. Guerfa (Sedrata) 68 7.2 2206 95 16 118 380 250 900 366 53
W18 H. Ouled Ali (Guelma) 50 7 1140 30 8 62 166 40 438 372 50
W19 H. Sidi Trad (El Kala) 63 8 542 93 8 18 28 43 30 292 50
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Fig. 4 a Piper diagram of northeastern hot spring samples (mg/L). b Ternary diagram of Cl-SO4,-HCO; showing the water types of the northeastern

Algerian hot spring samples

W04, and W18 in Fig. 4a), even though it is creating a trend
toward the chloride water corner, with higher Na-ClI species
(W10, W16, W13, W02, W11, and W14 in Fig. 4b). The
chemical composition and high TDS values of the water sam-
ples, which were obtained far away from seawater, reveal the
evaporitic nature of the sedimentary host rocks, typically rich
in gypsum and halite.

The third type is bicarbonate water, which is certainly rich in
Ca-HCO; and Ca-Mg-HCO; (W12, W03, and WO0S in Fig. 4a)
and is poor in Na-HCOj; contents prevailing (in W19 and W05 in
Fig. 4a). This clearly reflects the interaction of meteoric water
with the Jurassic age limestone and dolomite sequence, which
constitute the principal reservoir rocks of the Tellian zones.

The Na and CI contents are shown in the scatter diagram in
Fig. 5a. The geothermal waters of the Tellian sector are strong-
ly correlated with the halite dissolution line (R* = 0.94).
Chlorides are known as highly mobile chemical species that
interact weakly with the host rock (Herczeg and Edmunds
2000). Therefore, this correlation is likely explained by the
enrichment of Na in Na-Cl waters from the interaction of the
infiltrating water with the halite-bearing Triassic evaporites.

The Ca-SO, scatter diagram is shown in Fig. 5b. A typical
SO,4-type composition can be identified for the geothermal
waters of northeastern Algeria. Thus, several geothermal wa-
ter samples from the Tellian zones are plotted along the gyp-
sum dissolution line (W06, W17, W02, W11, W12, W04, and
W10 in Fig. 5b), with a correlation coefficient of R?=0.79.
This result suggests that dissolution of sulfate minerals mainly
hosted by the Triassic evaporitic sequence that controls the
water chemistry of the Tellian zones.

Ca-Mg-HCO; and Na-HCOj; waters are the significant
type of the Tellian zones. They are generally located at depth
with Cretaceous and Jurassic carbonate formations.

These geothermal waters have lower Ca/HCO; ratios (<1;
W08, W19, W07, W12, W09, as shown in Fig. 5c) and corre-
spond to the calcite dissolution line. Although calcite can precip-
itate as thermal water rises, this precipitation induces the deple-
tion of HCOj in the thermal waters. Therefore, a higher Ca/
HCO; ratio (>1) involves the contribution of Ca derived from
the Triassic gypsum (W06, W16, W10, and W14 in Fig. 5¢),
which could be interpreted by the lack of deep water interaction
with the shallower carbonate host rock during the ascension.

As shown in Fig. 5d, the key control processes of the north-
eastern geothermal waters indicate that Na and Cl contents are
principally related to the dissolution of the saline Triassic forma-
tion, which is rich in halite (Tundt 1971; Edmunds et al. 2003).

Thus, the Na/Cl ratio of most of the geothermal water samples
is buffered at ~1. However, the HCO5/(SO4+Ca) ratio indicates a
much higher value that ranges between 1 and 10. Therefore, this
dominant shift toward a greater value signifies calcite dissolution,
which is typical for the Tellian carbonate units.

The higher Na/Cl ratio found in W19 and WO0S5 in
Fig. 5d may likely be due to Na percolation from sand-
stone and clay alteration of the Numidian flysch (Garcia
et al. 2001; Fourré et al. 2011). Furthermore, the Na in-
crease could also be supplied through the cation exchange
process, with clays accompanied by Ca deficiency. This
phenomenon has already been observed in circulating
brines in sedimentary basins (Davisson and Criss 1996;
Zilberbrand et al. 2001).
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Na-K-Mg diagram

The ternary diagram of Na/1000-K/100-Mg'? (Fig. 6) sug-
gested by Giggenbach (1988) is used to estimate the reservoir
temperatures.

