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Abstract

Shallow crystalline groundwater of semi-arid hinterland of Ceara exhibits brackish or sa-
line water with mixed-chloride or sodium-chloride facies. Very few hydrochemical data are
available in the area and the drivers behind this salinity are not clearly identified. In this
study, an extensive field data collection work was performed to provide new information
about the hydrogeological functioning and the salinization processes, through the imple-
mentation of piezometric, hydrogeochemical, isotopic (**0, ?H) and multi-tracer dating
(**C, *H, CFC, SFg) monitoring. Piezometric and isotopic data evidence fast flow circula-
tion processes and a high contribution of evaporated surface water to aquifer recharge.
Multi-tracer dating shows that groundwater is essentially composed of seasonal vertical in-
filtration flows that mix with older waters stored in the aquifer. Chemical analyses suggest
that groundwater, originally low mineralized, has become progressively saltier due to
leaching of salts that were evapoconcentrated either in surface waters or the unsaturated

zone during drier periods.

Keywords: hydrogeology; hard-rock aquifers; semi-arid climate; salinization; isotopes; en-

vironmental tracers; groundwater dating; hydrochemistry; Brazil

1. Introduction

Groundwater resources in semi-arid and hard-rock areas may be subject to salinity issues that
deteriorate water quality for drinking water supply or agricultural activities (Rabemanana et al.,
2005; Basavarajappa & Manjunatha, 2015; Sreedevi et al., 2021; Banyikwa, 2023). As a conse-
quence, understanding the processes behind the groundwater salinization is crucial to develop
sustainable water resource management. In the semi-arid area of northeastern Brazil (NEB),
groundwater from crystalline rocks represents a strategic water resource for the rural populations
(MMA, 2007), especially during drought periods. Indeed, this region is frequently affected by
intense drought events, and rainfall occurs during a short period of the year with a highly irregu-
lar distribution in space and over time (Pontes Filho et al., 2020; Ribeiro Neto et al., 2022). This
great climate variability and the consequent vulnerability to drought have led to the construction

of a dense network of small and middle/large-sized surface water reservoirs which constitute the



primary source of water supply in the state of Ceara. However, demand pressures added to pro-
longed droughts boosted the exploitation of the groundwater contained in the crystalline rocks
(Da Silva et al., 2007).

The presence of aquifers in hard-rocks is related to the degree of weathering and fractur-
ing of the rock, considering their very low primary porosity and permeability (Wyns et al., 2004;
Lachassagne et al., 2011). These chemical and physical weathering processes lead to the in-situ
development of saprolite (unconsolidated alterite) and of a subhorizontal permeable fractured
layer of several tens of meters thick below the saprolite, due to the stress generated by the swell-
ing of certain minerals such as biotite (Wyns et al., 2004; Lachassagne et al., 2021). The frac-
tured layer is characterized in the first few meters by a dense fracturing decreasing with depth,
down to the base of the weathering profile, which results in a decrease in hydraulic conductivity
and connectivity between fractures with depth (Lachassagne et al., 2021). Even if plutonic and
metamorphic rocks have a low aquifer potential, they represent a valuable water resource in
comparison with the scarce surface water. This is why many rural communities in Ceara had no
alternative but to drill wells in the crystalline rocks during the last severe drought from 2012 to
2016.

Groundwater from the Ceara crystalline aquifers is characterized by a high and heteroge-
neous salinity, mostly above the drinking water limit and up to several tens of g.L™ (Burte, 2008;
Araljo, 2017). The origin of salinity and the salinization processes of groundwater in semi-arid
NEB have been sporadically studied since the 1960s, and the mechanisms behind the groundwa-
ter salinity are still debated (Matsui, 1978; Frischkorn & Santiago, 2000; Silva, 2003; Britto Cos-
ta et al., 2006; Araudjo, 2017). Paradoxically, these waters present short residence times (Salati et
al. 1979a; Santiago et al., 2000), implying that the strong salinity observed cannot be explained
by a long duration of water/rock interaction. In addition, chloride is often the prevailing anion,

which is not consistent with water-rock interactions in crystalline rocks (Shand et al., 2007; Al-



meida et al., 2008). The crystalline aquifers of Ceara have been little studied compared with sed-
imentary or alluvial aquifers which represent more important water resources in terms of water
storage capacity. Consequently, very few data allow characterizing the hydrogeological function-
ing of such aquifers (Funceme, 2007).

This multidisciplinary study intends to provide new interpretation elements about the
Ceara fractured crystalline aquifers through an extensive field data collection work and the sim-
ultaneous acquisition of piezometric, hydrochemical, isotopic data and multi-tracer dating (*°0,
?H, 3H, **C, CFC, SFe). Piezometric variations were used to observe the aquifer reactivity and to
estimate recharge through the use of the water table fluctuation (WTF) method (Healy & Cook,
2002). Analyses of the water stable isotopes (**0, H) in the different compartments of the water
cycle (rain, surface water and groundwater) were performed to identify groundwater recharge
processes and the origin and organization of groundwater flows within aquifers (Ahmed et al.,
2019; Babaye et al., 2019). Water residence times were determined using **C and *H radioactive
tracers, and refined with the first-ever CFC and SF¢ analyses performed in the Ceara state. Water
quality data were evaluated using Piper diagram, chemical ratios including the CI'/Br" molar ra-
tio, and principal component analysis (PCA) to identify groundwater facies, the potential sources
of ions and the dominant geochemical processes.

The objectives of this study were to (1) assess the hydrodynamics and hydrogeological
functioning of the crystalline aquifers, and (2) assess the origin of the groundwater salinity, in

order to contribute to the knowledge about groundwater salinity in semi-arid hard-rock areas.

2. Study area

2.1.  Geography and land uses

The study area is included in the Banabuil watershed, whose eponymous river drains from west

to east an area of 19647 km2. It is located in the centre of the Ceara state, approximately 180 km



from Fortaleza (capital city) and the Atlantic coast (Fig. 1). The hydrogeological investigations
were carried out in four sub-basins of the Banabuiu watershed: Forquilha (214 km?2), Pirabibu
(127 km?), and Vista Alegre (550 km?), all three located in the municipality of Quixeramobim,
and Ibicuitinga (286 km?2), mainly located in the municipality of Ibicuitinga (Fig. 1). These are
rural areas with low human density (about 25 inhab.km™), inserted in the Caatinga biome, whose
socioeconomic development is mainly based on livestock (extensive farming) and agriculture

(MME, 1998).

2.2.  Climate

The semi-arid climate has been relatively stable in the study area over the last 13 Ma (Peulvast et
al., 2008). It is characterized by a strong water deficit due to a low rainfall regime (< 800 mm.a’
1), a high potential evapotranspiration (PET) rate (> 1700 mm.a™), an irregular rainfall distribu-
tion and recurrent drought periods (Martins & Vasconcelos Janior, 2017; Pontes Filho et al.,
2020). The mean annual rainfall is about 700 + 275 mm in the study area (1912-2021 period)
with minimum and maximum values of 154 and 1441 mm respectively. The wet season extends
from December to July and 75 % of the annual precipitation falls between February and May.
The four rainiest months, locally called "quadra-chuvosa®, result from the movement of the In-
tertropical Convergence Zone (ITCZ), which is formed by the confluence of the northeast and
southeast trade winds, and is characterized by strong upward air movements and heavy rains in
the north of the NEB (Da Silva et al., 2017). Consequently, the rain generally falls intensely in
the region during this period.

The monthly PET is always higher than the monthly precipitation, except in March and
April (Supplementary material Figure S1). As a result, these two months are theoretically the
most likely to produce the annual runoff and groundwater recharge. However, the amount of
rainfall contributing to runoff or recharge cannot be directly deduced from a monthly water bal-

ance in such a climatic context; taking into account the daily scale is required. The region regu-



larly suffers from droughts lasting several years. During the last prolonged drought (2012-2019),
the 2012-2016 period was the most severe 5-year drought ever recorded in the area (40 % de-
crease in annual rainfall). The average annual temperature is 27.2 °C, with monthly mean extre-
ma of 25.7 °C and 28.5 °C (Supplementary material Figure S1). Monthly relative humidity var-

ies between 41.6 % (July) and 85.9 % (February), with an annual average of 61.0 %.

