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Abstract: Water scarcity is a problem in Brazil’s northern semi-arid domain. Montes Claros is the
most populated Minas Gerais city in this context, and its socio-economic problems are related to water
consumption and management. Aiming to help assess these problems, this study presents a new
hydrogeological characterization. The 3D geological model was developed using drilling data from
125 public wells, field campaigns and satellite images for hydrogeological interpretation. The area
has two main different aquifer systems underlying the Vieira River Watershed. The first is a karstic
fissured aquifer, located in the Lagoa do Jacaré limestone Formation. The second is fissured aquifer
systems in metapelites from the Serra da Santa Helena and Serra da Saudade Formations, which are
characterized by low hydraulic transmissivity and locally higher specific capacity zones related to
their structural features or carbonate intercalations. Monitoring data from new manual and automatic
methods carried out in 16 selected points highlight that variations are related to (1) hydrogeological
domains, (2) oscillations related to interference from neighboring wells, and (3) seasonal variation
and irregular pluviometry in the region. This is important information that can help update our
hydrogeological knowledge, provide information on surface and groundwater flow dynamics, and
improve water resource management, with the aim of ensuring sustainability in exploitation.

Keywords: groundwater; water scarcity; aquifers; semi-arid; Montes Claros; seasonal variation;
hydrogeological characterization; watershed monitoring

1. Introduction

The Vieira River watershed is in Montes Claros, southeastern Brazil. It is an important
regional economic pole bordering the driest Brazilian region in a predominantly semi-arid
climate [1]. Since the 1980s there have been struggles related to water supply and demand
in this region [2], which have intensified on account of urban and industrial expansion [3].

In this scenario, the use of groundwater from water-bearing formations has become
an important alternative to meet the water needs of the local population. In the 1970s,
there was significant agro-industrial development in Montes Claros due to public policies
focused on agricultural irrigation and similar incentives. However, such policies triggered
water conflicts in the following decade [4].

Population and industrial growth put pressure on surface and groundwater avail-
ability [5,6], causing aquifer overexploitation and eventual scarcity [7,8]. This aquifer
overexploitation is responsible for extremely significant variations in water table levels,
and in constantly expanding urban regions, water quality can also suffer serious damage,
which is intensified by the lowering of piezometric levels [9]. Semi-arid regions are even
more sensitive to these socioeconomic advances when associated with climate variations
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and constraints related to water availability. Even as a country with abundant water avail-
ability, Brazil presents continental geographic dimensions and climatic and relief variations
that provide a totally irregular distribution of these resources, especially in semi-arid
areas [10-12]. In addition to the social, economic and climatic context, the Vieira River
watershed is geologically inserted into a karst environment, which adds complexity to the
water availability, especially of groundwater, as well as the local and regional water flow,
due to its heterogeneity [13-15].

In Brazil, many studies have been developed focusing on water resource management
and water scarcity reduction over the last few years [16,17]. In a similar context to the
present work, where land use and occupation, climatic aspects and the karst geological
environment add specific conditions, other authors have also presented results regarding
aquifer characterization, flow modeling and water availability assessment [17-24].

The present research aims to present new results related to the hydrogeological char-
acterization of the Vieira River watershed. To carry this out, the main goals are: (1) to
characterize the hydrogeological domains using data from geological mapping, satellite
images and publicly available well construction data; and (2) monitor them regularly using
automated and manual data for later comparison with rainfall data and different land
uses to see and discuss general and local variations. In the water scarcity scenario, we aim
to contribute to the assessment of local water availability, especially by discussing new
data obtained from surface and groundwater monitoring which could support proposals
of water management in the semi-arid environment located in karstic terrains in Montes
Claros, Minas Gerais (Brazil).

2. The Vieira River Watershed
2.1. Geography

The Vieira watershed is in Montes Claros, northern Minas Gerais State, Brazil. The
studied area is located within two major watersheds: Sao Francisco River and Verde
Grande River (Figure 1). Montes Claros is the largest city in northern Minas Gerais, with
400,000 inhabitants, and is located ca. 422 km from Belo Horizonte, the state capital.
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Figure 1. Location of the studied area in South America. Montes Claros is a city in northern Minas
Gerais State, southeastern Brazil, and Verde Grande River is a tributary of the 2860 km long Sao
Francisco River, the largest exclusively Brazilian watershed, occupying 8% of the country with an
area of ca. 630,000 km?2. The area is also located within the southern part of the Brazilian semi-arid
region [25].