At most, the northeastern Algerian geothermal water sam-
ples are plotted quite close to the Mg'’? corner, indicating an
immature water field, except for samples W16 and W02 in
Fig. 6. These samples fall in the equilibrated or mixed water
field, providing temperatures of approximately 140 and 80 °C,
respectively. Sample W10, as shown in Fig. 6, lies on the full
equilibrium line and thus has a temperature of 40 °C due to the
high Cl contents of ~8300 mg/L, which may have mixed with
the original chloride fluid at depth.
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The immature water plot of the thermal waters may result
from the mixing of fully equilibrated or partly equilibrated geo-
thermal waters with cold shallow and immature groundwaters
rich in Mg contents. However, the use of such waters for evalu-
ating geothermal reservoirs is dubious (Giggenbach 1988) be-
cause it makes the reliability of cationic geothermometers only
tentative (Tarcan 2005).

Geothermometry

Solute geothermometers, which are mainly based on
temperature-dependent mineral fluid equilibria, are known
as valuable tools for evaluating geothermal reservoir tem-
peratures. The following geothermometers were applied:
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Fig. 6 Termary Na-K-Mg
diagram for the northeastern
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samples (Giggenbach 1988)
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1980), (f) Na/K (Nieva and Nieva 1987), (g) Na/K
(Fournier 1979), (h) silica (Fournier and Potter 1982), (i)
silica (Verma 2000), (j) cristobalite () (Fournier 1977), (k)

Table 2  Estimated temperatures (in °C) of the northeastern Algerian geothermal system using several cationic and silica geothermometers

Sample ID  Hot spring (prefecture) a (°C) b(°C) ¢ (°C) d(°C) e(°C) f(°C) g((°*C) h(°C) i(°C) j(°C) k(°C) 1(°C) m(°C)
W01 H. Chellala (Guelma) 214 111 209 156 188 179 192 122 118 71 101 133 93
w02 H. N’Bails (Guelma) 105 46 87 15 328 56 66 80 72 30 52 88 48
W03 H. Zaid 187 93 178 119 146 148 160 67 59 18 39 75 35
Wwo04 H. Ben Hachani (Sedrata) 251 124 254 217 255 226 240 111 106 60 88 121 81
W05 H. Beni Salah (Guelma) 150 84 135 68 90 104 115 107 101 56 83 117 77
W06 H. El-Hamma 246 120 247 208 246 219 233 50 42 2 21 58 18
w07 H. Salhine (Skikda) 336 179 362 387 451 344 360 nd nd nd nd nd nd
w03 H. Meksa (El Kala) 238 127 238 195 231 209 223 91 84 41 65 100 60
W09 H. Sidi Djaballah 175 95 163 100 125 132 144 84 77 34 57 92 52
W10 H. El Biban 68 23 48 nd nd 18 26 nd nd nd nd nd nd
Wil H. Soukhna 114 51 96 25 43 65 75 nd nd nd nd nd nd
W12 H. El-Hamma-2 190 92 182 124 151 152 164 nd nd nd nd nd nd
W13 H. Beni Haroune 176 95 164 101 127 133 145 nd nd nd nd nd nd
W14 H. Boutaleb (Setif) 198 105 190 133 161 159 172 nd nd nd nd nd nd
W15 H. Ouled Yelles 301 174 312 304 355 288 304 nd nd nd nd nd nd
W16 H. Ibainan 150 80 135 68 90 103 115 nd nd nd nd nd nd
w17 H. Guerfa (Sedrata) 272 136 277 252 295 252 266 104 99 54 81 115 75
W18 H. Ouled Ali (Guelma) 307 154 325 325 379 303 319 102 96 52 78 112 72
W19 H. Sidi Trad (El Kala) 224 125 221 172 205 191 205 102 96 52 78 112 72

