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Abstract

The implementation of open pit mines promotes alterations on geological and hydrogeological processes, mainly on
natural streamflow patterns. Drainage system tries to reach its equilibrium due to modification on slope profiling water
flows through new pathways contributing to erosion and leaching processes. One of the impacts related to mining is the
generation of acid mine drainage (AMD), which occurs as a product of sulfide minerals exposure to oxidizing environment
and, in contact to water, favors the formation of sulfuric acid. Thus, a low pH promotes a higher mobility of heavy metals
and radionuclides, which become a source of contamination. In order to understand the hydrogeological dynamic in
rock masses that contribute to AMD production, this paper aimed to subsidize mitigation programs in fractured aquifers
using a structural analysis and geophysical survey for the reduction of acid drainage generation. The study was carried
at the four mining fronts that compose the mine pit of Osamu Utsumi Mine, named according to its cardinal position
(NE, SE, SW and NW). Local structural survey indicated that fractures attitudes are mainly N20E/80NW and N55 W/75NE,
with intersections between them. Evidence of water flows, like whitish kaolinite stains and small vegetation growth,
was identified in fronts NE, SW and NW, in addition to water springs at the base of the slopes. The flows arise mainly in
areas that coincide to intersection between fracture systems in an orthogonal arrangement and the fracturing pattern
indicated that at all fronts most of the fracture planes project into the open pit area, which favor the water channeling
to the center of the mine as a water catchment basin. Moreover, the relationship between the persistence and spacing
among the discontinuities enables a good hydraulic conductivity within the rock masses and the water upwelling on
the slopes surface. The geophysical data corroborated with the structural survey, which identified the fracture planes as
linear structures associated with low resistivity zones. DC resistivity method showed a strong contrast between saturated
zones, differing natural from acidic water. Delimitation of linear features in the inversion models indicated that water
flows are channeled through fracture planes and promote an expressive weathering process inside the rock masses,
observed at depths of up to 70 m.
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1 Introduction

Mining activities promote disturbance on the natural
environment, especially on ecological and hydrody-
namic processes. The advance of excavations in open pit
mines breaks the natural equilibrium between geologi-
cal and hydrogeological processes due to groundwater
level lowering, decantation ponds and modification of
drainage patters according to a new morphological set-
ting by the disposal of tailing piles. As drainage system
tries to reach its equilibrium due to modification on
slope profiling, water flows through new pathways in
both surface and subsurface, contributing to erosion and
leaching processes [1-3].

Uranium mines, as the Osamu Utsumi Mine in Pocos
de Caldas—Brazil, are often associated with metal
sulfides, minerals formed in more reducing conditions.
As the water flows through fracture systems along the
rock masses, the sulfide minerals are exposed to a more
oxidizing environment, which favors the generation of
acid mine drainage [4-8]. This phenomenon is charac-
terized by a decreasing on pH due to S™2 oxidation into
SOf, whose contact with water produces sulfuric acid
and, hence, increases the mobility of heavy metals (Cu,
Ni, Cd, U, Mn and Zn) and radioactive elements sourced
from rock masses and/or tailing piles [9-11]. In addition,
these contaminates could easily be carried toward the
drainage system near the mining complex, with direct
impacts on the surface streams and groundwater system.

The concern about environmental liabilities in min-
ing complexes has increased since the environmental
laws became more rigorous and, thus, mineral prospect-
ing techniques have been adapted as an alternative to
mitigate these impacts. Conventional tools, like drillings
and chemical analysis, require a high sampling density
to obtain reliable results at heterogeneous geological
areas. However, these methods increase operating costs
and sometimes mitigation of damaged areas is unfeasi-
ble. On the other hand, indirect methods, as geophysics,
have guaranteed excellent results in large-scale mapping
of features with contrast of physical properties [12-14].

Properties like electrical resistivity, chargeability and
dielectric constant are parameters correlated with hydro-
geological and geochemical aspects and, therefore, they
are widely applied to environmental investigations
[15-18], groundwater contamination studies [19-21],
generation of leaching in uncontrolled landfills [22-24]
and generation of acid mine drainage [14, 25, 26].