In the 1960s, Montes Claros began to be changed by economic and industrial accelera-
tion policies promoted by the Governmental Agency for the Development of the Northeast
(Superintendéncia do Desenvolvimento do Nordeste, SUDENE), which focused on semi-
arid regions. Since then, it has been developed into an industrial park that mainly serves
the civil construction, health, food production and textile sectors [26,27].

Due to the geographic and climatologic characteristics of the studied region, the
rainfall is concentrated in a very well-marked temporal period, with prolonged droughts
between the months of April and October, as evidenced in Figure 2. Due to the seasonal
characteristic water scarcity, the distribution of water is not always continuous and uniform,
and rationing occurs (i.e., when the responsible concessionaire limits the distribution by
regions or by time frequency and a minimum amount is supplied to the population). To fill
this gap, for decades, the population has been building wells that are mostly not regulated
by legislation or even registered. In recent years, COPASA (Companhia de Saneamento de
Minas Gerais, the local concessionaire) has also started to use groundwater more frequently,
and is now responsible for almost 10% of the water distribution.
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Figure 2. (a) Rainfall in Montes Claros for the year of 2021 [28], where the dry season from May to
September and the rainy season from October to April are well-marked. (b) Pluviometry data for the
last ten years in Montes Claros, highlighting average values of 920 mm/year (dotted line) and annual
variations [28].

2.2. Hydrography

The Vieira River watershed is included in the Verde Grande River watershed, a tribu-
tary of the Sao Francisco River. Agricultural production that supplies food for important
cities, such as Montes Claros, is only possible because of irrigation provided by the Verde
Grande River watershed [3].

The entire Montes Claros urban area is in the Vieira River watershed. Regarding
pluviometry, the study area presented an average rainfall of around 920 mm/year for the
last 10 years (Figure 2b) with smaller values towards the north, which is coincident with the
Brazilian semi-arid region (Figure 3a). The region presents a rugged relief, with altitudes
ranging from 1036 m in the karst region to 561 m in the Rio Vieira valley (Figure 3b).
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Figure 3. (a) Studied area (Vieira River watershed) and pluviometry data in the Verde Grande River
watershed [29], with rainfall increasing in the south and decreasing in the north when moving further
into the Brazilian semi-arid area. (b) Vieira River watershed elevation, with higher ground in the east,
and the location of the urban zone in western lower relief areas. The elevation decreases to the east,
following the Vieira River. Adapted from [13].

Less than 10% of the Vieira River watershed is occupied by an urban area, which
has no relevance for specific agricultural activities. In general, the land mostly comprises
forests and rural areas [1].

2.3. Geology

The Vieira River watershed is inserted into the Sao Francisco Craton [30], a structure
formed by Archean and Paleoproterozoic rocks overlayed by Proterozoic and Phanerozoic
sedimentary units [31]. The Bambui Group is the main outcrop in the studied region,
and is represented by Proterozoic units that are locally covered by Phanerozoic deposits.
Regionally, the Bambui Group extends over 300,000 km? along the Sao Francisco River
Basin [32], reaching thicknesses of about 3000 m [33]. The group is divided into five
different units [34], with the Sete Lagoas Formation at the base, which is overlayed by the
Serra da Santa Helena, Lagoa do Jacaré, Serra da Saudade and Trés Marias Formations at
the top. Only three of these formations are outcrops in the studied area [35,36], with the
Bambui Group represented by the Serra da Santa Helena, Lagoa do Jacaré and Serra da
Saudade Formations.

