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Abstract

The Continental Intercalaire (CI) aquifer, spanning Algeria, Tunisia, and Libya, is analyzed using piezometry, major
ions, and stable isotopes (8%H, *80) to track flow paths from recharge to discharge areas. A new piezometric map
was generated for the CI from the interpolation of extensive datasets from the three countries (measured in 2008). A
hydrochemical study was conducted on data compiled from previous investigations (n = 248 samples) and compared
to new samples from this study (n = 10 samples). Hierarchical cluster analysis (HCA) and principal component
analysis (PCA) were applied to hydrochemical data transformed using the centered log ratio method. The
piezometric map, created using a nested model (spherical and gaussian variograms), achieved high accuracy (ME =
0.09 m; RMSE = 26.62 m). Variography revealed the lateral continuity of the CI aquifer over ~600 km, in agreement
with previous studies on flow paths and recharge characteristics. Depth to groundwater is shallowest in coastal areas
(~20 m) and deepest in the Sahara (440 m). The hydrochemistry data shows that there is a progression towards the
NaCl-SO4 water type along flow paths. Compositional data analysis (CoDA) successfully differentiates similar water
types, providing additional insights into Cl aquifer geochemistry. Isotopes proved essential in interpreting both
paleo-recharge and modern-recharge compositions, considering depletion and enrichment in §?H and §*0 compared
to the global meteoric water line (GMWL) and the palaeo water line (PWL). These results are vital for sustainable

water management and environmental planning.

Keywords: Piezometry; Flow path; geochemistry; isotopes; CoDA; Continental Intercalaire.

1. Introduction

Hydrogeology is crucial for addressing regional water management challenges by providing essential data and
insights for sustainable and resilient water resource management, where water resources need to be managed
effectively to meet the needs of people, industries, and ecosystems. There is a significant increase in water demand in

semi-arid to arid regions, where groundwater is vital for the survival of terrestrial and aquatic ecosystems (Hibbs and
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Darling 2005; Scanlon et al. 2006; Herczeg and Leaney 2011; Magesh et al. 2012; Shekhar and Pandey 2015).
Furthermore, some areas in Southern Algeria and Tunisia are losing artesianism due to higher groundwater

abstraction and climate change (UNESCO 1972).

Optimal groundwater management requires a thorough characterization of aquifers, including their lithology,
geological structure, groundwater flow, and boundary conditions (ElI-Hames 2005). This is especially important in a
global context where climate change has impacted the water cycle, leading to lower precipitation and higher
temperatures, resulting in reduced groundwater recharge (Edmunds 2009). It is essential to assess water availability
and quality and allocate it accordingly, as droughts pose a serious problem requiring prediction and adaptation.
Sustainability is often difficult to achieve in arid regions, due to lower recharge rates compared to discharge, making

management a complex process.

The North Western Sahara Aquifer System (NWSAS) is a multilayer aquifer system extending over one million km?
which includes two major aquifers: the Terminal Complex (CT) above, and the Continental Intercalaire (CI) below
(Cornet 1964; Busson 1972), representing one of the largest transboundary aquifers in the world (Altchenko and
Villholth 2013). The CI reserves were estimated at ~20000x10° m?, with a recharge rate of 1x10° m3/year (UNESCO
1972; OSS 2003; Baba Sy 2005), and therefore its recharge did not occur during the present dry climate conditions

(Edmunds et al. 2003; Edmunds 2009).

Although the CI aquifer has been extensively studied (e.g., Cornet 1964; Bel and Cuche 1969; UNESCO 1972;
Busson 1972; Bishop 1975; Fabre 1976; Edmunds et al. 1997; 2003; Guendouz et al. 2003; Moulla and Guendouz
2003; Chkir et Zouari 2007; Chkir et al. 2009; Hadj Ammar et al. 2010; Elliot et al. 2014; Dhaoui et al. 2016;
Petersen et al. 2013; 2018; Darling et al. 2018; Zouari et al. 2019; Matsumoto et al. 2020; Cherchali et al. 2021;
Ghiglieri et al. 2021; Hakimi et al. 2021), the investigations have been conducted in limited areas. To obtain

comprehensive information on the Cl aquifer at a regional scale, covering the entire area from the Saoura Valley to
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the Libyan coast, an integrated approach will be necessary. This approach should include monitoring water levels
(recharge and flow variations) and assessing water quality (identifying and mapping solute transport), ultimately
guiding the development of remediation plans and extraction strategies. Here, the entire Cl aquifer is investigated
using major ion and stable isotope (8?H and 6*%0) data from this study combined with data from literature in order to
provide an updated overview of the current state of knowledge of the groundwater hydrology and geochemistry. In
detail, the present study aims to: (1) determine the piezometry of the whole aquifer using geostatistical techniques;
(2) interpret and discuss water flow, aquifer boundaries, and recharge characteristics using major ion and stable

isotopes monitoring.

2. Geological and hydrogeological settings

The CI aquifer is included within the NWSAS multilayer aquifer system (OSS 2003). The horizontal limits of this
aquifer can be defined based on its outcrop (Fig.1). The ClI is bounded by Albian-Cenomanian formations of the
Saharan Atlas to the north-west, whereas the Saoura and Zousfana rivers represent the western limit. The southern
boundary consists of Palaeozoic formations from Adrar to Hun (i.e., from the Tassili Mountains in Algeria to the
Hassawna Mountain in Libya). The northern limits of the CI is represented by the Chotts region to Gabes, passing by
the Hamma-Medenine faults, particularly, Dahar and Mount Neffoussa in the northeastern part (OSS 2003; Baba Sy

2005). The Eastern boundaries are represented by the Hun Graben in the middle of the Libyan Sahara.

2. 1. Geology
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The study area is part of the Saharan Platform (Fig. 1). It contains sedimentary deposits underlain by Precambrian
formations known as the African shield which only outcrops in the Hoggar (central Sahara) and the Eglabs (Western
Sahara) Massifs. These sedimentary formations consist of detrital deposits from the Palaeozoic Era to the Quaternary

Period (UNESCO 1972).

The most important time periods of geological history in North Africa include the formation of the West African
Craton in the Paleozoic (Hoggar massif in Algeria), and the formation of the Neo-Tethys (Stampfli et al. 2002). To
the north and the northeast, marine rifting affected the Saharan Platform and, as a consequence, N-S and NE-SW
faults were generated in the northern part of the Hoggar massif (Amguid, EI Hamma-Medenine faults; Coward and
Ries 2003). Furthermore, Guiraud et al. (2005) reported that the Lower Cretaceous in Libya and Tunisia was also
affected by rifting. On the other hand, Upper Cretaceous is recognized for the Cenomanian transgression and is
characterized by minor tectonic activity whereas Senonian is heavily affected by folding and compression

movements which led to the growth of the Saharan Atlas Mountains.

The NWSAS basin is divided into three hydrologic sub-basins: (1) the Great Erg Occidental Basin (including the
Algerian recharge area); (2) the Great Erg Oriental Basin in Algeria and Tunisia; and (3) the El Hamada El Hamra
Basin in Libya (Cornet 1964). It is worth noting that Cl groundwater is primarily hosted in Lower Cretaceous
formations (i.e., Barremian and Albian epochs), and deposited between two major marine cycles namely: (i) The
clayey substratum mainly Jurassic, sometimes composed of Palaeozoic formations and (ii) the Upper Cretaceous

Cenomanian transgression (Cornet 1964; Fabre 1976; OSS 2003).

The Occidental Basin (i.e., Southwestern Sahara) is characterized by a 400 m thick sedimentary cover. In contrast,
the thickness of sediments in the discharge area, towards the Algerian-Tunisian borders (i.e., the Oriental Basin), is

more than 6000 m (Aliev 1972). It should be noted that the depth and sediment thickness distribution of the whole CI



108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

aquifer is extensively presented in the literature (e.g., UNESCO 1972; Busson 1972; Fabre 1976; 2005; OSS 2003;

Baba SY 2005; Kamel 2012; Newell et al. 2015; Abdelali et al. 2020).

2. 2. Hydrogeology

The stratigraphy of the study area gives rise to a multilayer aquifer system (Fig. 2). The CI aquifer, from bottom to
top, has been described (Busson 1972; Fabre 1976; 2005) as follows: (i) the Lower Cretaceous-Jurassic aquifer
shared between Algeria, Tunisia, and Libya and known as the Kiklah aquifer in Libya; (ii) the Turonian limestones
in Algeria and Tunisia, called “the Nalut aquifer” in Libya; (iii) the Senonian-Eocene carbonates in Algeria, Tunisia
(i.e., Nefzaoua aquifer) and Libya (i.e., Mizdah aquifer). The uppermost aquifer of the multilayer Cl aquifer system
is the Mio-Pliocene aquifer that is present in all three countries, composed mainly of sand. It is worth mentioning
that, local aquifers that are not shared between the three countries are excluded from the NWSAS, such as the
Triassic to Neocomian saline waters in Algeria, and the Triassic to Palaeozoic formations in Libya (Baba Sy 2005).
Water reserves of the CI were estimated at ~20000 x 10° m?, whereas meteoric recharge was assessed using “C and

was attributed to the Holocene-Pleistocene age (Gonfiantini et al. 1974; Conrad et al. 1975; Edmunds et al. 2003).

3. Previous studies

The utilization of previous data in research is crucial to enhancing the efficiency, depth and scope of scientific
investigations. By leveraging existing datasets, new insights are obtained while also being mindful of the challenges

associated with it, contributing to a good scientific knowledge base. Thus, the current section brings together
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scattered information about the CI aquifer, offering a coherent picture of what is known and what is unknown in

literature.

The NWSAS has been largely studied from a geochemical point of view (major ion, trace element and isotope

geochemistry) (e.g. Bel and Cuche 1969; Matsumoto et al. 2020; Hakimi et al. 2021).

