
Abstract
The Cauê Aquifer is an important water supplier to the third largest urban agglomeration in Brazil. The Metropolitan Region of Belo 
Horizonte is in the Iron Quadrangle, site of intense iron ore mining, requiring large volumes of water and mine dewatering. In this con-
text, we evaluate the regional impact on groundwater level between 2000 and 2019 based on a conceptual hydrogeological flow model 
on the eastern limb of the Moeda Syncline. This study includes the definition of boundary conditions and aquifer units, the calculation 
of hydrodynamic parameters, water balance, renewable reserve, and flow analysis. The Cauê, Gandarela, and Moeda aquifers are con-
sidered aquifer units, among which the Cauê Aquifer showed the highest hydraulic conductivity (9.45×10-7 m/s on average) as well as 
the highest recharge rate, with 38.67% rainfall. The average volume pumped was estimated at 41 million m³/year, equivalent to about 
150% of the renewable reserve of the Cauê Aquifer, calculated at 27 million m³/year. Underground flow in the area tends southward, 
and the Cauê Aquifer acts as a water divide, which is less evident in the center of the area, where the greatest impact on groundwater 
level lowering occurs.
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INTRODUCTION
The Iron Quadrangle is one of the main mineral provinces 

in Brazil, occupying approximately 7,000 km² in the central 
portion of the state of Minas Gerais. Its name (Quadrilátero 
Ferrífero, in Portuguese) comes from the mountains, supported 
by iron formations, arranged in the shape of a quadrangle. 
This province makes Minas Gerais the Brazilian state with the 
largest production of iron and gold in the country (approxi-
mately 311 and 55 million tons, respectively, in 2019) (ANM 
2020). In addition, deposits of manganese, bauxite, and gem-
stones such as topaz and emerald occur in this region (Roeser 
and Roeser 2010). 

The Moeda Syncline, located in the western portion of 
the Iron Quadrangle, has 23 iron ore extraction enterprises, 
an activity that requires the use of large amounts of water and 
the lowering of the aquifer level. According to ANM (2020), 
between 2000 and 2019, the production of iron ore in the state 
of Minas Gerais, mainly from the Iron Quadrangle, doubled, 
leading to a greater need for drawdown. In addition, part of 
the Cauê Aquifer is present in this area, which, by providing 
water to the main drainages in the area, is of great importance 
for the water supply of the third largest urban agglomeration in 
Brazil, the Metropolitan Region of Belo Horizonte (MRBH). 

Population growth in the area, environmental disasters, 
and recent drought events have threatened this supply, putting 
pressure on groundwater reserves. The population of MRBH 
increased by 593,000 people (11%) between 2010 and 2020 
(IBGE 2020), while in the hydrological year 2014–2015 the 
southeastern region of Brazil experienced the most intense 
drought in 60 years, generating a high impact on water supply 
and hydroelectric generation (Cunha et al. 2019). In addition, 
the rupture of the mining waste dam in Brumadinho in 2019 
caused the suspension of the Paraopeba River abstraction for 
more than a year, overloading the Das Velhas River. In this sce-
nario, hydrogeological studies are necessary to prevent supply 
crises, guiding the management and use of water resources.

Given this context, this study focuses on the generation 
of the hydrogeological conceptual flow model of the eastern 
limb of the Moeda Syncline, on a regional scale, contemplating 
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monitoring data between 2000 and 2019. More specifically, 
it aims to delineate hydrogeological units and their flow con-
ditions, as well as their hydrodynamic parameters, recharge 
and discharge volumes, and, by using these data, analyze the 
regional impact on groundwater levels over this 20-year period.

Once developed, the conceptual flow model of the region 
may contribute to a better understanding of aquifer dynam-
ics, water availability, and, consequently, its sustainable use.

CHARACTERIZATION  
OF THE STUDY AREA

Location
The study area is in the central portion of the state of Minas 

Gerais, in the eastern limb of the so-called Moeda Syncline. 
It extends between the municipalities of Belo Horizonte, to 
the north, and Ouro Preto, to the south, also including part 
of the municipalities of Itabirito, Rio Acima, and Nova Lima, 
as shown in Figure 1.

The study area encompasses approximately 305 km² and is 
bounded to the west and south by the axes of the Moeda and 
Dom Bosco synclines, respectively, and to the east by a zone 
of 1 km beyond the occurrence of Minas Supergroup rocks.

Within this area, there are 13 mines, distributed from 
the north to its central portion. This is not a densely urban-
ized area, except for some residential condominiums located 
north of the area.

Climate
According to the Köppen-Geiger climate classification 

(Köppen and Geiger 1928) updated by Álvares et al. (2014), 
the climate of the study area is considered humid subtropical 

with a dry winter and temperate summer (Cwb type). Two sea-
sons can be well defined in this type of climate: the first, from 
October to March, is humid and hot; and the second, from April 
to September, is cold and dry. According to data from the Belo 
Horizonte weather station (83587), the closest to the area for 
which temperature data are available, the average monthly tem-
perature varies between 18.8 and 23.5°C in July and February, 
respectively. The average annual accumulated precipitation is 
1,552 mm (INMET 2020), with about 88% of the precipita-
tion occurring in the rainy season. 

Hydrography
The study area is in the Das Velhas River State Basin, 

the largest affluent of the São Francisco River Federal Basin. 
More specifically, the area encompasses affluents of the left 
margin of the so-called Upper Das Velhas River Watershed 
(Fig. 2), which concentrates 70.9% of the estimated basin 
population (CBH Rio das Velhas 2015). The main affluents 
present are the Itabirito River, Do Peixe River, Dos Macacos 
Stream, Água Suja Stream, and Arrudas Stream.

The Das Velhas River is of paramount importance for the 
supply of the MRBH. It alone is responsible for providing 
water to more than 60% of the population of Belo Horizonte 
and 40% of the 6 million inhabitants of the MRBH (CBH 
Rio das Velhas 2019). Due to the high demand, in late 2018, a 
request was made to declare areas of conflict for the use of water 
resources in the Upper Das Velhas River region. The situation 
has recently been aggravated by the rupture of the Córrego do 
Feijão dam, which occurred in Brumadinho in 2019, compro-
mising part of the supply coming from the Paraopeba River 
Basin. This basin is responsible for approximately 60% of the 
MRBH supply, so the incident further overloaded the Das 
Velhas River supply system.

Figure 1. Location of the study area with emphasis on the Iron Quadrangle.
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Geology
The Iron Quadrangle is in the southeastern portion 

of the São Francisco Craton, which constitutes a tectonic 
unit formed by Archean and Paleoproterozoic lithologies. 
This area is structured in the form of domes and keels, typ-
ical of Greenstone Belts. The domes are represented by the 
rocks of the metamorphic complexes, while the keels are 
formed by the Das Velhas River Supergroup and Minas 
Supergroup, structured in the form of folds (Alkmim and 
Marshak 1998).