The basement of the sequence is composed of the metasiltstones of the Serra da
Santa Helena Formation overlayed by limestone and metasiltstone of the Lagoa do Jacaré
Formation, with metasediments of the Serra da Saudade Formation on top. These strati-
graphic packages present smooth kilometric folds with persistent and remarkable faults
and fractures in the NNE-SSW direction [36,37].
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3. Methodology

To evaluate the actual water scarcity scenarios in the region of the Vieira River water-
shed, new data and interpretations were generated concerning a detailed geological (mainly
geomorphological, structural and lithological) and hydrogeological characterization of the
area, with three main features:

o  Geology: Satellite image interpretation was performed to define the large geomorpho-
logical and structural compartments. The images were obtained from the National
Institute for Space Research (Instituto Nacional de Pesquisas Espaciais (INPE) [38] and
processed in open QGIS software, which were used to track the basin’s boundaries,
carry out photointerpretation, and track large-scale alignments and structures. To
detail the geological characterization, field campaigns were conducted and more than
125 geological logs of underground wells were used to build a new geological map and
a three-dimensional (3D) model using the Leapfrog Geo software (version 2022.1.0)
by Seequent.

e Hydrogeology: Based on new geological information and structural interpretations,
the major aquifer systems were individualized. New monitoring data, both manual
and automatic, were collected throughout the basin and used to characterize and
understand the local and seasonal variations in the groundwater in each lithologi-
cal domain.

e  Monitoring: Field campaigns were carried out to locate and monitor wells with a regu-
lar spatial distribution among the different hydrogeological domains. As previously
described, due to the large number of unlicensed wells within private properties, a
small number of wells could be selected and authorized to install pressure gauges
(divers) to obtain automatic readings. Several wells were instrumented and pumped.
The spatial well distribution could not be regular considering that most wells are in
the Montes Claros urban area and in the metapelitic aquifer domain.

During the field campaigns, five divers (Solinst and Schlumberger pressure sensors)
and two baros (Solinst) were installed to obtain data every six hours for over a year, from
December 2020 to March 2022, with a total of over 11,000 measures. On the eleven manual
wells, the water level was registered by considering a measure associated with the dry and
the rainy season, corresponding to August 2021 and March 2022, respectively.

For the automated points, manual readings were obtained from groundwater level me-
ters (wells) and a micromolinet (river) to correlate the pressure data with the potentiometric
or water table.

At the Vieira River watershed, sixteen points were selected for groundwater moni-
torization from the river spring (point 15; Figure 4) to the creek downstream (point 16;
Figure 4), and manual (eleven points) and automated (five points) data were collected
(Figure 4).
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Figure 4. Spatial distribution of automated and manual water monitorization points in the Vieira
River watershed, both superficial and in wells, as well as local hydrography converging into Vieira
River. Even though points are spread across Vieira River watershed, most are located near the
urban zone.

4. Results

Due to the relevance of water issues in the studied region, state and federal agencies
have developed several water management studies and strategies. The region contains a
complex karstic aquifer system, and a geological detailed study was the basis for a satisfac-
tory delimitation of aquifer systems, their connections and potential water availability.

4.1. Geology

Some important surface data was obtained in the field campaign (Figure 5). First, there
is a more relevant frequency and dominance of metapelitic rocks in the whole eastern flat-
land region, mostly red and yellowish metasiltstones with intercalations of metaclaystones.
In the central part of the watershed, two main occurrences were found: (I) on the top of
hills, there is a predominance of limestone (calcarenites to calcilutites), whose color vary
between light and dark gray, with intercalations of marls and metasiltstones; and (II) red to
yellowish metasiltstones with clay-rich levels and intercalations of carbonates.

To complement the field data and build a 3D geological model, data from previous
work and wells were also used. When comparting field work from previous research and
classifications, the central area was considered to be a part of the Lagoa do Jacaré Formation,
the western area was related to the Serra da Saudade Formation and the eastern metapelitic
rocks could be related to more than one unit. Independently, if it is related to the upper
portion of the Serra da Santa Helena Formation or to the basement of the Lagoa do Jacaré
Formation, the increasingly restricted occurrence of limestone north of the urban area in
topographically flattened surfaces indicates the possibility that the Serra da Santa Helena
Formation is outcropping. In this case, for hydrogeological purposes, the distinction of
large carbonate and metapelitic domains is essentially more important than the adopted
formation nomenclature. Therefore, regardless of the formation, the metapelitic domain is
well delimited, and the main outputs of a numerical model will present some variations.
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Figure 5. Examples of the outcropping limestone and metapelites of the Serra da Santa Helena and
Lagoa do Jacaré Formations. (a) Limestone quarry (called Sobrita) from Lagoa do Jacaré Formation.
(b) Metasiltstone outcrop near the contact region with the carbonatic domain from Lagoa do Jacaré
Formation. (c) Lapa Grande Cave from Lagoa do Jacaré Formation. (d) Metasiltstone outcrop from
Serra da Santa Helena Formation.