Although the occurrence of large water reservoirs was evidenced during the 1950s alongside the oil and gas
exploration, the real investigations on the NWSAS were conducted from the 1960s onward (e.g., Cornet 1964; Bel
and Cuche 1969; UNESCO 1972; Busson 1972; Bishop 1975; Fabre 1976). Several authors focused on the
hydrogeological background, and geometry of the aquifer recharge characteristics and residence time were discussed
by UNESCO (1972), Gonfiantini et al. (1974), and Conrad et al. (1975) by means of isotope geochemistry (?H, ‘20,
13C, 4C and 3H). During the 1980s, chlorine *Cl radioisotopes were used for the first time by Guendouz (1985) to
estimate groundwater ages within the CI aquifer in Algeria, which supplemented the previous results of Gonfiantini
et al. (1974) and Conrad et al. (1975). Additionally, geological and geophysical investigations were conducted by
Takherist and Lesquer (1989), and Lefranc (1990) identifying geothermal potential due to an estimated geothermal

gradient of ~ 2 to ~3°C/100 m.

During the 2000s many studies improved the knowledge of the Cl aquifer (e.g., Baba Sy 2005; Baba Sy et al. 2007;
Guellala et al. 2010; Zammouri and Ribeiro 2017; Gongalves et al. 2020) and several of them enhanced its
geochemical understanding (e.g., Edmunds et al. 1997; 2003; Guendouz et al. 2003; Moulla and Guendouz 2003).
These studies also revealed some anomalies in piezometry that were attributed to the Amguid Faults (Edmunds et al.
1997; 2003). Works on sustainability and resource management of the CI aquifer were also undertaken (e.g., Besbes
et al. 2003; OSS 2003), providing an update of the piezometric map. Furthermore, Guendouz and Michelot (2006)

carried out a radioisotope study (**C, %Cl), and estimated a minimum age for CI groundwaters from 16 ka to 500 ka



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

and a maximum age of 25 ka to 1.2 Ma. Additionally, using §°H, §'®0 and *4C, Edmunds (2009) suggested a climate

change was triggered in the Late Pleistocene and Holocene, in agreement with previous studies.

The hydrochemistry of southern Tunisia was thoroughly investigated using major ions and §°H, §*80, 8*3C, and §'C
isotopes to identify recharge sources (Abid et al. 2009; 2010; 2012a; 2012b; Hamed et al. 2013). Furthermore,
Trabelsi et al. (2009), estimated recharge sources, piezometry and groundwater flow patterns using °H and §'0
isotopes in the Djeffara plains in southeastern Tunisia. As for water salinity, Zammouri et al. (2007) investigated this
phenomenon at a regional scale for the CT, Cl and phreatic aquifer. While Benalaya et al. (2014) used strontium (Sr)
to track salinity origins and identify water types. In 2013, a new transboundary aquifer map was established by

Altchenko and Villholth (2013) and featured the CI in the world map of shared water resources.

More recently, groundwater age and residence time estimation were obtained using 8'Kr, %Cl, C and “He in order to
verify and update previously suggested ages (Petersen et al. 2013; 2018; Zouari et al. 2019; Matsumoto et al. 2020)
and the maximum groundwater age in the CI was assumed to range between 150 ka (**Cl) and 600 ka (3'Kr).
Moreover, some authors implemented further techniques to discuss residence time using §2H, %0 and 24U/?%8U
activity ratio (Chkir et Zouari 2007; Chkir et al. 2009; Hadj Ammar et al. 2010; Elliot et al. 2014; Dhaoui et al.
2016). For instance, Dhaoui et al. (2016) confirmed previous findings about residence time, as demonstrated by two
different endmembers (enriched and diluted), suggesting water-rock interaction is associated with long residence
times. Moulla et al. (2012) covered the whole area of the Occidental Basin, using a huge number of samples (n =
111). This detailed investigation employed major ions and stable isotopes (8°H, §*%0) to discuss modern and paleo-
recharge, as well as residence time and chemical composition evolution. Furthermore, Darling et al. (2018)
investigated the CI in the Krechba region (i.e., a local area on the Tademait Plateau) using major ions, trace
elements, dissolved gases (N2, Oz, CO2, CH,) and isotopes (82H, 680, 813C, 51*C), suggesting an age of 13 ka to 19.5

ka implying water recharge period of Late Pleistocene. Cherchali et al. (2021) defined an age of 19 ka to 35 ka for
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the Tidikelt region using §°H, 880, §'3C, and C), which is older than both sub-basins (oriental and occidental).
Finally, the geothermal characteristics of the CI aquifer, pointing to its use as a source of renewable energy, as well
as its geochemistry and water salinity was also a research interest for many authors (Ben Dhia and Meddeb 1990;
Agoun 2005; Saibi 2009; Ben Mohamed 2010; Kamel 2012; Makni et al. 2013; Chaib and Kherici 2014; Besser et al.

2018; Essamin et al. 2018; Abdelali et al. 2017; 2020; Ben Brahim et al. 2020).

4. Materials and Methods

4.1 Data collection

4.1.1 Piezometry data

Prior to any on-field piezometric measurements, pumping was ceased and drilling was suspended, in order to avoid
the influence of drawdown on piezometric measurements, resulting in reduced piezometric levels. The established
piezometric map herein is based on the results from the National Agency of Hydraulic Resources (ANRH) and
Sahara and Sahel Observatory (OSS) sampling campaigns carried out in 2008 for Algeria (n = 56), Tunisia (n = 64)
and Libya (n = 113) (OSS data exchange mechanism; ANRH 2008). The measured depth to groundwater is called
static level, and is used in piezometric level determination as follows: Piezometric level = Z — static level. where Z

represents the ground surface elevation as detailed in Castany (1982).

Although the low number of deep wells provide limited spatial coverage of the aquifer, all deep wells are equipped
with hydrostatic pressure monitors, these pressures (in bar) were converted into hydrostatic levels (in this study,

measurements from 2008 were used).

The aforementioned OSS data exchange mechanism represents an agreement with the three countries sharing this

aquifer whose objective is to coordinate the rational management of this non-renewable resource following the
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establishment of a mathematical model (OSS 2003). Since its creation, it has worked to facilitate dialogue and data-

exchange between the three countries. This mechanism is well detailed in Besbes et al. (2003).

4.1.2 Chemical and isotopic analyses

This study aimed to generalize the geochemical characteristics of the entire CI aquifer. Therefore, representative data
from the literature have been also incorporated into the synthesis (e.g., Edmunds et al. 2003; Moulla et al. 2012;

Petersen et al. 2018; Darling et al. 2018; Abdelali et al. 2020; Hakimi et al. 2021;Cherchali et al. 2021).

Existing data: Although there is a large amount of data about CI groundwaters from Algeria and Tunisia, only those
featuring a certain set of criteria were chosen. In detail, the selection criteria involve: (1) individual water samples
featuring electroneutrality within the +5% range; (2) the area covered; (3) the availability of complete analyses
(major ions, isotopes and physicochemical parameters); and (4) similar analytical methods (for more consistent
interpretations). Libya was not considered due to the lack of analyses. Although Petersen et al. (2018) does not
include major ions, it was included in the synthesis due to the high quality isotope analyses. The data selection used

in this study is detailed in Table S1 of the electronic supplementary material (ESM1) and illustrated in Fig. 3.

New sampling: The rationale behind the new sampling is that the Guerrara and Zelfana regions are located between
the oriental and Occidental Basins, and feature new groundwater abstraction boreholes that have not been sampled in

previous studies.

During January 2020, water samples from the CI aquifer were collected and analyzed for major ion chemistry (Ca?*,
Mg?*, Na*, K*, ClI-, SO4* and HCOj3") and stable isotopes of the water molecule (520 and §2H). In this study, water
samples were collected (n=10) in Algeria, in the Zelfana (FX1, FX2, FX3, NK1, SM5) and Guerrara (CV, GTF, FS,

DR, KN) regions Fig. 1. Electrical conductivity (EC), pH and temperature were measured “in situ” using a multi-

10
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parameter device (HQ40D, HACH). Sodium (Na*) and potassium (K*) were determined by flame photometry (PFP
7, JENWAY) in the laboratory of Sahara Geology at the University of Ouargla (Algeria). Sulfate (SO.%), and
chloride (CI") were determined by spectrophotometry (DR2000, HACH). Bicarbonate (HCO3") was determined by
alkalinity titration. Magnesium (Mg?*) and calcium (Ca?*) were analyzed by complexometric titration using the
ethylenediaminetetraacetic acid (EDTA) protocol (Mg?* = total hardness - Ca?*) in the laboratory of the National
Agency of Hydraulic Resources (ANRH). Precision is reported in percentage charge balance error. All samples

displayed electroneutrality defined as the charge balance for a sample never exceeding £5% (Clesceri et al. 1999).

As for the stable isotope analysis, 5!80 and §°H were analyzed through the laser absorption spectrometer LGR DLT
100 (Penna et al. 2010), at the Radio-Analysis and Environment Laboratory (LRAE) in Sfax, Tunisia. The method of
CO; equilibration was used for §*80 (Epstein and Mayeda 1953), and §°H was analyzed via isotopic exchange with
H: gas (Coplen et al. 1991). Measurements are expressed in %o and reported to VSMOW (Vienna Standard Mean
Ocean Water) international standard (Hoefs 2018). The analytical precision of §®0 and &°H was 0.1 and 1%,
respectively.

Moreover, §'80 and major ions data of sixteen samples from Abdelali et al. (2020) (2, 7, 9, 11, 12, 14, 16, 18, 19, 22,
23, 24, 26, G2, Kh1, M3) are used in this synthesis, along with more recent and unpublished §?H analysis, which
were both obtained using a gas-source isotope ratios mass spectrometer (Finnigan Delta S). §?H samples were
reacted at 750°C with Cr metal using a Finnigan H/Device coupled to the mass spectrometer at the University of
Arizona (environmental isotope laboratory). Analysis results were expressed in %o and compared to VSMOW.

Precision is = 0.9 %o or lower.