The Moeda Syncline forms a keel between the domes 
of Bonfim to the west and Bação to the east. The fold has an 
asymmetric structure, with the western limb being inverted 
and the eastern limb approximately verticalized. Both limbs 
are cut by east-west oriented faults and fractures, one of them 
being the Codornas fault (Fig. 3). This structure, defined by 
Braga (2006), separates the northern and southern structural 
compartments in the Moeda Syncline. The southern compart-
ment is more deformed, with greater shortening, resulting 
in a lower apparent thickness of the layers at the base of the 
Minas Supergroup.

The junction of the Moeda Syncline with the Serra do 
Curral Homocline shows an interference pattern and a series of 
westward shear faults (Alkmim and Marshak 1998). One exam-
ple is the north-south oriented Mutuca Fault (Fig. 3), which 
delimits the so-called Tamanduá-Mutuca Belt.

The eastern limb of the Syncline presents a higher defor-
mational intensity than the western limb. Transcurrent faults 
occur in this region, such as the Bonga Fault and the Cata 
Branca Fault (Fig. 3) and basic dikes in the same direction.

As for the stratigraphic units, rocks of the Archean 
Metamorphic Complex, Das Velhas River Supergroup, Minas 
Supergroup, Itacolomi Group, lateritic coverings (canga), and 
recent alluvial and colluvial coverings occur in the Moeda 
Syncline. The most relevant units are described in Table 1 and 
presented on a map in Figure 3.

Among the units presented is the Minas Supergroup, which 
occupies most of the study area and can reach up to 6,000 m 
thick (Roeser and Roeser 2010). It is a Paleoproterozoic 
metasedimentary sequence that overlies the Das Velhas River 
Supergroup discordantly (Silva et al. 2005). In this unit are 
the most resistant rocks that sustain the mountain ranges, 

Figure 2. Hydrography and hypsometry of the study area.
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Source: based on CPRM (2003) and Lobato et al. (2005).

Figure 3. Geological map of the study area.

generating the quadrangle shape. One of them is the Cauê 
Formation, the focus of this study, which stands out due to its 
iron and gold deposits, being the most important stratigraphic 
unit of the Iron Quadrangle from an economic point of view.

Hydrogeology
Several classifications of the aquifer units in the Moeda 

Syncline have already been made. Among them, the ones by 
Beato et al. (2005) and Mourão (2007) stand out. Beato et al. 

(2005) considered the existence, in the study region, of the 
following aquifer systems: Granular, Quartzitic, Quartzite 
Cercadinho, Itabirite, Carbonatic, Schistose, Iron Formation, 
and Granite-Gneissic. In contrast, argillites, phyllites, gra-
phitic schist, gabbro, and diabase are considered aquitards. 
Mourão (2007), similarly, classified the units into unconsoli-
dated aquifers, quartzitic aquifers, carbonate aquifers, aquifers 
in ferriferous formations, in schists, in granite-gneissic rocks, 
and confining units.
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Among the aquifer units mentioned, the most productive 
unit in the area is the aquifer in ferriferous formations, called 
the Cauê Aquifer. This presents fissural and granular porosity, 
with a predominance of one or the other locally. The lithological 
variety, structural complexity, and different intensities of weath-
ering in the aquifer contribute to the variation of storage and 
hydraulic conductivity, with the friable ore bodies being more 
productive. The Batatal Formation, of low permeability, limits 
the base of the overlying units in the Moeda Syncline, favoring 
groundwater accumulation in the Syncline’s internal litholo-
gies, mainly in the Cauê and Gandarela units (Mourão 2007).

It is noteworthy that despite presenting, in general, high 
productivity, the Cauê Aquifer shows significant differences in 
its composition, structuring, and flow dynamics, which results 
in variable hydraulic characteristics. Thus, Mourão (2007) pro-
posed the subdivision of this unit into semi-friable, compact 
laminated and compact massive hematites, fresh, lateritic, and 
friable itabirites. The semi-friable hematites and the laminated 
compact hematites present the highest values of total porosity. 
In addition, a marked difference in permeability is observed 
in the directions parallel and perpendicular to the lamination, 
with the one along the bedding being approximately three 
times higher than the orthogonal direction.

Dantas et al. (2017) subdivided the Cauê Aquifer into 
hematite, itabirite, clayey itabirite, and carbonatic itabirite, with 
each of the lithologies separated into soft and compact. In this 
study, the soft hematites were more favorable for the presence 
of water, followed by the soft itabirites. Compact lithologies 
are less propitious for the presence of water due to the resis-
tance to erosion and fracturing, and clay lithotypes showed 
lower specific flow rates, while carbonate itabirites were not 
favorable for the presence of water.

Finally, Paula et al. (2018) subdivided the Cauê Aquifer 
in the southwestern region of the Moeda Syncline into strata 

with waters of different ages, evidencing the speed of water 
renewal at different depths. Young waters were considered as 
those above the 1,000 m elevation; intermediate waters between 
850 and 1,000 m and old waters below 850 m.

To characterize the aquifer units, hydrodynamic param-
eters such as hydraulic conductivity (K), transmissivity (T), 
and storage (S) are compared. Among the parameters calcu-
lated for the Cauê Aquifer in previous works (Table 2), we 
highlight the works of Mourão (2007), carried out in the cen-
tral-northern portion of the Moeda Syncline; Mesquita et al. 
(2017), who presented parameters referring to the southwest-
ern region of this structure; Guerra (2010), who performed 
tests in the municipality of Nova Lima, in the Serra do Curral 
Homocline; and Schlumberger Water Services (2017) and 
Bertachini (2020) in the western edge of the Syncline.

According to Mourão (2007) and Mesquita et al. (2017), 
the hydraulic conductivity in the soft itabirite shows continu-
ity across the entire Moeda Syncline, which is corroborated by 
Guerra (2010) and Bertachini (2020). The variation in trans-
missivity values presented indicates the variation in thickness 
of the Cauê Formation, in addition to the presence of regions 
of confinement and structural control associated with second-
ary permeability. The large variation of storage values (Sy) for 
the Cauê Aquifer reinforces the heterogeneity of this unit in 
the Moeda Syncline, reflecting its structural complexity and 
localized confinements.