(a) Na-K-Ca-Mg (Fournier and Potter 1979), T=[1112/log (Na/K) + 3 x log (Ca/Na)+2.24]—273.15,3=1/3 ast< 100 ° C, R =Mg/(Mg + Ca+K) x
100 (Fournier and Potter 1979); (b) Na-K-Ca (Fournier and Truesdell 1973), T=[1178/(log(Na/K) + 1.47) — 273], Mg % less than 8%, Mg % [100 Mg/
TMEQ]; (c) Na/K (Giggenbach 1988), T=[1217/(1.483 + log (Na/K)] —273.15; (d) Na/K (Truesdell 1976), T=[856/(0.857 + log (Na/K)] —273.15;
(e) Na/K (Tonani 1980), T'=[833/log (Na/K) + 0.780] — 273.15; (f) Na/K (Nieva and Nieva 1987), T=[1390/log (Na/K) + 1.75] —273.15; (g) Na/K
(Fournier 1979), T=[4410/14 — log (K2 /Mg)]—273.15; (h) silica (Fournier and Potter 1982), T'=[1175.7/4.8 — log SiO,]; (i) silica (Verma 2000),
T=[1032/(4.69 — log Si0,)] —273.15; (j) cristobalite (&) (Fournier 1977), T'=[1000/(4.55 — log SiO,)] —273.15; (k) silica (Giggenbach 1992),
T=[1309/(5.19 — log C)] —273.15; (1) silica with no steam loss (Fournier 1977), T'=[42.198 +0.278831C — 3.6686 x 10™* C? +3.1665 x C* +
77.034 log C], where C is the SiO, content in spring discharge; (m) chalcedony (Fournier 1992), T'=[1522/(5.75 — log Si0,)] —273.15

nd not determined
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silica (Giggenbach 1992), (1) silica with no steam loss
(Fournier 1977), and (m) chalcedony (Fournier 1992).

In the study area, the application of Na/K geothermometers
provides high temperature results and a wide range for
low-medium reservoir temperature. These wide-range
temperatures are dependent of dissolution of Na* ions
from halite mineral rather than chemical equilibrium at
low temperatures (Haklidir 2013; Belhai et al. 2016).
Therefore, they consistently provide reliable results if res-
ervoir temperatures exceed 180°, with a minimum of
150 °C (Truesdell et al. 1987). They infer temperatures
between 46 and 324 °C in W02 and between 136 to 295 °
C in WI17. In contrast, temperatures estimated by
Na-K-Ca geothermometers (b) approximate those estimat-
ed by silica geothermometers (h) to (m), suggesting that
Na-K-Ca is less affected by mixing with cold waters and
precipitation of calcite causing the loss of Ca.

As shown in Table 2, reservoir temperatures were es-
timated by silica geothermometers (h) to (m), which can
be more sensitive to mixing and fairly reflect a rapid
reaction. Therefore, these geothermometers should be

appropriate to be applied for geothermal waters of the
study area. At temperatures less than 180 °C, the solubil-
ity of silica is often controlled by chalcedony rather than
quartz, and in the dolomite-limestone reservoir such as
the northeastern Algeria geothermal fields, it is important
to apply quartz geothermometers cautiously, despite the
fact that a chalcedony geothermometer infers tempera-
tures approximating to the discharge temperature on-site.
Consequently, the calculated reservoir temperatures by
quartz geothermometers (h) and (i) shown in Table 2
and Fig. 7 infer values between 118 and 122 °C in
WO1 and between 106 and 111 °C in W04 and appear
to be more valid than those calculated by the other
geothermometers for the thermal waters in the study area
because of the mixing process.

Gas chemistry
Table 3 shows the relative amounts of the major and noble

gas components (N,, O,, CO,, CHy, H,, H,S, He, and Ar)
in the dry gas phase at equilibrium for each geothermal

