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Abstract
Mining activities are known for the profound changes they cause in the environment, especially those related to envi-
ronmental liabilities generated by these enterprises. One major concern of this sector relies on the acid mine drainage 
(AMD) process, which is formed by the exposure of sulfide minerals to oxidizing conditions. As a result, the production of 
low-pH saline waters favors the mobilization of heavy metals to the environment. In the last decades, the characteriza-
tion and monitoring of contamination plumes have become more feasible due to the application of geophysical tools, 
more precisely the DC resistivity geophysical method. Thus, the aim of the present study is the application of electrical 
resistivity tomography to understand the hydrogeological dynamic of a waste rock pile in the Osamu Utsumi uranium 
mine, with the identification of preferred groundwater and AMD flow. The analysis of the 2D geophysical products 
allowed the differentiation of high salinity water accumulation zones (< 40 Ω m) in the interior of the pile. Likewise, the 
evaluation of the pseudo-3D model generated by the interpolation of 2D sections was crucial for the recognition of low 
resistivity zones within the bedrock, possibly controlled by fractures that work as recharge zones between the waste 
rock pile and the fractured aquifer. The identification of discharge and recharge zones related to the fractures system is 
a fundamental step for planning and actions to prevent water–sulfides interaction process, which is responsible for the 
generation of AMD, and also the installation of groundwater pumping systems.
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1  Introduction

The continuous population growth combined with the 
increase in agricultural and industrial activities is one of 
many factors that might contribute to the contamination 
of freshwater reservoirs, as a direct consequence of the 
generation of residues and effluents composed by a large 
number of substances in different concentrations. Besides, 
the intensive exploration and pollution of surface waters 
boost the demand for groundwater sources [1, 2].

Based on this context, the commitment to the preser-
vation and monitoring of water resources has gained an 
important role among public opinion, especially because 
of their relevance for both human consumption and eco-
nomic activities. Over the last decades, the concern about 
environmental impacts, generated by land use and human 
activities, leads to the creation of policies that aimed to 
control the quality of effluents, originating the base of 
water resources management [3].

Mining activities are widely known for the pro-
found impacts they cause in the natural environment, 
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especially concerning the large mass movement neces-
sary for their operation. Therefore, the waste material 
produced by ore exploration, which is characterized 
by concentrations below those economically viable, is 
disposed as piles, working as artificial porous aquifer 
systems [4]. Either the construction or the interaction 
between those waste rock piles and the natural environ-
ment consists of one of the major environmental prob-
lems related to the mining industry [5].

A very common environmental liability associated 
with this kind of human activity comprises the phe-
nomenon of the acid mine drainage (AMD), whose 
process relies on the exposition of sulfide minerals to 
oxidant conditions and presence of water [6–9]. These 
chemical and physical parameters are very distinct from 
those observed in the subsurface environment, where 
the sulfide-containing ores were buried in chemical 
and physical equilibrium before the exploration pro-
cedures. As a result of this process, the generation of 
low-pH waters favors the mobilization of toxic chemi-
cal elements, such as heavy metals, which often occurs 
associated with rock matrices [10, 11]. Considering this 
chemical context, the most common mineral related to 
AMD generation is the pyrite, whose chemical reaction 
is given by the following global equation (Eq. 1) [12]:

Over the last decades, the use of geophysical meth-
ods on environmental liability studies provided an effec-
tive alternative for groundwater management, as well 
as on the characterization, monitoring and remediation 
of contaminated sites. Moreover, this tool has multiple 
advantages when compared to conventional direct tech-
niques, including the possibility of fast screening acqui-
sitions, lower financial investments, wide spatial cover-
age, high sampling density and noninvasive procedure 
[13]. Besides these technical aspects, new processing 
data and accessible technologies developed all around 
the world have contributing to an increasing insertion 
of geophysics in a great number of studies, including the 
environmental ones [14–16]. The constant transforma-
tions of global society and changes in the lands’ use and 
occupation have required tools that contribute to the 
environmental impacts’ management and the rehabilita-
tion of natural resources, like in old mining areas [17–19].