2.3.  Geology and geomorphology

The crystalline rocks constitute 96.5 % of the Banabuiu watershed area. They consist of various
types of Precambrian gneisses and migmatites (3.2 Ga to 541 Ma), associated with plutonic and
metaplutonic rocks of predominantly granitic composition (INESP, 2009). The different
lithostratigraphic units have a NE-SW orientation (Supplementary material Figure S2). The re-
maining 3.5% are composed of Tertiary-Quaternary sediments that appear in scattered patches
and are interpreted as fluvial-lacustrine deposits (Da Silva et al., 2003), but also of alluvial and
colluvial-eluvial Quaternary sediments deposited along watercourses in low-slope areas.
Elevation of the Banabuit watershed ranges from 1154 m asl (West) to 30 m asl (East).
The landscape is dominated by hinterland depressions (78 % of the basin area, called Sertaneja
Depression and represented by a flat and slightly undulating relief. The Sertaneja Depression
was formed from a large pediplanation process that produced the current surface of the Precam-
brian rocks, corresponding to the lower parts of the basin (< 300 - 400 m asl). In opposition, ele-
vations above 300 - 400 m asl correspond to the reliefs formed by the residual massifs (insel-
bergs, mountains or plateaus), evidence of the action of weathering and erosion over millions of

years.

2.4. Hydrological and hydrogeological setting

In the crystalline zones of the study area, surface runoff is of Hortonian type due to the low

thickness (<1 m) and the low permeability of soils (Burte, 2008). All rivers in Ceara are naturally



intermittent (Santiago et al., 2001). Nascimento (2016) estimated that 90 % of the surface water
flows during the “quadra-chuvosa”, between February and May, although with a great interannu-
al variability. River discharge is generally intense, short and irregular (Burte, 2008). River reces-
sion time is short (Santiago et al., 2001). The intermittence of water courses and the recurrence
of drought pressed public policy makers to promote the construction of dams to guarantee the
water supply during the periods of water stress (Santiago et al., 2001; Burte, 2008). As a result,
the Banabuil watershed hosts numerous dams, with 17299 reservoirs over 20 m.in length being
registered by the FUNCEME (Freitas Filho & Carvalho, 2021). Among them, 1415 reservoirs
have an area greater than 5 ha (INESP, 2009). In addition to these dams, temporary ponds of
various size form in the topographic lowlands when it rains (Aradjo, 2017). These reservoirs are
subject to high evaporation rates and, consequently, to significant issues of salinization and eu-
trophication.

In the semi-arid NEB, the saprolite is generally thin or non-existent (MMA, 2007) be-
cause of erosion. This allows a direct connection between the surface drainage system and the
fractured layer. In the study area, the median thickness of the saprolite layer is about 9 + 6 m,
while the underlying fractured layer is about 50 meter thick (Kreis, 2021). In the Ceara State, the
median depth of boreholes is about 60 m and the piezometric level is generally met at a depth of
10 m (Da Silva et al. 2007), which implies that groundwater is mainly present in the fractured
layer. The boreholes in the crystalline aquifers in NEB are characterized by low discharges (< 1
to 3.m> h') and specific capacities of less than 1 m® h™* m™ (Asomaning, 1992; MMA, 2007;
Feitosa, 2008). Transmissivity is low, between 1.10° and 7.10° m2 s™* (Manoel Filho, 1996). As
in most crystalline aquifers (Lachassagne et al., 2021), there is no regional flow (Santiago et al.
2000), which means that the natural outflow from these aquifers feeds the rivers or alluvial aqui-
fers, at the scale of small local sub-basins, when evapotranspiration does not recover all flows

(Burte, 2008). In Ceard, in addition to these groundwater flows from crystalline aquifers to the



alluvial ones, recharge of alluvial aquifers mostly comes from diffuse infiltration of rainfall and
localized infiltration from the rivers (Funceme, 2007). The reversal of flow between the rivers
and the alluvial aquifers, which prolongs their flow, can be observed locally at the end of the

rainy season (Funceme, 2007).

3. Materials and methods

The comprehension and characterization of the hydrogeological and hydrochemical functioning
of complex hydrosystems require a multidisciplinary approach. Each method only provides clues
that, when they converge, combine to efficiently deepen the knowledge of the system (e.g. Ma-
réchal et al., 2014). For this study, investigations were developed along two main axes. On one
hand, the study of subterranean hydrodynamics based on the implementation of a piezometric
monitoring network and the realization of a multi-tracer sampling program (*?0, ?H, °H, **C,
CFC, SFg). On the other hand, the study of the hydrochemical composition and evolution of the
groundwater through an electrical conductivity (EC) monitoring and the analysis of major, minor
and trace ions. Results of the first axis allow to characterize groundwater recharge, circulation
processes and water residence times, while results of the second axis provide information about
the types of salts involved and their evolution over time. All these elements give insights into the

processes that lead to groundwater salinization and salinity dynamics.

3.1. Characterization and quantification of aquifer recharge from piezometric moni-

toring

Monthly and hourly piezometric data were collected respectively from March 2018 to December
2019 over a network of 56 boreholes (monthly monitoring), and from November 2016 to De-
cember 2019 in four of these boreholes (hourly monitoring). Existing piezometric data were also
exploited, including 93 measurements generally taken quarterly (monthly for the borehole FOR-

Y22) between 2010 and 2016 in seven of the boreholes used in the 2018-2019 monthly monitor-



ing, and 73 sporadic piezometric measurement carried out between August 2016 and March
2018 in the 56 boreholes of the monthly monitoring. Monthly piezometric measurements were
taken manually, while hourly piezometric measurements were performed with Rugged
TROLL®100 pressure sensors (absolute pressure measurement) and a Rugged TROLL® barome-
ter, branded Aquatroll from In-situ Inc. The pressure measurement accuracy is + 0.1 % of the full
scale (= 3 cm). The monitored boreholes are located in Fig. 1.

Piezometric data were collected to characterize the reactivity of the aquifer in response to
rainfall and to estimate the aquifer recharge through the use of the WTF method. The WTF
method was applied as an exploratory approach. It requires that the specific yield is known and
that the piezometric level rise is only due to the vertical infiltration of the recharge through the

unsaturated zone (USZ). The recharge rate can be inferred from the seasonal water fluctuation:
R = (AWL/At) x Sy 1)

where R is the recharge rate, AWL the variation of the piezometric level, At the time pe-
riod and Sy the specific yield (Healy and Cook, 2002). In the absence of any direct measurement

of Sy in the study area, we used values from the literature, as discussed later.

3.2.  Characterization of recharge processes and surface-groundwater relationships

from water stable isotopes (*°0, 2H)

Stable isotopes (80, 5°H) analyses were performed on:

e Rainwater, sampled monthly between January and July (the period concentrating 95 % of
the annual precipitation) from 2011 to 2019 in three rainfall stations (Inmet-
Quixeramobim, Algoddes-Zé Nobre and Vista Alegre; 172 samples), and at a daily fre-
quency between March 2018 and December 2019 in two rainfall stations (Radar and

Riacho Verde; 212 samples).



e Groundwater, sampled from a network of 75 borewells (137 samples), one well (2 sam-
ples) and one spring (2 samples), all from the crystalline aquifers during different hydro-
logical periods between August 2016 and August 2019. Historical stable isotope data
(Burte, personal communication) generally taken quarterly from 12 boreholes (62 sam-
ples) between August 2009 and December 2012 to observe seasonal variations, and from
2 wells (2 samples), were also added to the database.

e Surface water, collected in 3 different reservoirs in 2009 (3 samples) and 2018 (3 sam-
ples). Historical data, taken quarterly in 7 different reservoirs of the study region in 2012

(59 samples) by Reboucas and Taupin (personal communication), were also used.