4.1.2.3 Saturation index

The saturation index (SI) represents a measure of thermodynamic equilibrium between dissolution and precipitation

processes occurring in water. It is crucial to understand the saturation states of water when dealing with dissolution

11
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and precipitation processes affecting water-rock interaction. Fig. 12 depicts the variation of the saturation index (SI)

of calcite, halite, and gypsum with respect to electrical conductivity (EC), that reflects water mineralization (Gomaa,

2020) across the Cl aquifer. The choice of calcite, halite, and gypsum is mainly due to the dominance of Ca, Na, Cl,

S04 ions , as well as the appearance of elevated of HCOgs in a few areas.. When SI= 0 equilibrium is reached (i.e.,

dissolution and precipitation reactions are in equilibrium). Sl< 0 indicate dissolution (enrichment). SI > 0 implies

precipitation (depletion). SI was calculated using the PHREEQC version 3 software including the Wateg4f.dat

database (Parkhurst and Appelo, 2013).

4.2 Geostatistics

4.2.1 Statistical analysis and compositional data (CoDA) approaches

Data were statistically analyzed using the following methods: (1) Descriptive statistics to determine data

characteristics such as central tendency and dispersion parameters; (2) Multivariate statistical analysis and

classification using principal component analysis (PCA) and hierarchical cluster analysis (HCA). The PCA and HCA

were applied to highlight possible associations of physicochemical parameters which may have a proxy to recognize

different origins in acquiring water mineralization. PCA is commonly used as an appropriate method related to factor

analysis. It is employed in exploratory data analysis to carry out predictive models according to the correlation

between variables in a multidimensional space. PCA consists of data projection into n dimensional space (scatter

plot), i.e., a dimensionality-reduction technique that transforms high-dimensional datasets into smaller-dimensional

sub-space (Jollife 2002). This simplification helps the interpretation of different relations between the studied

variables and individuals (samples). The results of PCA are usually discussed in terms of component scores (factor

scores) and loadings (Shaw 2003). In this study, due to the compositional nature of hydrochemical data, PCA was

not applied on raw data as classically done. Here, all hydrochemical data except for pH, temperature and electrical

conductivity were firstly transformed to centered-log ratios (clr) prior to conducting PCA. Note that classical

12
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statistical methods (without clr-transformation) may provide misleading results (e.g., Wang et al. 2014; Blake et al.

2016). The transformation of raw data into new ratios follows Euclidian geometry (Aitchison 1986). As the

hydrochemical data are in most cases skewed, this transformation allows for overcoming the “closure” effect of raw

compositional data. Additional details on clr-transformation and PCA are extensively discussed within the context of

hydrochemical data elsewhere (Blake et al. 2016; Ebrahimi et al. 2021 and references therein). Like PCA,

hierarchical cluster analysis (HCA) has also been conducted on clr-transformed data using Euclidian distance to

compute distances between the observations while the Ward’s method is commonly applied for agglomerative

clustering. The clr-transformation, PCA computing, and biplot presentation were conducted using CoDaPack

software (Comas and Thi6-Henestrosa 2011) whereas, HCA was carried out using XLSTAT software (Addinsoft

2021). Accordingly, data from Table S6 of the ESM2 were converted to mg/L, then transformed into (centered log

ratios) using the software Codapack (PCA computing, and biplot presentation also conducted with CoDaPack),

afterwards the resulting data was used to conduct HCA by means of XLSTAT (an integrated module to Microsoft

Office Excel)”. The resulting HCA sheets ‘CAH OBS’ and ‘CAH VAR’ contain the sample classification. (Tables

S19-522 of the ESM2)

The computed clr-variance is presented in Tables S2 and S3 of the ESM1 (variation array; Aitchison 1986). These

values represent a variation array as opposed to a correlation matrix (i.e., different to the Pearson correlation matrix

also present in Tables S4 and S5 of the ESM1; without clr-transformation). The variation array (Tables S2 and S3 of

the ESM1) shows the variance of the corresponding log-ratios figures in the upper triangle of the matrix while the

lower triangle provides the mean of the corresponding log-ratios. The total clr variance is visualized in the rightmost

column. The lower the variance the more proportional the constituents are. The larger the variance the more

disproportional the constituents become on a logarithmic scale and therefore they are less likely to be associated

(Pawlowsky-Glahn and Egozcue, 2011; Engle et al., 2014; Blake et al., 2016).
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The Langelier-Ludwig diagram, like other classical hydrochemistry plots (e.g., Piper, Stiff) uses meg/L as the

primary units, to represent the ionic concentrations that contribute to water mineralization (Piper 1944).

The plot is established accordingly: (1) the horizontal axis represents the proportion of Na and K relative to the total

cations (Ieations), Where (Na + K) = (ZrNa+K/Zrcaions)*50; and (2) the vertical axis represents the proportion of HCO3

relative to the total anions (Fanions) (HCO3) = (tHCO3/Zranions)x50, and r is the meg/L concentration of the chemical

constituents. The showcased (Ca + Mg) and (SO4 + Cl) are complementary values illustrating the plot. Whereas, in

HCO;
CIXSO,

the new version of Templ et al. (2022) used herein, the x-axis is computed by this formula\Elog( ) and the y-

NaxK
CaxMg

axis is log( ) and concentrations are in mg/L.

4.2.2 Geostatistical tools and validation metrics

Variography is the analysis of spatial correlation structures using variograms. A variogram is a fundamental tool in
geostatistics that characterizes the spatial continuity or variability of a regionalized variable. It is a plot of the semi-

variance of the differences between values against the distance between sample locations (Chilés and Delfiner 1999).

Whereas, geostatistical mapping involves the creation of spatial maps based on variography results. It often uses
kriging, a geostatistical interpolation method, to predict values at unsampled locations based on the spatial

correlation structure described by the variogram (Oliver and Webster 1990).

Kriging is the best linear unbiased estimator for spatial interpolation, and offers several advantages in
hydrogeological studies such as the quantification of uncertainty, flexibility in modeling spatial correlation with
different variograms, handling sparse Data, adaptability to anisotropy and improved spatial resolution (Matheron

1971; Isaaks and Srivastava 1989; Goovaerts 1997; Kitanidis 1997; Clark and Harper 2001; Wackernagel 2003).
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However, kriging has its limitations, including the assumption of stationarity across the study area which is not
always correct (misleading results can be obtained in non-stationary conditions; Isaaks and Srivastava 1989). It also
requires sufficient data quality and quantity and can be computationally intensive and time-consuming with large
datasets (Goovaerts 1997; Kitanidis 1997). Accuracy is dependent on the choice of the variogram model, and can be
affected by outliers (anomalous values that seem to stand out from the bulk of data which can disproportionately
affect the interpolation; Wackernagel 2003; Almeida and Vieira 2013). Furthermore, kriging sometimes does not
align with key principles in hydrogeology. Despite these limitations, kriging remains a powerful tool in
hydrogeological studies when applied with careful consideration of its constraints and assumptions. The other
interpolation techniques (inverse distance, triangulation, etc.) do not take into account the spatial structures of the
estimated variable. Whereas kriging does via the variogram. Hence, the choice of ordinary kriging in the current
study is justified. The piezometric mapping was conducted using the geostatistical tools of ordinary kriging (OK).
Note that geostatistical interpolation techniques provide an ideal estimation at an un-sampled location (Matheron
1971; Chauvet 1999). Prior to OK, the variogram tool is computed and fitted by theoretical models. The variogram
aims to describe the spatial correlation degree between each pair of observations that are separated by the lag (h)
distance. The variogram y (h) is one-half of the variance of the difference between the values at all coordinates z(x)
and z(x + h) having (h) distance. The experimental semi-variogram is calculated as follows (Journel and Huijbregts

2004):

N(h)

1
Y = g | D 20 — 2+ W

i=l
Where:
y(h) represents the semi-variogram;

N (h) represents the number of pairs for each lag (h);
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z(x) and z(x + h) represent the values of the studied variable (here the piezometric head) in the location (x) and (x +

h).

Using theoretical models, the semi-variogram can be fitted. The theoretical models include: (i) nugget effect (co)
representing the variogram value at zero distance y(h = 0) reflecting the variability at small scales tending to zero;
(ii) sill (c): and range (a) representing the level of variogram at the distance of reaching its range; (iii) the range (a)
represents “the influence radius” where the measured observations are no longer spatially correlated if exceeding a
distance (a). In the literature, some theoretical models are used in fitting experimental variograms (e.g., spherical,
exponential, gaussian and linear models; for more details see Xavier 2001). The nugget effect represents
measurement error or spatial variability at very short distances. The nugget effect in variography is crucial for
interpreting spatial data variability and has significant implications for the accuracy and reliability of data
interpolation methods like kriging. It affects the estimation variance, informs sampling strategies, and plays a critical

role in model selection and data quality assessment.

Using the fitted variogram, ordinary kriging (OK) (Journel and Huijbregts 1978) was applied as a weighted-average
estimator to generate the updated piezometric map. OK is one of the most widely used methods in the literature for
the case of stationary data, and consists in using neighboring observation data with more smoothing of the spatial
variability (Marinoni 2003; Lefohn and Knudsen 2011; Chilés and Delfiner 1999; Wackernagel 1995). Note that

spatial distribution is calculated using the following formula (Delhomme 1978):

n
Zixo)- Z AiZexp
i=1

Where:

Zx4)- The value of the spatial random variable Z ,at the un-sampled point (x,);
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A;: Weights (for details on weights calculation, see Ashrafzadeh et al. 2016):
Z ;- the observed value of the random variable Z , at the point (x;).

To evaluate the performance of OK estimation and the quality of variogram fitting, a cross-validation procedure was
used. It consists in systematically removing each measured data point and proceeding to re-estimate the missing
value using neighboring data points. Re-estimated and measured values are often compared using a suite
of statistical estimation accuracy performance metrics. In this study, mean error (ME) and root mean square error
(RMSE) were calculated using formulas commonly used in the literature (e.g., Chiles and Delfiner 1999; Esri 2008;

Ashrafzadeh et al. 2016):

n

1
ME = EZ[Z(X) —Z(x)*]

i=1

— j L1200 ~ 2

n

Where:

Z(x) represents the observed value,

Z(x)* is the re-estimated value and n represents the number of observations used.

ME values close to zero (0) together with small RMSE values indicate good estimation performance.

The sequence of steps to be followed for groundwater evolution characterization along flow paths using

geochemistry and piezometry is presented in a flowchart (Fig.4).
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5. Results

5.1 Variography, geostatistical mapping and major flow paths

The experimental semi-variogram was calculated and fitted using a nested-structure. The nugget effect was estimated
at 400 m? and the first structure was fitted by the spherical model with a partial sill = 4500 m? and a range of about
300 km (taking into account that one degree of latitude = ~111 km). The second structure was fitted by a gaussian

model with a partial sill = 14554 m? and a range of about 600 km.