The use of geophysical tools in environmental liabili-
ties, however, is still poorly widespread compared to 
their potential to comprehend underground processes. 
One of the most important examples is hydrogeologi-
cal dynamics studies within waste rock piles. There are 
countless studies that deal with aquifers’ identification 
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and characterization in different geological contexts 
[20–23], but few of them aim to understand the pro-
cesses related to artificial aquifers built from human 
activities and that often represent a risk for an entire 
regional hydrological system. Considering this scenario, 
this paper seeks to understand the hydrogeological and 
structural dynamics in a waste rock pile of an old ura-
nium mining, whose artificial aquifer system works as 
acid mine drainage source and, hence, could endanger 
the entire chemical and geological balance of its region.

1.1 � Study area and operational history

The study area is part of the Osamu Utsumi uranium mine, 
a mining complex located at Poços de Caldas, southern 
region of Minas Gerais State (Fig. 1). Since the 90’s, this 
mining complex faces a formal decommissioning process 
with serious concerns about the management of AMD 
contamination sites, including waste rock piles and the 
deactivated open-pit mine. These waste rock piles have a 
similar hydraulic behavior to those observed for artificial 
porous aquifer systems. Besides, they were disposed at the 
top of a fractured regional aquifer composed by the igne-
ous rocks from the massif basement.

The Osamu Utsumi mine is part of the south region 
of the Poços de Caldas Plateau, a site with natural occur-
rences of radioactive minerals also known as Campo do 
Cercado [24]. At first, this location was administrated by a 
government company called Nuclebrás and became the 
very first active uranium mine in Brazil. A few years later, 
the INB—Indústrias Nucleares do Brasil—took control of 
the mining complex, which persists until today [25]. Its 
mining and exploration activities lasted from 1982 to 1995 
and, since then, the mining industry faces a decommis-
sioning process.

The mine is placed at the geological context of the 
Poços de Caldas Alkaline Complex (PCAC), a semicircular 
structure with a 35 km diameter and an area of 800 km2, 
listed as one of the largest alkaline complexes of the world 
[26]. The PCAC, located close to Minas Gerais and São 
Paulo States boundaries, is the result of successive alkaline 
rocks intrusions and subsequent hydrothermal alteration 
processes [27–29].

The Campo do Cercado ore reserve corresponds to 
approximately 17,200 tons of U3O8. In 1977, the explora-
tion operations started with the mobilization of approxi-
mately 5 million m3 of material, including soil and waste 
rocks. Therefore, the operational process was divided into 
three different sectors: mining exploration and physical 
and chemical processing [25]. The cutoff grade was estab-
lished in 170 ppm of soluble uranium. Based on this rate, 
the overburden and waste rocks generated by the uranium 
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mining, with grade lower than 170 ppm, were sent to the 
local waste rock piles [20].

The study area is part of the waste rock pile called BF-8, 
which is composed essentially by phonolites and tin-
guaites [25]. This waste rock pile is located at the north-
west portion of the mining complex and covers an area of 
64.4 ha, with a volume of 14.8 million m3 of waste mate-
rial [30]. This local comprehends an old valley which was 
covered by mining wastes and, eventually, is exposed to 
atmospheric precipitation. Those waters are channeled by 
a gully positioned at the northern limit of this structure. It 
is important to mention that, during the drought season, 
this system is permanently dry.

The end-dumping method had been chosen to build the 
BF-08 pile, whose method provides a vast grain size varia-
tion without an appropriate control and compaction of the 
waste material [31]. In the same way, the study of [32] cor-
roborates to the granulometric heterogeneity of the BF-08 
pile. Moreover, this physical characteristic favors the occur-
rence of preferential flux paths inside the pile, besides the 
fact that the BF-8 was constructed through the deposition of 
the material on one of the slopes of the Cercado creek valley, 

whose waters flow to Antas River. In order to avoid infiltra-
tions into the pile, an artificial channel was constructed for 
the mentioned creek.