From a 700-well database from SIAGAS [39], only about 125 had geological descrip-
tions obtained during drilling; thus, these were used in the preparation of the geological
database. These reports included information such as general information (e.g., name,
owner, and installation date), location (e.g., coordinates, hydrographic basin and city),
construction information (e.g., drilling, diameters, grout and pump), geological profile (e.g.,
drilled lithologies), water entrance points and depth.
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These data were tabulated and structured for use in the Leapfrog Geo software to
obtain a geological model (Figure 6a), and new information from satellite images and
geological mapping was also considered.
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Figure 6. (a) Three-dimensional geological model from the Vieira River watershed created in Leapfrog
Geo from regional data, well construction profiles and geological mapping. The model divided forma-
tions from the Bambui Group: basal Serra de Santa Helena Formation (metasiltstones), metasiltstones
and limestone from Lagoa do Jacaré Formation, and last, Serra da Saudade Formation (metased-
iments). The urban area mainly overlays Serra de Santa Helena Formation. (b) Geological cross
section A-A “(NW-SE), with units dipping to the NW, where a special correlation between units can
be seen (see Section 2.3).

4.2. Hydrogeology

There are three aquifer systems in the Vieira River watershed, which are granular,
karstic fissured aquifers and poor fractured formations (Figure 7). Figure 6b highlights
(in blue) the Lagoa do Jacaré Formation, which corresponds to the karstic fissured hydro-
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geological unit. Other domains of lower transmissivity associated with the metapelitic
layers described in the Serra da Santa Helena and Serra da Saudade Formations are also
mapped (Figure 6b), and those can locally be classified and behave as an aquitard, but also
present the characteristics of a poor aquifer, with production potential higher in calcareous
intercalations and contact zones.
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Figure 7. Lapa Grande State Park including main geological structures, cavities [40] and aquifer
systems of Vieira River watershed. The urban zone is located mostly above poor, fractured aquifers
from Serra de Santa Helena Formation (see Figure 6a), and granular aquifers are restricted to the west.
Most of the area is included in a karstic fissured aquifer, mostly from Lagoa do Jacaré Formation (see
Figure 6a). Hydrogeologically, it is also seen that most drainage is on geological structures, with the
most prominent being fold-related remarkable faults and fractures in the NNE-SSW direction, and
Kkarstic cavities follow the same pattern.

The dominant Lagoa do Jacaré Formation mostly consists of limestone, in which the
karstic fissured aquifer is formed [13]. On this geological unit, there is the important
local karstic system known as Lapa Grande State Park, where several structures and
characteristic features occur, i.e., caves, lakes, swallets and sinkholes (Figure 7). This karstic
fissured domain is structurally heterogeneous and consequently spatial permeability varies.
Test results gave hydrodynamic parameters [1], showing this high variability, with the
storage coefficient in fracture zones varying up to 4000 times, which is expected for the
given geological environment. Regarding the hydraulic conductivity of the fractures, it
presented low values (average of 0.07 m/day).

Poor fractured aquifers are developed in metasiltstones and metamudstones from the
Serra da Santa Helena and Serra da Saudade Formations and are characterized by low
hydraulic-transmissivity metapelitic layers. Locally, this type of system resembles a karstic
fissured aquifer system with carbonate intercalations and/or with a low thickness, as in
the Lagoa do Jacaré Formation. It commonly presents passages in which it behaves as
an aquitard, a characteristic also recognized in literature regarding the local and regional
settings. The urban Montes Claros zone is in the poor, fractured aquifer, a fact that supports
the reason for low groundwater productivity in this area.

According to previous studies [1], the main recharge zone of the basin coincides with
the topographical high where the Lagoa do Jacaré Formation limestone emerges, located
mainly in the Lapa Grande State Park. Due to differences in the hydraulic gradient and
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new analyses of the potentiometric surfaces in conjunction with the structural features, a
local underground flow is observed in the NW/SE direction, different from the regional
SW/NE flow [13]. The analysis of surface waters and their connections with the subsoil
also suggests this interpretation locally.

