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Abstract The regular hydrochemical monitoring of
groundwater in the Mila basin over an extended period has
provided valuable insights into the origin of dissolved salts
and the hydrogeochemical processes controlling water
salinization. The data reveals that the shallow Karst aquifer
shows an increase in TDS of 162 mg L™" while the ther-
mal carbonate aquifer that is also used for drinking water
supply exhibits an increase of 178 mg L™'. Additionally,
significant temperature variations are recorded at the sur-
face in the shallow aquifers and the waters are carbo-
gaseous. Analysis of dissolved major and minor elements
has identified several processes influencing the chemical
composition namely: dissolution of evaporitic minerals,
reduction of sulphates, congruent and incongruent car-
bonates’ dissolution, dedolomitization and silicates’
weathering. The hydrogeochemical and geothermometric
results show a mixing of saline thermal water with recharge
water of meteoric origin. Two main geothermal fields have
been identified, a partially evolved water reservoir and a
water reservoir whose fluid interacts with sulphuric acid
(H,S) of magmatic origin. These hot waters that are char-
acterized by a strong hydrothermal alteration do ascend
through faults and fractures and contribute to the
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contamination of shallower aquifers. Understanding the
geothermometry and the hydrogeochemistry of waters is
crucial for managing and protecting the quality of
groundwater resources in the Mila basin, in order to ensure
sustainable water supply for the region. A conceptual
model for groundwater circulation and mineralization
acquisition has been established to further enhance under-
standing in this regard.
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1 Introduction

In semi-arid and arid regions groundwater over-pumping
driven by both an increasing demand and climate change,
has led to deeper extraction levels. This resulted in the
overexploitation of aquifers and the contamination of water
resources with various pollutants. Groundwater saliniza-
tion, that is characterized by increased dissolved salt con-
centrations, has emerged as a significant form of pollution,
adversely affecting groundwater quality. Several
researchers have studied the origins of salinity and the
processes of groundwater mineralisation acquisition.
Indeed, potential sources of salinity in waters are: disso-
lution of evaporite minerals (Cardenal et al. 1994; Moussa
et al. 2011; Khaska et al. 2013), saltwater intrusion from
sabkhas (Farid et al. 2013; Demdoum et al. 2015; Dhaoui
et al. 2023), intrusion of fossil marine water that is trapped
in sediments (Barbecot et al. 1998; Vallejos et al. 2018;
Cherchali et al. 2023), current marine intrusion (Custodio
and Bruggeman 1987; Bouchaou et al. 2008; Martinez-
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Pérez et al. 2022), upwelling of deep saline water from the
basement (Frape et al. 1984; Aquilina et al. 2002; Hébrard
et al. 2006; Walter et al. 2017), agricultural activities
(Stigter et al. 1998; Pulido-Bosch et al. 2018) and saline
pollution caused by the infiltration of mining brines (Lucas
et al. 2010).

In Mila’s province, which is located approximately
70 km south of the Mediterranean Sea, groundwater serves
as the exclusive source of drinking water supply and irri-
gation for numerous municipalities, despite the presence of
the large Beni Haroun dam (960 hm? capacity). The dam’s
water is primarily allocated to major cities in eastern
Algeria, such as Constantine, Jijel, Mila (city center), Oum
El Bouaghi, Batna, and Khenchela (ANBT 2000). In the
central zone of Mila’s prefecture, traditional wells and
more than 51 permanent springs used to be the primary
sources of drinking water before the 1960s (DHW Mila
1996). The drilling of boreholes in the region started in
1980, primarily in the Boussellah valley. In the 2000s, the
number of boreholes increased significantly to meet agri-
cultural demand for irrigation water. By 2008, the number
of springs has decreased to only a dozen with temporary
flow that were productive only during winter seasons (ADE
Mila 2013). In 2019, 32 boreholes were producing over
400 L-s™', with a pumping duration of 18 h per day,
exclusively for drinking water supply (DHW of Mila
2020). On a province-wide scale, there were 306 boreholes
and 928 wells used for irrigation (Agricultural Services
Directorate of Mila 2020). The cultivated land surface area
in the province of Mila extends over ~ 248.454 hectares
(DSASI 2021), with groundwater being the primary source
of water for irrigation. The groundwater quality monitoring
network operated by the National Water Resources Agency
of Constantine in the Mila region started in 1993 and
continued until 2012. It concerned five drinking water
supply boreholes in different prefectures. During almost
two decades of excessive pumping, hydrochemical moni-
toring showed a clear increase in total mineralisation and
excessive nitrate levels. The hydrogeological complex in
the central part of Mila’s province has been the focus of our
investigation and involved a regular hydrochemical moni-
toring of groundwater over a decade and encompassing
three boreholes. During this period, significant changes
have been observed including an increase in total dissolved
mineralization, elevated bicarbonate levels, and a wide
range of groundwater temperatures. Furthermore, the study
area is characterized by the presence of six natural thermal
springs, out of the ten in Mila’s province (Issadi 1992; Dib
2008), located close to the boreholes used for drinking
water supply, including one directly exploited through
drilling. All these thermal springs are characterized by a
continuous flow.
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Based on these observations and the notable physico-
chemical and hydrochemical variations, our investigation
aims to achieve the following objectives:

e Determine the potential sources of water salinization

e Identify the hydrogeochemical processes responsible
for water salinization

e Define the various origins of the pollution affecting the
groundwater

e Investigate and characterize the thermal aquifer in the
basin, including its depth and temperature

e Explore the relationship between the thermal aquifer
and the shallow aquifer used for drinking water supply

e Identify potential mixings within the groundwater

e Establish a water circulation model for the hydrogeo-
logical complex.

The overarching goal of this study is to develop a con-
ceptual model explaining groundwater circulation and
salinization in the multi-layer aquifer complex of the
central basin. By understanding the origins and by high-
lighting different pollution sources affecting groundwater,
our research aims at preventively contributing to raise
awareness about groundwater quality degradation. This
effort is crucial in preventing a dysfunction of the aquifer
complex and in promoting the sustainability of water
resources. Additionally, targeting the thermal aquifer could
provide insights into its geothermal potential.