Pyrite, the major mineral associated with AMD genera-
tion, occurs in the local ore as disseminated grains of approx-
imately 8 mm, comprising concentrations lower than 0.2%. 
These parameters result an intermediate chemical reactivity 
[31].

The mining complex is installed in a region character-
ized by a temperate dry winter climate (Cwa/Cwb), with two 
well-defined seasons. The humid period occurs from Novem-
ber to March, whereas the months from April to October 
configure the driest season with the lowest temperatures, 
including occasional frosts. The mean annual precipitation 
is 1700 mm, and 82% of all this rain is associated with the 
warmest period [33].

Fig. 1   Study area and delimitation of the waste rock pile known as BF-08
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2 � Materials and methods

The different materials that compose the local geological 
context can be distinguished from the contrast between 
their physical properties, whose parameters can be 
measured using indirect investigation methods, which 
include geophysical methods. Geophysical surveys are 
widely used and they are applied to a great number of 
scientific fields, as mineral prospection studies [34–36], 
petroleum geology [37–40], geotechnical engineering 
[41–43], and hydrogeological and environmental studies 
[44–46]. They are usually associated with conventional 
direct investigation methods, like monitoring wells, drill-
ings, soil probing and trench [47–49].Considering all 
kinds of geophysical methods, the geoelectrical ones are 
the most valuable for environmental studies, especially 
the direct current (DC) resistivity method.

The DC resistivity method relies on the determina-
tion of the physical parameter of electrical resistivity 
(ρ), whose intrinsic values are variable and related to 
each one of the different materials that compose the 
subsurface environment [50]. For hydrogeological stud-
ies, groundwater zones often provide a good contrast 
of resistivity values, which might be more accentuated 
depending on anomalous electrolyte concentrations 
(high electrical conductivity) related to leaching pro-
cesses, including AMD [51–54].

The acquisition procedures comprehend the use of a 
tetrahedral metallic electrode set placed on the terrain 
surface. One electrode pair (AB) is responsible for the 
injection of electrical current into the ground, whereas 
the other two metallic terminals measure the potential 
difference (E) between two spots on the surface. The 
geometric disposition of such components configures 
the type of geophysical array [55]. Moreover, deeper 
readings rely on the increase in distance between cur-
rent electrodes, which makes possible multi-level inves-
tigations for stratigraphic characterization, saturated 
zone and contamination plumes.

For this study, performed during the driest season, 
seven acquisition lines were planned using electri-
cal resistivity tomography (ERT) technique (Fig.  2). 
The majority of them were installed parallel to each 
other, covering an entire sector of the BF-08 pile, which 
includes an area of water spring. Theoretically, this factor 
should be a significant water source for the waste rock 
pile and an important component for the AMD genera-
tion. Regarding the geometric electrode disposition, the 
chosen geophysical array was the Wenner–Schlumberger 
type due to its denser grid readings and good vertical 
and horizontal resolutions. This system is based on the 
disposition of the AB electrode pair in the extremities of 

the array, whereas the CD potential pair constitutes the 
center of this collinear configuration and keeps a con-
stant spacing through the development of the readings 
[56, 57]. A spacing of 5 m was used between terminals.

The equipment used was an ABEM Terrameter LS resis-
tivity meter with 84 channels and 250 W of power, which 
is calibrated for resistivity measurements through periodic 
cycles of electric current at low frequency, a procedure 
that allows filtering the acquired signal noise [58].

Res2Dinv (Geotomo Software) has been chosen as 
a data processing and inversion software, designed to 
interpolate and invert field data of electrical geophysical 
prospecting according to the mathematical model of ordi-
nary least squares (OLS) [59]. This technique is responsible 
for smoothing the extreme values using a block modeling 
and, hence, reduces differences between the resistivity 
measured and the resistivity modeled. The quality of the 
adjustment is quantified by a standard deviation param-
eter called root mean squared (RMS) [59–61]. Besides, the 
topography parameter is also inserted in the model to pre-
vent distortions on the resulting cross section.