The location of the rain gauges is given in Supplementary material (Table S1) and the lo-
cation of the sampled borewells and wells is plotted in Fig. 2. Groundwater samples were col-
lected after a 30 min pumping or after the stabilization of the physicochemical parameters (pH,
temperature and EC) to ensure a good representativeness. Daily precipitation of less than 1 mm
day™ was not sampled. All samples were packaged in 20 mL transparent plastic bottles, hermeti-
cally closed by an inner cap and a plastic lid, and stored in a dark refrigerated container. Anal-
yses were performed at the HydroSciences Montpellier (HSM, France) water stable isotope la-
boratory (LAMA). Results are given in delta permil units (8, %o) vs V-SMOW, with an analytical

error of + 0.08 %o for 820 and * 0.8 %o for 52H.

3.3. " Groundwater multi-tracer dating (**C, ®H, CFC and SFe)

Groundwater residence times were obtained from the sampling of 3 borewells in November 2009
and 7 borewells in February 2018 for **C and *H analyses. The *C analyses were completed
with 8'3C analysis to model the water's radiocarbon apparent age by differentiating the biogenic
source of carbon. This dating was complemented by CFC and SFg analyses collected from 10

borewells in June 2019, whose results correspond to the first CFC and SFg measurements ever



carried out in Ceara. Unfortunately 5 boreholes sampled for **C and *H measurements were no
longer available to be sampled again for the CFC and SF¢ analysis in 2019; they were replaced
by other boreholes. The groundwater 8*3C, *C and *H analyses were carried out at the Avignon
University (France) EMMAH laboratory. The C results are expressed in percent of modern
carbon (pMC), with pMC = 100 % corresponding to post-1950s infiltrated waters. The analytical
error is about 0.5 pMC. The §'*C results are expressed in delta permil units (3, %o) vs V-PDB,
with an analytical error of + 0.1 %o. The H results are expressed in tritium-units (TU), with an
analytical error which varies from 0.3 to 0.6 TU. Analyses of CFC11, CFC12, CFC113 and SFs
water concentrations were performed at the Condate Eau - OSUR analytical platform of the Uni-
versity of Rennes (France). Analyses are within 3 % accuracy for CFCs, and within 5 % for SFs.

The location of the sampled borewells is given in Fig. 2.

3.4.  Hydrochemical analyses (EC, major ions, minor ions and trace elements)

An EC monitoring was conducted simultaneously with the monthly piezometric monitoring to
evaluate the dynamics of groundwater salinity over time. Major ions (Ca?*, Mg®*, Na', K",
HCOs, COs%, CI', SO,%, NOs, NO,) sampling campaigns were carried out in December 2017
(end of the dry season) and June 2018 (end of the wet season) in 27 and 38 borewells, respective-
ly. Major ion analyses were performed at the Ceara Water and Sewerage Company (CAGECE)
(Fortaleza, Brazil) GECOQ laboratory, in accordance with methodologies recommended by
APHA (2012). To improve the understanding of the geochemical sources at the origin of the
groundwater salinity, a sampling campaign for major ions (Ca**, Mg, Na*, K*, CI"), minor ions
(Br), and trace elements (Li, B, Al, Si, P, S, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Rb,
Sr, Y, Mo, Ag, Cd, Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Th, Gd, Dy, Ho, Er, Tm, Yb, Lu, TI,
Pb, Th, U) was implemented on 20 borewells in June 2019. Samples were analysed at the HSM

AETE-1SO platform (Montpellier, France).



The Piper diagram was used to determine the hydrogeochemical facies and the effects of
the seasonal recharge on the ionic composition, while the ionic ratios (binary plot investigations)
were calculated to identify potential sources of salts. CI'/Br” molar ratio was used as an indicator
of the source of the chloride ion (Cartwright et al., 2006; Alcala & Custodio, 2008). The PCA
method was used on chemical data to strengthen the identification of the processes controlling
groundwater chemistry. PCA statistically quantifies the relationship between variables and the
contribution and significance of each variable. It is a multivariate statistical analysis method that
transforms correlated variables into uncorrelated principal components (PC) that represent the
directions of maximum variance in the data. The projection of the PC on factorial axes allows for
the identification of patterns and relationships between the variables by defining which variables
contribute the most to the variance in the data. The interest of this technique is to summarize the

maximum amount of information contained in the mass of data on such factorial axes.

4. Results and interpretation

4.1. Evolution of piezometric levels and recharge rate assessment

Piezometric levels in the crystalline aquifers are relatively shallow, between 0.4 and 21.4 m be-
low the ground surface, with a mean value of around 10 m. Their contrasted temporal variations
confirm that there is no regional flow. The severe 5-year drought of 2012-2016, marked with a
40 % decrease in the annual rainfall, caused a general lowering of the piezometric level, up to 7
m (Fig. 3). Even during these dry years, the monthly monitoring of the borewell FOR-Y22 high-
lighted a recharge of the crystalline aquifer, except in 2016. The rainier conditions between 2017
and 2019 (annual rainfall only 10 % below the 1912-2021 average) allowed to reconstitute the
water stock. This underlines the dependence of recharge on climatic fluctuations, which is com-

mon in such low specific yield aquifers (Dewandel et al., 2010).



Generally, the seasonal recharge of the crystalline aquifers occurs between February and
May ("quadra-chuvosa” period), and mostly in March and April. The hourly monitoring carried
out between November 2016 and December 2019 (Fig. 4) highlighted that recharge does not
directly depend on the annual or monthly rainfall amounts. Moreover, a gradual increase of the
groundwater level is observed throughout the rainy season (Fig. 4), even if a strong reaction of
the piezometric level is observed in less than 24 h after significant rain events (> 50-60 mm).
However, a decrease in the piezometric level is almost never observed following such events
during the rainy season. The seasonal recharge depends on the distribution and quantity of daily
rainfall and is favoured by the storage of surface runoff in ponds, as observed in other semi-arid
areas (Leduc et al., 1998). During the dry period, water levels decrease due to the absence of
recharge while the aquifer discharge continues through the river baseflow or evapotranspiration

processes.

4.2. Assessment of aquifer recharge rates

In semi-arid areas, the determination of the amount of recharge using conventional water balance
and/or hydraulic methods is tricky (Ahmed et al., 2019). Moreover, the use of the monthly scale
for water balance calculations is not adapted to semi-arid regions with highly variable and often
intense rainfall events. Thus, water balance calculations based on monthly data, as attempted by
Araujo (2017) for example (yielding maximum recharge rates of 12 % of the annual rainfall), are
not realistic. Furthermore, a maximum soil retention capacity of 100 mm is generally used for
this type of calculation, and this value is likely to be overestimated: aquifer recharge can occur
with a monthly rainfall of about 60 mm, as observed for instance in the PIR-P14 borehole in
January 2018 (Fig. 4). In this study, recharge rate estimates were then approached using the
WTF method and based on a multi-event time series analysis (Healy & Cook, 2002; Crosbie et
al., 2005; Maréchal et al., 2006). It was used here only as an exploratory approach, considering

that the specific yield data are based on the bibliography and that the hourly piezometric moni-



toring suggests the influence of a sub-horizontal flow coming from localized infiltration zones
such as ponds and reservoirs. The assessment of the aquifer recharge was performed from the
hourly piezometric monitoring of the boreholes PIR-P14 and IBI-P24. Only the rainfall that fell
during the period when the piezometric level rose was considered. Manoel Filho (1996) is the
only author who provided estimates of the specific yield in Ceara, from 24 boreholes, with val-
ues varying from 0.0022 % to 0.28 %. Unfortunately, the Sy values were calculated from single
well production tests, without any distant piezometer, which makes these results unrepresenta-
tive. The choice of 0.3 % for Sy was based on the existing literature about the fractured layer in
similar crystalline aquifers from other regions of the world (Dewandel et al., 2010; Mizan et al.,
2019) and in coherence with the recharge rate determined with the *H tracer (Kreis, 2021). With
a specific yield of 0.3 %, the recharge of the crystalline aquifer is around 1 to 3 % of the annual
rainfall (i.e. around 8 to 22 mm a™), as detailed in Supplementary material Table S2. These re-
sults are consistent with those from other semi-arid regions of the world: for Scanlon et al.
(2006) in their synthesis of about 140 sites in all continents, the average recharge was between

0.1 and 5 % of the long-term average annual precipitation.