1.1 Study area

Mila’s province is located in the north-east of Algeria,
about 50 km north-west of Constantine. The study area
constitutes the central part of Mila’s province, the southern
zone of the El Kebir-Enndja wadis sub-watershed (Fig. 1).
The region is characterized by a very varied terrain. In the
north, high altitude mountains such as Jebel El Halfa
(1155 m) and Jebel Ouakissen (1045 m) are found. Plains
with altitudes ranging from 400 to 650 m occur in the
central part. The southern part is characterised by the
presence of another mount namely Koudiat Touachra
(1000 m) and Jebel El Kenazaa (1082 m) whereas to east
occurs Jebel Lakhal (1256 m). The climate is semi-arid
(Mebarki 2005). Rainfall varies between 400 and
600 mm year~' (ANRH 2005). The average air tempera-
ture is 15.5 °C (ONM 2013). The average evapotranspi-
ration is 1151 mm year~' (ANRH 2003). The economy of
the region depends mostly on agriculture (cereals crops).
Mila’s province is crossed from west to east by El Kebir
wadi which together with both Boussellah and Maleh wadis
forms Endja wadi. The latter is 78 km long (Fig. 1) and has
a flowrate of 3.26 m> s~ (ABH 2004). The Boussellah and
Maleh wadis have a temporary flow and are characterised
by strong floods during autumn and spring and drain all the
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Fig. 1 a Simplified geological map and location of sampled water point; b Geological cross-section showing the main tectonic structures

water from the southern slopes of the neighbouring hills.
The basin is characterised by an important and aggressive
torrential drainage (Mebarki 2005).

1.2 Geological and hydrogeological settings

The study area is contained within the external domain of
the Maghrebide’s range which is a set of southern vergence
thrust sheets formed during the Tertiary era (Durand-Delga
1969; Wildi 1983; Benaouali-Mebarek et al. 2006). The
external domain includes the allochtonous Tellian series,
the allochtonous foreland series and the autochtonous
Atlassian foreland series (Vila 1980). The Tellian alloch-
thonous formations are composed of a thick series of
Mesozoic carbonates (alternating limestone, limestone-
marly and marl) (Vila 1980). This is the domain that makes
up the majority of the study region (Fig. 1). The external
domain is overlapped to the north by the Flysch-sheet of
Numidian sandstones and clays. The extrusive Triassic
layers that are composed of multicoloured clays, crushed
gypsum and dolomitic limestone icicles mark out the

anomalous contacts that delineate the carbonates exten-
sions. The Eocene sediments are composed of massive
limestone and marl. The Mio-Pliocene formations are made
of clays with salt intercalations, conglomerates and lacus-
trine limestones (Vila 1980; Coiffet 1992). The Quaternary
formations consist of alluvia, gravels, sand, sandy clay and
marl (Fig. 1). Two Neogene collapse ditches characterize
the structural geomorphology of the region namely Ferd-
jioua and Redjas grabens (Vila 1980; Coiffet 1992). In
addition to the SW-NE kilometric faults inherited from
very ancient tectonic phases; the region is also affected by
intense neotectonic activities that gave birth to north—south
trending faults that affect the Mio-Plio-Quaternary forma-
tions (Aris et al. 1998; Benabbas 2006) as well as the
presence of a strong seismic activity (Yelles-Chaouch et al.
2021; Tebbouche et al. 2022).

The hydrogeological complex of the study area is a
multi-layered set of Mesozoic marly limestones and marl-
stones, underlying the continental and Quaternary Mio-
Pliocene superficial sediments’ cover. The characteristics
of the sediments and the structure of the land determine the
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location of the aquifers. The permeable Quaternary allu-
vium is well extended along the Endja and Boussellah
wadis. Moreover, the fractured carbonates of the Mesozoic
have developed important karstic aquifers, and the fissured
sandstones of the Numidian nappe are also aquiferous in
some places. The different aquifers formations of the
studied basin are summarised in Table 1.

Spring S1 emerges in the north—-western part of Jebel
Lakhal (1256 m) at an altitude of 914 m in the Mesozoic
carbonates. The shallow Karstic aquifer that is contained in
the Cretaceous formations of the region of Sidi Merouane
(Vila 1980) is known through a few boreholes. The kars-
tified formations occurring in a shallow horst structure
under the Mio-Pliocene sediments constitute a significant
water reservoir. Borehole D1 crosses the roof of the kars-
tified limestones at a depth of 10 m while the saturated
zone is reached at 26 m. The well-developed karstification
of these carbonates makes the aquifer resource sensitive to
point—source pollution. Borehole D2 taps the thermal
spring which emerges from the karstified limestones of
Jebel Lakhal. This first borehole drilled in 1990 at a few
meters of the thermal spring is still artesian (except during
pumping when the dynamic level reaches 1.5 m). The
Quaternary alluvial aquifer in Ferdjioua graben is a semi-
confined system that is exploited by more than twenty
boreholes all located along the valley of Boussellah wadi.
The thickness of the alluvium varies between 20 and 50 m.
They are surmounted by slightly sandy clay formations
(4-20 m) and have marl as a substratum. Data from
pumping tests show an average permeability
(K =4 x 1072 m s~ '). The overall flow rate pumped from
the valley is almost 200 L s ! (DHW Mila 2013), (D3-1,
D3-2 and D3-3) are the boreholes used in this study.
Thermal water S2 emerges near Jebel Hadid close to a

Table 1 Aquifer formations and water points features used in this study

SW-NE fault in the Mesozoic carbonates. Spring S3
emerges 150 m from the left bank downstream of Maleh
wadi. The thermal water S4 is located near the edge of
Ferdjioua’s trough. It emerges on the left bank of Bous-
sellah wadi, close to a SW-NE fault (Fig. 1). Thermal
spring S5 emerges through the Redjas graben in a ravine.
Thermal water S6 emerges from the Maastrichtian lime-
stone formations in a ravine in the upstream area of Maleh
wadi. Thermal water S7 emerges at the intersection of two
faults (directed E-W and N-S) which are boundary faults
of Jebel Boucheref. The E-W fault fractures are filled with
Triassic formations. The waters of S2 and S7 flow into the
course of El Maleh wadi in the southern area where this
ephemeral watercourse crosses superficial formations of
the Triassic evaporites (Fig. 1).

2 Materials and methods

More than sixty water samples were collected from dril-
lings D1, D2 and D3-1 (Table 1) whose water is up to the
present date used as drinking water. These boreholes were
part of the hydrochemical groundwater monitoring network
operated by the National Agency for Water Resources
(ANRH) from (1993 to 2012). This network consisted of
fifty boreholes from this North—Eastern region of Algeria,
and all the achieved analyses are recorded in Siqueau
software and constitute a database. The hydrochemical
monitoring of D1 and D2 boreholes’ waters covered the
period ranging from 1993 to 2011, while that of D3-1
covered only the period from 2000 to 2011.