Using the fitted variogram, ordinary kriging (OK) was undertaken to estimate piezometry in the whole aquifer of the
Cl, using piezometric measurements data (ANRH 2008). Cross-validation parameters show high accuracy
performance (ME = 0.091 m; RMSE = 26.62 m; shown in Fig S1 of the ESM1). Piezometric maps are shown in Fig.
5 showing the distribution of recharge, transition and discharge areas along major groundwater flow lines with

respect to the CI hydrogeologic limits.

The abrupt cluster of the piezometric contours near the coastal areas results from the topographic transition towards
the regional discharge zone, reflecting the groundwater flow from areas of high to low topographic relief (i.e., from
the Saharan Atlas mountains to the Chotts region and the Saharan Platform, from the Tinrhert to the Chotts region,
from Mount Neffoussa and Mount Hassawna to Ain Tawargha). On the other hand, widely spaced piezometric

contours attest to the more stable topography of the Saharan Platform (see Fig. 5).

Based on the previous (Fig.5.a) and current (Fig. 5.b) piezometric maps we notice slightly different piezometry (i.e.,
the piezometric surface of Fig. 5.a are 30 m higher than those reported this study (Fig.5. b) corresponding to certain

areas losing artesian conditions). Moreover, the major groundwater flow path directions are updated and accordingly
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numbered in Fig. 5.b and Fig. 9-10 for ease of geochemical interpretation. The following flow paths and their

significance were investigated in the present study:

(1): Denotes the flow from the Atlas Mountains to the discharge areas of Touat, Gourara and Tidikelt.

(2): Epitomizes flow from the West of the Saharan Atlas Mountains to the discharge areas in Southern Tunisia,

through the Chotts region in Meghaier (Algeria).

(3): Flows from the southern Mzab dorsal and Tademait areas to discharge in Touat, Gourara and Tidikelt.

The aforementioned flow paths only differ from those reported in OSS (2003) for the northwestern part of Algeria.

5.2 Water composition

5.2.1 Physico-chemical parameters

The physico-chemical parameters compiled in this study are presented in Table S7 of the ESM2. In detail, the
hydrochemical study was organized in a manner to characterize different areas: the recharge area (i) includes data
from , Edmunds et al. (2003), Moulla et al. (2012), Darling et al. (2018) and Hakimi et al. (2021) (i.e., the Atlas
Mountains and South Mzab dorsal and Tademait ); the transition area (ii) contains new data in addition to those of
Edmunds et al. (2003), Moulla et al. (2012), and Hakimi et al. (2021); and the discharge area (iii) that incorporates
two sub-discharge areas, the northeastern discharge including data from Edmunds et al. (2003); Abdelali et al.,
(2020), Hakimi et al. (2021), and the southern discharge including data from Moulla et al. (2012) and Cherchali et al.
(2021). Table 1 summarizes the physicochemical parameters such as pH, Electrical conductivity (EC) and

Temperature (T), and highlights the most important traits in each area.

Table 1. Comparative table between physicochemical parameters (pH, Electrical conductivity (EC) and Temperature

(T) along with their statistical description: Range, mean, standard deviation (£) and sample size (n).
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Area Comments and comparison between areas studied Statistical Description
pH T(°C) EC
(us/cm)
Atlas Neutral pH, low conductivity, and relatively low temperature | (6.9-7.5) (19.1- (513-5120)
Mountains compared to the other areas. 7.23% 29.1) 222325
0.15,n= 2232+ 1155.13, n
19 2.54,n= =20
20
South Mzab | The least mineralized water, accompanied by the lowest EC | (7.4-8) (24.9- (339-
and values. 7.84 = 35.6) 1281.5)
Tademait 0.10,n= 30.41 + 559.87 +
27 2.86,n= 186.70,n =
26 27
Transition Larger pH fluctuation, associated with moderate temperature | (6.63-7.90) | (19.60-45) | (803-
zone and a higher water mineralization, and is somehwat similar 753+ 3358+ 3201.70)
to the northeastern discharge. 0.28,n= 4.97,n= 2008.33 +
65 65 49421, n=
65
Northeast Neutral to alkaline pH, and higher water mineralization (6.90-8.52) | (35.9-73) | (1900-
discharge (highest EE and T values). 742 + 57.59 + 24400)
0.36,n= 9.6,n=55 | 3697.34 +
57 2974.78,n
=55
Southern Similar to NE discharge in terms of EC and pH, whereas T is | (6.54-8.1) | (14.5- (645-
discharge significantly lower. 738+ 31.2) 15270)
0.33,n= 26.06 £ 2849.91 +
80 3.32,n=80 | 1843.81,
n=80

5.2.2 Major ions variation

In hydrochemistry, major ions represent the most abundant dissolved species in natural waters, significantly

influencing water chemistry and quality. The most important drivers of major ion hydrochemistry in the ClI include

water-rock interaction with the different geological formations and Climate influences. Whereas anthropogenic

drivers are considered to be less important. These hypotheses provide a framework for understanding the complex

interactions that determine the ionic composition of natural waters and the factors influencing their variability across

different environments. Groundwater mineralization in the CI is mostly due to SO4%, CI-, Ca?*, and Na*, which are

variably distributed throughout the aquifer as shown in the box and whiskers plots (Fig. 6).
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Recharge area: In the Atlas Mountains, sodium (0.35-18.50 meq/l; average = 6.68 + 5.45 meg/l, n =20) exhibits the

widest variation among cations, followed by calcium (1.97-22.95 meqg/l; average = 9.68 + 5.52 meg/l, n = 20).

Magnesium (1.10-23.47; average = 7.86 £ 4.78 meg/l, n = 20) is more clustered and potassium (0.08-0.41 meq/I;

average = 0.16 = 0.09 meg/l, n = 20) concentrations are low and almost negligible. As for anions, sulfates (0.69—

40.20 meq/l; average = 14.69 £ 9.58 meq/l, n =20), chloride (0.44-27.21 meq/Il; average = 7.99 £ 7.76 meg/l, n =20)

and nitrates (0.02-5.11 meq/l; average= 0.82 meg/l, £ 1.22 meg/l, n =20) are the most scattered, whereas

bicarbonates are more clustered (1.03-5.31 meg/l; average= 2.50 meg/Il, = 0.84 meg/l, n =20).

Unlike the Atlas Mountains, the Tademait area exhibit less dispersion and lower mineralization compared to the

other parts of the aquifer (chloride = 0.32-3.77 meq/l; average = 1.50 £ 0.76 meqg/l, n =27; sulfates = 0.54-8.23

meq/l; average = 1.90 £ 1.49 meq/l, n =27; Nitrates show the least variation (0.06-0.93 meg/l; average= 0.23 meg/I,

+ 0.15 meg/l, n =27). The area is relatively enriched with bicarbonates (1.27-3.88 meq/l; average= 1.75 meq/l, +

0.67 meqg/l, n =27) and calcium (0.62 - 9.25 meq/I; average = 2.33 £ 1.64 meqg/l, n = 27). Magnesium ranges from

0.54 to 6.86 meq/l; average= 1.78 + 1.34 meqg/Il, n = 27; and potassium ranges from 0.11-0.40 meq/l; average = 0.16

+ 0.05 meqg/l, n = 27; see Fig. 6). Another striking feature is the is the lower sodium content (1.01 to 15.62 meq/I;

average = 2.04 + 2.76 meg/l, n =27).

Transition area: lons are concentrations consistently clustered together, indicating low data variability (Fig. 6).

Chloride exhibits the greatest dispersion (1.82 - 16.21 meqg/l; average = 8.95 £ 3.41 meg/l, n = 65), followed by

sulfate (average= 9.48 + 2.90 meq/l, n = 65). Bicarbonate (1.37-4.04 meq/I; average = 2.60 + 0.47 meg/l, n = 65) and

nitrates (0.02-1.18 meq/l; average= 0.30 + 0.20 meg/l, n = 65) do not significantly contribute to the overall chemical
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composition of groundwater. Sodium (0.65 to 18.01 meq/l; average = 8.70 = 2.94 meg/l, n = 65) shows a certain

degree of dispersion, whereas calcium (2.87 to 10.58 meqg/l; average = 6.65 £+ 1.58 meg/l, n = 65) is less dispersed.

Magnesium ranges between 1.47 and 13.68 meg/l (average = 5.68 + 2.75 meg/l, n = 65), and potassium is essentially

insignificant ranging from 0.05 to 0.55 meq/l (average= 0.22 + 0.12 meg/l, n = 65).

Discharge area: In the northeastern discharge area, sulfates, chloride, calcium, and sodium are less dispersed than in

the southern discharge and in the Atlas Mountains. Chloride (9.01 - 167.88 meg/l; average = 17.12 + 21.01 meg/l, n

= 57) and sulfates (9.36 - 38.30 meq/l; average = 16.35 + 7.09 meg/l, n = 57) are the most abundant anions, followed

by bicarbonates (0.54-4.2 meq/l; average = 2.27 £ 0.56 meq/l, n = 57) and nitrates (0-0.41 meq/l; average = 0.03 +

0.09 meg/l, n = 57), whereas, among the cations, sodium, calcium, and magnesium range from 8.69 to 152.17 meq/I

(average = 16.88 + 19.14 meg/l, n = 57), and from 4.00 to 44.45 meq/l (average = 11.42 £ 6.14 meqg/l, n = 57), and

from (2.45 to 22.94 meq/l (average = 6.51 + 2.99 meq/l, n = 57), respectively. Potassium is relatively high in this

area (0.51-2.82 meq/I; average = 1.04 + 0.43 meg/l, n = 57).