DC resistivity is a geophysical method that has con-
tributed to hydrogeological studies in order to under-
stand geochemical processes responsible for acid mine
drainage and to propose solutions in detailed scale. Its
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application in fractured rock masses has provided good
results in the identification of fractures and faults sys-
tems, whose spatial distribution favors groundwater
percolation and, hence, sulfides leaching and environ-
mental acidity. However, at structurally controlled areas,
the acquisition of geophysical data requires a proper
arrangement based on structural survey in order to
identify physical properties contrast between rocks and
saturated zones with acid drainage.

Structural survey is an essential tool to recognize dis-
continuities that favor groundwater percolation within
rock masses and eventual water springs that result in
water accumulation in the mine pit. Huge volume of acid
mine drainage demands continuous pumping and high
treatment costs even after the mine decommissioning,
whose procedures increase expenses to mitigate environ-
mental liabilities. Therefore, this paper aims to subsidize
mitigation programs in fractured aquifer using structural
survey and DC resistivity method to identify discontinui-
ties with higher potential of water percolation in order to
reduce water springs and the generation of acid drainage.

2 Study area and operational history

The Pocos de Caldas mining site is located in Minas Ger-
ais State, about 20 km south from Pocos de Caldas—MG
and 220 km north from Sao Paulo—SP, which is the largest
city in the country. The mining complex occupies an area
of about 15 km? and represents the first site to explore
uranium ore in Brazil, whose operation is under Nuclear
Industries of Brazil INB—Industrias Nucleares do Brasil)
responsibility (Fig. 1).

The discovery of promising caldasite deposits, a mixture
of zircon and baddeleyite, provided conditions to imple-
ment the Osamu Utsumi Mine in 1959, when mineralized
zones with uranium ores were found [27]. Operational
activities started in 1981 as an open pit mine and, after
15 years, the uranium mining and milling operations have
ceased. Its mineral reserve was approximately 17.200 tons
of U;0g, with an annual production of 500 tons [28-30].
The uranium ore grade varied from 675 to 1705 ppm,
whose deposit was considered as low grade associated
with primary mineralization of Zr rare earth elements and
a secondary mineralization caused by hydrothermal pro-
cesses [29]. Ore grade lower than 170 ppm corresponds to
waste rock, and it is not economically explored.

Nowadays, the Osamu Utsumi Mine is at the decommis-
sioning stage, looking forward to reduce the consequences
of environment impacts. INB established a compromise
with IBAMA, CNEN (National Commission of Nuclear Energy)
and FEAM (Environment State Foundation of Minas Gerais)
to present a project to manage the degraded area. The
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Fig. 1 Study area location and the four fronts submitted to structural and geophysical surveys

operations gave rise to two main sources of contaminants to
the environment, the waste rock piles (4.48 x 10’ m3) and the
tailing dam (2.39 x 10° m®) [31-33]. These materials in con-
tact with water provided conditions to generate acid mine
drainage, characterized by low pH and radioactive elements
and heavy metals enrichment [34].

The open pit is located between the two main waste rock
piles of Osamu Utsumi Mine, responsible for a considerable
volume of acid drainage pumped to treatment stations. It
is possible that part of the water that reaches the open pit
infiltrates into the waste material, contributing to the water
supply inside this geological material and, hence, favoring
the interaction between water and sulfide zones to produce
acid effluents. Therefore, understanding the hydrogeological
context of the rock mass in the open pit mine is important
to control one of the sources of water that feeds the acid
drainage of the waste piles.

3 Materials and methods

The study area corresponds to the Osamu Utsumi Mine,
being part of the Mesozoic Pocos de Caldas alkaline
complex, the largest known in South America [35, 36].
The mine pit has an elliptical shape, with dimensions of
1200 m x 800 m and depth of 200 m [28, 33].