In the present work, we used the monitoring period that
is common to the three boreholes, in addition to the 1993
data and 1994 data respectively for the waters of D1 and

Water point Aquifer Flow rate (L-s™!) Depth (m) Altitude (m) Observation

S1 Shallow Cretaceous Karst limestone 0.04 - 914 Temporary flow
Dl Shallow Cretaceous Karst limestone 25 48 350 -

D2 Thermal Aquifer 33 210 555 -

D3-1 Detrital aquifer Quaternary alluvium 12 40 498 -

D3-2 Detrital aquifer Quaternary alluvium 25 50 482 -

D3-3 Detrital aquifer Quaternary alluvium 12 50 490 -

S2 Thermal Aquifer 2 - 526 Permanent flow
S3 Thermal Aquifer 1 - 218 Permanent flow
S4 Thermal Aquifer 3 - 477 Permanent flow
S5 Thermal Aquifer 1.5 - 500 Permanent flow
S6 Thermal Aquifer - 512 Permanent flow
S7 Thermal Aquifer 2 - 525 Permanent flow

D: Drilling, S: Spring. D1, D2, D3-1, D3-2 & D3-3 are used for drinking water, S2, S4, S5 & S7 are used for spa (Hammam)
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D2 boreholes. We used 13 samples from borehole D1, 11
samples from borehole D2 and 18 samples data from
borehole D3-1. Chemical analyses of the water from D3-2
and D3-3 were carried out at the end of the work on these
boreholes in 2010 and 2013 respectively. The waters of the
temporary springs were subject to hydrochemical analyses
once their flowrate became significant. The hydrochemical
data for the boreholes’ water was obtained from the ANRH
database (Table 2). During 2012, we took samples of
thermal waters throughout the province of Mila which
concerned the central zone; six water points were con-
cerned. Temperature (T °C), hydrogen potential (pH) and
electrical conductivity (EC) were measured in-situ for each
sample. The major chemical elements that were analyzed
are: Ca*™, Mg>", Na*, K™, HCO; ™, CI™, SO,*~ and NO;~
with an ionic balance of about =+ 5%. These chemical
elements were analyzed at the ANRH laboratory in Con-
stantine. Silica (Si0,) were analyzed in the Algiers ANRH-
Laboratory. Air temperature data were collected from the
Office National de Météorologie of Constantine (ONM—
National Meteorology Office). In order to better understand
the hydrochemical processes taking place in thermal
aquifers and due to the lack of trace element results, we
used strontium (Sr) and lithium (Li) data from the work of
Ferraga and Pistre (2021), Bromine (Br) contents were
obtained from the work of Issadi (1992) and Amarouche-
Yala et al. (2014).

The hydrogeochemical facies were determined based on
Piper classification (1944) and Langelier-Ludwig diagram
(1942). TDS was determined by the software “Dia-
grammes” (Simler 2014) from all the parameters measured
in situ and the composition of the chemical elements
analyzed. The binary plots between chemical elements
were drawn making use of Excel software from a Microsoft
Office suite. The variables of the equilibrating carbon
dioxide partial pressure (Pcp) and saturation indices (SI)
with respect to anhydrite, gypsum, halite, calcite, dolomite,
aragonite, talc and other minerals were calculated using the
geochemical software (Phreeqci-3.1.4-8929) developed by
Parkhurst and Appelo (2013). The Giggenbach Na-K-Mg
(1988) and Cl-SO4—HCOj; (1991) diagrams are used to
classify different types of thermal waters. Those diagrams
were produced using Excel spreadsheets by Powell and
Cumming (2010) (Liquid_Analysis_v1_Powell-2010-
StanfordGW .xls). The main chemical geothermometers
(silica and cations) are applied to determine the tempera-
ture and the depth of the thermal reservoir.

3 Results and discussion

The measured physico-chemical parameters of the ana-
lyzed samples are presented in Table 2. The physical and
chemical parameters of the groundwater in the study area
are highly variable in time and space. The water groups
were established on the basis of the Total Dissolved
Solutes (TDS) content (Davis and De Wiest 1967) and
waters’ temperature classifications of Gosselin and
Schoeller, 1939 in (Castany 1963). According to Davis and
De Wiest (1967), freshwater has a TDS <1 g L,
brackish water 1 g-L_1 <TDS<10¢g L~ 'and saline
water TDS > 10 g L™'. According to Gosselin and
Schoeller (1939), a thermal water is defined as a water
whose temperature exceeds the average annual air tem-
perature by more than 5 °C. The mean annual ambient
temperature for Mila’s region is 15.5 °C (ONM 2013).
Referring to the aforementioned definition for thermal
waters, every groundwater within the province whose
temperature exceeds 20.5 °C should be considered as a
thermal one. Knowing that the depth of all the boreholes is
between 40 and 210 m, the geothermal gradient in Mila’s
province is 3.85 °C (Kedaid 2007; Chenaker et al. 2018).
According to the groundwater classification made by
Castany (1963), cold water temperatures are < 20 °C;
hypothermal waters temperatures are in the range: 20 °C
< T < 35 °C. Mesothermal waters’ temperatures fall in
the range: 35 °C < T < 50 °C while hyperthermal ones
are > 50 °C. The water samples were thus distributed in
four groups. A first group, represented by low salinity
samples comprises S1, D1, D2 and S2, with 0.3 g-L_l‘
<TDS <0.92 gL 'and 12 °C < T < 34 °C. A second
group, represented by brackish waters, includes samples
D3-1, D3-2 and D3-3. The total dissolved solids content
(TDS) and temperature ranged as follows 1.10 g L™"
<TDS <192gL™' and 100°C <T <215°C. A
third group, with total dissolved solids comprised between
300 g L' < TDS < 6.31 g L™, is composed of S3, S4,
S5 and S6 samples, they are brackish waters. S3 and S6
samples with 27.0 °C < T < 30.0 °C are hypothermal
waters while S4 and S5 are mesothermal waters with
39.5°C < T <43.0 °C. The fourth group is saline and
hyperthermal water and concerns sample S7 with a
TDS = 1725 g L™" and T =55 °C. During the hydro-
chemical monitoring timespan (1993-2011), TDS and thus
salinity increased in the waters of the two boreholes D1 and
D2 by 162 and 178 mg-L~" respectively (Table 2). Nitrate
levels reached 88 mg L™' for DI. Being shallow this
aquifer is then very sensitive to anthropogenic pollution,
the standard guideline of WHO (2008) being 50 mg L.
The SO, concentration of D2 water increased during the
monitoring period by 102 mg L' reaching 234 mg L™'
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Table 2 Physico-chemical parameters, major and minor elements and SiO, of groundwater in Mila’s basin

Water point Sampling date T °C pH TDS  Ca*™ Mg?™ Na®™ K" HCO;~ ClI- SO,2~ NO;~ Si0, Sr**™ Lit Br~

mg-L™!

