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HYDROGEOLOGICAL CHARACTERIZATION OF THE AQUIFERS OF THE SALITRE REGION
THROUGH STABLE ISOTOPES (5D AND 5'80) AND GEOCHEMISTRY

Christian Pereira Lopes dos Santos', Luiz Rogério Bastos Leal?, Antonio Expedito Gomes de Azevedo®,
Maria do Rosdrio Zucchi® and Alan Robert Dutton*

ABSTRACT. The important aquifers of the Salitre basin are encompassed within the geological framework of the metasedimentary rocks of the Chapada Diamantina
Group and in the carbonate rocks of the Una Group and Caatinga Formation. For fifty five water samples from carbonate aquifers, 8D values varied from —43%o to
—10%o, and 880 values from —5.9%o to —3.3%o, with high concentrations of dissolved total salts. The variability allowed us to discern three process of salinization:
i) samples with more negative isotope values are produced primarily by transpiration and/or dissolution in the evaporitic rocks; i) samples with less negative isotopic
values indicate that evaporation is predominant; and iii) samples from metasedimentary aquifers, with low concentrations of dissolved total salts and 8D values ranging
from —36%o t0 —20%o and 880 values from —5.4% to —3.5% indicated low evaporation. The piezometric map indicated that the groundwater flow flux is from
both the east and west towards the center of the basin and that the general direction of surface water flux is from south to north, where the water level is closer to the
surface.

Keywords: carbonate rocks, semiarid region, hydrochemistry, stable isotopes, karst aquifers.

RESUMO. 0s aquiferos importantes da bacia do Salitre estdo abrangidos dentro do arcabougo geoldgico metassedimentares do Grupo Chapada Diamantina e nas
rochas carbonaticas do Grupo Una e da Formagdo Caatinga. Para cinquenta e cinco amostras de dgua dos aquiferos carbonatados, os valores de D variaram de —43 %o
a —10 %o & 0s valores de 680 de —5,9 %o a —3,3 %o, com altas concentragdes de sais totais dissolvidos. A variabilidade indica trés processos de salinizagdo: i)
amostras com mais valores de is6topos negativos sao produzidas primariamente por transpiracdo e/ou dissolugdo nas rochas evaporfticas; i) amostras com menos
valores isotopicos negativos indicam que a evaporagdo é predominante; e iii) amostras de aquiferos metassedimentares, com baixas concentragfes de sais totais
dissolvidos e valores de D variando de —36 %o a —20 % e valores de 8180 de —5,4 %o a —3,5 %o indicaram pouca evaporagdo. O mapa piezométrico indicou que o
fluxo subterréneo é tanto do leste quanto do oeste em diregdo ao centro da bacia e que a diregdo geral do fluxo de superficie & do sul para o norte, onde o nivel fredtico
estd mais proximo da superficie.
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INTRODUCTION

The Salitre region is among the poorest regions in northeastern
Brazil (Fig. 1). The rural and urban populations of the area depend
largely on water from aquifers and from ephemeral rivers, which
is also used for irrigation and small industrial activities. However,
little surface water is available, and the waters are highly saline,
especially during certain seasons (Martins, 1986; Bastos Leal et
al., 2005; Lima et al., 2005; Santos, 2008). As a result, people in
the region are subject to a seasonal shortage of potable water and
rely heavily on groundwater. The pressure to find new sources
of freshwater has been increasing over the last 10 years due to
growth in the population and areas under irrigation, as well as
the initiation of new mineral industries. This has caused frequent
conflicts over water among intensive agriculture, industry and
domestic use (Bastos Leal et al., 2005, Brito et al., 2005).

In recent years, several aquifers in Bahia State have been
studied according to the framework of the National Council of
Scientific and Technologic Development (CNPq) and the Center
for Research in Geophysics and Geology at the Universidade
Federal da Bahia, Brazil (CPGG-UFBA) to improve the knowledge
of these aquifers and increase the water supply. The first detailed
hydrogeological study in the Salitre region included fieldwork
in the summers of 2004 and 2005 (Lima et al., 2005; Santos,
2008). The applied methods include hydrogeological mapping,
geophysical investigation, hydrochemical and isotopic sampling
and analyses. To improve the management of these aquifers
using scientific rather than political criteria, more investigation
is needed.