Subsequently, the generation of 3D visualization mod-
els was made through the use of Oasis Montaj Platform 
(Geosoft), whose process of interpolation of the previous 
2D geophysical products is based on the methods of krig-
ing and minimum curvature, designed to guarantee the 
smoothing of the central values concerning the limits of 
the investigated area. The use of this kind of model, fre-
quently applied in mineral prospection researches [62–64], 
makes possible a broad analysis of the hydrogeological 
conditions of the study area, including the identification 
of preferential groundwater pathways in the context of 
fractured and porous aquifer systems and delimitation of 
contamination plumes during the stages of characteriza-
tion and monitoring of impacted sites [65–67].

3 � Results and discussion

Inversion models produced from the geophysical data 
processing indicated a range of electrical resistivity val-
ues between 20 and 2000 Ω m. The geophysical survey 
covered a depth of 70 m below the longest geophysical 
line, which allowed the identification of the boundary 
between the waste pile base and the top of the local rocky 
basement.

Resistivity values ranging from 20 to 80 Ω m indicate 
the presence of water with variable ions concentrations, 
which comprises the focus of this study. Values close 
to 20 Ω m are a sign of AMD-impacted waters, whereas 
resistivity values around 80 Ω m might be related to zones 
with lower salinity, at levels expected for natural waters. 
These resistivity values are compatible to those obtained 
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by [46, 65, 67]. Areas with resistivity values between 80 
and 150 Ω m indicate streams associated with a natural 
or uncontaminated ground flow, in contrast with resistive 
anomalies (> 150 Ω m) associated with the alkaline bed-
rock, with varying weathering degrees, and the waste rock 

material that composes the pile. It is important to notice 
that their moisture content decreases as the resistivity val-
ues increase.

The analysis of the inversion model related to the acqui-
sition line 1 allowed the identification of two saturated 

Fig. 2   Disposal of geophysical lines along the superior level of BF-08
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Fig. 3   Resistivity inversion 
models of acquisition lines 
with the indication of the 
water accumulation zones 
and preferential underground 
fluxes. Lower values (20 Ω m) 
indicate saline waters (AMD)
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zones (Fig. 3a). The anomaly closer to the beginning of the 
line acquisition showed resistivity values around 75 Ω m 
at a maximum depth of 7.5 m. Such shallow saturated 
zone might be related to a surface water concentration, 
originated from the local water spring. The contribution 
of meteoric water was also taken into account, especially 
due to the recent and previous rainy days at the region.

The second anomaly reaches at least 10 m in depth 
and configures lower resistivity values (20 Ω m), consid-
ered as an anomalous saline saturated zone as a result of 
the water-ore interaction. The water storage at shallow 
depths of the BF-08 might be explained by how the pile 
was built and its material arrangement, which promoted 
a certain degree of grain segregation. Thus, it is expected 
a lower hydraulic conductivity in the uppermost layers of 
the waste rock pile than compared to its base, generating 
preferential fluxes into the pile, whose occurrence, geome-
try and dynamics were confirmed by the two-dimensional 
visualization models obtained in this study.

According to the inversion model generated from 
acquisition line 2, it is possible to observe a low resistiv-
ity anomaly that extends through the center of the sec-
tion characterized by resistivity values ranging from 80 to 
144 Ω m (Fig. 3b). This moderate saturation zone can be 
interpreted as a remaining preferential flux zone since the 
acquisitions were carried out during the dry season. In this 
way, the seasonal characteristic of the local water spring 
reflects directly the water volume that infiltrates into the 
BF-08 pile.

This geophysical section also made possible the under-
standing of the saturated zone associated with porous and 
fractured aquifer systems. The groundwater related to the 
BF-08 exhibits a horizontally elongated shape, limited by 
the pile–bedrock interface. However, values of 80 Ω m are 
present at the extremity of the inversion model as a verti-
cal structure with continuity at deeper levels.

It was also possible to observe the existence of two 
accumulation zones into the moderate saturation portion 
showing low resistivity values (70 Ω m). Those anomalies 
corroborate the hypothesis that, during the rainy season, 
the low saturation zone is more prominent, leading to a 
fusion of the accumulation zones due to the increase in 
their lateral extension and, as a result, the formation of 
preferential fluxes.