4.3. Recharge processes and surface-groundwater relationships inferred from the isotop-

ic composition (**0, 2H) of rainfall, groundwater and surface water

The daily monitoring of rainwater between 2018 and 2019 showed 8*°0 values ranging from -
12.97 %o to +2.27 %o, 5°H values ranging from -98.5 %o to +20.2 %o, and evidenced a high varia-
bility of the isotopic composition of rainfall, typical of dry tropical regions with strong seasonal
contrasts (e.g. Taupin et al., 1997). The annual amount-weighted mean isotopic composition of
rainfall calculated from this dataset is -3.21 %o for *°0 and -12.0 %o for 5°H (n = 212). Only 9 %
of the daily rainwater samples showed marked evaporated values with deuterium-excess (d-exc)
lower than +8.5 %o. Conversely, rainwater samples of the monthly monitoring over the 2011-

2019 period revealed highly evaporated values. Indeed, 33 % of the monthly data showed d-exc



values < +8.5 %o regardless of the amount of rainfall. Moreover, the 8®0 vs 8°H plot evidenced
that the monthly samples (n = 172) align along an evaporated isotopic line with a slope of 6.41
(1>= 0.90). The comparison of the monthly samples 50 values with the monthly isotopic signal
calculated from amount-weighted daily 5'®0 during the same period (2018-2019) and between
two stations with similar environmental characteristics highlighted that the monthly data suffered
from an isotopic bias probably due to the partial evaporation of the water stored in the water col-
lector during the monthly storage. Nonetheless, the main features and relative variations of the
monthly monitoring are consistent with those of the daily monitoring, and highlight the seasonal
variability of the isotopic composition of precipitation at the monthly scale. Indeed, the monthly
isotopic concentrations obtained from the daily amount-weighted 5'°0 are most depleted during
the main rainy season (from February to May), particularly between March and April when §°0
values can decrease from -3.09 %o to -5.08 %o (Supplementary material Figure S3). These sea-
sonal variations are consistent with those observed in Fortaleza (Da Silva Nobre et al., 2019).
The monitoring of the groundwater isotopic composition, based on 205 samples originat-
ing from 78 distinct borewells sampled between 2009 and 2018, showed a wide range of values
varying from -4.19 to +1.76 %o for 5'°0, -25.1 to +8.0 %o for 8°H, and from -8.6 to +11.6 %o for
d-exc. Moreover, historical isotopic data obtained from the 2009-2012 quarterly monitoring
showed a seasonal variation of the groundwater 5'*0 composition, which ranged from -3.90 %o
to -1.03 %o over the borewells. The observation of a high spatio-temporal variability of the
groundwater isotopic signal, even between two neighbouring borewells, confirms the strong lat-
eral compartmentalization of the aquifers implying that vertical transfers prevail over horizontal
transfers, consistently with the literature about crystalline aquifers (Guihéneuf et al., 2014;
Alazard et al., 2016; Lachassagne et al., 2021). It also reveals the occurrence of local recharge

processes displaying the spatial variability of localized infiltration). Moreover, the seasonal vari-



ation of the groundwater 8*20 implies rapid recharge and circulation processes within the aqui-
fer.

Water isotopic compositions of the non-evaporated rainfall samples (i.e. with d-exc val-
ues > +8.5 %o) were plotted to determine the Local Meteoric Water Line (LMWL; Fig. 5). The
groundwater and surface water samples were also plotted, which allows to better understand the
water's origin and the recharge processes (Fig. 5). The LMWL of Quixeramobim obtained from

the monthly and daily rainfall datasets is defined by the equations Eq.2 and Eqg.3, respectively:

8°H (%o) = 7.81 x 8180 (%o) + 11.3 %o (1> = 96 %; n = 115) 2)

8%H (%o) = 8.09 x 50 (%o) + 14.1 %o (1> = 98 %; n = 192) (3)

Slopes of Eq.2 and Eq.3 are close to that of the Global Meteoric Water Line (GMWL),

but their y-intercept value is greater (+11.3 %o and +14.1 %o vs +10.0 %) despite the proximity

of the study area to the Atlantic coast, considered as the dominant source of moisture. The non-

evaporated precipitation record obtained from the study region in Moura (2013) or from Fortale-

za in the IAEA-GNIP available data also evidence a y-intercept value higher than 10 %o, being of

+11.4 %o (> = 98 %, n = 12, 2011-2012 period) and +11.6 %o (r> = 96 %, n= 68, 1965-1984 peri-

od), respectively. The high y-intercept value of Quixeramobim traces the mixing in rainwater of
moisture from marine origin and continental recycling (Salati et al., 1979b).

Groundwater and surface water data are distributed along linear regression lines (Fig. 5)

which are defined by Eq.4 and EQq.5, respectively:

8%H (%o) = 5.00 x 5™0 (%o0) — 2.1 %o (1> = 89 %; n = 205) (4)

8%H (%o) = 4.92 x 8™80 (%o0) — 2.3 %o (1> =98 %; n = 65) (5)

The 5'0 values from surface water, varying between -1.32 %o and +9.23 %o, and the

slope of 4.92 (Eq.5), clearly indicate that surface water was affected by evaporation. In addition,

Eqg.5 is similar to the linear regressions obtained by Matsui (1978) and Stolf (1977) for surface



waters reservoirs in the NEB, which are 8°H = 4.6 x "0 — 0.5 (r2=0.97, n = 67) and 8°H = 4.75
x 880 — 1.3, respectively. Thus, Eq.5 symbolizes the regional evaporation line.

Groundwater data points are scattered between the isotopic poles of rainwater and surface
water (Fig. 5), suggesting the contribution of both poles to the recharge processes. Moreover, the
slope of Eq.4 and the d-exc values of groundwater clearly show that meteoric waters undergo
significant evaporation before their infiltration into aquifers. Thus, the substantial similarity be-
tween Eqg.4 and Eq.5 highlights that groundwater recharge is not only constituted by the diffuse
infiltration of rainwater, but also and mainly by localized infiltration of evaporated surface water.
This hypothesis was confirmed by the piezometric survey and is consistent with the presence of
numerous reservoirs, ponds and temporary drainage networks in the study area.

The intercept between the linear regressions of groundwater and rainfall (Fig. 5) shows
an offset of about -2 %o in "0 compared to the annual amount-weighted mean isotopic compo-
sition of rainfall, which typically represents the isotopic input signal for groundwater. However
in this case, the offset might be due to the natural inter-annual variability of the rainfall isotopic
composition or may indicate that most aquifer recharge occurs during the intense rainfall events
of the rainy season, particularly in March and April. This last hypothesis is consistent with the
piezometric monitoring, and with similar research (e.g. Blavoux et al., 2013 who used another
tracer: tritium).