As for the other studied units, few hydrodynamic param-
eters have been defined in the literature. Ferreira and Bacellar 
(2010) indicated transmissivity values between 9×10-6 and 
1.4×10-4 m²/s for the Bação Complex, and between 1.1×10-6 
and 5.8 m²/s for the Piracicaba Group, both in the munici-
pality of Ouro Preto. Mourão (2007), however, determined 
the hydraulic conductivity based on laboratory tests, reach-
ing a result of 3.5×10-9 m/s for the quartzite of the Moeda 

Table 1. Description of the stratigraphic units that occur in the study area.

STRATIGRAPHIC UNITS DESCRIPTION

Recent Coverage Superficial alluvial and colluvial deposits

Laterite Covers Alteration product of itabirite that occurs mainly over rocks of the Cauê Formation, 
covering tops of hills and slopes, and may extend over non-ferruginous formations

Minas Supergroup

Sabará Group It outcrops in a restricted area in the center of the Moeda Syncline and contains phyllite, 
metavolcanic schist, metagraywacke, and quartzite (Silva et al. 2005)

Piracicaba Group Quartzite, phyllite, and subordinate dolomite lenses (Silva et al. 2005)

Itabira Group

Gandarela 
Formation

Dolomite, marble, phyllite, and dolomitic itabirite (Silva et al. 2005), with 
average thickness on the order of 200 m (Pimenta et al. 2009)

Cauê 
Formation

Itabirite with lenses of dolomite, compact and friable hematite, phyllite, 
and marble. It has an average thickness between 200 and 300 m (Rosière 

and Chemale Jr 2000), and can reach up to 1,500 m in some portions 
where successive folding has occurred (Rossi 2014)

Caraça Group

Batatal 
Formation

Sericitic, carbonaceous, and ferruginous phyllites. It is at most 250 m thick, 
but usually does not reach 30 m (Maxwell 1972, Beato et al. 2006)

Moeda 
Formation

Quartzite, phyllite, and conglomerate. It has an average thickness of 200 m, 
and can locally reach up to 1,200 m (Beato et al. 2006)

Das Velhas River 
Supergroup Nova Lima Group Metasedimentary schist, metavolcanic schist, and phyllite (Beato et al. 2006)

Archean Gneissic-migmatitic Complexes Granite-Gneissic terrain intruded by granitoid bodies, basic, and metabasic rocks (Alkmim 
and Marshak 1998)

5/19

Braz. J. Geol. (2022), 52(4): e20220005



Formation and 9.2×10-8 m/s for the semi-composite phyllite 
of the Batatal Formation.

The recharge is also an important parameter to analyze the 
hydrogeological dynamics of the area. According to Mourão 
(2007), the recharge values in the region are mainly related 
to the soil types and geology, and the highest rates are in the 
Cauê Formation (above 38%). Also, according to the author, 
the recent covers, rocks of the Bação Complex, and the Moeda 
Formation show recharge rates below 28% of annual precip-
itation. Rocks of the Das Velhas River Supergroup, Batatal 
Formation, and part of the Piracicaba Group present recharge 
rates of between 28 and 38%. Bertachini et al. (2012) pointed 
out that the recharge rate in the Cauê Aquifer is around 35–40% 
of total precipitation, while regions with mining pit formation 
can reach recharges of up to 84%.

Freitas and Bacellar (2013) presented the different behav-
iors regarding recharge between the Bação Metamorphic 
Complex, composed of gneiss, and the Nova Lima Group, 
composed of schists. While the rocks of the Nova Lima Group 
allow for higher values of annual recharge (about 28%), those 
of the Bação Complex show a recharge of approximately 18% 
and conserve groundwater in the system for a longer period.

MATERIALS AND METHODS
The methods used include data collection, definition of 

boundary conditions, definition of aquifer units, definition 
of hydrodynamic parameters, water balance and calculation 
of the renewable reserve, and flow analysis.

Data collection
The data collection stage consisted of extracting them 

from the Water Management Institute of Minas Gerais (Igam) 
database, the Hidroweb portal, the National Water Agency 
(ANA), the National Meteorology Institute (INMET), 
and the Economic Development Company of Minas Gerais 
(CODEMIG). In Igam’s database, public reports of compliance 
with conditions and requests for grants from large enterprises 
in the area were analyzed, as well as grants for isolated wells.

At the end of the data collection, 13 mines were identified as 
being totally or partially located in the study area. Among these, 
10 had been granted a concession for groundwater extraction 

at some point in the last 20 years. In addition, 34 grants were 
located within the study area for tube wells for human and 
industrial consumption, which do not require periodic reports, 
and therefore provide less information.

In all, data were collected from 73 springs, 189 water level 
measuring instruments (piezometers and groundwater level 
indicators), 26 fluviometric stations within the area, and 7 
rainfall stations in the region. The historical series surveyed 
comprised at least part of the period of interest, i.e., between 
2000 and 2019.

Boundary conditions
In hydrogeological modeling, boundary conditions are 

used to define, based on the actual hydrogeological system, 
the hydraulic or physical boundaries that delimit the model 
domain, as well as its inputs and outputs. The following will 
describe the conditions that can occur at model boundaries.

Physical barriers can be exemplified as surface water bod-
ies that act at a base level for the aquifer, or by the presence 
of impermeable rock. Hydraulic barriers, however, control 
the flow of groundwater, such as water divides or flow lines.

The boundary conditions for a hydrogeological sys-
tem are classified as follows, according to Anderson and 
Woessner (1992):

 • Type 1: specified hydraulic head (Dirichlet condition): the 
hydraulic head along this boundary condition is defined;

 • Type 2: specified flow (Neumann condition): the flow along 
this boundary condition is defined. It includes the no-flux 
condition, which is defined by specifying the flow as zero;

 • Type 3: hydraulic head-dependent flow (mixed Robin or 
Cauchy conditions): in this type of boundary condition, 
the flow is calculated from a given hydraulic head.

In this study, only no-flux conditions will be detailed, aim-
ing to define the physical limits of the model. Geological or 
hydraulic structures that hinder the flow were classified as 
no-flux, as they have lower permeability than others.

Definition of aquifer units
Aquifer units are lithostratigraphic units or parts of them 

that present approximately uniform characteristics. The charac-
teristics considered for the definition of aquifer units are mainly 

Table 2. Hydrodynamic parameters of the Cauê Aquifer from other bibliographies.

Paper
K (m/s) T (m²/s) S

Min Max Min Max Min Max

Mourão (2007) 1.0×10-9 1.0×10-6 5.86×10-4 1.74×10-2 1.0×10-1 1.6×10-1

Guerra (2010) 10-6 - -

Mesquita et al. (2017) 5.2×10-10 2.5×10-8 5.79×10-6 1.85×10-3 8.6×10-10 5.0×10-1

Schlumberger Water Services 
(2017) 1.5×10-4 8.8×10-4 1.90×10-2 3.70×10-2 1.6×10-2 5.3×10-1

Bertachini (2020) 4.6×10-7 1.2×10-5 8.8×10-4 9.29×10-3 1.8×10-4 5.0×10-1

Source: descriptions based on Mourão (2007).
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the lithology, rock structures, hydrodynamic parameters, and 
productivity. A good definition of these units is of paramount 
importance for the construction of a model that is more con-
sistent with reality and with the scale of analysis defined.