Hydrochemical and environmental isotope techniques have
been increasingly applied to water resource management and
can help provide a better understanding of the aquifer recharge,
dissolution of minerals within the bedrocks, water mixing and
gvaporation process, and spring discharge. In addition, they
are essential for defining groundwater hydrodynamic models
(Clark & Fritz, 1997; Thomas & Rose, 2003; Marfia et al., 2004;
Shanyengana et al., 2004; Barbieri et al., 2005).

The main goals of this study are: a) to analyze geological
features, hydrochemistry and stable isotopes (**0 and D)
to understand the recharge, salinization and possible mixing
processes of groundwater; and b) to develop a conceptual
hydrogeological model of the aquifer system. The results of this
work will improve our understanding of both the hydrogeological
dynamics of the aquifers in the Salitre basin and the process of
water resource management and protection. They will also offer
an assessment of the quality of water for human, irrigation and
industrial uses.

GEOGRAPHICAL AND CLIMATIC OVERVIEW

The study area is located in the northeastern region of Brazil in the
semiarid climate zone, and includes a catchment of approximately
14,500 km?. The Salitre river and its tributaries form the principal
drainage network of the study area. The morphology of the
region is largely dependent on the geological structure, which
includes elevations of approximately 1,200 m above sea level
in the siliciclastic rocks of Chapada Diamantina Group. The
elevations are between 500 and 600 m in carbonatic sequence
rock outcroppings in the central part of the basin, and the
minimum  elevation is approximately 400 m, in the northern
region where the Salitre basin is bounded by the Sdo Francisco
river valley (Fig. 1).

The mean annual precipitation in the Salitre region ranges
from approximately 450-500 mm/yr. The dry season is between
June and January, but in the south of the region, the precipitation
can reach 1000 mm/yr. Average annual temperature is 26°C,
and daily temperatures range between 18°C and 38°C and
the potential evapotranspiration demand is between 1700-2200
mm/yr (Martins, 1986).

This semiarid region of Brazil has an interannual variation in
climatic conditions, with some years experiencing extremely dry
summers where water deficits can range from 100 mm/yr in the
south to over 1,700 mm/yr in the drier north (Martins, 1986). In
these climatic conditions, evaporation is important in controlling
the chemical signature of groundwater. However, the different
composition of the rocks in this region and the occurrence of
soluble minerals (ex: calcite, dolomite, gypsum) can provide
another source of the ions dissolved in groundwater. (Ettayfi et
al., 2012; Sanchez et al., 2015; Salles et al., 2019).

GEOLOGICAL AND HYDROGEOLOGICAL FRAMEWORK

The oldest geologic unit, representing 3% of the surface of
the study area, is formed by an Archean-Paleoproterozoic
granite-gnaisse complex and supracrustal rocks located in the
extreme north of the basin (Fig. 1). These oldest rocks are
covered by Mesoproterozoic sedimentary rocks represented
by the Chapada Diamantina Group, which forms a QPC
(Quartzit-Pelite-Carbonate) association. The covering layer
comprises distinct metaconglomerate, metasandstone and
metacarbonate lithofacies associated with alluvial fan, fluvial,
desertic tidal flat, deltaic and marine depositional systems
(Pedreira, 1997). There are economically important deposits of
iron and sulfides associated with this QPC sequence.

The Neoproterozoic sequence of the Una Group overlies the
Mesoproterozoic rocks of the Chapada Diamantina. It consists
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Figure 1—a) Location of study area and distribution of carbonatic (karst) sequences in Bahia, Brazil and Geological / Hydrogeological domains of the Salitre watershed;
b) Hydrogeologic cross-section along transect in the south (A-A) and north (B-B’) of the basin.

of the diamictite and pelites of the Bebedouro Formation at the
base, followed by the predominantly marine carbonates of the
Salitre Formation (Fig. 1). Carbonate sequences of the Salitre
Formation are well exposed in the study area and its correlative
units in the Bambui Group have been part of an extensive
Neoproterozoic platform (>300,000 km?), with sedimentation
commencing during the transgression sea over much of the Sdo
Francisco Craton between 600 and 670 Ma (Misi & Kyle, 1994;
Misi & Veizer, 1998).
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The carbonatic sequence is formed by succession
sedimentary lithofacies composed (from bottom to top)
by argilaceous dolostone, laminated dolomitic limestone,
gvaporitic limestone, marl, oolitic limestone and black limestone
resulting from the two transgressive-regressive cycles. The
most economically important contents are the host phosphatic
stromatolites and Pb-Zn sulfide mineralizations associated with
stratiform and stratbound pyrite, spharelite and galene in the
associated with the dolomitic limestone layers (Misi & Kyle,
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1994: Misi & Veizer, 1998). On the other hand, geomorphological
and isotopic studies of 8%S in the carbonatic rocks in the north
of the Salitre region show that cave development was mostly
caused by sulfuric acid dissolution due to pyrite oxidation during
the Tertiary period (Auler, 1999).