Fig. 7 Estimated reservoir g
temperatures based on different o 450 - ] Cationic geothermometers
cationic geothermometers and :’3_‘ 400
silica geothermometers g ; J e (a): Na-K-Ca-Mg Fournier and Potter (1979)
w350 s ' » (b): Na-K-Ca Fournier and Truesdell (1973)
Z 304 s § | e (o) Na/K Giggenbach (1988)
E ® ' » (d): Na/K Truesdell (1976)
o 250 Y > > (e): Na/K Tonani (1980)
Z ] ! g ; ® (f): CCG Nieva and Nieva (1987)
w200 g ' g s s s ® (g): Na/K Fournier (1979)
& 150 g o *28°, »
a » 28> ° ' . '.
LR IR R
= ° o 8 >
£ s § 3
2 > s ®
0 T
Sample ID
g ' Silica geothermometers
E 1204 S N ’
E ) '. o. o, ; ® (h): Silica, Fournier and Potter (1982)
‘é‘ ° e ® >0 » (i): Silica, Verma (2000)
] ®
= 80 - e © .’ ’ : > 5 0 e (j): Cristobalite (a), Fournier (1977)
g e, Ceoe » (k): Silica, Giggenbach (1992)
S ®
e re .o ®e ( » (I): Silica no steam loss, Fournier (1977)
i o : ® e e (m): Chalcedony , Fournier (1992)
a 40 + 3 e .
".<_:J e
= e o
@
w
T

0 T T T - T
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mal water samples reveals the following: ~ o - ~ <
S | &% 25324828
. = =~ & 2 =35 88 ®$
— W07, W08, W10, W11, and W15 show a higher N,/O, Z O e T B
ratio, whereas W02, W09, W12, and W13 have values o
near those of air and have higher O, concentrations. &.‘Z w
However, these results likely reflect the air contamination § E g - E Lmd % " o ; 5
by the enrichment of O, in the thermal water and indicate %
N,/Ar ratios between 43.2 and 87.5, the latter of which is § < o 9 4 m e T9 T 0T
close to the contamination ratio (~84). The meteoric ori- E g eIz zZgdsdzsssgsocs
gin of thermal water generally indicates an N,/Ar ratio of &
~37, which is compatible with samples W01, W02, W05, E T e o - — e o o
= S A 0 — 0 N O —= 0 I O
and WOS. s | 2 S o oS ok
° S O O O O O O o o o o <o
— The He/Ar ratio gives greater values than the atmospheric s
value of 5.7 x 10~* (Nicholson 1993). ; _ - - 0 -
—  WI0 has a high He/Ar value of 0.213 and a low N,/He % Z SRR L2 a2 E
value of 312.5. The high helium value could be explained ?_:;
by the high residence time or existence of a deep granitic g — A - T o oo
. . . . . b Q —n BB S F SN A —~
intrusion batholite numide (Cormy and Demians °]o S ® ZZS d~cS S = in =
d’Archimbaud 1970). g
S = B et L
E ZN T N © 0 0 O o A SN S s
<t AN — O vnn 0 VN &N N O &
Helium isotopic composition £ . e . e w
gl = Zgg%gggwgg|;
The *He/*He ratio ranges from 0.04 Ra to 0.79 Ra (Table 3). £
These lower values of *He/*He are compatible to the crustal e . ° <« -
v
source ratio (lower crust is assumed to have *He/*He = 0.01 f:g 5 IBnag 2= B«
Raj; the upper crust has *He/*He = 0.06 Ra; Italiano et al. :
2014). “He/*Ne falls between 0.4 and 159.8, thus revealing =N A QA v An s
a mixture from the crust and atmosphere and, likely, the ab- E oot 2238  wvzz=2d
sence of mantle contribution. g
The excess CO, and increase in H,S correspond to the 2| & ; [Z,\r s g Ty 9o
increase of the crustal gas component and contribute to the g © SO T B L
decrease of the *He/*He ratio from 0.38 Ra to 0.04 Ra, which §ﬁ
is compatible with crustal-derived helium. . Sl B IR I B St B A T
However, a lower helium concentration could be explained E Sl r e Fadn Foas S
by the depletion of mantle-derived helium from the reservoir £ 5 o §
via CO, oversaturation, accompanied by mixing with cold g g 5 3 s 22 E
. .. . . = = Q0 -
meteoric water or groundwater containing nearly radiogenic g a S = éé R .;ci g é’ g = _>; 3
helium (Wiersberg et al. 2011). 5l |22 5855828 2|¢
The increase in N, in hot springs and the decrease of E: L:) i 2 2 ;j i ; ; ; ; 2 g S
CO, in Table 3 give higher values of the *He/*He ratio 5 g
that were clearly above the crustal ratio and approached 1 ol o g
Ra and lower *He/**Ne ratios that were close to the air 2| & sTazxoesxgxges-aonlE
ratio of 0.285 (Mamyrin and Tolstikhin 1984) because of EldB|lzzzzz2zzzz222|x
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Fig. 8 a N,-He*1000-Ar*100, b N,-CH,4-H,S, and ¢ CH4-H,-H,S ternary mixing models of the northeastern Algerian geothermal water. ASW air-

saturated water

the higher sensitivity of Ne isotopes to atmospheric contami-
nation, which is more abundant in the atmosphere than He
(W08, W12, W02, and W07 in Fig. 9). However, the increase
in N, and the low “He/*Ne values indicate a probable atmo-
spheric contribution by contamination.