For this study, the modified geological base map of the 
Iron Quadrangle Geology Project, scale 1:50,000 (Lobato 
et al. 2005), was used to contemplate the geological units of 
interest. The hydrodynamic parameters, descriptions of each 
lithology, and the location of groundwater abstraction grants 
were also searched in the bibliography.

To distinguish between Aquiferous and Non-Aquiferous 
Units, the model of the United States Groundwater Atlas 
(Miller 1999) was adopted, in which geological units that 
produce significant amounts of water through wells or springs 
were considered aquifers. Thus, previous classifications of the 
units and their respective parameters were consulted in the 
bibliography. Less productive units of less importance were 
grouped into undivided units.

Finally, the spatial arrangement of the layers was obtained 
using the geological base map cited and information from 
previous bibliographies on the structural geology of the Iron 
Quadrangle (Chemale Jr. et al. 1994, Alkmim and Marshak 
1998, Mourão 2007). To represent the lithological structure 
of the area, geological profiles parallel to the dip directions of 
the layers were made to obtain their average, maximum, and 
minimum thicknesses in true dimension.

Finally, an estimate of the water level depth was made 
from the analysis of the difference between the topographic 
and potentiometric surfaces, obtained by geoprocessing tools.

Hydrodynamic parameters
To obtain the hydraulic conductivity (K), storage (S), and 

transmissivity (T), the results of 15 pumping tests obtained 
from the Igam database were used, which were performed in 
different units of the study area. Due to the low availability of 
tests and consequent low representativeness of the units, the 
data obtained this way were used only for comparison with 
the results of other authors.

For the analysis of the data obtained, the characteristics 
of each well as the series of water level data in the test recov-
ery phase were entered into the AquiferTest 2016.1 software 
(Waterloo Hydrogeologic 2016). Due to the heterogeneity 
of the analyzed system, unavailability of the lithological pro-
files of the wells, and little information about the tested unit, 
it was chosen to interpret the information by the methods of 
Bouwer-Rice (Bouwer and Rice 1976) and Cooper-Bredehoeft-
Papadoulos (Cooper Jr. et al. 1967).

The Bouwer-Rice (1976) method is used for calculating 
the hydraulic conductivity from the well’s construction char-
acteristics, effective test radius, lowering at time zero, and the 
time it takes for the water level to return to the initial level. 
This method assumes the existence of an aquifer with infinite 
lateral extensions, homogeneous, and of uniform thickness, 
with an initially horizontal potentiometric surface and an 
instantaneous volume injected or withdrawn from the well. 
Overall, it can be said that these assumptions are reasonable 

since the radius of influence of the tests is insignificant if com-
pared to the extent of the aquifers.

Finally, the Cooper-Bredehoeft-Papadoulos method (1967) 
provides the transmissivity (T) and storage coefficient (S) from 
type curves. In addition to the assumptions cited above, this 
test also assumes that the aquifer is confined, undrained, and 
isotropic, with only horizontal flow, and the pumping well is 
considered fully penetrating.

Water balance and renewable  
reserve calculation

In regional hydrogeological models, the water balance is 
of paramount importance to estimate the volume of water 
that infiltrates into the aquifer. From these data, it is possi-
ble to measure the impact caused by groundwater pumping.

To calculate the water balance, a rainfall analysis was initially 
performed using a data series accessed through the Hidroweb 
portal. Stations distributed throughout the study area that had 
complete data series between 2000 and 2019 were selected. 
Then, the most representative stations were selected based on 
the average rainfall for the area. Thus, it was possible to use 
the location of the stations to separate the area into polygons 
according to the Thiessen Method (Thiessen 1911).

Subsequently, water surplus (WS), water deficit (WD), 
actual evapotranspiration (ETA), and potential evapotranspi-
ration (PET) were calculated by the climatological water bal-
ance method of Thornthwaite and Mather (1955), using the 
calculation sheets developed by Rolim et al. (1998). The cal-
culation was performed for the most representative station of 
the area according to the Thiessen analysis, from the monthly 
precipitation averages for the years 2000–2019. The value of 
100 mm was considered for the soil available water capacity 
(AWC or water holding capacity), which is the moisture content 
that remains in soil after a long period of gravitational drainage 
without water supply at the land surface (Feitosa et al. 2008). 

The recharge rate in each hydrogeological unit was then 
calculated by the method of separation of hydrograms by 
Barnes (1939), which consists of graphically separating base 
flow from surface runoff. For this calculation, the most repre-
sentative year of the studied period was evaluated, that is, the 
one whose rainfall was closest to the average annual rainfall 
between 2000 and 2019.

To initially estimate the recharge rate, the fluviometric sta-
tions present in the area and its vicinity whose basins encom-
pass mostly one of the hydrogeological units of interest were 
selected. The total rainfall for each month of the reference year 
was multiplied by the area of each basin to obtain the total 
monthly precipitation volume.

Subsequently, the monthly average flow series for the defined 
year was plotted for the separation of hydrograms. Relating the 
base flow with the precipitated volume, the recharge rate in 
each of the basins was obtained, and consequently in each 
hydrogeological unit as well.

With the separation of base flow, it was also possible to 
obtain the Base Flow Index (BFI), which, according to Gustard 
et al. (1992), consists of the proportion of groundwater in the 
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total flow of a river and is used to identify the effect of geol-
ogy on its flow rate.

Subsequently, using the values defined for the recharge 
rate, the renewable reserve of the Cauê Aquifer and the entire 
study area was estimated. The renewable reserve consists of 
the water volume accumulated in the aquifer medium as a 
function of the effective porosity. It is variable annually due 
to seasonal contributions of surface water, underground run-
off, and outlets (Costa 1998).

Initially, the renewable reserve of the Cauê Aquifer alone 
was calculated for each hydrological year in the domain area 
of each rainfall station. By summing the values obtained for 
the domains of each station, the renewable reserve of the Cauê 
Aquifer in the study area was obtained for each hydrological 
year of interest, between 2000 and 2019. Subsequently, the 
same procedure was performed with the other units, which 
allowed obtaining the renewable reserve of the entire area for 
each year of the analyzed period.

To make a comparison of the renewable reserves cal-
culated with the total pumping of the area in each year, the 
pumping rates for each enterprise located in the area were 
searched in the Igam database. These data were compiled 
and added up annually.