The 8*°0 values of rainwater and surface water were used to infer the fraction of water
that infiltrates indirectly in the aquifer. A §*°0 value of -5%o was assigned to rainwater, as it is
considered that the aquifer recharge occurs mainly during the wettest month of the rainy season.
Concerning the isotopic value of surface water, most of the samples were collected from large
reservoirs that do not dry up during the year and that, consequently, present more enriched 5'®0
values (+1.78%o < 820 < +9.23%o). However, small reservoirs (-1.32%o < 520 < +1.65%o) are

more prevalent in the region (Molle and Cadier, 1992), and are probably more propitious to lose



water through leakage due to the absence of a rigorous building method. Therefore, it was esti-
mated that the isotopic signal of surface water undergoing infiltration may vary between -1 and
+1%o. From these assumptions, it is estimated that for 67 to 32% of wells, the fraction of evapo-
rated water in the recharge is greater than 50%, and that the mean localized recharge rate varies
from 65 to 44% of the total recharge, depending on the assumptions made about the isotopic val-

ue of surface water.

4.4. Groundwater residence time determination

A multi-tracer approach based on the *C, ®H, CFC and SFg contents in groundwater was imple-
mented. Carbon-14 and tritium values ranged from 73.2 to 126.7 pMC and from <0.3 to 1 TU,
respectively (Supplementary material Table S3). Carbon-13 delta values varied from -17.84 %o
to -14.02 %o, corresponding to the expected range of carbon-13 values produced by the respira-
tion of C3 plants, which means that no geological or sedimentary input of carbon may disturb the
apparent ages that can be directly calculated from the radioactive decay law (Supplementary ma-
terial Table S3). Thus, **C values generally higher than 100 pMC and measurable values of *H
indicate that the waters recharging aquifers were mainly infiltrated after the 1950s nuclear tests.
However, the flow path organization within fractured crystalline aquifers is complex. The
CFC and SF¢ data presented in the Supplementary material Table S4 and best interpreted by a
binary mixing model (BMM) underline this complexity. The results show the mixing of two
types of water, including a recent pole (15 to 85 % contribution) corresponding to the present-
day recharge, and an older pole infiltrated before the 1960s. Consequently, the apparent age of
groundwater varies from a few decades to hundreds of years albeit with a significant contribution
of post-1950s water. This implies fast flow processes, except in a few particular cases. The
strong contribution of a current recharge validates the hypothesis of rapid recharge and vertical
circulation processes observed with the water stable isotope data, superimposed on a scarcely

circulating stock of old water (Kreis et al., 2020). The presence of older waters is a common



finding in crystalline aquifers, as their deepest fractures are poorly connected to the more super-

ficial ones (Guihéneuf et al., 2014; Alazard et al., 2016 Lachassagne et al., 2021).

4.5. Hydrochemical characterization of groundwater

4.5.1 Electrical conductivity (EC)

The EC values of the crystalline groundwater measured between 2016 and 2019 on 56 distinct
borewells ranged from 886 to 19310 pS cm™, with a median value of 2854 puS em™. The mean
value and standard deviation were 3561 and 3064 uS cm™, respectively. The large range of var-
iation, the high standard deviation and the salinity differences observed between neighbouring
wells confirm the strong spatial heterogeneity in the crystalline aquifer, already demonstrated in
this paper. Moreover, a strong vertical stratification was also observed in 15 borewells, with EC
increasing with the depth within the fractured layer (Kreis, 2021). The absence of a salinity gra-
dient at the sub-basin scale, associated with the absence of regional flow as demonstrated notably
by piezometric data, implies that the observed salinity differences between the borewells are
linked to local environmental processes. No relationship was found between the apparent age, or
the stable isotopic composition, and the EC of the groundwater. However, the rainy season gen-
erally induces an increase in EC within the borewells (Supplementary material Figure S4), which
may be caused either by evapoconcentration of dissolved species in the surface water bodies be-
fore infiltration, a leaching of salts stored in the USZ, or the increase of an upwards vertical flow

component due to higher piezometric heads.

4.5.2 Major ions

The whole set of 65 analyses from 41 active borewells had an ionic balance error of less
than 10 %, therefore all results were used for chemical interpretation. This 10 % limit is higher
than the traditionally accepted standard (5 %), but allowed to significantly expand the number of

borewells used for the chemical study. Furthermore, 62 % of these analyses showed an ionic



error of less than 5 %, and 85 % had an imbalance < 7 %. All analyses with an ionic error be-
tween 5 % and 10 % had a dominant cation or anion exceeding 40 % of the total cation or anion
content. Thus, the 10 % bias does not really affect the determination of the chemical facies.
Therefore, setting the ionic balance acceptance limit at 10 % did not introduce significant biases
in the interpretation of the chemical facies or geochemical processes at the origin of salinization
(Zakaria et al., 2015). Groundwaters are characterized by high concentrations in chloride and
sodium. Chloride concentrations varied from 29 to 5126 mg L™, with a median value of 702 mg
L, while sodium concentrations ranged from 98 to 1800 mg L™, with a median value of 275 mg
L (Table 1). An excellent correlation is observed between the EC values and the chloride con-
centration (r2 = 0.96), which indicates that the salinity (represented here by EC) derives essential-
ly from chloride salts and, to a lesser extent, calcium (r2 = 0.79), magnesium (r2 = 0.69), and so-
dium (r2 = 0.68). No relationship is observed between EC and bicarbonate, sulphate or nitrate (r
< 0.1). The chemical analyses highlighted that 49, 22, 11, 5 and 4 % of the samples present a Na-
Mg-Cl, Na-Cl, Na-Mg-CI-HCO3, Mg-Cl or Na-CI-HCO3 facies, respectively (Fig. 6). Neverthe-
less, Na-Mg-HCO3 and Na-HCO3 facies are observed for the less salty waters (with EC < 1600
uS cm™). Results show that the proportion of chloride increases with the salinity and exceeds
that of bicarbonate until reaching percentage levels up to 50 % of the total ionic content for the
most saline waters (Supplementary material Figure S5).

Groundwater samples collected before (December 2017) and after (June 2018) the rainy
season are plotted on Piper diagrams (Fig. 6). The rainy season generally caused a shift of the
points in the cation sector from the sodium pole, dominant at the end of the dry season, towards
the mixed area (Fig. 6). This observation suggests, in association with the observed increase in
salinity, that processes such as calcium and/or magnesium salts dissolution (as calcite, dolomite
or even magnesium-chloride salts) may be involved. For the anions, the evolution of the

groundwater chemical composition during the different hydrological periods is more complex,



with distinct behaviours according to the wells especially in terms of chloride and bicarbonate
proportions. Nonetheless, an increase in chloride ions is generally observed at the end of the
rainy season compared to bicarbonates (in coherence with the EC increase). This increase is not
necessarily linked with an increase in nitrate or sulphate concentrations, and suggests therefore
that the seasonal increase in salinity is not associated with the recharge of contaminated water
(from agriculture and/or waste water), but, as already stated, with the mobilization of more min-
eralized, possibly older waters.

Nitrate does not show a significant correlation with the other chemical elements. Howev-
er, groundwaters show high nitrate concentrations with median and maximum values of 71 and
690 mg L™, respectively. The highest values of nitrate observed are explained by livestock farm-
ing as well as evapoconcentration. Indeed, in the study area, all the borewells with nitrate con-
centrations over 50 mg.L™ are localized near agricultural or residential areas. Thus, nitrate in
groundwater may result from the use of organic fertilizers (KNO3) and manure, fecal contamina-
tion from animals, lack of wastewater treatment or poor septic systems, or even from the decom-
position of plant and animal matter. Natural sources may also contribute to high nitrate concen-
trations, through the presence of termite mounds or nitrogen-fixing trees such as acacias
(Schwiede et al., 2005) in the study area. More investigations (with 8*°N, for example) should be
carried out to evaluate the main sources of the nitrate. The absence of correlation between nitrate
and chloride concentrations confirms that salinity is not directly linked to anthropic pollution,

even.if human activities can contribute as an additional source of salts.