According to Sect. 3, the existence of two saturated 
zones is clear, both occurring at an initial depth of 10 m 
and characterized by resistivity values ranging from 40 
to 65 Ω m (Fig. 3c). The anomaly 105 m distant from the 
origin represents a zone of high salinity (as already seen 
in the previous section) and vertically elongated shape 
with continuity at deeper levels, probably beyond the 
interface pile–bedrock. Thus, the groundwater propa-
gates through zones of higher permeability. However, 

the exact waste rock pile–bedrock contact is difficult to 
delimitate due to the considerable heterogeneity of the 
waste material of the BF-08.

Another indicator of the existence of shallow satu-
rated zones is the presence of vegetation exactly in the 
places intercepted by acquisition lines 1, 2 and 3, as 
observed in Fig. 2, which corroborates with the related 
inversion models obtained.

Inversion model 4 presents similar characteristics 
described for Sects. 2 and 3 (Fig. 3d). The presence of the 
alkaline bedrock is clear, which is directly associated with 
the suspension of the groundwater above. This moderate 
saturation zone occurs in the central region of the sec-
tion up to 7.5 m deep and shows two distinct accumula-
tion zones, one of them defined by a vertical structure.

The configuration of the inversion model related to 
acquisition line 5 is also similar to the exposed in Sects. 2 
and 3 (Fig. 3e).The existence of a low saturated zone is 
clearly illustrated throughout the central area of the 
section, sustained by the bedrock, comprising minimal 
and maximum depths of 5 m and 30 m, respectively. The 
thickness of the waste rock pile is significantly greater, 
especially at a distance of 125 m from the origin, where 
the topography of the old valley reaches its maximum 
depth.

These same characteristics are present in the acquisi-
tion line 6, especially by the presence of a moderate satu-
rated zone occurring in the central area of the inversion 
model, but in a segmented form (Fig. 3f ).

There are three visible and well-defined accumulation 
zones inside the low saturation portion with horizontally 
aligned flattened forms. The first two anomalies comprise 
resistivity values varying from 25 to 40 Ω m, occurring 
40 m and 125 m from the origin point. The third structure 
is situated at a distance of 185 m and comprises values 
ranging from 20 to 40 Ω m, which corresponds to higher 
salinity water in comparison with the other two zones. Fur-
thermore, it is possible to distinguish the less fractured 
bedrock that regulates the suspension of the groundwater 
in the porous system above.

Finally, the inversion model 7 was generated by the 
longest acquisition line (320 m), resulting in a maximum 
reading depth of 80 m. Its position differs from the other 
lines as it presents an oblique orientation. Once again, it is 
possible to identify the fractured bedrock, approximately 
at 25 m of depth (Fig. 3g).

As seen before, the moderate saturated zone comprises 
the entire extension of inversion model 7, at an initial 
depth of 5 m and 15 m of thickness. In addition, two saline 
water accumulation zones were recognized inside this 
zone, according to the inversion model, without a connec-
tion with the fractured aquifer. The variation in the contour 
of the anomaly was understood as a result of the previous 
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morphology of the old valley, which was filled up with the 
waste rock material during the construction of the BF-08.

The integration of inversion models through the inter-
polation process allowed the elaboration of pseudo-3D 
block models, as an attempt of recognition of preferential 
flux zones within the basement that sustains the BF-08. 
The analysis of such block models in the topographic level 
of 1333 m (42 m below the surface) reveals the existence of 
two low resistivity zones (> 40 Ω m) characterized by elon-
gated shapes and orientation according to N350 direction. 
An evaluation of the interior of the 3D block allows the 
identification of the existence of two independent fracture 

planes (N350/55° e N350/70°), both aligned according to 
the central axis of the old fluvial valley (Fig. 4).