Flow analysis
For the flow analysis of the studied area, a potentiomet-

ric map of the region was made with water level data from the 
year 2019, and the lowering of the water level over the period 
was analyzed in graphs. These data were obtained from min-
ing company reports, which are available in the Igam database, 
and are thus concentrated near the mining pits.

For the selection of the monitoring instruments used 
for the construction of the potentiometric map, the cri-
teria of location and available data for each instrument 
were used, so that the whole area was represented as to 
the underground water level. The regions with data defi-
ciency were filled in by control points, defined as points 
in perennial drainages, connected to the aquifer. From the 
curves, a potentiometric surface was also generated, using 
the software Leapfrog Geo (Seequent), for better visual-
ization of the cones of depression. Based on the manually 
constructed curves and the generated surface, the main 
existing flow directions were interpreted.

The drawdown was analyzed using graphs, separated by sec-
tors, containing the variation of the water level over time at the 
monitored points that contained a significant period of data.

With these analyses, it was possible to identify the most 
pronounced cones of depression, the variation of the hydraulic 
head over the analyzed time, the base level of the region, and 
compare the flow velocity between the units.

Results

Boundary conditions
As described in the Methods section, the no-flux boundary 

conditions were defined according to the regional knowledge 

of the study area, based on the lithologies considered to be less 
permeable than the others.

Thus, as it is a rock with little porosity and low pore con-
nection, it can be said that the schist of the Nova Lima Group, 
which outcrops at the eastern edge of the area, is generally con-
sidered impermeable. For this reason, the contact between the 
Moeda Formation and the Nova Lima Group, indicated with 
number 3 in Figure 4, is considered a Neumann condition of 
no flow. The same occurs with the Piracicaba Group, com-
posed of phyllite and quartzite, which outcrops in the center 
of the syncline, whose contact with the Gandarela Formation 
is indicated by number 4 in Figure 4.

To the north of the area, the Itabira and Caraça groups pres-
ent continuity to the Serra do Curral Homocline. Therefore, as 
Cauchy boundary conditions (head-dependent flow) were 
used, the Moeda Syncline Axis, which divides the Gandarela 
Formation, and the NW/SE Fault that segments the four for-
mations at the intersection between the Moeda Syncline and 
Serra do Curral Homocline are represented in Figure 4. 

Definition of aquifer units
The hydrogeological units identified are consistent with 

the geological units. Based on their lithological characteristics 
and previous bibliographies, these units were separated into 
aquiferous and non-aquiferous, as shown in Table 3.

The aquiferous lithologies have high permeability and are 
considered potential aquifers by Bertachini (1994) and Beato 
et al. (2006). The other lithologies present lower storage capac-
ity and/or permeability and will thus be considered non-pro-
ductive units. They are made up predominantly of lithologies 
that in general present low productivity and lower hydrogeo-
logical potential than the others.

It is worth mentioning that the non-aquiferous litholo-
gies can behave locally as aquifers, depending mainly on their 
level of fracturing. However, in general, these units exchange 
water at a low velocity, which will be disregarded since this is 
a regional scale study. Thus, the units considered as boundary 
conditions were called aquitards, as listed in Table 3.

Although the alluvial covers were considered aquifers, their 
low thickness in comparison with the others makes them irrel-
evant in this regional study, being considered only as storage 
units and recharge facilitators for the underlying units.

Despite not being the only aquifer unit, it is worth noting 
the importance of the Cauê Aquifer as the most productive 
in the region, which could be ascertained by the number of 
pumping wells allocated to this unit. In all, 185 licensed wells 
were identified in the study area, including supply wells and 
water-level lowering wells. Among these, 136 are in the Cauê 
Formation, and the others are divided among the units Nova 
Lima (10), Moeda (8), Batatal (17), and Gandarela (14). 
Furthermore, among the units considered as aquifers, the 
Cauê Aquifer is the one that occupies the largest area in the 
studied region, as listed in Table 3.

Regarding the depth of the water level observed in Table 
3, a well-defined pattern is noted: the greatest depth in rela-
tion to the surface is recorded in the Cauê Aquifer, with a 
progressive reduction in adjacent units, with the shallowest 
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level being in the Piracicaba Aquitard. This occurs as a 
result not only of the higher outcropping levels of the Cauê 
Formation but also due to pumping, which occurs mostly 
in this aquifer unit.

From the profiles made, it was possible to obtain the thick-
nesses of each hydrogeological unit. As observed on the geo-
logical map and in the work by Braga (2006), the Gandarela, 
Cauê, Batatal, and Moeda units present greater thickness in 
the northern portion of the area, with thinning in the south-
ern portion. The same was observed in the profile, as can be 
seen in Figure 5.

The thickness of the Cauê Formation varies from 200 
m, in the south, to 1,400 m in the northern portion of the 
Moeda Syncline. The Gandarela Formation, in contrast, 
shows more variation, with its greatest thickness being 

approximately 1,650 m and the smallest 20 m. The same 
pattern is observed in the Moeda Formation, which reaches 
a thickness of 1,300 m in the north of the syncline and 
approximately 40 m in its southern portion, corroborating 
Braga’s (2006) hypothesis. The thicknesses found to agree 
with Maxwell (1972), Rosière and Chemale Jr. (2000), 
Beato et al. (2006), and Rossi (2014).

As shown in Figure 5, in the Moeda Syncline, the aqui-
fer units reach depths of more than 1,500 m, and in the 
studied region the deepest water level recorded by the 
instruments surveyed is at the elevation of 870 m. Due to 
the great thickness of the packages and the knowledge that 
porosity decreases with depth, it was adopted the division 
of each aquifer in half of its depth, being the upper package 
the one with greater porosity.

Figure 4. Defined boundary conditions for the study area.
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Table 3. Description and geometry of the identified hydrogeological units on the eastern limb of the Moeda Syncline. 

Hydrogeological Unit: Predominant 
Lithology

Area 
(km²) Thickness (m) Water Level 

Depth (m)

Alluvial Aquifer: Porous aquifer with high storage capacity; free, 
discontinuous, and heterogeneous.

Alluvial and 
lateritic deposits 13.29 – –

Piracicaba Aquitard: Non-aquiferous unit. Quartzite and 
phyllite 126.83 – Average: 43 

Max.: 235

Gandarela Aquifer: Locally karstified and fissural; mostly 
free, locally confined by clayey deposits; heterogeneous and 
anisotropic.

Carbonate 38.26
Average: 630 

Max: 1650 
Min: 20

Average: 64 
Max.: 235

Cauê Aquifer: Porous aquifer on the surface, and fractured 
at depth. High hydraulic conductivity in general. Mostly free, 
heterogeneous, and anisotropic.