S1 03/02/2007 170 6.9 302 60 7 16 1 152 18 38 10

D1 19/10/1993 21.0 79 452 80 12 32 1 122 65 102 38

D1 02/07/2000 21.0 72 569 120 5 40 2 262 60 55 25 10.2
D1 17/10/2000 200 7.3 615 110 19 38 1 220 90 82 55 7.9
D1 08/04/2001 21.0 7.1 589 112 13 40 2 226 60 90 46 7.8
D1 07/08/2001 200 7.3 555 31 55 50 1 232 70 54 62

D1 13/01/2002 13.0 8.0 554 42 49 43 2 232 65 80 41

D1 15/04/2004 200 7.6 592 72 43 22 2207 50 140 56 8.5
D1 12/11/2006 200 7.7 606 110 12 41 2 226 80 70 65

D1 25/06/2007 220 7.3 605 104 15 37 2 189 60 136 62

D1 17/05/2008 200 7.1 634 113 10 47 0 256 80 54 73 8.7
D1 01/02/2009 120 7.2 683 124 16 44 2 256 8 68 88

D1 16/03/2011 190 75 573 104 7 47 1 183 95 62 74

D1 11/10/2011 190 73 614 101 12 50 2 201 95 80 72

D2 24/01/199%4 300 7.3 415 80 10 18 7 177 25 88 10

D2 02/07/2000 300 7.3 611 120 17 22 2 250 20 164 16 11.2
D2 08/04/2001 27.0 7.1 590 126 8 22 2 195 30 200 7

D2 13/01/2002 27.0 7.7 583 42 71 24 2 177 42 224 1

D2 07/04/2003 28.0 69 546 76 31 29 1 220 35 152 2

D2 15/02/2004 300 7.8 5% 72 53 14 2 256 30 162 5

D2 12/11/2006 300 7.6 591 105 28 15 2 171 30 234 6

D2 03/02/2007 290 7.5 583 105 28 13 3232 35 160 7

D2 17/05/2008 300 74 642 114 26 25 1 256 30 184 6 11.5
D2 04/10/2009 280 72 628 107 24 34 2 238 40 178 5

D2 11/10/2011 300 7.0 593 110 23 28 1 17 65 190 5

D3-1 16/01/2000 160 6.9 1254 194 59 85 1 397 140 360 18 6.1
D3-1 17/04/2000 180 7.0 1314 140 79 110 1 342 115 500 27 7.1
D3-1 02/07/2000 200 7.1 1260 180 50 115 2 359 135 400 19 8.5
D3-1 17/10/2000 21.0 7.0 1247 178 56 110 1 351 125 404 22 7.1
D3-1 14/01/2001 170 7.6 1281 192 53 94 4 305 120 488 25 7.6
D3-1 08/04/2001 16.0 6.9 1282 186 66 100 2 433 168 308 19 7.1
D3-1 07/08/2001 215 7.0 1116 48 94 160 1 329 95 358 31

D3-1 13/01/2002 13.0 7.8 1207 64 132 120 2207 180 480 22

D3-1 15/10/2002 100 7.9 1162 72 127 100 3 287 200 372 1

D3-1 12/01/2003 200 7.5 1484 148 89 185 2 354 290 400 16

D3-1 07/04/2003 19.0 6.7 1205 158 66 110 3 306 80 480 2

D3-1 06/02/2005 120 7.0 1215 117 70 120 1 390 90 410 17

D3-1 12/11/2006 210 7.5 1572 153 75 217 2 414 280 400 31 7.8
D3-1 25/06/2007 215 74 1304 181 78 66 2 336 80 500 62

D3-1 17/05/2008 200 7.3 1289 165 71 125 0 311 155 426 36 7.6
D3-1 01/02/2009 13.0 6.9 1237 115 77 120 1 384 100 410 29

D3-1 04/10/2009 21.0 7.1 1182 165 58 100 1 378 120 330 29

D3-1 11/10/2011 200 7.0 1290 185 76 90 1 330 125 460 23

D3-2 22/10/2010 21.5 6.9 1407 173 84 140 1 456 115 411 28

D3-3 05/07/2013 205 7.0 1923 267 103 150 1 427 175 800 0

S2 23/06/2012 330 72 923 128 24 130 1 220 215 200 5 14.0
S2 01/10/2014 336 7.1 872 92 25 163 2207 222 156 5 165 1.70 0.02
S3 23/06/2012 27.0 6.8 3266 107 69 980 11 388 1166 545 0 16.0
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Table 2 continued

Water point Sampling date T °C pH TDS  Ca*™ Mg?™ Na®™ K" HCO;~ ClI- SO~ NO;~ SiO, Sr**™ Lit Br~
mg-L™!