The southern discharge area shows the highest variation for chloride (2.19 - 123.35 meq/I; average = 16.54 + 14.73

meqg/l, n = 80), whereas, bicarbonates (0.16 — 11.03 meqg/l; average = 2.40 + 1.18 meg/l, n = 80) and nitrates (0.1 —

4.82 meq/l; average = 0.83 + 0.77 meg/l, n = 51) show the lowest dispersion. While, sulfates (1.13 - 48.15 meq/I;

average = 10.39 £ 6.16 meg/l, n = 80) and calcium (2.71 - 42.11 meq/I; average = 8.18 + 5.14 meg/l, n = 80) are

present at lower concentrations. Sodium (1.45 - 99.13 meq/l; average = 15.98 + 11.55 meq/l, n = 80) features the

greatest dispersion among cations. The distribution of magnesium is comparable to sodium, although slightly lower

than the northeastern discharge area. It fluctuates between 1.15 and 49.01 meg/l (average = 5.97 meqg/l £ 5.47 meq/I,

n = 80). Potassium ranges from 0.24 to 3.28 meq /I (average = 0.89 + 0.51 meg/I, n = 80) (e.g., Edmunds et al. 2003).

Overall, results indicate that chemical composition exceeds the WHO standards for drinking water except for nitrates
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(WHO 2017). Moreover, The results show that the hydrochemical composition of groundwaters in the CI are highly

variable in recharge areas but become less variable in discharge areas.

5.2.3 Multivariate statistics and compositional data analysis (CoDA)

Multivariate statistic methods are widely used in the examination of large hydrochemical datasets (e.g., Buccianti
and Grunsky 2014; Engle and Rowan 2014). In this study, raw data (in mg/l) were transformed using the centered-
log-ratio (clr) method prior to the application of multivariate statistics. The clr-transformation of the raw data, which
generated a variation matrix, is very effective in order to understand the geochemistry of the CI aquifer, since the clr
represents each variable as a ratio to a central value instead of choosing the dominant variable (concentration). In this
respect, hierarchical cluster analysis (HCA) and principal component analysis (PCA) were performed on the

variation matrix (eg., Blake et al. 2016; Ebrahimi et al. 2021).

HCA was performed separately on both sub-basins and is given in Fig. 7 and 8. PCA was executed separately on
both sub-basins, shared recharge and transition areas were included on both sub-basins (i.e., leading to duplicate

observations) to facilitate interpretation and to avoid overlap of discharge samples, as shown in Fig. 7-9.

Three distinct clusters of water types were identified: Ca-HCO3, Ca-Mg-SO, and Na-CI-SO. which corresponded to
groundwaters in recharge, transition and discharge areas, respectively. In general, these ions, which dominate water
mineralization, increase in concentration from recharge to discharge areas (Edmunds et al. 2003; Moulla et al. 2012).
Groundwaters in the Tademait area are exclusively dominated by Ca-CO3; and HCO3™ is more important compared to
groundwaters in the Atlas Mountains. The Ca-Mg-SO4 composition dominates over the transition area and the Atlas
Mountains, except for some samples from the Atlas Mountains (El-Assafia 1, LAG 02, LAG 05, LAG 06, LAG 08,

LAG 14, LAG 20, LAG 23, LAG 24) and the south Mzab dorsal and Tademait (EIm 01, Elm 02, GI01, Gl02, GI03,

Gl04, GIO5, Glo6, Gl07, GI08, Gl09, GI10, GI11, Gl12, GI13, GI14, Hg01, Hg02, Hg03, Hg04, Hg05, kb602, kb603,
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kb604, kb605, kb606, Inb 01, Tim 07) where CaCOz dominates. The northeast and southern discharge areas both

feature groundwaters categorized into the Na-CI-SO4 water type.

As for the PCA, clr-variance was calculated and plotted as a correlation matrix, which was then used to generate the
principal component biplot, which was then interpreted accordingly. Where the closer the vertices are to each other,
the more proportional they are; and the weaker the link between them. When three or more vertices share the same

link, a sub-composition may be assumed.

The Occidental Basin is characterized by a cumulative variance of 77.49% (PC1 = 40.47 %; PC2 = 37.02 %; Table
S9; ESM2). On one hand, the projection of variables on the PC1 vs. PC2 plot shows a cluster of samples around
(Na*, CI), (Ca?*, Mg?*, SO4*) and, to a lesser degree, (Ca?*, Mg?*, HCOj3"), representing the southern discharge,
transition and recharge, respectively (Fig. 9). Note that the Atlas Mountains and transition areas are of the CaSO,
composition with the exception of El-Assafia 1, LAG 02, LAG 05, LAG 06, LAG 08, LAG 14, LAG 20, LAG 23,
and LAG 24 which feature a Ca-COsz composition. Similarly, the south Mzab dorsal and Tademait (EIm 01, EIm 02,
Glo1, GI02, GI03, Glo4, GIo5, GI06, Gl07, Gl08, GI09, GI10, Gl11, Gl12, GI13, Gl14, Hg01, Hg02, Hg03, Hgo4,
Hg05, kb602, kb603, kb604, kb605, kb606, Inb 01, Tim 07). On the other hand, the variation array shows that the
following pairs (Na*, Cl'= 0.41) and (Ca?*, HCOs™ = 0.16) present the lowest clr-variance, and therefore the highest

proportionality (Table S10; ESM2).

The Oriental Basin demonstrates a cumulative variance of 75.68% (PC1l= 48.40%; PC2= 27.28%; Table S11,
ESMZ2). The PC1 vs. PC2 plot shows a cluster of samples located mostly around the (Na*, CI) and (Ca?*, SO4%) pairs
denoting the Chotts region and the transition area, respectively. The Ca?* and HCOs™ variables are only represented
by some samples from the Atlas Mountains (El-Assafia 1, LAG 02, LAG 05, LAG 06, LAG 08, LAG 14), and
transition (LAG 20, LAG 23, LAG 24). The aforementioned pairs also present the lowest clr-variance (Na*, Cl'=

0.45) and (Ca?*, HCO3 = -0.09), or the highest proportionality (see their clr- variance in Table S12; ESM2).
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5.3 Isotope data

The isotopic composition of water samples (5°H and §'®0) of sampled water is presented in Table S8 of the ESM2.
Similar to major ions, the isotopic records are organized according to sampling sites located in the recharge,
transition and discharge areas. Specifically, the recharge area (i) includes data from Hakimi et al. (2021), Darling et
al. (2018), Edmunds et al. (2003), and Moulla et al. (2012). This area encompasses the Atlas Mountains, the southern
Mzab dorsal and Tademait Plateau. The transition area (ii) comprises new data in addition to those of Edmunds et al.
(2003), Moulla et al. (2012), and Hakimi et al. (2021); the discharge area (iii), that incorporates two sub-discharge
areas, with the northeastern discharge represented by data from Edmunds et al. (2003); Abdelali et al. (2020), Hakimi
et al. (2021), and the southern discharge by data from Cherchali et al. (2021) and Moulla et al. (2012). Finally, data
from Petersen et al. (2018) include the Dahar recharge area, Tozeur Ridge, Djeffara and Kebili-Gabes regions in

Tunisia.

Groundwater in the Atlas Mountains, south Mzab dorsal, Tademait, Saoura and the Dahar regions are characterized
by a large dispersion of §'0 and §?H values. Whereas, the transition and discharge areas are more clustered around
certain values and less dispersed. The spatial distribution of §*%0 and §2H values for groundwater of the Cl is shown

in (Fig. 10) and the summary statistics are detailed in Table 2.

Table 2. Comparative table between 880 (20) and 8%H (H20) ratios (expressed in VSMOW), including their statistical

description: Range, mean, standard deviation (+) and sample size (n).

Avrea studied Comments and comparison between areas studied | Statistical Description
8°H (H20) 3180 (120
Atlas Mt. Enriched values of (§2H. 5'80) showing great -61.7 to -39.50 -8.5 t0 -4.50%o
dispersion. (average = -49.5 + | (average =-6.65 +
6.44 %o, n =20). | 0.89 %o, n = 20)
S. Mzab and Quite similar to the Atlas Mountains, this region is | -61.50 to -47.2 -7.9t0 -4.7 %o
Tademait characterized by enrichment in (6%H. 5'0) and (average = -52.56 | (average =-5.78 +
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great dispersion.

+ 4.79 %o, n = 16)

1.12 %o, n = 16)

Saoura The greatest dispersion, shows very enriched -67.2 10 -35 %o 9.2t0 -2.3 %o
samples in (8%H. 5'0) and some very (average = -46.95 | (average = -4.54 +
impoverished ones. £5.71 %, n=31 | 1.25 %o, n =31

Dahar Enrichment in (3%H. §'80) comparable to the Atlas | -60.00 and -41.00 | -6.5 and -7.7 %o
Mountains, south Mzab dorsal & Tademait. %o (average = - (average =-6.9 +

49.00 + 7.12 %o, n | 0.48 %o, n =5
=5

Transition Less dispersed samples, showing almost the same | -68.00 to -34.8 -8.90 t0 -4.70 %o;
values of (82H. §'80), more impoverished than the | %o; average = - average = -7.87
aforementioned areas. 59.19+5.68;n= | 0.84 %o

29
This study This study is located in the transition area, albeit -63.20 to -51.70 8.54 to -5.67 %o

with newer analyses. Clustered samples around
certain values impoverished in (8%H: 5'80).

%o (average = -
61.32,£3.26;n =
10

(average =-7.94 +
0.77 %o, n =10

NE discharge

Shows impoverished very well clustered (lowest
dispersion by far). These are almost the lowest

-67.00 to -50.00
%o (average = -

-9.10 to -6.80 %o
(average =-8.10 +

values of (8%H. 5'20). 60.00 + 3.06 %o, n | 0.50 %o, N = 56)
=56)
S. Tidikelt | The most depleted values in §°H and 5'#0 (the from -75.6 to - -9.83 10 -7.04 %o
discharge furthest away from the Palaeo water line (PWL) 56.8 %o (average | (average =-8.47
(Sonntag et al., 1980). Similar to the NE discharge | =-67.14+6.21 0.76 %o, n = 22)
dispersion is minimal. %o, N = 22)

Gourara | These are the most enriched discharge samples, -65.2 10 -41.4 %o, | -8.00 to -2.50 %eo;
Touat and the most dispersed with regard to §°H and average =-55.12 | average =-5.70 £
5180 ratios. +5.56 %o, N =44) | 1.45 %o, n = 44,
6. Discussion

6.1. Piezometry and major flow paths

Solutes may be transported, enriched or depleted along groundwater flow pathways (Chilton 1996; Domenico and

Schwartz 1997; Winter et al. 1998). In arid to hyper-arid climate conditions, where the groundwater is rarely

recharged, water becomes enriched with respect to major ions through water-rock interaction. The mineralogical

composition of aquifers, the evaporation and mineral precipitation are the typical factors that govern groundwater

chemical composition, although geothermal influences may also alter groundwater composition in sedimentary

basins as observed at the Grand Erg Oriental Basin (D’ Amore and Arndrsson 2000; Wang et al. 2015).
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The variography analysis of piezometric data allowed spatial variability to be fitted by nested models which
indicated multiple structures present at different spatial scales. In this respect, two sub-scales can be defined: (i) the
local scale at ~ 300 km, while the second scale (ii) describes the regional continuity of the aquifer > 600 km as

deduced from the ranges. These results confirm the spatial continuity of piezometric level in the CI aquifer.