4.5.3 Minor ions and trace elements

Minor ions and trace elements were determined from a set of 20 borewells, whose electrical con-
ductivity varied from 975 to 15780 uS cm™ with a median value of 2392 pS cm™. These samples

are characterized by a median concentration of silica (Si**) of 45 mg L™, and a relatively limited



range of values between 28 and 62 mg L™ (Supplementary material Table S5). Bromide (Br’)
concentrations ranged from 0.2 to 16 mg L™, with a median value of 1.0 mg L™. Regarding trace
elements, groundwaters are mainly characterized by the presence of strontium, barium, boron
and phosphorus, with median concentrations of 977, 514, 142 and 131 pg L™, respectively.
Standard deviations are high (Supplementary material Table S5) and large differences in concen-
tration can be observed, even between neighbouring borewells, which reflects the strong spatial
variability of the aquifers lithology.

The Si** present in most waters derives from aluminosilicate minerals such as feldspars
and ferromagnesium silicates (Shand et al., 2007). Si** values measured in this work are slightly
higher than the concentrations usually found, and are suggestive of water-rock interaction pro-
cesses leading to mineral hydrolysis (e.g. Pradeep et al.; 2016; Marcais et al., 2018 or N’guettia
et al., 2019). Water evapotranspiration processes could explain the high Si** values. In any case,
there is no relationship between EC and Si**, even for the least salty waters. Conversely, Br does
not derive from the hydrolysis of silicate mineral (Kloppmann et al., 2011), and an excellent cor-
relation between bromide and chloride (r? = 0.99) was observed. The groundwater CI/Br" molar
ratios ranged from 255 to 1217 (Supplementary material Table S6), with a mean CI'/Br" molar
ratio of 815 + 198. All the samples with a concentration of chloride above 100 mg L™ presented
a CI'/Br’ ratio similar to or higher than the oceanic ratio of ~ 650 (Drever, 1997). On the other
hand, the P17 borewell which has the lowest salinity and a chloride content of around 20 mg L™
showed a much lower CI/Br ratio (~ 255). Thus, the CI'/Br" molar ratio in the P17 borewell
could be interpreted as reflecting that of the local rainfall (Cartwright et al., 2006). The increase
of the CI/Br” molar ratio in the other borewells, associated with an increase of Cl concentration,
is suggestive of halite dissolution during recharge (Cartwright et al., 2006; Alcala & Custodio,
2008). The fact that CI'/Br” ratios remain relatively constant as Cl concentrations increase above

300 mg L™ provides evidence that another factor responsible for the rise in groundwater salinity



may be evapotranspiration (Cartwright et al., 2006; Alcalad & Custodio, 2008). Investigation with
8%Cl or **Cl could be useful to determine the origin of chloride or to constrain processes (e.g.
evapotranspiration) affecting groundwater (Cartwright et al., 2006; Kloppmann et al., 2011).
Strontium, barium, boron and phosphorus are traditionally found in silicate and carbonate
minerals. Ba’* and Sr** values in groundwaters are generally of the order of hundreds of pg L™
(Blum et al., 2001; Shand et al., 2007) as is the case in our study. Strontium can also derive from
the dissolution of evaporite minerals, and in that case may reach concentrations of the order of
tens of mg L. In crystalline regions, boron concentrations generally do not exceed a few pg L™
(Blum et al., 2001), but it may also have an anthropic origin or derive from evaporite deposits.
The good correlations observed between the EC and bromide (r2 = 0.96), lithium (r2 = 0.87) or
strontium (r2 = 0.84) suggests that part of these elements derive from the dissolution of salts, but
it also reveals that their groundwater concentrations are at least partly controlled by processes

leading to the evapoconcentration of the dissolved species.

4.5.4 Assessment of groundwater salinization processes from mass balance evaluation

Groundwater generally originates from meteoric water, which is poorly mineralized. However,
despite flowing in a crystalline environment with relatively short residence times (a few decades
in 80% of the borewells investigated, up to a few hundred years), the groundwater is marked by
high mineralization levels and chloride concentrations, as well as the predominance of the chlo-
ride anion facies. These characteristics are not compatible with the equilibrium time required for
the interaction between rock and water to take place to such extent. Indeed, groundwater from
igneous or metamorphic rocks normally exhibits low mineralization (100 — 300 mg L™), with a
predominance of bicarbonate and calcium ions, or even magnesium or sodium cations, whether
in temperate climates (Gustafson and Krasny, 1994; Blum et al., 2001) or in semi-arid conditions

(Ousmane et al., 1984; Asomaning, 1992; Babaye et al., 2019).



Bicarbonate present in water is generally derived from the hydrolysis of silicate or the dissolu-
tion of carbonate minerals, while the presence of calcium, magnesium and potassium is generally
attributed to the hydrolysis of plagioclases (source of Na* and Ca*"), K-feldspars and/or ferro-
magnesian minerals such as biotite (source of K* and Mg?*), amphiboles, pyroxenes or olivine
(sources of Mg®* and Ca®*), among others. The predominance of sodium ions in the crystalline
aquifer groundwaters (as observed in our case or in other areas of the world) is‘generally ex-
plained by the presence of alkali feldspars (such as albite or anorthoclase, for example), by re-
verse cation exchange phenomena (replacement of Ca®* or Mg®* by Na*) or by calcite and dolo-
mite precipitation phenomena (precipitation of Ca®* and/or Mg*").

An analysis of the chemical ratios between ions was performed to identify potential
sources of groundwater salinization by sorting the samples into ten groups according to facies
trends for the sake of clarity: groups 1 to 4 correspond to the least salty waters whose dominant
or almost dominant anion is HCO3', while groups 5 to 10 represent the waters whose dominant or
almost dominant anion is CI". More details on the group constitution are given in Table 2. These
analyses showed that mineral hydrolysis cannot explain the high salinities of the aquifers, but
can explain the basic mineralization and the bicarbonate facies of the less salty waters. Indeed,
the relationship in meq L™ between Alkalinity + SO4 and Ca** + Mg?®* (Fig. 7 a) underlines that
groundwater samples from groups 1 to 4 are close to or below the 1:1 equiline, indicating a defi-
cit in calcium and magnesium. This observation suggests that these ions could come from the
hydrolysis of the silicate minerals, and possibly from sulphur-rich minerals for sulphate), consid-
ering the absence of primary carbonates in the crystalline aquifers. The deficit in calcium and
magnesium observed for the samples n°144, 164, P17 and 45 is also associated with an excess of
sodium in relation to chloride (Fig. 7 b), which indicates an additional source of sodium to that
from atmospheric inputs (blue dotted line) or halite dissolution (black dotted line). Analyses

suggest that the deficit in calcium and magnesium in relation to the Alkalinity + SO, could be



explained by cationic exchange phenomena with clays (Fig. 8 a), or by the albite weathering of
the crystalline rocks, which generates bicarbonate ions associated with sodium ions, as described

in Equation Eq.6:

2NaAlSiz0g + 2H,CO3 + 9H,0 = Al,Si;05(0OH)4 + 2Na* + 2HCO3™ + 4H,Si0, (6)

The P17 borewell sample (group 2), corresponding to the lowest EC value (EC = 886 —
1059 puS cm™) is the only perfectly balanced borewell that does not present evidence of contami-
nation by nitrate: the chloride content and a part of the sodium are derived from atmospheric
inputs while the others ions (including the other part of sodium) are essentially derived from sili-
cate weathering and cationic exchange. Even if this sample is isotopically marked by evaporation
(d-exc < -6 %o), which suggests a possible concentration of the dissolved elements by evapora-
tion, we can assume that the reference values for the crystalline groundwater of the Ceard, when
not subjected to salinization or contamination issues, are characterized by a sodium-bicarbonate
facies, a total dissolved solids (TDS) content < 700.mg L™ and chloride concentration < 30 mg
L (Table 3). Therefore, chloride concentration above this limit may indicate additional saliniza-
tion processes.