Structural analysis was divided into two steps. The
first one consisted of extraction of structural features at
regional scale from aerial images of Google Earth Pro,
which were digitalized by ArcGis 10.3 software. This
product allowed the identification of regional disconti-
nuity trends and a possible correlation with local struc-
tural setting. The second one corresponded to struc-
tural survey of fracture planes in rock masses along the
four mining fronts that compose the mine pit, named
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according to its cardinal position (NE, SE, SW and NW).
A Bruton compass and Clar notation (dip direction/dip)
provided the structural measures, whose local magnetic
declination is 21°37' [37-39].

Structural survey obtained 755 measures of fracture
planes from the four mining fronts and the presence of
water flow along discontinuities were also documented
(Fig. 2). It is important to notice that the data were
acquired during dry season, which could interfere in the
volume of water that reaches the mine pit. At front SE, 255
fracture planes were measured at three bench levels, while
each one of the other fronts provided 150 discontinuity
measures along the lowest bench level near the lake. The
data were organized in txt files to compose frequency
diagrams using Openstereo Software, whose full circles
showed a better distribution of discontinuities strike and
dip direction.

The geophysical method chosen for this study was DC
resistivity, which determines the apparent resistivity of
geological materials at variable depths. The resistivity
method is based on measuring the potentials between
one pair of electrodes while transmitting direct cur-
rent between another pair of electrodes. The depth of

penetration is proportional to the distance between the
electrodes, in homogeneous ground, and varying the
electrode separation provides information about the
underground stratification [40-42].

Ohm'’s law enables to perform apparent resistivity (p,)
calculations in a heterogeneous geological environment
considering a geometric factor (K) between two pairs
of electrodes used to acquire the data, namely voltage
(AV) (electrodes A and B) and the intensity of electric
current (/) (electrodes C and D). Thus, it is possible to
determine the existence of mineralization and to recog-
nize geological structures in subsurface [43]. Equations 1
and 2 summarize the relationship between the physical
parameters described:

K x AV

Pa = | (1

/<—2;r+(l—l—l+l)_1 @)
- AC CB AD DB

where AC, CB, AD and DB are the distances between
electrodes.

Fig.2 Main evidence of water percolation at the four fronts, represented by water strings and whitish kaolinite stains
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Geophysical data were acquired along four lines
arranged one on each front, using the electrical tomogra-
phy technique and Schlumberger array. At front NE, it was
not possible to obtain a reliable geophysical data from a
line parallel to its slopes due to extremely dry conditions of
the geological material. In this case, the study considered
the closest line to NE, located at front SE.

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 [44].

Res2Dinv (Geotomo Software) has been chosen as a
data processing and inversion software once it is widely
available and very popular in geophysical studies. This
software is designed to interpolate and invert field data
of electrical geophysical prospecting according to the
mathematical model of ordinary least squares (OLS). This
technique is responsible for smoothing the extreme values
using a block modeling and, hence, reduces differences
between the resistivity measured and the resistivity mod-
eled. Block modeling generates a standard deviation
parameter called root-mean-squared (RMS) factor that rep-
resents mainly the match between the calculated pseudo-
section and that obtained in the field, influenced by the
presence of extreme values in the input data, potential-
ized by postprocessing [45, 46]. The local topography is
inserted into the model to avoid possible distortions on

Fig.3 Main regional fracture
systems identified along the
alkaline complex and their cor-
relation to watershed drainage
pattern
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the resulting cross section. Resulting resistivity models
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the results and to identify contrasts between different geo-
logical materials.

The integration between structural survey and geo-
physical data made possible a hydrogeological diagnosis
of Osamu Utsumi Mine, aiming to identify fracture zones
that favor water percolation and contribute to acid mine
drainage process.

4 Results and discussion

Regional structural setting showed two main fracture sys-
tems, whose directions are NE-SW and NW-SE (Fig. 3). The
fractures tend to follow the circular edges of the Pocos
de Caldas alkaline complex. This setting is an evidence of
the circular and radial cracks that allowed the ascent of
nepheline magma and the formation of an almost com-
plete annelar dyke [33, 36, 47-50].