Based on ME and RMSE metrics, the newly generated piezometric map is quite similar to the previously
published version, which both share similar recharge/discharge areas (OSS 2003) but the revised version is more
accurate, showing that the Depth to groundwater is shallowest in coastal areas (~20 m) and deepest in the Sahara
(440 m) as previously suggested by OSS (2003) and Besbes and Horriche (2007). A major difference is the western
part of study area (lllizi, Ghardaia, Adrar and Tamanrasset) where 21 new boreholes were drilled post-2000 were
included in the revised map (ANRH 2008). According to the pattern of piezometric contours, it is also possible that
the south Mzab dorsal and Tademait region contribute recharge to the CI (i.e., water flows from the most elevated
areas). Furthermore, that area is characterized by undifferentiated outcrops of the Cl and Cenomanian (Busson,
1970), reinforcing the possibility of meteoric recharge. On one hand, recharge tends to occur in outcrop (limestone)
regions such as the Saharan Atlas Mountains, the South Mzab dorsal and Tademait and the Paleozoic formations
from Adrar to Hun (including the areas of Gourara, Touat and Tidikelt. Tinrhert, Mount Hassawna and Mount
Neffoussa in Libya), where the CI is unconfined. Additionally, rivers contribute to recharge including the Saoura and
Zousfana rivers in the west. On the other hand, discharge is illustrated in the Chotts region where the aquifer is
confined with respect to the surface (i.e., through Chott Merouane and Chott Melghir in Algeria to Chott Fedjej in
Tunisia). Here, a confined discharge area is also known to exist at Ain Taourgha in Libya and Dahar in Tunisia. The
Tidikelt region was excluded from the Occidental Basin by Cherchali et al. (2021) due to the contrasting
geochemistry of its groundwater. It must be emphasized that between the recharge and discharge areas, a transitional

area is recognized, which is most pronounced in the Mzab Dorsal, characterized by low to moderate aquifer depths
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(up to 600 m bgl), and lower occurrence of artesian conditions relative to the discharge area in the Chotts region to

the northeast.

The lack of significant changes in the piezometric surface compared to the previous maps (e.g., OSS 2003), indicates
that the CI aquifer contains a substantial water supply and a considerable water storage capacity, despite the low
recharge rates. There has been a 30 m decrease in groundwater levels due to over-abstraction, where certain places
are losing artesian conditions (e.g. Zelfana). Consequently, water withdrawals resulting from either human
exploitation or natural outflows from the aquifer in the discharge area do not appear to be exerting a significant
influence on water levels at the scale of the entire aquifer. However, the CI should be carefully managed to ensure
preservation for the future. Notably, despite the locally high demand for water (e.g., oases and cities), the aquifer's
considerable water resources cover any piezometric changes throughout this span of time (l.e., from 2000 to 2008 or

from OSS (2003) to the time of this study).

In contrast to the earlier maps, which employed deterministic interpolation methods, the current map offers the
advantage of a precise numerical model validated through appropriate validation metrics after a study of the
regionalized variability. The revised map demonstrates the lateral continuity of the CI aquifer, which extends up to
600 km in terms of auto-correlation in hydraulic characteristics. This mapping exercise also served to better

characterize the piezometric surface of the Cl, providing a basis for long-term sustainable management.

6.2. Water composition

The evolution of groundwater geochemistry was investigated focusing characterizing the major flow paths using
interpretations of major ion and stable isotope data. This process was explained and presented in Figs. 9-11, allowing

geochemical characterization of the major groundwater flow pathways.
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Two major end-members were found (recharge and discharge) with the northeastern discharge area epitomized by a
NW-SE flow path (i.e., from the Atlas Mountains to the Chotts region (flow path 2) whereas the recharge area is well

emphasized in the Occidental Basin, known for its N-S (1), E-W (3), and N-S (3) flow paths (see Fig. 5).

Overall, HCA (Fig. 7-8) showed that the strongest correlations exist between (Na* and CI-, as well as for Ca?* and
HCOs5™. Mg? and SO4* showcase high proportions as well. The position of the aforementioned variables in the
compositional biplot of the PCA (Fig. 9) also suggests a sub-composition of (Ca?*, HCOj3") or (Ca?*, Mg?*) HCO3™
and (Ca?*, Mg?*) SO4%, suggesting that a link could be shared between these ions (Fig. 9). Therefore, a few obvious
mineral associations could be deduced such as CaCOs, CaSO4 or MgSO4and NaCl, while the association of Na* with
K* is less likely to occur, which reflects the presence of argillaceous aquifer materials. These assumptions are further

supported by the size of the vertices of each variable in the compositional biplot (Fig. 9), which implies:

e A significant correlation between Na* and Cl- based on their close clustering and similar vertex size. This
relationship suggests the origins of these ions in groundwater is due to the dissolution of halite (NaCl), a
mineral occurring throughout the CI aquifer. In contrast, K* is not grouped with the other monovalent
cations exhibiting disproportionality in their distribution.

e The vertex size of (Ca?*, Mg?*) with HCO3;~ shows lower proportionality compared to (Ca%*, Mg?*) with
SO.%, indicating the role of water-rock interaction with anhydrite and gypsum. These mineral phases occur
in the Triassic and Devonian lithologies located in the southern discharge area and the Cenomanian rocks in

the northeastern discharge zone overlying limestone, which only occurs in the recharge area.

Fig. 9 also supports the characterization of flow from recharge areas (South Mzab Dorsal, Tademait and Atlas
Mountains) to discharge areas (southern and northeastern discharge areas) in accordance with Fig. 5 Overall,
geochemistry shows that groundwaters of the ClI become enriched with respect to major cations and anions (Ca?*,

Mg?*, Na*, K*, CI, SO4% and HCO3") through water-rock interaction along flow pathways. The Langelier-Ludwig
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diagram (Fig. 11) also highlights the enrichment of (Na+K) and (CI+SO4) of groundwater from recharge to discharge
areas. In this study, a compositional version of the diagram was used, in which mg/l are used instead of meg/l which
is more suitable for compositional datasets (Templ et al., 2022). Unlike the conventional approach, this diagram is
uses logarithmic axes instead of proportions, and plots points as isometric coordinates with a center. Consequently,
the compositional diagram does not show the boundary between different facies as shown in conventional Langelier-
Ludwig diagrams. This means that an absolute classification of water types is excluded. Instead, the dominance of
cations and anions is determined by their value or position relative to zero (i.e., whether the log-ratios are higher or

lower than zero).

Groundwaters of the Atlas Mountains are characterized by a dominance of the Ca-SO4 water types, confirmed by
both PCA and the Langelier-Ludwig diagram (Figs. 9, 11), with the exception of samples: El-Assafia 1, LAG 02,
LAG 05, LAG 06, LAG 08, LAG 14, which are more enriched with (Ca+Mg)COs3. samples (LAG 20, LAG 23, LAG

24) from transition are enriched with (Ca+Mg)COs; as they are located close to the Atlas Mountains.

Around the regions of Hassi Gara, El Golea and Krechba (i.e., South Mzab dorsal and Tademait), groundwater is
more enriched in HCO3;™ compared to the rest of the Cl. As groundwater approaches discharge areas along flow path
3, it becomes more enriched in (Na+K) and (CI+S0O4), implying the progress of water-rock interaction along the flow
path (i.e., recharge at the Tademait Plateau and discharge in Touat, Gourara and Tidikelt areas) (also see the negative
Sl results in Fig. 12) which slightly contrasts with the findings of Moulla et al. (2012) and Hakimi et al. (2021),

owing to the use of CoDA instead of conventional methods.

The transition area between the Occidental Basin and the Oriental Basin is characterized by Ca-SO4 or Na-Cl-SO4
groundwaters (Guerrara, Zelfana samples; Edmunds et al., 2003; Hakimi et al. 2021 and this study). Groundwaters
in these areas are interpreted to have a recharge area in the Atlas Mountains and a discharge area in the Chotts region

according to flow path 2 (see Fig. 5).
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Additionally, the Oriental Basin follows the flow path 2 and is exclusively characterized by groundwaters of the Na-

CI-SO4 water type, which derives from the weathering of halite, gypsum and anhydrite bearing lithologies (Edmunds

et al. 2003; Abdelali et al. 2020; Hakimi et al. 2021 and This study).

Similarly to the Oriental Basin, the regions of Timimoun, Adrar, Reggane and Aoulef (i.e., the southern discharge

area) are marked by an increase in (Na+K) and (Cl+SO4) due to the weathering of halite and gypsum mostly

associated with evaporite deposits (Fig. 12; see Moulla et al. 2012). These findings confirm the presence of the NE-

SW flow path 3 (Fig. 5) to the southern discharge area at Gourara, Touat and Tidikelt (for more details, see Cherchali

etal. 2021).

As mentioned above, groundwaters of the CI exhibit both Ca-SO4 and Na-CI-SO. water types (Fig. 9-11), which

correspond to the most proportional vertex distributions. These hydrochemical patterns also correspond to the

identified flow directions, while HCO3™~ enrichment only concerns the South Mzab Dorsal, Tademait Plateau and the

Atlas Mountains where samples scatter around the vertices, indicating interaction with limestones (Fig. 9-11). These

results are consistent with previous non-compositional-data geochemistry results such as (Edmunds et al. 2003;

Moulla et al. 2012; Abdelali et al. 2020; and Hakimi et al. 2021).