S4 23/06/2012 395 6.3 2994 278 40 742 12 502 1178 242 0 28.0 0.96

S4 01/10/2014 397 64 3097 274 40 758 9 527 1224 227 O 23.1 7.17 0.37 0.96

S5 23/06/2012 430 6.3 3314 592 66 358 17 269 386 1626 O 32.0 0.01

S5 01/10/2014 419 6.5 3415 533 77 356 16 290 371 1673 0 29.2 13.23 0.37 0.01

S6 23/06/2012 30.0 6.8 6311 335 142 1560 7 415 1832 2020 O 21.0

S6 01/10/2014 29.8 6.7 6648 363 172 1769 9 448 1788 2120 O 19.1 13.28 0.67

S7 23/06/2012 550 6.0 17,252 1118 100 5602 94 758 8762 1109 0 74.0 2.50

S7 01/10/2014 56.6 5.8 17,543 1069 102 5459 87 709 8667 1159 0 62.1 34.05 432 2.50

which is just below the WHO guideline of 250 mg L™".
Calcium contents of D1 and D2 exceed both the WHO
standards of 100 mg L™"'. Silica content of the water from
borehole D2 (11.5 mg L™ ") is higher than the 10 mg L'
standard line set by the WHO, knowing that this thermal
borehole is used for drinking water supply. Sample S2 has
a neutral water pH of 7.1, the hypothermal water is rich in
chloride ions; its strontium content is 1.7 mg L' and the
Sr/Ca molar ratio = 8.45 %o. The calculated carbon dioxide
levels are comprised in the range: 0.13 x 1072 < Pcoo-
< 2.6 x 1072 atm (Table 3) and are thus are higher than
CO, atmospheric pressure that equals 0.31 x 10~ atm
(Van der Weijden and Pacheco 2003). Saturation indices
with respect to carbonate minerals: aragonite, calcite and
dolomite (SI,, SI. and SlIy) are overall negative (Table 3).
This could be related to fast and intensive infiltration
(recharge) and very rapid drainage of newly infiltrated
waters (Lopez-Chicano et al. 2001). It should be reminded
that water is considered as undersaturated with respect to a
given mineral when SI is < 0, it is in equilibrium with that
mineral when SI = 0, whereas water is oversaturated when
SI >0 (Cidu et al. 2009). The saturation indices for
evaporites: Sl,, for anhydrite (CaSO,), SI; for gypsum
(CaSOy, 2H,0), SI;, for halite (NaCl) and Sl for sylvite
(KCI) are negative and much lower than 0. The saturation
indices for silicates: chrysotile, talc and sepiolite, (SI.y,, SI;
and SI;) are found negative too. Regarding Group 2, the
physico-chemical monitoring (2000-2011) of the waters
from the detrital aquifer (D3-1) shows a large difference in
temperature measured during pumping and at the surface
(10 °C to 21.5 °C, Table 2). The pH values varied between
6.7 and 7.9. TDS has increased of 36 mg L™" during the
survey period while the HCO5; concentrations were found
higher than 300 mg L' which is a specific feature of
carbogaseous waters (Grillot and Schoeller 1989). Water is

also rich in magnesium up to 132 mg L™' and sulphate
jons with contents between 308 and 500 mg L~'. These
contents are much higher than those recommended by the
WHO and set at 50 mg L~' for magnesium and 250 mg
L~' for sulphates. Silica content is SiO, < 10 mg L™".
The calculated groundwater Pcp, reached 5 x 1072 atm
(Table 3) which is much higher than atmospheric Pcop.
The hydrochemical composition of water from D3-2
borehole is similar to that of D3-1 one. However, D3-3
water exhibits a higher TDS. Saturation indices SI,,, SI,
and SIj, for all the analyzed water points are negative and
much lower than O (Table 3). This means that groundwater
is under-saturated with respect to the three afore-mentioned
minerals. SI. saturation indices are found positive for the
majority of samples. Saturation indices for silicates (SIcpa,
Sk, SI;, and SI) are found negative. Regarding the third
group, its waters are slightly acidic waters 6.3 < pH < 6.8.
Three subgroups can be distinguished, waters that are rich
in chlorides and relatively poor in SOy, samples S3 and S4,
respectively Cl = 1166 and 1178 mg-L™' and SO, = 545
and 242 mg L™'. The presence of a smell of rotten eggs
was noted in S4 revealing the presence of hydrogen sul-
phide gas (H,S). A subgroup, sample S5, with a CI con-
centration of 385.7 mgL™' and a high SO, content
reaching 1626.2 mg L™'. A subgroup, sample S6, rich in
Cl=1832mgL™" and in SO4=2020 mgL~'. The
waters of S5 and S6 have the same strontium concentration
(13.2 mg L) that is higher than what was recorded for S4
(7.17 mg L_l). The Sr/Ca molar ratios of S4, S5 and S6 are
successively of 11.94%o, 9.55%0 and 16.72%0 which are
considered as very high. The water of S4 is richer in bro-
mide ion than that of S5 with respectively 0.96 mg L™
and 0.01 mg L™ Pcor s high and reached
26.3 x 1072 atm in sample S4 and the SI., Sl and SI, are
found negative. The saturation indices in evaporate
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minerals (SI,, SIg, SI,) and the saturation indices for
celestite (SrSO,4) and strontianite (SrCO;) are negative for
all these brackish waters except for spring S5 with Sl
lestite = 0.06. All the waters in this group are rich in SiO,,
with the highest contents in the S5 sample of 32 mg L™".
The fourth group, represented by sample S7 which pH is
acidic (5.95); the levels of the analyzed major ions are
high, chlorides reach 8762 mgL~"' and sodium
5602 mg L™". The presence of a sulphurous smell is noted.
It is one of the most saline thermal springs in Algeria (Dib
2008). Strontium content is 34 mg L™" and that of Lithium
4.32 mg L™', whereas the Sr/Ca molar ratio is high as it
reaches 13.92%o. The bromide content is 2.5 mg L™". The
calculated Pcps = 128.8 x 102 atm  (in  2014) and
83.17 x 1072 atm (in 2012) are extremely high. The sat-
uration indices of the evaporite minerals Sl,y,, SI,, SIj, Sl
and Sl.iesite (Table 3) and those of the silicates (ISg,,, SI;,
SI;), are all negative confirming the dissolution of the
considered minerals. On the surface, near the S6 and S7
springs, and along the Maleh wadi, we note the presence of
mineral precipitation (saline in taste) probably due to
evaporation (ETP = 1151 mm y ") of these waters.

The Piper’s classification and Langelier-Ludwig dia-
gram (Fig. 2) show that the freshwaters of the first group
S1 and D1 have a HCO3;—Ca hydro-facies. The waters of
D2 are richer in sulphates and evolve from the HCO;—Ca
type to the SO4,—Ca one. S2 spring has an overall C1-SO4—
Ca facies. All samples of the second group of waters (D3-1,

Fig. 2 Langelier-Ludwig
diagram illustrating the mixing

D3-2 and D3-3) are of the SO4—Ca-Mg type. The third
group are Cl-Na waters, except for spring S5 water which
is SO4—Ca. The fourth group (S7) exhibits a hyperchloride—
sodium hydrofacies.