Itabirite 48.16
Average: 650 
Max: 1,400 

Min: 200

Average: 108 
Max.: 276

Batatal Aquitard: Non-aquiferous unit. Due to its low thickness, 
transmits more water than the other aquitards. Phyllite 11.14

Average: 110 
Max: 300 
Min: < 20

Average: 86 
Max.: 245

Moeda Aquifer: Predominantly fissural; mostly free, 
heterogeneous and anisotropic. Quartzite 32.17

Average: 400 
Max.: 1,300 

Min.: 40

Average: 76 
Max.: 224

Nova Lima Aquitard: Non-aquiferous unit. Schist and phyllite 63.9 – Average: 56 
Max.: 251

Bação Complex Aquitard: Non-aquiferous unit. Gneiss 11.9 – Average: 49 
Max.: 184

Figure 5. Lithological profiles to the north and south of the study area (without vertical exaggeration).

Hydrodynamic parameters
To obtain the parameters, only the aquifer units were ana-

lyzed due to data scarcity. This step resulted in the values pre-
sented in Table 4, with the hydraulic conductivity data obtained 
by the method of Bouwer and Rice (1976) and the transmis-
sivity and storage values obtained by the method of Cooper 
et al. (1967). In all, 15 pumping tests of wells located in the 

three identified aquifer units were analyzed, most of which 
were located in the North Sector of the area, except for three 
wells, one in each of the other sectors. Therefore, the obtained 
values are more representative of the northern region. 

Overall, it can be observed that the hydraulic conduc-
tivity values obtained were similar for the three units, on 
the order of 10-7 to 10-8. For the Cauê Aquifer, the value 
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Table 4. Hydrodynamic parameters obtained from pumping tests.

Parameter Cauê Aquifer Moeda Aquifer Gandarela Aquifer

No. of tests 7 4 4

K (m/s)

Maximum 5.62×10-6 5.35×10-7 1.69×10-7

Average 9.45×10-7 2.59×10-7 7.38×10-8

Minimum 2.40×10-8 2.15×10-8 3.35×10-8

T (m²/s)

Maximum 2.53×10-4 1.62×10-4 1.51×10-5

Average 9.75×10-5 4.60×10-5 5.71×10-6

Minimum 5.63×10-6 8.34×10-7 1.16×10-6

S

Maximum 5.00×10-1 5.00×10-1 1.78×10-1

Average 2.86×10-1 1.40×10-1 5.60×10-2

Minimum 3.09×10-9 9.34×10-4 3.87×10-8

is well below those presented by Mourão (2007) and 
Schlumberger Water Services (2017) but is consistent with 
those obtained by Mesquita (2017) and Bertachini (2020). 
The hydraulic conductivity of the Moeda Aquifer is simi-
lar to that presented by Mourão (2007), and the Gandarela 
Aquifer, besides being below the minimum value obtained 
by Mourão (2007), is also below the values obtained by 
Schlumberger Water Services (2017). The variation of the 
hydraulic conductivity of the Cauê Aquifer may be linked to 
the heterogeneity and anisotropy of the system. These val-
ues tend to decrease in depth due to the decrease of voids 
and/or closure of fractures.

As for the transmissivity values, due to the wide varia-
tion in thickness of the aquifers, it would not be appropri-
ate to compare the values obtained with those presented in 
the literature. 

The highest storage was verified in the Cauê Aquifer, which 
is a free aquifer as well as the Moeda Aquifer and the Gandarela 
Aquifer. Similar results were obtained by Mesquita (2017) 
and Schlumberger Water Services (2017) for both the Cauê 
Aquifer and the Gandarela Aquifer. Observing the minimum 
values obtained, it can be said that the Cauê and Gandarela 
aquifers present confined portions, a characteristic that may 
not have been detected in the Moeda Aquifer due to the low 
number of tests analyzed.

Water balance and renewable reserve
The map of the domains of the rainfall stations accord-

ing to the Thiessen method (1911) shows the three stations 
used for the rainfall analysis (Fig. 6). It is observed that rain-
fall in the rainy season is higher at the northernmost stations, 
exceeding 400 mm in December at Caixa de Areia station, as 
shown in the graph of this station.

The table presented in Figure 6 shows the area represented 
by each rainfall station, the respective average annual rainfall, 
and the results obtained by the Thiessen method. The annual 
rainfall for the study area was approximately 1,490 mm consid-
ering the period between 1999 and 2019. This value is greatly 
influenced by the representativeness of the Rio do Peixe and 
Itabirito stations, which contribute approximately 90% of the 
precipitation volume in the area.

For the calculation of the climatological water balance of 
Thornthwaite-Mather (1955), a total rainfall of 1,576 mm 
was considered at the Rio do Peixe station, the most repre-
sentative areal station and the closest to the value obtained 
by the Thiessen method. The water holding capacity was con-
sidered as 100 mm. As an average for the studied period, the 
following were obtained for the whole area: 888 mm ETA 
(56%), 1,059 mm PET, 701 mm WS (44%), and 171 mm WD. 
WD occurs between the months of April and October and WS 
between November and March. These values are consistent 
with a humid subtropical climate since precipitation is higher 
than evapotranspiration.

For the recharge estimation, according to the described 
method, 17 suitable basins were selected, in diverse litholo-
gies, as exemplified in Figure 7 and shown in Table 5, and their 
areas were calculated. It is observed that the selected basins 
comprise only one lithology.

From the consolidation of the information obtained from 
the Thiessen polygons and the separation of hydrographs, it 
was possible to obtain the recharge values and BFI presented 
in Table 5.

The recharge rate calculated for the Cauê Aquifer was very 
close to that obtained by Mourão (2007). The low recharge 
of the Gandarela Aquifer is probably due to its low primary 
porosity and scarcity of fractures in the monitored basin. 
For the Moeda Aquifer, no suitable basins were located for 
recharge calculation, and the rate was not found in other bib-
liographies either.

As for the BFI, the highest rates obtained were for Cauê 
Aquifer and Nova Lima Aquitard. In the Cauê Aquifer, this is 
justified by its high permeability and hydraulic conductivity, 
which facilitate infiltration to the detriment of surface runoff. 
In the Nova Lima Aquitard, however, the high BFI is due to its 
heterogeneity. In certain areas, this unit can behave as a pro-
ductive fissural aquifer and can be considered a semi-perme-
able barrier. The Gandarela Aquifer, in turn, showed low BFI 
due to its anisotropy. The low index of the Batatal Aquitard 
shows its low productivity, as well as the Piracicaba Aquitard.