The present structural configuration of the Salitre basin,
which is formed of a large syncline cuted by fracture systems
and flexural folds in the northestern segment, was developed
during a collision related to Brasiliano/Pan African tectonic cycle
about 650-500 Ma (Lagoeiro, 1990; Brito Neves et al., 1999)
(Fig. 1). The man aligned faults and fractures, mostly NNE-SSW,
along the Salitre river strike may represent basement structures
that were reactivated during carbonatic sedimentation (Alvarenga
& Dardenne, 1978). In the vadose zone these structures act as
infiltration pathways for the recharge of deep aquifers, and they
are a major flow channel within the satured zone.

The main aquifers in the Salitre watershed are represented
by rocks of the Chapada Diamantina Group, which form a
confined, fractured aquifer that occupies 46% of the basin and
by the carbonatic sequence of the Salitre Formation, which is a
unconfined karst aquifer that occupies approximately 51% of the
basin and creates the majors reservoir in the study area. The rocks
of the Bebedouro Formation act as an aquitard between the aquifer
systems (Fig. 1). The groundwater flow is generally controlled by
topography and faults, and it is congruent with the major rivers
and their tributaries.

The recharge of the Chapada Diamantina fractured aquifer
occurs by rainfall in the high mountains. More than 90% of
the wells currently pump less than 30 m/h, and in phreatic
conditions the water table is 20 m below the surface.

Figure 2 shows the groundwater elevation contours from
Salitre watershed. These maps indicate that groundwater flow
goes from the east and west to the center of the watersheds and
that the general direction of surface flow is from south to north
where the phreatic level in the aquifer is closer to the surface.

Geophysical electrical resistivity studies in the karst aquifer
show that it has thickness ranges from 70 m in the north
segment to 250 m in the south (Lima et al., 2005). The
karst aquifer has allogenic groundwater recharge associated
with cross-formational flow from underlying Mesoproterozoic
siliciclastic rocks in the low mountains surrounding the karst
basin and autogenic recharge in the central region of the aquifer
associated with tectonic and karst structures (fractures, sinkhole,
vertical shafts and conduits). There is no perennial surface

drainage on the carbonatic rocks. The only perennial river drains
from the Chapada Diamantina Group’s rocks and undergoes
diffuse infiltration into the karst aquifer.

The principal discharge zone from the aquifer is the Pacuf
Spring, with a discharge of 0.23 m3/s as measured in January
1994 (Auler, 1999). Well productivity in the karst aquifer ranges
from 1 to 50 m*/h, and approximately 50% of the wells present
pumping less than 10 m3/h. However, in the region of the aquifer
where the karstification is more developed and in discharge
zones, the pumping rates can be as high as 150 m*/h (Bastos
Leal et al., 2005).

SAMPLES AND ANALYTICAL PROCEDURES

Seven superficial water and forty-nine groundwater samples were
collected from wells and a spring associated with the karst (41
samples) and fractured (8 samples) aquifers and from drainage
during the months of November 2004 and 2005. The water
for major cation and anion analyses was stored in 1000-ml
high-density polyethylene bottles with no headspace, filtered
through 0.45 um Millipore filters, acidified with nitric acid
(cations only) to pH < 2 before bottling and then refrigerated. The
multi-parameter instrument (Horiba U-50 series) automatically
records temperature, pH and electrical conductivity of water
in situ, with resolutions of 0.1°C, 0.01 pH and 1 ps/cm,
respectively. Cation chemistry was determined by inductively
coupled plasma (precision, 4=1%) and anions were analyzed by
ion chromatography (precision, £=1%). The total dissolved solids
(TDS) were calculed by summing concentrations or major ions.