The dissolution of gypsum and particularly halite occurs throughout the aquifer although the respective Sl increases

towards the discharge areas whereas calcite dissolution occurs only in the recharge areas. Groundwater reaches

saturation with respect to calcite in the transition and discharge zones, also in agreement with what is depicted in the

compositional biplot and the Langelier-Ludwig diagram (Fig. 9-11).

To summarize, the Na-CIl-SO, water type evolution along the flow paths is controlled mainly by water-rock

interaction processes, considering the presence of halite (NaCl), gypsum (CaSQO4-2H,0) and anhydrite (CaSOa)

across the study area. The amount of dissolved calcium and bicarbonates in the recharge zone instead originates from
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limestone dissolution in the Atlas Mountains and the South Mzab Dorsal and Tademait. The application of

conventional geochemistry (conventional Langelier Ludwig, Fig. S2 of the ESM1; Stiff diagram in ESM3) is less

precise than routine compositional data analysis since it does not show the enrichment in CaCOg for the following

samples: El-Assafia 1, LAG 02, LAG 05, LAG 06, LAG 08, LAG 14, LAG 20, LAG 23, LAG 24, EIm 01, Elm 02,

Gl01, Gl02, GI03, Gl04, Gl05, Glo6, Gl07, GI08, Gl09, GI10, GI11, GI12, GI13, Gl14, Hgol, Hg02, Hg03, Hg04,

Hg05, kb602, kb603, kb604, kb605, kb606, Inb 01, Tim 07). CaSO4 is shown instead. This is due to the

consideration of maximum values in the estimation of water types in meg/l rather than centered log ratios. Some ions

could have similar quantities, and here CoDA comes into question distinguishing between them. In reality,

carbonates and sandstones are more common in the Atlas Mountains, whereas The interpretation of the conventional

chemical analysis does not suggest the presence of carbonates (it suggests CaSO4 evaporites), and CoDA did not fail

to show that, as the most likely to happen mineral associations were shown. Conventional HCA and PCA (in meg/l)

without clr transformation is shown in ESM2 (Tables S9-S18) only for comparison.

The regional evolution of water types can be explained by strong climatic influences on the concentration of major

ions in water bodies, with modifications according to the balance between precipitation patterns and evaporation

rates. For instance, In arid climates, evaporation rates are high, concentrating ions such as Na*, Cl", and sulfate

(SO+*"). In contrast, in humid climates, higher precipitation dilutes these ions, leading to lower overall

concentrations. Consequently, the formation and distribution of CaCOs in the Atlas Mountains and the Tademait

region under humid climatic conditions, and the accumulation of NaCIl-SOa salts across the Saharan Platform, under

arid conditions can be effectively explained.
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6.3 Isotope data

Evaporation is a common process that affects waters in arid and semi-arid climates. Evaporation of rivers and
groundwater have mutual isotopic signatures, mostly characterized by enrichment in §°H and 880 (Eastoe and
Towne, 2018). The isotopic signature of the CI aquifer depicts two major end-members: (1) recharge and discharge
waters affected by evaporation (Fig. 13. a) and (2) palaeo-recharged waters (PWL; Fig. 13.b) which plot parallel to
the Global Meteoric Water Line (GMWL). The PWL correspond to a period of different climate during the Mesozoic
(higher temperatures and atmospheric CO, which resulted in a more intense hydrological cycle with different
isotopic signatures, reflected by a lower slope (<8) (Jouzel et al. 1994; Poulsen and Jeffrey 2011). Whereas the
modern GMWL, represents a period of quaternary glaciations leading to a depletion in §°H and 'O (slope of 8,

Craig 1961).

The recharge areas of the CI are unconfined, unlike the discharge areas which are totally confined throughout the
entire Oriental Basin (Fabre 2005), with a transitional area between the two sub-basins (i.e., the Great Erg Occidental
and the Great Erg Oriental, Hakimi et al. (2021). Therefore, the new samples from Guerrara and Zelfana were
compared to samples from Hakimi et al. (2021), Darling et al. 2018 and Moulla et al. 2012) and are shown in Fig. 13.
a. The water specimens of the new sampling campaign do not show any signs of evaporation (except for one sample)
and are similar to the Oriental Basin. In contrast, those reported by Moulla et al. (2012), Darling et al. (2018), and
Hakimi et al. (2021) are affected by evaporation. As the transition zone area is mostly confined, it is depleted in §°H
and §'80 (This study), quite similar to discharge, not indicating any signs of modern recharge. Whereas, samples
collected from Touat and Gourara display a large scatter of isotopic signatures where most of them are depleted in
82H and 80 indicating longer residence times, except for samples Tim14, Tim16, Tim02, Tim03 and TimQ9,
Tim10, Tim11, Tim18, Tim19, Adr01, Adrl6, Adrl7, Adr20 that are close to the Saoura and the Tademait ,

respectively (Fig. 13. a). The Saoura and the South Mzab Dorsal and Tademait samples are enriched in $°H and 580
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implying evaporation or an incoming recharge influx from shallow evaporated waters, notably near Oued Saoura for
the Saoura area. The larger distribution of data points in Figs. 13.a-b. is related to the wider geographic distribution
of sampling locations. It goes according to flow pathways from the most enriched (recharge) to the most depleted
(discharge). The most enriched samples are the Atlas Mountains, Djeffara, the south Mzab Dorsal and Tademait and
the Saoura. Whereas, the most depleted groundwaters correspond to both northeast and south discharge areas. The
Tidikelt region exclusively shows the most depleted samples, or most closely matching the Mesozoic palaeoclimate
while the stable isotope composition of other groundwaters is more likely to reflect recharge from the

Pleistocene/Holocene.

Fig. 13. b plots samples from Abdelali et al. (2020), Petersen et al. (2018), Edmunds et al. (2003) and Cherchali et al.
(2021) which are shown to be all clustered in the same region, slightly below the GMWL. This suggests these
groundwater samples are associated with the Oriental Erg Basin with the exception of samples collected by
Cherchali et al. (2021). It is noteworthy that the Atlas Mountains and the Dahar recharge areas exhibit a slight

positive shift in values (enrichment) indicating some indication of Palaeo-recharge contributions to groundwater.

The relationship between §°H and 60 is defined by d= §°H — 850 representing the GMWL, where d is the
humidity parameter (Craig 1961; Merlivat and Jouzel 1979), under ordinary conditions of evaporation. However,
outside of ordinary conditions, the slope of the aforementioned equation would be different than 8 (Merlivat and
Jouzel 1979). Furthermore, geographic variation of modern-day precipitation may portray changes in climatic
conditions (Bath 1983) and hence, the relevance of the PLW (d= &°H — 58%80; Sonntag et al. 1980) and the

evaporation line presented in (Fig. 13).
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Most groundwater samples plot near the PLW, reflecting a time period of colder and wetter weather with more
frequent rainfall, attributed to the Pleistocene and/or Holocene epochs 6°H = 850 + 5 (Sonntag et al. 1980; Moser

et al. 1983; Edmunds 2009).

Groundwater samples from the Tidikelt region (Cherchali et al. 2021), were found to plot slightly below the PLW.
This region is characterized by groundwaters that are more depleted with respect to deuterium and oxygen isotopes,
reflecting peculiar conditions of a climate even colder than that recharged groundwaters now present in the Great Erg
Oriental Basin Although the region of Tidikelt is close to the Occidental Erg Basin, the aquifer is confined and

completely different than both sub-basins of Great Erg Occidental and Great Erg oriental.

To put this into perspective, it has been well-documented that recharge areas exhibit the highest radioisotopes
concentrations (not presented in this study) compared to discharge areas, indicating that discharge zones contain the
oldest groundwater (see Gonfiantini et al. 1974; Conrad et al. 1975; Edmunds et al. 2003; Petersen et al. 2013; 2018;
Zouari et al. 2019; Matsumoto et al. 2020). Although groundwaters in the Saoura region appear to follow this rule,
ambiguity remains around the Tademait Plateau due to the lack of borehole drilling in the area. Moreover,
radiocarbon activity in the groundwaters of the Tademait Plateau reveals relatively juvenile ages (13.5-19.3 ka)

compared to discharge, implying a probable mixing with shallow, younger waters (Darling et al. 2018).

The framework of hydrogeological theories and previous research contexts is summarized in Fig. 14 integrating
multiple data types (isotopes, hydrogeochemistry, piezometry). Hydrogeochemistry implies the depletion of
CaMgCQzs in favor of NaCa (CISO.) from recharge to discharge areas, isotope data follows the same pattern along
flow pathways and provide insights into recharge characteristics. Whereas piezometry defines the distribution of
flow paths and further corroborates the hydrogeochemical and isotope results. Therefore, these datasets complement

each other, providing a holistic understanding of the aquifer dynamics.
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Groundwater level monitoring and assessing chemical quality are essential for sustainable groundwater management
and remediation strategies. On one hand, the current findings assess groundwater recharge, flow, and fluctuation,
helping to identify areas of over-abstraction, develop sustainable abstraction policies and inform future predictions.
On the other hand, the findings aid in the ldentification and mapping of contaminants, as well as designing
remediation plans. The combined use of piezometry and hydrochemistry together provides a comprehensive
approach to addressing groundwater depletion and contamination challenges. For instance, the regional synthesis
presented in this study can support the development of integrated groundwater models combining both piezometry
and hydrochemistry, and the design of artificial recharge schemes. Furthermore, the this study can support the design
of groundwater depletion mitigation strategies such as controlled pumping to avoid over-extraction, managed

recharge and pollution source control (Alley et al. 1999; Llamas and Custodio 2002).

7. Conclusion

The present study provides a regional synthesis of the state-of-the-art of knowledge in terms of the major ion
geochemistry and stable isotopes (5°H, §*80) in groundwaters of the ClI, the largest aquifer in Northwest Africa. In
addition to the newly provided data, relevant data from the literature were included to characterize groundwater
evolution along major flow paths (in total 248 data points were included, in addition to the 10 samples collected for

this study).