Higher values of *He/*°Ne were recorded for samples W15
and W10, which are obviously explained by the existence of
the batholite numide, as shown by Cormy and Demians
d’Archimbaud (1970).

R/Ra

X
0.1 1 10 100

“He/*°Ne
Fig. 9 Helium isotopic results plotted as R/Ra vs. *He/*’Ne for the

northeastern Algerian hot springs. Colored lines show mixing trends
between the atmospheric and crustal components

1000 5000
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Gas geothermometry

The gas concentration in a geothermal reservoir is eventually
affected by the gas ratio. However, the use of gas-gas
geothermometers is needed to estimate the geothermal reservoir.
To better estimate the reservoir temperatures of the north-
eastern Algerian geothermal waters, four geothermometers,
including CO,-H,S-CHy-H, (D’Amore and Panichi 1980),
H,-Ar (Giggenbach and Goguel 1989), and CO,-Ar and
CO,-H, (Giggenbach 1991), were applied in Fig. 10.
CO,-H,S-CHy4-H, (D’ Amore and Panichi 1980) is partially
empirical with respect to the selection of CO, partial pressure
(Pco, ), which is related to the proportion of CO, in the total
gas content of the discharge (if CO, < 75%, Pco, = 0.1; if
CO, > 75%, PCO2 = 1.0; if CO, > 75%, CH4 > 2H,, and
H,S > 2H,, Pco, = 10 ). Therefore, the reservoir tempera-
tures estimated using these geothermometers range between
161 and 313 °C, respectively (W04, W07, and W15 in
Fig. 10a), with Pco, = 0.1 (Table 4). Those estimated tem-
peratures are considered slightly higher than the reservoir tem-
peratures because of the high CO, content in water due to the
precipitation of carbonate minerals around the hot spring area.
The H,-Ar geothermometer of Giggenbach and Goguel
(1989) produces much lower estimated temperatures than
the reservoir temperatures of the northeastern Algerian geo-
thermal water (W02, W04, W08, W09, W12, and W15 in
Fig. 10a). This is likely due to the low H, content compared
with the other gas species, the consummation of H, due to the
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Fig. 10 a, b Estimation of reservoir temperatures using several [2.5 +log(Xn,/Xar)] (Giggenbach and Goguel 1989). CO,-Ar:
gas geothermometers. CO,-H,S-CHy-H,: ¢ (°C) = [24,775/ t (°C)=[0.227 xt—="7.53+2048/t+273]. CO,-Hy: t (°C) =
(2log(CH4/CO,)—6log (H,/CO,) —3log (H,S/CO,) + 7logPco, + —28.57 x log [CO/H,] + 341.7 (Giggenbach 1991)

36.05)]-273 (D’Amore and Panichi 1980). Hy-Ar: ¢ (°C) =70

oxidation of pyrite to produce magnetite (Eq. 1), or alteration =~ W12, and W15 in Fig. 10a). These results likely reflect
of the evaporite minerals, such as anhydrite in veins near the  the depletion of H, and the carbonated nature of the hot
upflow area of W15. The effect of the dilution process in the  rock, which leads to the precipitation of calcite and the
geothermal water is far from negligible because dilution with  increased CO, in the water.

meteoric recharge can increase Ar content and air contamina- Figure 10b shows the CH4/CO, vs. Hy/Ar* diagram, in
tion. However, this effect is less prominent when applying the ~ which Ar* = Ar — (0,/22) is used to avoid atmospheric
CO,-Ar geothermometer (Giggenbach 1991). contamination at the ground surface in the absence of O,.