For stable isotope determinations, a 50-ml glass bottle was
filled and the oxygen and hydrogen isotopes were measured using
a mass spectrometer, model DELTA PLUS (TermoFinningan).
Oxygen isotope ratios were determined by the CO, equilibration
method with precision of +0.1 %o. (Epstein & Mayeda, 1953).
Hydrogen isotope ratios were determined by Cr-reduction method
(Brand et al., 2000) with precision of 41 %. Both 8D and 610
measurements were standardized using Vienna Standard Mean
Ocean Water (VSMOW).

RESULTS AND DISCUSSION

Sampling locations, well data and analytical results are presented
in Tables A1 and A2 in the Appendix.

Brazilian Journal of Geophysics, 37(4), 2019
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CHEMICAL COMPOSITION

The groundwater samples showed the occurrence of two different
hydrochemical groups. In the fractured aquifer, the total dissolved
solids (TDS) ranged from 108 mg/I to 334 mg/l, but locally
exceeded 1,500 mg/I (sample TCM-67). This was reflected by the
glectrical conductivity (EC) values of the samples, which varied
from 222 to 600 uS/cm, except in sample TCM-67, which had a
value 0f 1,800 pS/cm (Table A1). The water samples from the karst
aquifer were characterized by higher total mineralization, ranging
from 578 mg/I (sample TCK-07) to 3,236 mg/I (sample TCK-60).
The EC of these samples was also higher and varied from 900 to
4,800 pS/cm, which was consistent with the higher salinity of the
karst groundwater (Table A1). All of the water samples were acid
to slightly alkaline. Their pH indices were uniform and ranged
between 6.0 and 7.6 (Table A1). The temperatures of groundwater
samples measured in the field were between 26°C and 29°C.

Ca and Mg ions were the dominant cations in samples
from the metasedimentary aquifer and their concentrations varied
widely, while HCO; was a dominant anion, except in sample
TCM-67, which had SO, as its dominant anion (Table A1). The
Ca content ranged from 27 mg/I (sample TCM-03) to 295 mg/!I
(sample TCM-67). The Mg content was between 17 mg/I (sample
TCM-03) and 101 mg/! (sample TCM-67). The concentration of
HCO; ranged from 97 mg/I (sample TCM-66) to approximately
231 mg/l (sample TCM-10). These ion compositions placed the
water from the fractured aquifer in a Ca-Mg-HCOs type (Fig. 3).
The normal content of SO, ion ranged from 3.4 to approximately
24 mg/|, but in sample TCM-67 it was 1,188 mg/, indicating a
Ca-S0, composition type for this water sample. Cl and Ca ions
are dominant in the samples from the karst aquifer. Thus, the
waters were of Ca-Cl type (Fig. 3). The Ca content ranged from
66 to 354 mg/l, and Clfrom 63 to 1,300 mg/I (Table A1). The
Mg content varied from 31 to 94 mg/I, and the SQ, from 22 to
158 mg/I. The HCO; content varied from 110 to 447 mg/I while
NOs content ranged from 1.5to 19 mg/1. The contents of K and Na
varies from 4.1 to 28 mg/l and from 88 to 308 mg/I, respectively.
The content of these elements in the waters from the karst aquifer
was higher than in those from the fissured aquifer (Table A1).

Slightly elevated nitrate concentrations, which were above
the limits set for human use (10 mg/I; MS 2914) were found in
several samples in the karst aquifer (ex. TCK-70 and TCK-74;
Table A1), suggesting contamination derived from pollution
sources such as domestic effluents, septic tanks, and waste from
an unlined municipal-landfill in the region.

<— Ca 50 50

Cations Anions

Figure 3 — Piper diagram showing the ionic composition of samples in Salitre
watershed; circle samples from fractured aquifer and square samples from karst
aquifer.

In the Mg vs Ca plot, it is apparent that the karst
aquifer contains significantly more calcium and magnesium than
fissured aquifer, which reflects the predominant rock type. The
concentrations increase during the underground flow, which
can be explained by additional mineral dissolution and mixing
processes within the aquifers (Fig. 4a). This behavior can also be
observed in the strong correlation between these ions and TDS in
both aquifers (Figs. 4b and 4c).