3.1 Mineralisation processes and origin of the main
dissolved ions

The molar ratios HCO3/Na vs. Ca/Na and Mg/Na versus
Ca/Na (Fig. 3a, b) are widely used to elucidate the sources
of dissolved major ions (Gaillard et al. 1999). The graphs
of Fig. 3a, b show the evaporitic and silicate geochemical
signatures of the waters. In order to determine the nature of
the ions in solution, the processes of salinity acquisition
and the possible mixings between waters from different
lithologies, the correlations between the major ion contents
and the molar ratios were studied. According to the Lan-
gelier-Ludwig diagram (Fig. 2), the waters are globally
distributed in a triangle with three very different chemical
end-members namely calcium-bicarbonate water, hyper-
chloride—sodium water and a calcium—sulphate cluster at
the water boundary where the presence of hydrogen sul-
phide is observed. On the binary diagram of Fig. 3c, Na*
versus Cl™, the SeaWater Mixing Line (SWML) (Quinby-
Hunt and Turehian 1983), and the Halite Dissolution Line
(HDL) are reported. The correlation shows: the dissolution
of Halite NaCl — Nat + CI~ (Process 1) on one hand
and on the other hand a mixing between an end of recharge

«— CI'+ SO,

0
between the three main types of 50 —— e r——y 25 - - - -
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Fig. 3 a, b HCO3/Na versus Ca/Na ratio and Mg/Na versus Ca/Na ratio; ¢ Na™ versus C1~, (HDL, Halite Dissolution Line; SWML is the current
Seawater Mixing Line); d Ca?* versus SO,>~, (GDL, Gypsum Dissolution line); e HCO;™ versus Ca?*, (CCDL, Calcite Congruent Dissolution
Line); f Mg>* versus Ca>", (DCDL, Dolomite Congruent Dissolution Line, CDDL: Calcite-Dolomite Dissolution Line); g Ca** + Mg** versus

S0, + HCO;5™; h SO4/CI ratios versus CI™

water (freshwater S1) and salt-water which corresponds in
the present case to thermal waters of S7. Na/Cl > 1 can be
associated with water—rock interaction involving other
sodium minerals.

Ca®" versus SO42_ plot (Fig. 3d) shows dissolution of
sulphate salts: (Process 2).

According to Bishop et al. (2014) gypsum and anhydrite
are the most commonly occurring Ca—Sulphates minerals
on the earth together with Bassanite (CaSOy, 0.5 H,0).

[(gypsum CaSO,, 2H,0 — Ca’* + S0, + H,0
and/or anhydrite: CaSO, — Ca®* + S0O,*7)].

The low SO42_ content of S4 and S7 is due to the
phenomenon of sulphate reduction by bacteria (Appelo and
Postma 2005); the smell of sulphur is characteristic at these
water points. Generally, this process occurs in a closed
environment as the consequence of anaerobic reducing
conditions. The process of sulphate reduction is as follows:

SO~ +2 x 1/
3).

HCO;~ versus Ca®" (Fig. 3e) and Mg/Ca ratios < 0.5
(Table 2) show congruent dissolution of calcite with the
exception of two samples from D3-1 which show incon-
gruent dissolution of dolomite confirmed by the Mg*"
versus Ca?t correlation (Fig. 3f). Indeed, the significant
increase in the Mg/Ca > 2 ratio, the positive IS; and IS4
(Table 3) and the decrease in HCO3~ concentrations con-
firm the incongruent dissolution of dolomite (Fairchild
et al. 2000). This explains the depletion in Ca*" in com-
parison with SO,*~ and Mg*" contents.

(CH,0), — H,S + 2HCO;™ (Process

— Congruent Dissolution of Calcite

CaCO; + CO, + H,0 — Ca?" + 2HCO;

CaCOj; + H,CO; — Ca’*™ 4 2HCO; (Process 4)
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— Congruent Dissolution of Dolomite

CaMg(C03),+H,CO3 — Ca** + Mg** +4HCO;  (Process 5)

— Incongruent Dissolution of Dolomite

CaMg(CO;),+H,CO; — CaCO; +Mg?** +2HCO; (Process 6)

The Mg/Ca ratio = 3.22 of sample D3-1 during the low
waters’ period in August 2001 (Table 3) shows an IS, and
IS4 < 0, the increase in temperature (T = 21. 5 °C) and
Pcop = 2.8 x 1072 atm, confirm an upward inflow of
thermal water. Karst thermal water S2, (sample 2012), with
positive IS, and ISy and a Pcp, = 1.41 % 1072 atm, indi-
cates that the water is flowing in an aerated environment
probably an open conduit. Karst thermal water of D2 with
positive IS, and IS4 and a Pcpr = 0.3 X 1072 atm means
that groundwater circulates in an aerated environment, that
is enriched in CO, of atmospheric origin. The correlation
Ca®t + Mg2+ versus SO42_ + HCO;™ (Fig. 3g) shows
that for spring S5, water undergoes a dedolomitization
process that converts dolomite into calcite (Schoenherr
et al. 2018):

CaMg(CO;),+Ca*" — 2CaCOs5 + Mg*"
CaMg(CO3),+CaS04, 2H,0 — 2CaCOs
+Mg?* +S0%™ + 2H,0 (Process 7)

This is not the case for S6 and S7 because of the high
chloride contained in their waters. The aforementioned
process is an evidence of the existence of strong
hydrothermal alteration.

The SO,4/CI versus Cl diagram (Fig. 3h) could be used
as an indicator of sulphate sources in groundwater (Farid
et al. 2015). The plot illustrated by Fig. 3h indicates the
presence of two types of mixing. The first one occurs in the
Cretaceous karst aquifer where a fresh recharge component
(S1 with SO4/C1 = 1.54) intermingles with a more miner-
alised thermal component represented by S4 with a mean
SO,4/Cl = 0.14. All D2 samples have SO,/C] > 2 reflecting
thus intensive dissolution of sulphate minerals. The second
mixing occurs in Group 2 aquifer with SO,/Cl = 4.6 (D3-1)
and an increase in temperature which reaches 21.5 °C
(June-2007) (Table 2). This indicates a contribution from a
hot sulphate-rich water component. Sample from D3-1
exhibit a SO4/Cl = 3.6 during high-water periods (2005)
(T = 12 °C) meaning that sulphates are also of superficial
origin through the dissolution of Mio-Pliocene gypsum
(Vila 1980; Coiffet 1992) and fed by the Boussellah wadi
inflow. Thermal waters of S4 and S7 waterpoints show low
SO4/CI1 ratios of 0.15 and 0.09 respectively. This is
attributed to a reduction of sulphates. The Sr/Ca molar
concentration ratios for all the thermal springs are com-
prised between 8.4 and 16%.. According to Meybeck
(1984) in Hsissou et al. (1996), Sr/Ca molar ratios higher

@ Springer

than 1%o are typical of evaporitic waters and are due to the
dissolution of celestite (SrSO4) and strontianite (SrCOs)
(Process 8). The dissolution of these minerals is confirmed
by the negative saturation indices of celestite and stron-
tianite (Table 3). Lithium content of spring S7 equals
4.32 mg L™, it is the highest value obtained among all the
analyzed spring waters. It is most probably due to a water’s
high temperature, since a small increase in temperature is
sufficient enough to cause an increase in the groundwater
Lit content by 100 to 10,000 times (Barbieri et al. 1998 in,
El Achheb et al. 2003).