The recharge rates calculated in this study were used as a 
basis for estimating the renewable reserve, whose results are 
shown in Figure 8. It was not possible to calculate recharge in 
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Figure 6. Location of the selected rainfall stations and separation of Thiessen polygons. The rainfall data are for monthly and annual averages 
between 1999 and 2019.

Figure 7. Examples of basins used to calculate recharge.

the Moeda Aquifer and the Bação Complex Aquifer due to 
the absence of fluviometric stations whose basins are mostly 
located in these units. Thus, to calculate the renewable reserve 
for the Moeda Aquifer, the average between the recharge rate 
of the other aquifer units (Cauê and Gandarela) was used, 

and for the Bação Complex Aquitard, the recharge obtained 
by Freitas and Bacellar (2013) was used.

Figure 8 presents the calculated renewable reserve for 
the Cauê Aquifer and for the study area. The pumping vol-
umes granted annually in the whole area were summed, 
and the result is represented by the red line. The abstracted 
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Table 5. Comparison of recharge rates obtained from literature and separation of hydrographs and calculated BFI.

Hydrogeological Unit Number of 
selected basins

Calculated 
Recharge (%)

Recharge (%) 
Mourão (2007)

Recharge (%) Freitas 
and Bacellar (2013)

BFI 
(%)

Cauê Aquifer 5 38.67 39.52 – 69

Gandarela Aquifer 1 16.52 21.90 – 41

Moeda Aquifer – – – – –

Nova Lima Aquitard 2 20.03 37.02 28 84

Piracicaba Aquitard 8 12.42 – – 45

Batatal Aquitard 1 5.85 – – 49

Bação Complex Aquitard – – – 18 –

Figure 8. Results obtained for the renewable reserve calculations compared to the granted flows.

volume was considered equal to the volume granted by Igam, 
since there is no reliable data available for each mine’s exact 
pumping rate.

From the graph, it is observed that in the years with the 
greatest drought, such as 2013/2014, the volume abstracted 
is close to the total renewable reserve in the area. This sug-
gests that there is a considerable regional impact resulting 
from exploitation, even with the contribution of the entire 
aquifer system evaluated for the volume exploited, which can 
impact the water availability of the region. The water balance 
described below further illustrates this situation.

The average volume of the renewable reserve in the Cauê 
Aquifer is about 27 million m³/year, while in the whole area 
the renewable reserve is approximately 93 million m³/year. 
Thus, despite representing only 15% of the study area, the 

Cauê Aquifer contributes to about 30% of the recharge in 
the region.

To perform the water balance of the area, it was consid-
ered that the total WS consists of the sum of the renewable 
reserve, surface runoff, subsurface runoff, and volume with-
drawn from the system (surface and underground abstrac-
tions). Considering the annual WS of 701 mm, obtained by 
the Thornthwaite-Mather method (1955), in the 305 km² 
area, a WS volume of 214 million m³/year was calculated. 
The renewable reserve was previously estimated at 93 mil-
lion m³/year, and the average volume pumped in the ana-
lyzed period was 41 million m³/year. Thus, disregarding 
the surface abstractions that may occur, it can be said that 
the volume of surface and subsurface runoff totals approx-
imately 80 million m³/year, i.e., 37% of the hydric surplus.
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From these data, the average BFI of the area can be esti-
mated by adding the renewable reserve and the underground 
abstractions and dividing this value by the total WS. This cal-
culation shows an average BFI of 63%. The average BFI for the 
area given by the method of hydrogram separation results in 
58%, which is very close and reveals a significant contribution 
of groundwater to river flow.

Using the same logic specifically for the Cauê Aquifer, 
with the same WS of 701 mm and an area of 48 km² where 
this unit outcrops, the volume of the estimated WS is 33.6 mil-
lion m³/year. Subtracting from this value the average renew-
able reserve of 27 million m³/year, the resulting surface run-
off, added to surface abstractions and subsurface runoff, is 
approximately 6.6 million m3, or 20% of the WS. This pro-
portion indicates that the rate of surface runoff in the Cauê 
Aquifer is much lower than in the other units, which is cor-
roborated by the high BFI of this unit (69%). These values, 
however, were based on the Thornthwaite-Mather (1955) 
method, which disregards water abstractions.

Taking pumping into account, 73% of the wells surveyed 
are in the Cauê Aquifer. As this unit has a higher hydrau-
lic conductivity and storage than the others, it is expected 
to contribute to an even more significant flow. The volume 
pumped in the area annually was estimated at 41 million m³ 
on average, considering the granted pumping rates, which 
is about one and a half times the renewable reserve of the 
Cauê Aquifer. This means that while the aquifer is recharged 
with an average flow rate of 3,082 m³/h, about 4,680 m³/h is 
pumped. One can see from the graph that since the year 2004, 
the volume granted is greater than the renewable reserve of 
this aquifer unit. 

The main uncertainties in these estimates are the pumping 
volumes and the recharge rate. The amount of water granted is 
the minimum pumping that occurs in the region, since there 
is no way to account for unregistered wells. Thus, the impact 
generated is probably greater than that presented. Also, the 
recharge rate can vary locally due to soil coverage, land use, 
and lithology variations, but it is more likely to be reduced in 
reality since these are main obstacles to the aquifer recharge. 
Another uncertainty is that no data from the Igam database 
was verified on the field, so there could be other abstractions 
and inputs to the superficial runoff, as well as inaccuracies in 
the database in general.

However, considering the estimated values, the pumped 
volume exceeds the renewable reserve by 14 million m3. 
This volume can be obtained from the following three 
sources:

 • From the permanent reserve: It is expected that pumping 
affects the permanent reserve, since for the lowering of 
the water level in mining, it is necessary to exploit part 
of this volume. However, this pumping is not returning 
to the natural system;

 • From surface runoff: By interfering with the level of the 
aquifer’s permanent reserve, the influence of ground-
water on drainage decreases, tending to reduce its flow;

 • From the other units: The overexploitation of the Cauê 
Aquifer, the most permeable of the region, can generate 

flow reversal in the sectors of greater pumping, i.e., water 
can start flowing from the less permeable units toward the 
more permeable ones where this did not occur previously. 
This aspect will be better described in the following topic.

Flow analysis
To analyze whether there is flow reversal or other anoma-

lies, from the compilation of the water level monitoring series, 
the maps and graphs presented in Figures 9, 10, and 11 were 
generated. For the flow analysis, the area was subdivided into 
four sectors identified as North, Central 1, Central 2, and 
South, according to geological structures and the behavior 
of the underground flow. It is also noted that the sectors sep-
arate areas with different main directions of the lithological 
layers in relation to the north.