On the northwest portion of the alkaline complex,
near Pogos de Caldas city, regional fractures show a trend
to NE-SW. On southeast side, it is possible to notice
an intersection between two fracture systems, with a
trend to NE and NW, almost orthogonal to each other,
a pattern also observed near the Osamu Utsumi Mine.
Another feature that highlights the regional fracture
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system is the Antas River drainage pattern, where river
flows from southeast to northwest with streams at
almost right angles to NE and then to NW.

The fronts that compose the Osamu Utsumi Mine
were built using bench system with each bench com-
prising 7 m width and rocky slopes with 12 m length and
70°. The slopes are mainly composed by phonolites and
nepheline syenites. Evidence of water flows comprises
whitish kaolinite stains and small vegetation growth,
identified in fronts NE, SW and NW, in addition to water
springs at the base of the slopes (Fig. 2). The predomi-
nance of kaolinite stains is due to the fact that fieldwork
was carried out during dry season with low water sup-
ply into the rock mass. Fronts SE and NW present water
streams that continuously flow toward the open pit and
then they are pumped to treatment stations. The flows
arise mainly in areas where fracture systems are in an
orthogonal arrangement. Even though front SE receives
a high incidence of sunlight during most part of the
day, factor that would probably contribute to increase
water evaporation at the slope surfaces, the volume of
water originated from the slopes is significantly larger
compared to front NW, where there is practically no inci-
dence of sunlight.

Local structural survey shows that fractures attitudes
are mainly N20E/80NW and N55W/75NE, with intersec-
tions between them. The slope of front SE presents a strike
to NE-SW with dip direction to NW and angle superior to
80°. The mean fractures attitude is N25E/75NW. The slope
of front NW has a trend NE-SW and dip direction to SE. The
main structures are represented by fracture planes with
two preferable attitudes: N85E/75SE and N35E/75NW.
Slopes at front SW have a NW-SE strike with dip direction
to NE. This front shows two main fracture systems, with
average attitude of N55W/85NE and N25E/65SE. On these
three fronts, the discontinuities are parallel to the slopes
with dipping concordant to the slopes face, whose struc-
tural setting favors the channeling of water flow toward
the open pit area. Slopes at front NE present a strike to
NW-SE with dip direction to SW.The mean fracture planes
attitude is N5E/85NW. The structural setting of this front
indicates that discontinuity attitude and slope direction
are not parallel, which implies in reducing the channeling
of water flows toward the surface.

The local fracture pattern is the same as that identified
by Scudino [51], which determined a preferential orienta-
tion of N55-60W/90 and N30-45E/90 for the regional struc-
tural setting of alkaline complex of Pocos de Caldas, whose
NW trend would be related to the geological basement
and NE trend to the volcanic system. Figure 4 illustrates
the main structural trend of the fronts and the geophysi-
cal tomography lines used, whose end is indicated by the
blue arrows.
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The correlation between local and regional fracturing
patterns allows to state that these discontinuities pre-
sent in the Osamu Utsumi Mine are derived from volcanic
activities [51]. The opening of the pit and mining operation
involved the dismantling of the rock mass by the use of
explosives, a technical procedure planned for rock frag-
mentation in dimensions that allow its transportation and
optimizes the use of crushers and mills in the process of
ore concentration. The energy released during detonations
amplifies the existing structural arrangement in terms of
continuity and connectivity of fractures and creating new
ones. This peculiar aspect provides a structural framework
that potentiates the underground flow both in the preex-
isting system and in the secondary one [52, 53].

It was observed a strong structural control of the drain-
age network, whose channels flow from the southeast
toward the northwest portion, a result compatible with
those presented by Waber et al. [54]. By correlating the
regional fracture zones and the alignment of drainage, it
is suggested that these structures are capable of directing
the water flows near the open pit area. Local discontinui-
ties are fundamental in the diffusion of the underground
flow.