The variography analysis of piezometric data confirms the horizontal continuity of the aquifer, as deduced from the
nested models of the fitted variogram. Two sub-scales of continuity were identified at the local and regional scale
(300 km and 600 km, respectively). A new piezometric map, based on 234 piezometric measurements and

integrating structural analysis of the variability, demonstrates high accuracy according to the 220 data points used in
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the validation metrics (ME = 0.091 m; RMSE = 26.62 m). Furthermore, Depth to groundwater is shallowest in
coastal areas (~20 m) and deepest in the Sahara (440 m) confirming previous interpretations. However, a decrease in

groundwater level is noted (around 30 m lower than reported in previous maps from 2008).

The application of compositional data analysis (CoDA) and the compositional Langelier-Ludwig diagram allow for
the interpretation of the behavior for very similar water types, and provide a progressive classification of water types
where ion dominance is not absolute unlike conventional methods (Piper, Langelier-Ludwig diagram) since clr-
transformed data represents each variable as a ratio to a central value instead of choosing the dominant variable

(concentration).

Groundwater mineralization, as inferred from EC, increases from 559.87 us/cm in recharge areas to around 3697.34
ps/cm in the northeastern discharge area. Similarly, the stable isotope signature in recharge is around -6.65 rising to
around -8.10 (880 in %o) in northeastern discharge (along flow path 2 and in a similar way, along the other flow
pathways). The distribution of major ions allowed for the identification of three distinct flow paths: (1) from the
Atlas Mountains to Touat, Gourara and Tidikelt (southern discharge area) characterized by groundwater enriched in
calcium and bicarbonates as a consequence of water-rock interaction with carbonates; (2) from the Atlas Mountains
region to the Chotts region (northeastern discharge area in the Grand Erg Oriental Basin) affected by the dissolution
of both halite and gypsum; (3) from the South Mzab Dorsal and Tademait Plateau to southern discharge in Touat,
Gourara and Tidikelt affected by the dissolution of carbonates, halite and gypsum. Halite and gypsum are present in
the Carboniferous and Devonian lithologies underlying limestones around the regions of Timimoun, Adrar, Reggane
and Aoulef. Flow path 2 features a depleted and homogeneous isotopic signature testifying to the long residence time
of groundwaters in discharge areas and the absence of modern recharge. Flow paths 1 and 3 are characterized by an
isotopic signature indicating modern recharge. The recharge area for flow path 1 is located in the Atlas Mountains

whereas the recharge area for flow path 3 is located in the South Mzab Dorsal, the Tademalit Plaetau and the Saoura
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River to the west. Moreover, the discharge area of Tidikelt is different than both sub-basins (Occidental and

Oriental), highlighting the most depleted samples with regard to heavy water isotopes.

The improved knowledge of flow and transport is beneficial for predicting contamination transport rates and other

aspects of water supply management, which is especially useful in such a homogeneous aquifer like the CI.

Data collection was subject to some limitations. Firstly, the lack of complete hydrochemical datasets (i.e. absence of

certain elemental data). Additionally, sampling conditions were sometimes inaccessible. Another point relates to the

high mineralization of these groundwaters which significantly increases the cost of analysis. Moreover, most

available geologic maps were of low quality. Hence the use of the African geologic map.

In practice, piezometry, hydrochemistry, and compositional data analysis are often used together to provide a

comprehensive understanding of transboundary aquifers (Aitchison 1986; Margat 1994; Custodio 2002; Stigter et al.

2006; Edmunds and Shand 2008; Templ et al. 2011).

Piezometry helps determine groundwater flow and hydraulic connectivity. Hydrochemistry identifies the chemical

characteristics of the water, tracing pollution sources and changes in water quality. Whereas, compositional data

analysis integrates both hydraulic and chemical data, helping to build models of groundwater dynamics and chemical

evolution.

These techniques are particularly effective when used collaboratively across borders (i.e., the data exchange

mechanism mentioned herein) in transboundary aquifers, as they address both quantitative (flow, volume) and

qualitative (water quality, contamination) aspects of groundwater resources.
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FIGURE CAPTIONS

Fig. 1 Location map of the of the study area which is located between Algeria, Tunisia and Libya (purple line) and
corresponding geological map at 1:10,000,000 scale (modified from Thieblemont, 2016). Numbers (1-7) represent

drilling cores in the lithostratigraphic profiles (see Fig. 2 and OSS, 2003).

Fig. 2 Schematic Palaeozoic-Quaternary lithostratigraphy and hydrogeology of the CI between Algeria, Tunisia and
Libya (after OSS, 2003). Aquifer thickness is not in scale (refer to Fig. 1 for the position of the profiles on the
geologic map). CT is the overlying major aquifer (Senonian-Eocene or mio-pliocene), starting from drilling core

number 3.

Fig. 3 Geographic location of the collated datasets. Numbers from 1 to 7 represent the different data sources: (1)
Hakimi et al 2021; (2) Darling et al 2021; (3) Edmunds et al 2003; (4) Moulla et al 2012; (5) Abdelali et al 2020;
(6) Cherchali et al 2021; (7) Petersen et al 2018. * denotes that major ion data are not available. The aforementioned
data sources were performed using similar analytical techniques and show the best percentage of ionic balance. This

study represents the new sampling campaign carried out in January 2020.
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Fig. 4 Flowchart representing the main steps of the synthesis employed in this study. a. Edmunds et al. (2003); b.
Moulla et al. (2012); c. Darling et al. (2018); d. Petersen et al. (2018); e. Abdelali et al. (2020); f. Hakimi et al.
(2021); g. Cherchali et al. (2021). PCA refers to principal component analysis, and HCA represents hierarchical

cluster analysis.

Fig. 5. a Cl piezometric map established by OSS (2003) with piezometric levels and flow paths (modified). Fig. 5.b
ClI piezometric map established in the current study with improved accuracy and continuity. Data taken from ANRH

(2008), shown in Table S6 of the ESM2. Numbers represent the major flow paths.

Fig. 6 Box and whisker plots displays the statistical description of the collated hydrochemical dataset from recharge
to discharge areas (units are in meqg/l). a. cations. b. anions. The terminal ends of the whiskers are the maximum and
minimum values of variables; the top and bottom of the boxes refer to the values of first and third quartiles. The
Atlas Mountains includes data from Edmunds et al. (2003), and Moulla et al. (2012). The South Mzab dorsal and
Tademait recharge refers to Hakimi et al. (2021), Darling et al. (2018) and Moulla et al. (2012); transition contains
new data in addition to those of Edmunds et al. (2003), Moulla et al. (2012), and Hakimi et al. (2021); the
northeastern discharge includes data from Edmunds et al. (2003); Abdelali et al., (2020), Hakimi et al. (2021), and

the southern discharge includes data from Moulla et al. (2012) and Cherchali et al. (2021)..
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Fig. 7 Hierarchical cluster analysis of the Occidental Basin using the clr-transformed data: (a) samples and (b)
variables. Numbers from one to three represent the best correlated variable pairs for each location. In other words,

every number in the variables “b” represents the best correlated pairs for each location in the samples “a”.

Fig. 8 Hierarchical cluster analysis of the oriental basin using the clr-transformed data: (a) samples and (b) variables.
Numbers from one to three represent the best correlated variable pairs for each location. Like the previous figure,

every number in the variables “b” represents the best correlated pairs for each location in the samples “a”.

Fig. 9 Compositional biplot of both sub-basins. a. Occidental Basin. b. Oriental Basin. Flow path 1: Atlas Mountains
to Touat, Gourara, Tidikelt. Flow path 2: Atlas Mountains to the Chotts region. Flow path 3: south Mzab dorsal and

Tademait to Touat, Gourara, Tidikelt

Fig. 10 Spatial distribution of 6°H and 580 values in %o, for the whole Cl.. a represents 6°H and b is 3*20.
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Fig. 11 Compositional Langelier-Ludwig diagram representing water composition for the collated dataset, proposed

HCO;
CIxSO,

by (Templ et al., 2022). The x-axis is computed by the formula\Elog( ) while the y-axis is computed

accordingly log( ) a refers to the occidental basin, while b represents the oriental basin. The numbered arrows

NaxK
CaxMg
(1, 2, 3) are flow pathways in agreement with Fig. 5. (1) flow path flows from the Atlas Mountains to the Southern
discharge; (2) the Atlas Mountains in the north to Ghardaia and the northeastern discharge in the SE. (3) refers to
flow from the South Mzab dorsal and Tademait in Hassi Gara, EI Golea and Krechba to discharge in Touat, Gourara

and Tidikelt. The positive field of the vertical axis represents (Na+k) CISO4, while the negative field is (Ca+Mg)

CISO.. Note that, positive horizontal axis values represent HCO3 instead of CISOa.

Fig. 12 Saturation idex (SI) vs. electrical conductivity (EC) (us/cm) for recharge, transition and discharge areas. The
most negative results are those of Halite and Gypsum implying their leaching. Whereas Calcite is negative only for
the Atlas Mountain samples and some samples from the south Mzab dorsal and Tademait due to the leaching of
limestones only in those areas. The further away from recharge, the more water gets saturated with calcite, and it

cannot be dissolved anymore (it precipitates instead).

Fig. 13 82H vs 880 plot in the CI aquifer showing water molecule heavy isotope distribution with respect to the

GMWL and the PWL for the whole set of Data. a: represents Moulla et al. (2012); Darling et al. (2018); Hakimi et

57



1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208
1209

1210
1211

1212
1213

1214
1215

1216
1217

1218

1219

1220

1221

1222

al. (2021) ; This study;. b: denotes Edmunds et al. (2003); Petersen et al. (2018); Abdelali et al. (2020) ; Hakimi et al.
(2021); Cherchali et al. (2021); This study). Note that the Global Meteoric Water Line (GMWL) is after Craig

(1961) and the palaeo water line (PWL) refers to Sonntag et al. (1980); Moser et al. (1983).

Fig. 14 Summary of piezometry and hydrochemistry of the CI aquifer. Enrichment and depletion trends along major

flow paths are also included. Refer to Fig.3. for data sources.
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