It is also noted that the silicates brought into solution are
in fact magnesian silicate minerals, namely Talc [Mg3Sis.
0,9(OH),], Chrysotile [Mg3Si205(OH),], and Sepiolite
[Mg4SigO,5(0OH),6H,0]. The saturation indices for those
minerals are negative for all samples. (Process 9).

In order to determine the origin of the chlorides, the
average Br/Cl ratio of seawater (1.52 £ 0.01 x 107%)
(Quinby-Hunt and Turehian 1983), and that of halite
(0.1 x 10_3) (Fontes and Matray 1993) are plotted against
the CI~ concentrations (Alcala and Custodio 2008)
(Fig. 4). Thermal waters S4, S5 and S7 are found very
close to the right side of the Br/Cl ratio of halite.

3.2 Depth of the geothermal reservoir

Giggenbach (1988) Na—K-Mg diagram Fig. 5a allows one
to distinguish between the different water masses of the
deep reservoirs: those in full equilibrium from those in
partial equilibrium from those that are immature. Only the
waters of S7 spring are in partial equilibrium, the waters of
S6, S5 and S4 are at the borderline between the immature
ones and those with partial equilibrium. Waters from the
points S1, S2, D1, D2, D3-1, D3-2 fall all within the
domain of immature waters. Giggenbach (1991) CI-SO4—
HCO; ternary diagram Fig. 5b shows that water from the
S5 spring is very close to the volcanic waters’ domain, the

Seawater Br/Clratio=1.52

Br/C x 1000
- G

e
o
1

\ $4 s7
§5 Halite Br/Cl ratio=0.04 O

D v T
0 100 200 300
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Fig. 4 Correlation between Br/Cl molar ratio and CI™ content
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Fig. 5 a Ternary diagram Na—-K—Mg according to the model of Giggenbach (1988); b Ternary diagram Cl-SO,~HCO; according to the model

of Giggenbach (1991)

water from sample D3-3 is in the steam heated waters
domain, the water from sample D2 which is in the
peripheral waters’ domain corresponds to the sample taken
in January 1994 at the beginning of pumping. Overall, this
diagram shows mixtures between recharge waters (bicar-
bonate), evolved hyperchloride waters and sulphate waters
that are influenced by magmatic fluids (most probably
steam). The depth of the geothermal reservoirs was
obtained by calculating the temperature of the thermal fluid
through conventional geothermometers (Table 4) and by
applying the regional geothermal gradient estimated by
(Kedaid 2007; Chenaker et al. 2018) i.e. 3.85 °C/100 m for
the Mila basin. The results in Table 4 show that S7 spring
reservoir is the hottest, with temperatures ranging between
116.06 and 119.93 °C, indicating a reservoir depth com-
prised between 3104.7 and 3115 m. These temperatures are
the averages of the results computed by means of the silica
and the cationic geothermometers for the two periods 2012
and 2014. The deepest compartment would be the S5
spring, which could be as deep as 3787.9 m (as estimated
by the cationic geothermometers) while silica geother-
mometers give a depth of 2121.6 m.

The thermal water compartments D2, S2, S3, S4 and S6
would be between 1218 and 2828.3 m deep. The large
discrepancy between the temperatures estimated by the
classical cationic and silica geothermometers (Table 4), led
us to complete our investigation on the depth of the thermal
reservoir, by comparing the calculated saturation indices of
the different minerals in the water, (used as geother-
mometer) (Mutlu and Giileg 1998; Saibi et al. 2021)
(Fig. 6). The temperature modelling performed by means
of a geochemical software package (Phreeqci-3.1.4-8929)
developed by Parkhurst and Appelo (2013) was applied to

all the studied thermal waters. The investigations were
conducted at different temperatures (30-180 °C). The
calculations of the water—mineral equilibria are shown in
Fig. 6.

All waters at different temperatures are undersaturated
in Halite, Gypsum, Sylvite, Sepiolite, Strontianite and
Silica (amorphous), the water of S5 spring shows an IS,
> 0 for a temperature of 90 °C. Only IS, and IS hrystolite
indicate that equilibrium is reached at high temperatures;
the thermal fluid that comes in contact with the magnesian
silicates is undersaturated towards these minerals (water—
rock interaction with magnesian silicates). Overall, the
modelled “water—mineral” equilibria give temperatures
close to those of the silica geothermometers.

3.3 Conceptual model

Based on all the results discussed in the previous para-
graphs and on the geological setting of the region of
interest, we made a trial in developing a conceptual model
(Fig. 7) that aims at explaining the water salinization
processes as well as how the hydrothermal circulation takes
place in Mila’s basin.

There are two main geothermal reservoirs:

(i) a brackish thermal water reservoir whose waters
interact with a geothermal fluid of volcanic origin.
The geochemical signature of the water at emer-
gence (S5) shows contact with Triassic formations
that are rich in Ca-sulphates in addition to the
alteration of magnesian silicates. The geothermal
water flows through Cretaceous carbonate forma-
tions via faults in the Redjas collapse ditch.
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Table 4 Estimation of the temperature of the thermal reservoir using cationic and silica geothermometers