The high Ca and Mg content observed in sample TCM-67,
which was collected in the metasedimentary aquifer, most likely
result from the dissolution of the carbonate rocks of the Caboclo
Formation that is associated with the Chapada Diamantina Group
(Pedreira, 1997). In contrast, some authors explain the higher
S0, concentration in groundwater (e.g., Hem, 1992; Motyka et
al., 2005; Charideh & Rahman, 2007) suggest that the high
concentration of sulfate ions can originate from infiltration of
water that is enriched in SO, by pollution, pyrite oxidation or
dissolution of evaporate rocks. However, in the region where this
sample was collected, there are no industrial activities, important
urban occupation or occurrence of the evaporate rocks, but on
the other hand the occurrences of the sulfured mineral associated
with the Chapada Diamantina Group and Salitre Formation
(Pedreira, 1994; Misi & Veizer, 1998). This suggests that the high
content of sulfate in sample TCM-67 is most likely associated
with the dissolution of sulfured minerals (ex: pyrite) that occurs
in these parts of the Chapada Diamantina Group.

Brazilian Journal of Geophysics, 37(4), 2019



SANTOS CPL, LEAL LRB, AZEVEDO AEG, ZUCCHI MR & DUTTON R 425

a) 1zo |
9 [
[
]
i u
= [
E " my" ]
2 ol o] 0 T
& 0 y" u o Fractured aquier
& WKarstaquiter
0 ;
o 100 2040 300 400
Ca (mg'L)
b) 40
m
300 o
ik n
'-J_ .
£ 200 .
m
o 4 I.
100 - N * o Fractured squier [~
[}
W Earst aguifer
0 | !
a 1000 2000 3000 4000
TOS {mgiL)
¢} 120
[+]
) g n
g ]
= n
£ & gy
g %
[
| 5 B aFracturad aquifer
o miarst aquier
D }
] 1000 2000 000 4000
TOS (mg'L)

Figure 4 —The relationship among ions and total dissolved salts in groundwater
of the Salitre watershed: a) magnesium and calcium; b) magnesium and total
dissolved salt; and c) calcium and total dissolved salt.

The relationship between Cl and the major cations Na, Ca
and Mg (Fig. 5) indicate that there is no mixing between the
groundwater of these aquifers. The lowest CI concentrations in
the fractured aquifer reflect water recharge from the high altitudes
and regional rainwater, with possible enrichment by evaporation
processes. The highest Cl concentrations are associated with
the karst aquifer and are derived mainly from the evaporation
processes, as originally suggested by Bastos Leal et al. (2005),
Santos (2008).

The plots of CI/SO, versus SO, ion in both aquifers
show a negative slope, where the concentrations of dissolved
sulfate and chloride ions are inversely related, especially in karst
groundwater (Fig. 6). This higher concentrations of sulfate in the
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Figure 5 — Relationships between major ions: a) sodium and chloride; b)
calcium and chloride; and ¢) magnesium and chloride in groundwater of the
Salitre watershed.

groundwater of the karst aquifer indicates a gypsum dissolution
and/or oxidation of pyrite, as suggested by Guerra (1986) and
noted by Valle & Karmann (2005) while studying the Una karst in
the Irecé region. The relative scatter of the data most likely reflects
the evaporative concentration of sulfate associated with reactions
within the bedrock.

The importance of evaporative concentration, is also
demonstrated by the Na/Cl ratios of the groundwater samples,
which varied from 0.41 and 0.73 in fractured aquifer samples
and between 0.15 and 0.59 in the samples from the karst aquifer,
except in the sample TCK-04, in which the ratio was 1.67 (Fig. 7).
This range and the negative slope of the data imply that chloride
also enters the karst groundwater from rain. Additionally, the
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variation in the cation-anion proportion within each system can
explained by differences in residence time and the degree of
rock-water interaction.

STABLE ISOTOPE GEOCHEMISTRY

The stable isotopes of oxygen and hydrogen are generally
considered to be transported conservatively in shallow aquifers,
due to the prevalence of high rock-water ratios and an absence
of significant evaporation. However, in the case of the Salitre
basin, with its high temperatures (mean 26° C) and evaporation
(1700-2200 mm/year), it is likely that rainfall evaporates
before and even after infiltration occurs. Therefore, the isotopic
signatures should be combined with other fingerprints to evaluate
the level of interaction between groundwater and soluble minerals
and the salinization process.