There are already some results and analysis regarding the potentiometric level and
specific capacity of local aquifers [13]. The wells show an average of 86 m deep, reaching
up to 230 m. The average groundwater level is ca. 14.5 m deep, with a maximum around
60 m. Most of these wells are in limestone and metapelites from the Lagoa do Jacaré and
Serra da Santa Helena Formations.

Over 70% of the groundwater wells are in the Montes Claros urban area, and are
mostly used for domestic and industrial activities (Figure 8a). In this area, the groundwater
is deeper (ca. 600 m) because of geomorphological features and possible dewatering caused
by the large concentration of wells there. The specific capacity data (m®/h/m) came mainly
from pumping tests carried out during groundwater well abstraction. This urban area is
in the metapelitic domain that is related to intercalations of limestone and metasiltstones,
which explains the low values of specific capacity (Figure 8b). This lower productivity is
mainly associated with the intercalating of metasiltstones and metamudstones from the
Lagoa do Jacaré and Serra da Santa Helena Formations, which result in a poor, fractured
aquifer. The same geological domain is commonly classified as an aquitard due to his low
transmissivity and productivity.

In the urban area, higher water specific capacity zones are related to intersections
of NNE-SSW alignments. These are related to regional structures and main orthogonal
fractures (WNW-ESE), which are commonly represented by the confluence of watercourses
such as the Vieira River and Dos Bois Creek.

In addition to the specific capacity values obtained from SIAGAS wells and inter-
polated in this work (Figure 8b), other works [41] also present hydrodynamic param-
eters for lithotypes in northern Minas Gerais, with emphasis on transmissivity ranges
in the two main aquifers presented in this work. Transmissivity values (T) vary be-
tween 7.17 x 1075 m/s? and 8.74 x 10~* m/s? for karstic fissured aquifers and around
7.50 x 10~® m/s? for poor, fractured aquifers, which in the area would be associated with
metasiltstones.
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5. Discussion

In Figure 9, it is possible to observe different groundwater level variations from the
manual monitoring data collected from fourteen wells in the area. As the main distribution
of wells is in the urban area, most wells are in metapelitic regions except for automated
well 12 and manual well 9, which were drilled into the limestone of the Lagoa do Jacaré
Formation (Figure 4). Well 11 and well 14 are in regions of relevant intercalations of both
metapelitic and limestone layers. The other wells are located mainly in the metasiltstones
of the Lagoa do Jacaré Formation and Serra da Santa Helena Formation.

Groundwater temporal variation

20
15 __.
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10 2
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o 5 >
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Variation === Groundwater Dry Season Groundwater Rainy Season

Figure 9. Temporal groundwater level variation between dry season and rainy season in 14 wells.

From the graph’s secondary axis, it is possible to identify two groups with higher
seasonal groundwater variations. The first group is represented by wells 1, 2 and 3, which
are in the urban region and within a metapelitic domain. At these wells, there is ground-
water oscillation between 8.60 and 17.62 m at the end of the rainy season (March 2022),
demonstrating anomalous values compared to the other groups (Figure 9).

It is important to emphasize that well 2 had the highest groundwater level variation
(Figure 9) and is in a region with a sequence of industrial wells, where some of them are
equipped and pumped according to the companies’ needs. This situation is particularly
relevant during the dry season, as it coincides with more restrictions on water distribution,
and sometimes with severe rationing.

Groundwater exploitation in an area with a lower specific capacity (Figure 8b) inter-
feres with neighboring wells 1 and 3, and also contributes to the justification of the highest
groundwater variation. The other group, with a significant groundwater difference between
the dry and rainy periods, is represented by wells 9 and 12 (Figure 9), which are precisely
those drilled in the Lagoa do Jacaré Formation limestone, where greater natural oscillation
is expected due to the karst domain having very well-developed and connected features.

The main recharge zone of the Vieira River watershed occurs in the karstic environ-
ment, having complex connections, high specific capacities (Figure 8b), and abrupt and
larger variations when compared to the other monitored wells. Figure 10 shows data
obtained every 6 h for automated wells, where it is possible to observe similar behaviors
and larger variations in response to rainfall.
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Figure 10. Automated data for the three wells (points 12 (a), 13 (b) and 14 (c); Figure 4) in the karst
domain, where wells 12 and 14 are located north of the studied area and well 13 is near the urban
area. There seems to be a trend between point 12 (a) and 14 (c) of decreasing groundwater depth,
which is not seen in point 13 (b).