This structural configuration is consistent with data
obtained by the fracture planes survey at the Osamu
Utsumi Mine, with NE-SW direction and dip direction
to NW. Then, this allows to state that the water flowing
through the fractures are channeled preferentially to NW
and is transported by the watershed of Antas River toward
Pocos de Caldas and Aguas da Prata cities.

At local scale, the fracturing pattern indicated that at
all fronts most of the fracture planes project into the open
pit area, which favor the water channeling to the center of
the mine as a water catchment basin (Fig. 4). The fracture
systems intercept each other and provide channels that
dive toward the open pit, where it is possible to observe
water springs. Discontinuities with NW trend are essential
for the water circulation inside the rock masses, since they
are responsible for the constant supply of the watershed
of Antas River [55, 56].

The mere existence of fracture system along the rock
mass is insufficient to justify the constant water springs
from the fronts. Discontinuities must be spatially distrib-
uted and connected in order to provide hydraulic condi-
tions to underground water flowing through the fracture
planes. Thus, their persistence must be greater than their
spacing to allow a good hydraulic conductivity inside the
rock mass [57].

Persistence is represented by the horizontal and verti-
cal extension of fractures, while spacing consists of the
mean distance between the fracture planes and it can be
classified according to its density. The fractures along the
Osamu Utsumi Mine present great vertical and horizontal
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Fig.4 Structural analysis of the Osamu Utsumi Mine fronts, highlighting the main orientation of discontinuities and the orientation of geo-

physical tomography lines

continuity [58], which is observed at successive benches
levels and connected to slopes surface. The average dis-
tance between fracture planes comprises an interval
of 1 to 3 m, which characterizes the fronts with very far
distance between fractures and sparsely distributed [58,
59]. The relationship between the two parameters favors
a good hydraulic conductivity within the rock masses at
Osamu Utsumi Mine and the water springs on the slopes
surface, especially on the fronts SE, SW and NW.

Inversion models produced from the geophysical data
processing indicate zones of low resistivity, which can be
related to water percolation zones inside the rock mass
(Fig. 5). These zones are characterized by resistivity values
from 1 to 40 QOm and 40 to 130 QOm, which are less resis-
tive than the background rock which has high resistivity
(values higher than 400 QOm).

Preliminary studies based on the historical chemical
analysis of the local groundwater confirm the existence

of acid mine drainage at particular areas of the aquifer [33,
56]. The resistivity values between 1 and 40 Om might be
related to high salinity in acid mine drainage flows, caused
by sulfides oxidation and acidification and dissolution of
metals within the rock mass. The increase in salinity in
aquifers due to contribution of pollutants is characterized
by expressive decrease in the resistivity values when com-
pared to natural streams [60-63].

Areas with resistivity values between 40 and 130 Om
indicate streams with lower salinity associated with a
natural or uncontaminated groundwater flow, which is
predominant in the study area and also recognized in
preliminary geochemical studies [56]. Values between
400 and 5000 Om show rocks with variable weathering
stages, while higher values of resistivity (> 5000 Qm) are
correlated with unsaturated and unaltered rocks.

Fracture planes are easily identified as linear struc-
tures associated with low resistivity zones that reach
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about 70 m of depth. This fact corroborates the existence  seen in front SW’section. Figure 6 illustrates the main
of water percolation inside the rock mass and, conse-  geological and hydrogeological features that have a
guently, promoting its intense weathering and disinte-  good correlation with the main geophysical features pre-
gration. The intersection between fracture planes was  sent in the resistivity models, especially the superficial
also identified by DC resistivity method and reflects the ~ water springs and low resistivity zones.

discontinuity pattern described at the slope surface, as
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The water flows from fronts SE, SW and NW are chan-
neled through the Cercado Stream and flow toward the
Antas River. On the other hand, front NE presents no evi-
dence of water percolation in the rock mass. The absence
of evidence is attributed to the fact that front NE is located
in a watershed divisor, whose fractures present a dip direc-
tion to west and, hence, contribute to a greater water sup-
ply toward the front NW, where it is possible to observe a
continuous water spring [28, 33]. The resistivity section of
front NW indicates the presence of a low resistivity zone
at its eastern portion near the surface, possibly associated
with the water flow that migrates from front NE to front
NW and is channeled to depths of 40 m to 70 m. Moreover,
drainage near front NE is part of the Consulta Stream sys-
tem, responsible for channeling the waters at the north-
east portion of the mine pit toward the Verde River.