In the southern sector, no enterprises that explore under-
ground water were identified in Igam’s database; therefore 
in this region, the equipotential curves were generated from 
control points (drainage network and topography) and may 
not be representative of the actual local piezometry. For this 
reason, the map and graphs only show instruments located 
in the northern and central sectors.

From the potentiometric map and potentiometric sur-
face generated (Figs. 9 and 10), it is observed that the lowest 
water levels are in the southern sector and along the eastern 
edge of the studied area, while the portions with the high-
est water levels are approximately aligned in a band that cuts 
through the central and northern sectors. This band follows 
the mapped area of the Cauê Aquifer, which indicates a greater 
influence of this unit on the water level in the northern and 
central sectors, where this unit presents greater thickness. 
Furthermore, this pattern suggests that the main underground 
flow direction is southward, toward the Itabirito River, local 
base level, with a hydraulic gradient of 8.75 m/km, and east-
ward, toward the Das Velhas River, regional base level, with 
an average hydraulic gradient of 80 m/km.

It is important to highlight that the map represents 
the regional flow, not local, mainly in the south sector. 
Considering that the instruments in the Central 2 sector 
show an average water level of about 1,300 m and the Itabirito 
River’s elevation is about 1,000 m in the extreme south, 
it can be noted that the flow has a predominant southern 
direction. This is corroborated by the potentiometric sur-
face presented in Figure 10D, which shows the level reduc-
tion toward the south.

In the Central 2 sector, the function of the Cauê Aquifer 
as a water divide is also notable, but with a greater hydraulic 
gradient toward the east than toward the west. In this sector, 
there is an elongated cone of depression in the approximate 
north-south direction, with flow from north to south and 
from south to north, generating convergence to the center 
of the existing pit. In the north of Central 2 sector, the cone 
of depression becomes more pronounced, showing con-
tributions from the Gandarela and Moeda Aquifers to the 
Cauê Aquifer.

In this sector, the lowering of the water level measured 
by the instruments over the studied period is significant, as 
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Figure 9. Potentiometric map of the eastern limb of the Moeda Syncline referring to the year 2019.

shown in the graph (Fig. 11). Between 2000 and 2019, it 
can be noted that one of these instruments showed a low-
ering of about 80 m.

In the Central 1 sector, the presence of the water divide 
is not so pronounced. In this region, one notices an aggres-
sive cone of depression, with flow reversal both in the E-W 
and N-S directions. It is observed, contrary to expectations, 
that the flow is from north to south, and to the north is the 
Do Peixe River, an important local base level. Convergent 
flow is also observed toward the central strip of the sector, 
despite the intense regional hydraulic gradient to the east, 
and the central strip being the one with the highest hydraulic 

conductivity (Cauê Aquifer). Also notable is the lowering of 
these instruments in Figure 11.

Finally, in the Northern sector, the Cauê Aquifer once 
again acts as a water divide. It is notable the contribution 
of the underground flow toward the Das Velhas River 
channel, being the hydraulic gradient much more intense 
to the east. This occurs because the Piracicaba Aquitard 
is more impermeable than the Batatal and Nova Lima 
Aquitards, which causes less impact in the center of the 
Moeda Syncline. In the center of the North sector, there 
is also a cone of depression with flow reversal, and the 
water level in this region reaches levels below 1,000 m. In 
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Source: generated using Leapfrog Geo, a Bentley Software (Bentley Systems, 2021) Copyright © Bentley Systems, Incorporated.

Figure 10. Three-dimensional view of the potentiometric surface in the main units of the studied area. Arrows indicate the location of the 
mining companies. Vertical exaggeration: 10×. 

this sector, in general, the flow converges to the Do Peixe 
River, which drains into the Das Velhas River.

In general, the regional flow tends southward and is more 
pronounced toward the Das Velhas River than toward the cen-
ter of the Syncline. It is also observed that the Cauê Aquifer 
acts as a water divide, which is less evident in the Central 1 
sector, where the greatest impact occurs. The Cauê Aquifer 
also has the deepest levels of the potentiometric surface in 
relation to the topography, which can be seen in Figure 10 
and Table 3.

Regarding the historical series presented, it should 
be noted that only the instruments located in the Cauê 

Aquifer were represented in the graphs, and that the instru-
ments surveyed are concentrated in and around mining 
pits. In general, the piezometers lowered on average 37 
m in 20 years, with the Northern and Central 2 sectors 
suffering the greatest impact, with about 40 m of lower-
ing on average, and the Central 1 sector with the least 
lowering, about 23 m.

In view of this analysis, it is important to note that, although 
most of the wells in the region are drilled in the Cauê Aquifer, 
the pumped volume also comes from adjacent units such as the 
Gandarela Aquifer, to a lesser extent from the Batatal Aquifer 
and from the Moeda Aquifer.
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Figure 11. Graphs of the water level lowering between 2000 and 2019. The instruments in blue represent the Central 1 sector and the 
instruments in yellow represent the Central 2 sector.

CONCLUSIONS
This study generated information that makes up the con-

ceptual hydrogeological flow model of the eastern limb of 
the Moeda Syncline, which includes the Cauê Aquifer, the 
Gandarela Aquifer, and the Moeda Aquifer.

The importance of groundwater in maintaining drain-
age flows can be demonstrated by the calculated BFI of 63%. 
This significant base flow contribution to surface drainage is 
of utmost importance for the supply of the MRBH through-
out the year.

As for the exploitation that has been occurring in the aqui-
fer, it exceeds 50% of the renewable reserve of the Cauê Aquifer 
and is close to the renewable reserve of the area. This means 
that the exploitation also affects the permanent reserve, the 
surface runoff, and the units adjacent to the Cauê Aquifer. 
Considering the uncertainties presented, the impact gener-
ated is probably greater than that estimated.

In the North and Central sectors, cones of depression related 
to the mines surveyed were identified. The greatest impact was 
seen in the North and Central 2 sectors, with an average lower-
ing of 40 m. The Central 1 sector, despite having suffered less 
drawdown, shows signs of significant impact and flow reversal. 
Despite the absence of data in the South sector, it can be said that 

this sector suffered less impact, since no large enterprises or con-
cessions are located there.

Despite the absence of a regional hydrological moni-
toring network, it can be concluded that the Cauê Aquifer 
presents different levels of impact in each of the identified 
sectors. In general, there seems to be an unbalance between 
exploitation and recharge, which could impact the super-
ficial runoff.

Since superficial water is not the focus of this study, another 
study should be conducted regarding superficial and ground-
water, quantifying the regional impact in the Upper Das Velhas 
River Watershed. In addition, we highlight the need for a quan-
titative monitoring network for the region in order to generate 
more robust models in the future and improve water manage-
ment in the Moeda Syncline.
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