The mineral hydrolysis process can no longer explain the origin of the cations for the
salty groundwaters of groups 5 to 10, whose dominant ion is chloride. Indeed, groundwater sam-
ples from groups 6 and 8 (= 1700 < EC < 3500 puS cm™) are close to (or slightly above) the 1:1
equiline (Fig. 9 b, d), while samples from groups 5, 7, 9 and 10 (=1100 < EC < 14 300 uS cm™)
present a strong excess in Ca®* and Mg?* (from 2 to 90 meq L™) compared to bicarbonate (Fig. 9
a, b), as well as a strong deficit in sodium compared to chloride (Fig. 9 c, d). Results suggest that
part of the mineralization originates from silicates hydrolysis, while another part is linked to oth-
er processes. Indeed, samples from groups 6 and 8 show a chemical signal that derives from the
hydrolysis of silicate minerals but also from the dissolution of salts of halite (and probably of

calcite and dolomite, considering the sequence of precipitation of salts). Samples from group 10



also show a signal of halite dissolution. Samples from the groups 5, 7 and 9 of mixed cationic
facies (generally Na* > Mg?* > Ca’") present a chloride excess in relation to sodium ranging
from a few meq L™ to 100 meq L™, and is particularly significant for solutions above 20 meqc;.
L (corresponding to solutions whose EC > 3200 pS.cm-1). Then, the additional source of Ca®*
and Mg?* and the deficit of Na* might be explained by reverse cationic exchange phenomena
between calcium and magnesium with sodium (adsorption of Na* in exchange for bound Ca**
and Mg?*, Fig. 8 b). Alternatively, the sodium deficit may be linked to the dissolution of more
evolved salts such as MgCl, (or CaCl, from fertilizers), which is possible considering the good
correlation of these cations with the chloride (r? > 0.7).

Similar observations were made by Laraque (1991) for the surface water of the study re-
gion: water with low mineralization presented a calcium-bicarbonate or sodium-bicarbonate fa-
cies, while water with higher mineralization mainly presented a sodium-chloride facies. The sal-
inization of surface water were attributed to the leaching of salt derived from rainfall that were
accumulated in the watershed, to the strong evaporation rates, the inadequate sizing of dams and

the irregular use of the water contained in the latter (Laraque, 1991).

4.5.5. Evaluating groundwater salinization processes from principal component analyses

(PCA)

Two sets of PCA computations were performed to evaluate the relationships between variables
and to quantify the contribution of each variable in the constitution of the factorial axes. The first
analysis considered all major ions (Fig. 10 a), while the second also took into account the main
trace elements (Fig. 10 b). Results show that the variance expressed by the factorial axes F1-F2
is quite significant in both cases and can explain more than 70 % of the initial information. In-
deed, more than 55 % (Fig. 10 a) or 75 % (Fig. 10 b) of the variance is controlled by the F1 axis,

which is defined by EC, CI', Br,, Ca?*, Mg*, Na*, K*, Sr*" and Li*. The grouping of these ele-



ments around the F1 axis materializes a common origin and reflects the mineralization of water
attributed to the dissolution of salts. The F2 axis, which explains 13 to 15 % of the variance, is
represented on the one hand, by NO5” and/or SO,*, which represent the impact of human activi-
ties and, on the other hand, by HCO3, Si**, Ba** and/or SO,%, which reflect the mineralization of
water due to the hydrolysis of silicate or sulphur-rich minerals. Thus, the PCA outcome supports
the hypothesis that the substantial salt concentrations found in the crystalline waters may not be
due to the mineral hydrolysis, but may be due to the dissolution of salts. This hypothesis is sup-
ported by the observation of saline crusts constituted by evaporite minerals (calcite, dolomite,
gypsum, halite and magnesium salts as bischofite) on the banks and sediments of dry reservoirs

(Laraque, 1991; Araujo, 2017).

5. Discussion

The first and unprecedented hourly piezometric data acquired in the region evidenced that the
seasonal piezometric fluctuation is often continuous and inertial, even if abrupt variations were
also detected in some wells (rapid vertical infiltration during the highest rain events). Similarly
to other semi-arid regions in the world (Leduc et al., 1998; Babaye et al., 2019; Lachassagne et
al., 2021; Goswami & Sekhar, 2022), the recharge of Cearéa crystalline aquifers does not directly
depend on the amount of annual or monthly rainfall, but on the intensity and distribution of rain-
fall events, parameters that will both influence the production of surface runoff and surface water
accumulation in temporary rivers and dams, and the consequent localized aquifer recharge. In-
deed, the isotopic investigation evidenced that groundwater recharge is mainly constituted by
localized infiltration of evaporated surface water. This observation, based on 654 recent isotopic
analyses leads to a conclusion contrary to the interpretations formulated by Frischkorn et al.
(1989), Santiago et al. (2001) and Moura (2013), who concluded from a more limited set of
analyses, that the crystalline aquifer recharge is due to direct (diffuse) infiltration without any

sign of evaporation of the surface water.



Among the processes that can lead to a salinization of groundwater, marine intrusions
and dissolution of marine evaporite rocks are ruled out, considering the distance of the study area
from the sea (=180 km) and the absence of primary evaporitic terms in the Precambrian rocks
(Almeida et al., 2008). Dating of the groundwater through our multi-tracer approach (**C, °H,
CFC and SFe) and the seasonal variations of stable isotopes (**0 and ?H) highlighted that the
circulation of groundwater is relatively fast (mean residence time from a few decades to hun-
dreds of years, with a large contribution of post-1950s water) and corroborate the water dating
obtained by Santiago et al. (2000). It also showed that the apparent age of the crystalline aquifers
waters are function of the annual renewal rate of the aquifer via vertical flows. The hypothesis of
a past marine transgression is incompatible with the apparent age of the water, considering that
the last marine transgression that possibly reached the study area, and whose witnesses could
have been removed by the erosion processes, dates from the Upper Cretaceous (= 70 Ma; Arai,
1999). Furthermore, the stable isotopes are incompatible with the hypothesis of mixing with
seawater, geothermal flows or fluid inclusions as potential processes of water salinization.

Mineral hydrolysis of the crystalline rocks explains part of the mineralization of the wa-
ter, but does not account for the significant salinization of the groundwater, contrary to what was
suggested by Aradjo (2017). Indeed, it was demonstrated in our study that dominant mineral
hydrolysis is_only. associated with low mineralization (< 700 mg L™) and bicarbonate facies.
Therefore, brackish or saline water with chloride or mixed facies within the crystalline rocks is a
consequence of other salinization processes. Chloride is not representative of crystalline rocks,
and the presence of brine, fluid inclusions or evaporite rocks does not correspond to the litholog-
ical types of the studied region. Consequently, the chloride sources are external to the crystalline
aquifer, as evoked by Matsui (1978), Silva (2003) and Britto Costa et al., (2006). It was evi-
denced in this study that anthropic contamination is not a determining factor in the processes of

salinization of water, even if it can contribute to a local degradation of water quality, more spe-



cifically in terms of nitrate content. Therefore, the most likely hypothesis in this context is that
the chloride source, hence, the groundwater salinity, is derived from meteoric inputs, whether in
the form of wet deposition (during the rainy season) or dry deposition (during the dry season,
when most winds occur). Our piezometric monitoring showed that small rainfall events are com-
pletely recycled by evapotranspiration and do not contribute to the recharge. Considering the low
permeability of soils and the presence of Hortonian-type runoff, most of the chloride deposited
on the soil surface may be leached by surface runoff and transferred to surface water reservoirs
(rivers, dams, ponds) which are subject to partial or total evaporation. The evaporation of these
surface waters can even lead to the local precipitation of evaporite minerals and saline crusts.
Indeed, previous studies (Laraque, 1991; Araujo, 2017) evidenced the presence of evaporite
minerals (calcite, dolomite, gypsum, halite) on the banks of dried reservoirs, as well as in the
clays and sediments of the reservoirs (and probably in the USZ). Saline crusts also contained
magnesium salts (probably bischofite MgCl,—6H,0; Aradjo, 2017).