The isotopic composition of the dam water in the study
region was highly enriched by evaporation, with 80 ranging
from 2.5 t0 8.7 %o and 6D from 15 to 43 %o (Table A2). On
the other hand, the isotopic compositions of the spring and
Salitre river water basin are relatively depleted in stable isotopes,
-1.6 to -3.8 %o for 60 and -10 to -26 %o for &D. Figure 8
shows diagram d-excess versus 8'80. In this diagram almost
surficial water and groundwater samples are closer together,
except for surficial water 108, 101 and 65 means that evaporation
enrichment isotopic has occurred.

The groundwater of the fissured aquifer ranged from -3.2
to -5.4 %o for %0 and from -20 to -36 %o for 8D (Table A2).
According to the isotopic composition, the karst groundwater
samples were divided in two groups. The first group consisted of
the groundwater from the south the Salitre basin and presented

Brazilian Journal of Geophysics, 37(4), 2019
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large variation in the isotopic composition, with 60 ranging
between -2.5 and -5.9 %o while the 6D ranged between -20 and
-43 %o. In the second group, groundwater from north area of the
region, isotopes varied less and the enrichment, -3.1 t0 -4.7 %o
for 5®0 and -19 to -31 % for 8D, suggests more evaporation in
this part of the Salitre basin (Table A2).

The plot of all the groundwater isotope data on the '®0-8D
diagram shows a line below the GWML (6D=6.5*6'%0-2.4),
suggesting that evaporation has enriched the water in heavy
isotopes (Fig. 9). Additionally, the relationship between 60 and
6D in groundwater from the fissured and karst aquifers indicate
the same hydrological origin for both and that recharge occurs
during the major rainy season.

Similar indicated in the relationship between Cl and the
major cations (Na, Ca and Mg), the CI-8%0 relationship reveals
that the karst groundwater group has elevated salinity with
relatively narrow isotopic enrichment (Fig. 10). This confirms
that the primary cause of the salinity in the groundwater of
the karst aquifer is its interaction with the carbonatic sequence
and the secondary cause is evaporation. In contrast, the narrow
Cl variation of groundwater from the fissured aquifer, and its
increased 8%™0 confirm an acute evaporation process in the
Salitre watershed.

Figure 11 shows isolines of deuterium concentrations
created by a kriging interpolation in SURFER software. This
map shows that water samples from the south of the basin are
isotopic depleted, while in the north they are enriched in heavy
isotopes. This trend is related to the hydric balance as seen in
the piezometric map of the basin, with higher precipitation, lower

Brazilian Journal of Geophysics, 37(4), 2019

oFissured aquifer
O Karst aquifer (north portion)
m Karst aquifer (south portion)

0 300 500 900 1200 1500
Cl

Figure 10 —Relationship between 8180 and Cl in the groundwater of the Salitre
watershed.

gvaporation and greater depths of the phreatic level in the south
and lower precipitation, higher evaporation and shallow phreatic
levels in the north.

CONCLUSION

The groundwaters that recharge the drainage axis of the Salitre
river are a mix of precipitation collected in the metasedimentary
rocks of the Chapada Diamantina Group and water that circulates
through the carbonate rocks of the Salitre karst aquifer.

The chemical and isotopic data show that the main drivers
of salinity in the region are evaporation and secondarily chemical
interactions with the carbonate rocks.

The hydrological budget of Salitre basin, which has about
500 mm/year of precipitation and potential evapotranspiration
of more than 2000 mm/year, defines the basin as semiarid. The
recharge of the aquifers is therefore a result of precipitation that
escapes the intense evaporation and is collected in fractures and
joints.

Only in surface water, such as in dams, is evaporation
dominant and able to cause enrichment in heavy isotopes and
dissolved salts.

In samples from wells close to the river and from wells
where the aquifer has a shallow open surface, there was ™0 and
D enrichment due to evaporation.

For samples from the karstic aquifer, which have high
salinity and low D and 80 values, transpiration is the dominant
process. Transpiration leaves behind the salts without isotopic
fractionation.

Through analyses of the piezometric lines, the depth of
the phreatic level and the deuterium maps, it was possible to
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Figure 11 — Isocontour deuterium map of groundwater in the Salitre watershed.
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understand that the underground flow is from east and west
toward the center of the basin, and the it generally flows from
south to north. The water in the north part of the basin is more
enriched in heavy isotopes and dissolved salts.

The results of this work contribute to a better understanding
of the hydrogeological dynamics that underlie water quality as
evaluated for human, irrigation and industrial use.
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