The structural analysis carried out in the abandoned 
open-pit mine by Targa et al. [46] revealed the existence 
of a complex system of fractures conditioning the water 
flux from the mining front to the mine pit base. The four 
fronts (NE, SE, SW and NW) contain a predominance of a 
set of fracture planes with dip direction toward the center 
of the mine, whose intersection configures a catchment 
area and results in the retention of waters in the base of 
the old pit. These waters are originated from the springs 
that occur on the rock massifs on the mining fronts (Fig. 5).

Fig. 4   Pseudo-3D resistivity models, with fractured plane of the groundwater flux
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The NE front is the only sector with no indication of 
groundwater flux through fractures, predominantly ori-
ented according to N185/85°. Coincidently, the recognized 
structures in the basement of BF-08 present orientation 
very similar to those observed in NE front of the aban-
doned pit, whose preferential direction was characterized 
by N170 (Fig. 5).

The absence of pieces of evidence of water springs on 
both NE open-pit front and BF-08 front indicates that this 
system might contribute to the recharge of the under-
lying fractured aquifer through the infiltration of mete-
oric waters, whereas the other systems constitute flow 
pathways to the surface, i.e., zones of discharge as water 
springs.

It is relevant to mention that the mine pit was con-
structed in the area of the old water spring of the Cer-
cado creek and, since the termination of mining activities, 
the waters inside the open pit are permanently pumped 
to a treatment plant for uranium neutralization and to 
avoid an overflow to the old creek channel. Both surface 

water–waste sulfide interaction and the oxidation of 
sulfides by the percolation of waters through fractures in 
the rock massif in the pit mine are responsible for the AMD 
generation.

4 � Conclusions

The effectiveness of the DC resistivity method applied in 
the characterization of the major components of the BF-08 
hydrogeological system was notorious, especially due to 
the electrical properties contrasts of the materials which 
made possible the distinction of AMD affected waters (bel-
low 40 Ω m) from those natural non-polluted groundwater 
zones. Another important aspect relies on the discrimina-
tion of the local porous and fractured systems, whose cor-
relations allowed the identification of preferential fluxes 
and accumulation zones within the waste rock pile.

The results reflect the hydrogeological complexity of 
areas impacted by mining activities, especially due to the 

Fig. 5   Structural pattern of the open pit and BF-08
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negative effects of the hydrological dynamics caused by 
the modification of natural terrain topography. In the case 
of Osamu Utsumi uranium mine, the construction of the 
waste rock pile in a fluvial valley caused huge impacts, 
whose negative effects were visible in the geophysical 
products.

BF-08 pile is considered a heterogeneous artificial 
porous aquifer system conditioned by high spatial vari-
ability of grain sizes, lithology and compaction. These 
factors are directly related to the generation of regions of 
preferential groundwater fluxes within the waste rock pile. 
Also, the existing underlying fractured aquifer system is 
associated with the existence of sub-vertical groundwater 
fluxes conditioned by fractures in the bedrock. Thus, this 
feature was understood as water contribution from the 
porous to the fractured aquifer system.

The existence of such saturated portions within the 
waste rock pile as permanent features provides sulfide 
minerals oxidation during the entire hydrological cycle. 
Likewise, the pyrite present in the waste rock material is 
a permanent factor of AMD generation, which will last for 
many decades, especially due to the presence of nearby 
water springs and lack of waterproofing components on 
the top of the pile.

The finding of distinct structural patterns in terms of 
water flux in the crystalline basement configures a fun-
damental step in the planning of actions of restraint and 
treatment of AMD. The effluent generated by water–sulfide 
interaction in the fracture systems of the SE, SW and NW 
pit fronts configures surface springs and fluxes toward the 
lower levels of the terrain, locally represented by the base 
of the open-pit mine. The current AMD remediation sys-
tem consists of the lowering of the water level in the aban-
doned pit and treatment of such effluent. Subsequently, 
the treated water is returned to the local catchment basin.

However, the finding of a fracture system responsible 
for the recharge of the basement aquifer system repre-
sents an infiltration pathway for both meteoric water and 
AMD. This scenario indicates the existence of a previously 
ignored alternative AMD propagation pathway, which 
must be comprehended in more detail for eventual pump-
ing and treatment actions.
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