The increase in EC observed after the rainy season in most groundwaters, associated with
the rise in the piezometric level and the infiltration of partly evaporated surface water, suggests
that the seasonal dynamics of water salinity comes from the leaching of salts from the surface.
This increase varies from year to year, and suggests that the annual amount of salts leached into
the aquifer must be variable and a function of the spatio-temporal distribution of daily rainfall. In
terms of salinization processes, these new observations highlight the hypothesis according to
which the salinity of recharge waters would be due to the accumulation of salts in localized are-
as, which will progressively concentrate, either in surface waters (rivers, dams), in the soil or the
USZ, due to the high evaporation rates associated with the semi-arid climate, and being leached

into the aquifer after more significant rainfall events..



6. Conclusion and perspective

In this multidisciplinary study, piezometric, hydrochemical, isotopic data and multi-tracer
dating (*%0, °H, *H, **C, CFC, SFe), provided new hydrogeological information, especially about
the hydrogeological functioning and the salinization processes of the crystalline aquifers. The
high piezometric reactivity of aquifers in response to rainfall marks the seasonal recharge, even
during the driest years. The stable isotopes (*°0, H) revealed that groundwater is systematically
marked by evaporation, confirming that recharge comes from a mixing of evaporated surface
waters (localized recharge in lowlands or from surface water bodies) and, to a lesser extent, dif-
fuse recharge of rainwater. Thus, preferential infiltration from localized areas more propitious to
infiltration, such as river beds, alluvium, reservoirs or local depressions, is the main pathway of
recharge of these aquifers. The determination of groundwater residence times through a multi-
tracer approach (*H, **C, CFC, SF¢) underlined that the apparent groundwater age is recent and
composed of seasonal vertical infiltration flows (direct and indirect) that mix with older waters
stored in the aquifer, whose infiltration occurred before the 1960s, and which flow much more
slowly.

Although the crystalline aquifers groundwaters are apparently young, they are character-
ized by high salinities and present essentially mixed-chloride or sodium-chloride facies. Chemi-
cal data reveal that groundwater initially exhibits a mixed-bicarbonate or sodium-bicarbonate
facies resulting from the hydrolysis of the aquifer crystalline rocks and cation exchange, result-
ing in EC values that should not exceed 1000 pS cm™. However, the partial or total
evapo(transpi)ration of small rainfall events and surface waters favours the concentration of the
atmospheric salts deposited onto the soil, and in the USZ, the sediments of the ponds and/or the
surface waters, causing eventually their precipitation in the form of evaporitic salts, such as cal-
cite, dolomite, gypsum, halite or even more evolved salts such as MgCl, (indicating the strong
evaporation rates that can locally affect the waters before their infiltration). The dissolution and

leaching of these evapoconcentrated salts into the aquifers during more intense rainfall events



shift the groundwater facies from the bicarbonate pole to the chloride pole. Therefore, the geo-
chemical interpretations showed that the origin of the groundwater salinization is not linked to
the hydrolysis of crystalline rock minerals, but to the lixiviation of evapoconcentrated salts into
the aquifer. Reverse cationic exchange processes can affect the groundwater composition, but
not the degree of salinization. Moreover, anthropogenic pollution can contribute locally to the
degradation of the water quality (more specifically in terms of nitrate), but has not been identi-
fied as a determining factor in the salinization processes.

In light of these conclusions, the perspectives of this study are to test with a quantitative
model if the hypothesis of atmospheric inputs concentrated locally by evapotranspiration allow
to reach the observed salinities, and also to evaluate the possible influences of surface water
evaporation or other phenomena such as the transpiration of groundwater (from the saturated
zone) by the vegetation (Herczeg et al., 2001; Favreau, 2018) on groundwater salinity. Such a
quantitative modelling of the salinization processes was performed in the frame of the continua-

tion of this research (Kreis et al., under revision).
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Table 1. Major ion concentrations.

Ion Median value Min. Max. Stal.]di.‘rd NS O
deviation samples

Ca** (mgL™") 154 41 896 183 65
Mg** (mg L") 117 19 758 124 65
Na" (mg L") 275 98 1800 318 65
K" (mgL™") 15 2 49 12 65
CI' (mg L") 702 29 5126 1024 65
HCO; (mg L™ 468 54 941 191 65
SO, (mg L™ 45 4 317 57 63
NO; (mgL™%) 71 2 690 113 64
NO, (mgL™") 0.17 0.03 0.67 0.15 26




Table 2. Groundwater groups identified according to facies trends.

Group Anion facies Cation facies EC ran_%’e
(1S em™)
1 ] ) . Mixed (mainly Na* > Mg?* > Ca®") 1200-1600
HCO3 - when [HCO5] > 50 % of anions " " -
2 Na" = when [Na"] > 50% of cations 1000-1400
- 2- - 0
g | HCOs — SO, > when [HCOs] > 40% of Mixed (Na* > Ca®* > Mg?") 1000
anions and presence of sulfate
Mixed (HC03 > Cl_) - when [HCO3_] . . + 2+ 2+ _
4 and [CI'] > 40% of anions Mixed (mainly Na" > Mg™ > Ca™") 1200-2200
Mixed (CI"> HCO;3) - when [CI] and . . N 24 24 _
5 [HCO47] > 40% of anions Mixed (mainly Na™ > Mg~ > Ca™) 1800-2300
Mixed (CI'> HCO3 > NO3) = when [CI'] . . 24 Dt A
6 > 40% of anions and presence of nitrate Mixed (mainly Mg™ = Ca™2 Na') 1700-3200
] ) _ Mixed (mainly Na* > Mg?" > Ca?") 1900-3800
CI" = when [CI7] > 50% of anions y -
Na = when [Na'] > 50% of cations 2900-3500
) ) . Mixed (mainly Na* > Mg®* > Ca®") 2500-14300
Ultra CI" > when [CI] > 60% of anions 3 -
10 Na - when [Na™] > 50% of cations 1100-10700




Table 3. Reference values for the groundwater of the crystalline rocks in Ceara that are not sub-

ject to pollution or salinization processes.

EC ca® Mg Na* K* cr HCO; | SO/ NO;
(uSem™) | (mgL") | (mgL') | (mgL') | (mgL') | (mgL") | (mgL") | (mgL"') | (mgL")
1059 41 32 135 5 29 573 19 0




Figure captions
Figure 1. Localization of the study area and the monitored boreholes.

Figure 2. Location of the sampled points for the isotope and dating analyses. Only borewells that

were sampled for groundwater dating have a colored background.

Figure 3. Monitoring of the groundwater levels of the crystalline aquifers between 2011 and
20109.

Figure 4. Hourly piezometric monitoring (Nov. 2016 to Dec. 2019) of the PIR-P14 and I1BI-P24

boreholes with associated daily and annual rainfall.
Figure 5. Water isotopic compositions of rainwater, groundwater and surface water.

Figure 6. Piper diagram of the groundwater sampled before (December 2017, 27 samples) and

after (June 2018, 38 samples) the rainy season.

Figure 7. (Alkalinity + SO4%) vs (Ca?* + Mg?®") (A) and CI" vs Na* (B) biplots for the bicarbonate

type groundwater.

Figure 8. (Ca*" + Mg®* - HCO5 - SO4%) vs (Na* + K* - CI") biplot for the bicarbonate type
groundwater (A) and the chloride type groundwater (B).

Figure 9. (Alkalinity + SO,%) vs (Ca** + Mg?*) biplot (A, B) and CI" vs Na* biplot (C, D) for the

chloride type groundwater.

Figure 10. Principal Component Analysis (PCA) of variables. Dimension 1 and 2 (Dim 1 and
Dim 2) is the space where variables are expressed (>70 % of variance). Variables analysed: EC,
ca’*, Mg®*, Na*, K*, CI', HCO3, SO,* and NOs™ (A), EC, Ca**, Mg**, Na*, K*, CI', Br’, Si*,
Ba®", Sr** and Li* (B).
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