Ref Sampling (A) (B) ©) Average Temperature Cationic (D) (E) F) (H) Average
year Na-K-Ca Na-K geothermo-meters Silica geothermometers temperature

geothermo-meter  geothermometers

T (°0)
D2 2008 71.36 168.16 149.02 129.51 4385 5141 4256 49.74  46.89
S2 2012 104.30 86.56  65.19  85.35 50.54 5744 4980 55.80 53.39
S2 2014 109.22 116.38 9548 107.02 5649 62776 56.10 61.15 59.12
S3 2012 132.67 102.54  81.36 105.52 5525 61.65 5480 60.04 57.93
S4 2012 122.04 119.36 98.54 113.31 76.58 80.56 76.71 79.08 78.23
S4 2014 122.42 106.05 84.94 104.47 68.88  73.77 6890 7223 70.94
S5 2012 107.43 177.52 158.82 147.92 82.08 8540 8224 8395 8341
S5 2014 106.90 172.16 15221 143.75 7842 82.18 7856 80.71  79.96
S6 2012 131.15 66.03 4451 80.58 6528 70.58 6522 69.03 67.52
S6 2014 132.21 7128  49.78  84.42 61.70 6740 6153 65.82 64.11
S7 2012 141.04 118.66  97.81 119.17 121.03 119.04 12143 117.89 119.84
S7 2014 141.09 12091 100.12  120.7 112.24 111.52 11245 11298 112.29

(A) Fournier & Truesdell 1973:

T°C = [1647/(Log (%) +B- (LogMCa/Na) +2.24)] — 273.15 with B = 4/3 for T < 100 °C, p = 1/3 for T > 100 °C
(B) Nieva and Nieva 1987: T°C = [1390/(Log(Na/K) + 1.750)] — 273.15

(C) Giggenbach 1988: T°C = [1217/(Log(Na/K) + 1.483)] — 273.1

(D) Fournier 1977: T'C = [1309/(5.19 — Log(Si02)] — 273.15. Quartz, no steam loss (conductive)
(E) Fournier 1977: T°C = [1522/(5.75 — LogSiO2)] — 273.15. Quartz, maximum steam loss at 100 °C (adiabatic)
(F) Fournier & Potter 1979: T°C = —42.2 + 0.288315 — 3.6686 x 10-452 + 3,1665 x 10-7S3 + 77.034 - log$S Quartz (25- 900 °C)

(G) Arndrsson et al. 1983: T'C = [1498/(5.70 — Log(SiO2)] — 273.15)

NB. All the calculations are made using the mg L~" as a unit for the concentrations of the cations and silica

At the lateral extremities of the basin, geothermal fluids
of volcanic origin contaminate the Mio-Plio-Quaternary
aquifer in the Ferdjioua ditch (D3-1, D3-2, D3-3) to the
west, where the water is brackish and carbonated. To the
east of the basin, the geothermal fluids are less perceptible
at Jebel Lakhal (D2), mainly due to the mixing with
infiltrating rainfall water. Borehole water surveyed in the
framework of the present study is all intended for drinking
water supply.

(i) a geothermal reservoir whose water of the hyper-
chloride chemical facies flows through NaCl-rich
Triassic formations (Halite). This reservoir has also
a magnesian silicate component. It is thought to be
the source of two sub-reservoirs namely an oxygen-
poor water compartment (S4) and a shallower
water compartment that is diluted by an infiltrating
precipitation water component (S2).

A mixture of water from the two main geothermal
reservoirs (S6 and S3) discharges into Maleh wadi. The
latter most probably originates from a deep tectonic fault. It

@ Springer

should be noted that this wadi allows surface water to
infiltrate during high-water periods.

4 Conclusions

An increase in groundwater salinity in the aquifer complex
of the study area recorded over a decade of hydrochemical
monitoring was observed. An attempt was made in order to
decipher and characterise the origin of the dissolved salts
and the different hydrogeochemical processes controlling
the salinization of water. The increase in TDS in the
detrital aquifer of the graben has two origins. It is due to:
(i) the infiltration of water from the Boussellah wadi (su-
perficial soil’s leaching) during humid periods and (ii) an
upwelling and a mixing with saline and hot water of deeper
origin. The brackish and carbogaseous groundwater used
for drinking water allocation exhibits Ca**, Mg?" and
SO, contents that exceed the guideline values recom-
mended by the WHO (2008). The shallow karstic aquifer
tapped by borehole D1 is a highly fractured aerated horst. It
is fed by rapid infiltration of precipitation through the thin
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Fig. 6 Mineral equilibrium diagrams for sampled thermal waters from Mila’s basin

superficial formations that lie on it. It is thought to be
related to the thermal aquifer with CO,-rich fluid inputs
under specific circumstances of excessive pumping and dry
periods which explains the increased TDS. This karst
aquifer is contaminated by nitrates and the levels exceed
WHO standards (WHO 2008). The thermal karst tapped by
borehole D2 exhibits an increase in TDS of 178 mg L'
after 17 years of pumping. It suffered from an increase of
102 mg L™" in sulphates which would originate from a
dissolution of evaporites and/or mixing with water of deep
origin that is loaded with SO,. Water circulates in an
aerated karstic environment in the vicinity of the spring.
This aquifer has SiO, contents that exceed the WHO
guidelines for water consumption. The geothermometry
and hydrogeochemistry of groundwater show that all
thermal waters are in contact with Triassic evaporite
minerals. They are all immature waters except for S7
spring which is partially in equilibrium. The latter is
thought to sit at a depth ranging between 3014.7 and
3115 m and is the hottest reservoir in the Mila basin

(T =~ 116 °C). The waters of S5 spring would be in contact
with gaseous fluids of magmatic origin that happen to be
rich in H,S at a depth comprised between 2121.6 and
3788 m. Isotopic analyses of SO, would allow their origin
to be more accurately determined. The thermal waters from
D2, S2, S3, S4 and S6 are mixtures of evolved hyper-
chloride—sodium water, sulphated water and bicarbonate
recharge water. The karstic thermal waters from D2 and
S2, lie respectively on average between 1280 and 3363 m,
1461 and 2760 m deep. They are more affected by
recharge waters and therefore get more diluted. The ther-
mal waters from S3 and S6 are mixed with infiltrating
water containing dissolved salts, from the Maleh wadi at an
average depth ranges of respectively 1504.6 to 2740 m,
and 1709.6 to 2143 m. The thermal waters of S4 occur in a
reducing environment and contain CO, indicating a closed
environment at an average depth interval of
1937.4-2828.4 m. Deep waters, with a strong hydrother-
mal alteration ascend through faults and fractures con-
tributing to the contamination of shallower aquifers used
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Fig. 7 Conceptual model reflecting mineralization acquisition and groundwater circulation

for drinking water supply. A conceptual model explaining
the functioning of the hydrothermal complex of the Mila
basin is proposed.
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