The samples (W04, W07, W11, and W15 in Fig. 10b) give
3FeS; + 2H; + 4H,0 = Fe;04 + 6H,S (1) lower temperatures than 150 °C, and —3.6 < Ry < —3.4

(Ryg = logH,/H,0), which explains the equilibrium line at

Furthermore, the CO,-H, geothermometer (Giggenbach  different temperatures of redox conditions. These results
1991) estimated higher temperatures, ranging between  indicate that the fluid reservoir is of lower temperature
217 and 275 °C (W02, W04, W07, W08, W09, W11, due to the lower H, compared with other gas species. This

Table 4  Estimation of the geothermal reservoir temperature inferred on the basis of gas geothermometry and gas/gas ratios

Sample D H,/Ar CO,/H, CO/Ar CH/Ar  COYHS  1(C)  I(C)  MCC) VO,
wol - - 9044.5 4.1818 710.643 ND ND ND ND 0.1
W02 0.038 1901.3 73.1 ND ND - 248 ND 77 10
W04 0.012 22,1143 266.8 33 86 161 217 204 41 0.1
Wo5s - ND 171.8 0.25 458.333 - - - - 0.1
wo7 0.001 2329.4 4.02 0.005 1015.38 199 245 90 - 0.1
Wo8 0.037 671.5 25.57 ND 145.736 - 260 - 77 0.1
W09 0.016 83.7 1.41 ND ND - 286 52 0.1
W10 - - 1242667 52 16.069 - - - - 0.1
Wil 0.0003 7800 24 0.08 ND - 230 - - 0.1
W12 0.01 7223.8 72.23 ND ND - 231 - 35 0.1
w13 - ND 5.45 ND 57.714 - - - - 0.1
W15 0.014 202.9 2.99 0.141 47361 313 275 79 47 0.1

I (°C): CO,-H,S-CH4-H, (D’Amore and Panichi 1980); II (°C): CO,-H, geothermometer (Giggenbach 1991); III (°C): CO,-Ar geothermometer
(Giggenbach 1991); IV (°C): Hp-Ar Giggenbach and Goguel (1989)

ND not determined

@ Springer
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Fig. 11 Map of the spatial 4 57

7 8 9° 10°

© 1
distribution of R/Ra in 38
northeastern Algeria and its
connection with major faults

® 0<R/Ra<0.05
0.05<R/Ra<0.15

® 0.15<R/Ra<0.3
0.3<R/Ra<0.6

® 0.6<R/Ra<0.8

1 1 1 1 38"

ALGERIA wit TUNISIA
35° : ; : r T 35
& 5° 6 7 8 9 10°
Triasic Salt diapir. 100 km
|

/ Major Faults.

shift toward lower temperatures likely reflects a larger con-
tribution of vapors that are either relatively depleted in H,
by boiling or enriched in Ar, possibly related to meteoric
recharge.

The probable presence of secondary dissolution, such
as Triassic anhydrite, produced by fluid-rock redox causes
the consummation of H,, which can affect the calculated
equilibrium temperature (Joseph et al. 2011; Magro et al.
2013). The resultant H,S of the rising gas could be
promptly oxidized in the interaction with cold ground wa-
ter and could lead to sulfate waters with higher SO,4 con-
tent (Cinti et al. 2014).

Origin of helium and the link with tectonic activity

Helium isotopes are considered powerful indicators of the
origin of volatiles and susceptible tracers of the
mantle-derived contribution to crustal fluids (Ballentine
et al. 2002; Jean-Baptiste et al. 2014). In northeastern
Algeria, the crustal radiogenic helium composition is the
most dominant in all geothermal samples. This could typ-
ically be related to the geodynamical context of the
Tellian sector.

The lowest value ranges between 0 Ra and 0.04 Ra, asso-
ciated with high SO, content, and deep Cl waters (see W10
and W15 in Fig. 11) are compatible with crustal ratios with no
detectable amount of mantle-derived *He in the geothermal
water.

@ Springer

These results indicate that the helium isotopic composi-
tion in the sedimentary basin is impermeable to mantle vol-
atiles (Marty et al. 2003; Fourré et al. 2011). Helium values
of 0.05 to 0.15 (see W04, W05, and W11 in Fig. 11) remain
close to the crustal ratio. The high “He is likely due to subsur-
face feeding of the crustal flux along large-scale faults, such as
the NE-SW El Biban Fault and the E-W Debbagh Fault.