At automated monitoring points in the karst domains, well 12 presented the greatest
variation in the water level depth (greater than 10 m; Figure 10) and is directly associated
with rainfall, demonstrating an almost immediate elevation of the groundwater level,
which is expected for areas that present typical underground connections in this geological
environment. The same pattern is not observed in well 14 (Figure 10), mainly because it is
closer to the metapelites at the limestone’s base and shows a softer oscillation behavior.

Well 13 presents high negative oscillations (Figure 10) and suggests strong indications
of interference caused by the neighboring wells. This point, which has several other wells
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in the neighborhood, has already been operated in situations of need as confirmed by the
area (Viveiros Park) manager. This pattern is very similar to the behavior observed in wells
1,2 and 3. As seen in Figure 4, these wells are located within the urban area, which presents
a large concentration of registered and clandestine wells that have industrial and domestic
use. The observed variations at these points (wells 1, 2, 3 and 13) are typical of the pumping
interference found in wells that are very close to each other; a situation confirmed in the
field and shown in Figure 4, which is very commonly observed in urban areas with low
surface water availability and leads to overloading the aquifer.

Automated monitoring was also implemented in the Vieira River spring and down-
stream (Figure 11). The region is rural and has no urban interference, and therefore does not
present external contributions to the watershed, such as sewage. The observed oscillation
in point 15 (spring; Figure 4) is clearly related to precipitation, with a reduction of more
than 50% in the flow between the dry and rainy periods as a response to the irregular
pluviometric frequency in the region. The same response of oscillation due to rainfall is
observed for point 16, which is downstream of the Vieira River. However, this monitoring
point is located at the end of the entire course of the river in the watershed, which includes
all hydrographic contributions, but also urban effluents and sewage. This additional vari-
able is directly correlated with water quantity (scarcity) and severely impacts the water
river quality.

Vieira River Spring (Point 15)
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Figure 11. Automated flow monitoring near Vieira River spring (a) and downstream (b), far from
interference from the urban zone. Point 15 corresponds to Vieira River spring (a), while point 16 is
downstream (b). The flow change in point 15 can be easily related to pluviometry, while interference
at point 16 could be related to tributary rivers and urban zone contributions.



Water 2023, 15, 2066

16 of 18

References

6. Conclusions

In Montes Claros, a semi-arid climate predominates, with an annual average rainfall
of less than 1000 mm over the last decade. The irregular rainfall, concentrated between
November and February and extending into March in some years, generates a need for
groundwater consumption that presents large seasonal variations. As observed in the plu-
viometric history (Figure 2), there is also great variability in the annual rainfall distribution,
which is characteristic of the local climate and impacted by climate change, as evidenced in
Brazil, particularly in this semi-arid region.

Based on field work and the well data used to update the 3D geological model
(Figure 6), this study characterized two aquifer systems underlying the Vieira River wa-
tershed (Figure 7): a karstic fissured aquifer (the Lagoa do Jacaré limestone Formation)
and poor, fractured aquifer systems (metapelites from Serra da Santa Helena and Serra
da Saudade Formations). Surface and groundwater monitoring by conventional and au-
tomated methods (see Figures 9-11) proved variations in the watershed and the aquifer
system related to (1) hydrogeological domains, (2) oscillations related to interference from
neighboring wells, and (3) seasonal variations and irregular pluviometry data in the region.
The results suggests characteristic elements of groundwater stress, which are intensified in
regions with interference between pumping wells, as seen mainly in the urban region (see
Figure 8).

This is very important information for updating local hydrogeological knowledge.
Regarding the surface and groundwater flow dynamics, this information can be used to
propose new water resource management techniques with the aim of ensuring sustainability
in the exploitation of local aquifer systems, especially the karstic aquifer represented by the
Lagoa do Jacaré Formation, which is the most important recharge area in the studied region.
Future studies should focus on the distinction between the two geological formations, the
Serra da Santa Helena and Lagoa do Jacaré Formations, and quantify the number of local
wells and their water consumption to intensify monitoring, allowing us to draw conclusions
at a higher level of detail. In addition to the three-dimensional (3D) geological model, this
information can be used as input for a conceptual hydrogeological model proposed for
this area.
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