Intense water percolation inside the rock mass gradu-
ally compromises their physical integrity, with loss of
cohesion and fragmentation. This scenario is observed in
advanced weathered zones of the mining fronts, where
the rocks were altered to friable soils with hydrated miner-
als and intense mobilization of incompatible elements, like
sulfides and radioactive elements. The increase in sulfur
in the groundwater causes a drop in pH, which provides
conditions to increase the solubilization of heavy metals
and radioactive elements. As a result, these acid effluents
with high ionic concentration are conducted toward the

slopes face, resulting in punctual acid drainage at the base
of mine pit [64, 65].

Thus, the origin of acid mine drainage is linked with the
weathering process inside the rock mass and groundwater
acidification by constant water percolation and sulfide oxi-
dation. The generation of acidic water enriched in heavy
metals and radioactive elements implies a daily treatment
of the open pit area water, in an attempt to maintain the
volume of effluent and to restrict the environmental lia-
bilities only to the open pit mine. Then, the surplus water
must be properly treated to be launched in the region’s
drainage system.

5 Conclusions

The regional and local structural survey of rock masses
was an essential tool to define the main fracture systems
related to the water supply toward the open pit of Osamu
Utsumi Mine. Apparently, there are conducive paths that
enable water percolation along the fractured rock masses,
whose discontinuities are associated with the structural
setting of the basement and to successive blastings during
the mining operation.

Clear evidence of water springs is observed at fronts
SE, SW and NW. There is no water spring at front NE pos-
sibly due to its location at watershed divisor. The main
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fracture systems have a preferred strike to NE-SW with
dip direction to NW and strike to NW-SE with dip direc-
tion both for NE and SW, whose local structural setting
is compatible with the regional structural context. The
relationship between persistence and a regular distribu-
tion of discontinuities provided an excellent hydraulic
conductivity inside the rock mass with water springs in
the slopes surface.

There are fractures that naturally contribute to water
flows toward the open pit area, whose discontinuity
opening provided a pressure relief inside the rock mass
and, hence, an expansion and connection between frac-
tures. Therefore, there was an alteration in the aquifer
hydraulic gradient and eventual increase in the water
volume that flows to the bench base. This information
enabled planning the geophysical data acquisition, with
the proper settlement of the geophysical lines and the
correlation between superficial features with their sub-
surface correspondents.

DC resistivity method showed a strong contrast
between saturated zones, those due to natural streams
from those due to acid effluents. Delimitation of linear
features in the resistivity models indicates that water
flows are channeled through fracture planes and pro-
mote an expressive weathering and leaching processes
inside the rock mass, observed at depths of up to 70 m.
The method presented great sensitivity in the recogni-
tion of underground flows and saturated zones, factors
that contribute to acid mine drainage process. There-
fore, the integration between geochemical analysis from
previous studies and the geophysical data acquired at
Osamu Utsumi Mine provided conditions to establish a
reliable hydrogeological diagnosis.

To mitigate environmental impacts generated by acid
mine drainage geophysical methods should be used for
detailed studies, in order to recognize areas that gener-
ate AMD for eventual treatment at specific zones. The
suggested treatment comprises the isolation of sulfite
zones from underground water percolation, sealing dis-
continuities close to sulfide minerals concentration or
diverting local water flows at specific areas of the rock
mass, in an attempt to hinder the sulfide oxidation pro-
cess. As underground water flow is natural, constant and
unavoidable, the study provides tools not to divert all
the water flows from the rock mass but to identify sulfide
zones and to avoid their contact to underground water.
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