Toward the extreme northeastern part of Algeria, the *He/*He
ratio spatially increases up to 0.8 Ra, which is accompanied by a

Temperature (°C)

0 50 100 150
0 1 1 1
1000 4
E
£ 2000
Q
V]
o
3000 -
4000

Fig. 12 Downhole measured temperature of the petroleum well ZM1
(Rezig 1991)
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Fig. 13 Geothermal conceptual models of northeastern Algeria. a Geothermal conceptual model of Hammam El Biban (W10). b Geothermal

conceptual model of the hot springs in the Guelma Basin

minor mantle-derived helium composition when *He/*He ~0.6
(see W08 and W12 in Fig. 11). This is probably linked to the
significant seismic activity characterizing the study area (Fourré
etal. 2011; Maouche et al. 2013) and may lead to mantle-derived
helium release along the deep NE-SW and E-W active faults.

Another possible reason of northward *He enrichment is
melting at the depth of the recent mantle, as indicated by the
localization of eruptive and granitic rocks in the coastal zones,
which range between 9.3 and 24.4 Ma in age (Rezig and
Marty 1995). This effect is less expressed in the south, which
suggests the placement of the plutonic source at depth
(Maouche et al. 2013).

Conceptual model

A conceptual model was proposed by Saibi (2009), who sug-
gested a location of conductive heat at a penetration depth of
7 km in northeastern Algeria. In contrast, Cormy and Demians
d’Archimbaud (1970) suggested the presence of a batholite
intrusion.

The penetration depth of the water in the northeastern geo-
thermal system of Algeria is approximately 2.5 km, as calcu-
lated from the estimated reservoir temperature using silica
geothermometers.

The temperature profile for the 4000-m-deep petroleum
well ZM1 (Fig. 12) is located near W15, W11, and W10.
The well data reveal the presence of two anomalies at depths
of 2 and 3 km. The geothermal reservoir could explain the
2-km-depth temperature anomaly, whereas the 3-km-depth
temperature anomaly could be related to the batholite intru-
sion proposed by previous studies (Fig. 13).

Discussion and conclusions

The chemical composition of the thermal waters in northeast-
emn Algeria is a function of the local tectonic setting and var-
iable geological features. Thus, halite and gypsum dissolution
from the Triassic evaporites strongly influences the chemistry
of the hot springs. Few samples have recorded radiogenic
helium associated with higher CO, of biogenic origin
(Issaadi 1992) induced by calcite precipitation from shallower
carbonate rocks of the Tellian sector. Higher H,S content ac-
companied this CO, excess and resulted from the consumma-
tion of H, from boiling and separation, which caused a lower
reservoir temperature (<150 °C) and likely produced a similar
result to the silica geothermometers that easily reach equilib-
rium in cases of immature water types, such as those in north-
eastern Algeria. This is likely due to the leaching of Mg when
the thermal water rises to the ground surface. In fact, the effect
of dilution with cold groundwater or meteoric water increases
the amounts of N, and Ar resulting from the contamination.

Those higher amounts correspond to the increase of the
*He/*He ratio and the lower “He/*°Ne ratio due the high abun-
dance of Ne in the atmosphere. The suggested existence of a
batholite intrusion in the El Biban region is well correlated
with the high He/Ar ratio of 0.213. The lower *He/*He ratio
and the higher *He/**Ne ratio correspond to continental crust
values. The increase in mantle-derived *He is logically ex-
plained by the seismic activity in northern Algeria and the
development of a deep fractured zone, which has led to the
release of mantle-derived helium.

The conceptual model suggests that the northeastern
Algerian geothermal system was developed by the deep

@ Springer
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penetration of infiltrated cold groundwaters to a depth of up to
2.5 km and then heated by a conductive heat source (the
batholite in the El Biban case). The hot water flowed to the
surface through the deep-seated fractures. During its ascen-
sion, the hot waters mixed with shallow cold groundwaters,
thereby increasing the Mg contents and causing the immature
classification of the hot water samples.
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