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Abstract
During its 13 years of non-continuous operation, the Osamu Utsumi Mine has generated serious environmental impacts. 
This mining complex is now attempting to decommission this uranium mine to reduce its environmental liabilities. As part 
of a hydrogeological analysis of the old Osamu Utsumi Mine pit area, a geophysical investigation was carried out along 
each front of the mine pit using electrical resistivity tomography and a dipole–dipole array. The lithology described in each 
front, the physical access, and data from monitoring wells also contributed to the geophysical interpretation and, hence, 
the hydrogeological analysis. The field results and geochemical data from monitoring wells enabled us to distinguish areas 
where water was flowing through fractures in the massif and areas with more acidic water, with electrical resistivity values 
less than 15 Ω m.

Keywords  Electrical resistivity tomography · Sulfides · Mine decommissioning · DC resistivity · Hydrogeology · Fractured 
aquifer

Introduction

In the mid-1940s, there was a growing worldwide demand 
for radioactive minerals for nuclear energy production. In 
this historical context, the first research projects were initi-
ated in Brazilian territory in the beginning of the 1950s. One 
of the targets of mineral research was the alkaline mass of 
Poços de Caldas in southeastern Brazil. Several occurrences 

of uranium and thorium were recorded; the Cercado deposit 
was the most promising of the targets and the site of the 
first uranium mine in Brazil, called Osamu Utsumi (Pires 
2013). The Osamu Utsumi mine was Brazil’s main uranium 
mine for many years. However, as newly discovered depos-
its showed better grades of uranium, the mining complex 
started to present a high cost-benefit ratio. INB (Indústiras 
Nucleares do Brasil)—a state-owned company that monop-
olizes the exploitation of radioactive minerals in Brazil, 
decided in 1995 to end activities in this mining complex in 
Poços de Caldas and to invest in deposits with higher grades 
in other locations in the country (Moreira et al. 2020). The 
mine is currently being decommissioned (Targa et al. 2019).

Exposure of sulfide zones to atmospheric contact and 
rainwater led to one of the most common environmental 
problems in similar areas, a phenomenon known as acid 
mine drainage (AMD). Deposits of radioactive minerals are 
an additional aggravating factor with respect to AMD, as 
metals such as uranium can be mobilized in highly acidic 
environments.

At the Osamu Utsumi mine, acidic waters are pumped 
to a conventional treatment plant, where they are treated 
with calcium oxide (CaO) or calcium hydroxide (Ca(OH)2) 
to increase the pH, which induces the precipitation of most 
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metallic and radioactive elements, but results in a waste, cal-
cium diuranate, locally called DUCA (Franklin 2007). The 
metals with the highest concentrations in the study area are 
Mn, Fe, Al, and Zn. Effluents from the wastewater treatment 
plant used to be discharged into a tailings impoundment, but 
they are currently disposed inside the open pit, which is an 
unsustainable long-term process.

Geophysics can contribute to mining and hydrogeological 
studies (Côrtes et al. 2016; Frid et al. 2017; Gélis et al. 2010; 
Gélis et al. 2015; Ghosal et al. 2020; Handam et al. 2014; 
Khalil et al. 2018; Obiadi et al. 2013; Oliveti and Cardarelli 
2019; Moreira et al. 2016, 2018; Zhang et al. 2018). Using 
methods such as direct-current (DC) resistivity, it is pos-
sible to identify the main structures in a fractured aquifer 
where there is a contrast of physical properties due to the 
percolation of water. Rocky massifs have secondary per-
meability associated with fracturing, through which water 
percolates. Mineralized water tends to be a good conductor 
of electricity, which promotes a geophysical signature of 
low resistivity. Geophysical methods combined with geo-
logical mapping helps to identify and dimension the main 
areas contributing AMD (Buselli and Lu 2001; Ebraheem 
et al. 1990; Epov et al. 2017; Gómez-Ortiz et al. 2010; Korn-
eeva et al. 2016; Lghoul et al. 2012; Martín-Crespo et al. 
2018; Martinez-Pagan et al. 2009, 2013, 2021; Merkel 1972; 
Placencia-Gómez et al. 2010; Poisson et al. 2009; Rucker 
et al. 2009; Targa et al. 2019; Yuval and Oldenberg 1996). 

Others geophysical surveys of uranium deposits are reported 
in Legault et al. 2008; Mandal et al. 2013; Mwenifumbo 
et al. 2004; Tuncer et al. 2006.

This study identified zones responsible for the process 
of generating acid mine drainage inside a rock massif at 
an open pit uranium mine, with the objective of propos-
ing actions to reduce environmental impacts and technical 
solutions for long term environmental sustainability. The set 
of diagnostic methods for AMD generation and flow areas 
provided satisfactory results despite a complex flow system.

Study Area and Geologic Context

The Osamu Utsumi mine is located in the Poços de Cal-
das alkaline complex, located in the south of the state of 
Minas Gerais, in southeastern Brazil (Fig. 1). The geologi-
cal complex is composed of a circular volcanic structure (a 
caldera), with an area of ≈ 800 km2 and a diameter of 35 km. 
It sits ≈ 500 m above the surrounding regions.

The regional geological context is represented by pho-
nolites, nepheline syenites, supracrustal pyroclastic rocks, 
and clastic sedimentary rocks (Garda 1990). The structural 
tectonic evolution of the Poços de Caldas massif is com-
patible with the volcanic caldera formation model (Holmes 
et al. 1992). The magmatic plume generated different tec-
tonic stages that involved stages of basement uplift and the 
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appearance of several distensive fractures, intense magmatic 
activity, followed by collapse and abatement of the the cen-
tral portion of the dome, with intense tectonism and hydro-
thermal events associated with volcanic breaches. This last 
stage in the evolution of the caldera was essential for the 
mineralisation of the Osamu Utsumi mine.

The entire rise and subsidence of the surrounding rocks 
and the massif itself generated an intense regional fracturing. 
This fracturing pattern follows two main directions, N40E 
and N60W (Fraenkel et al. 1985). To a lesser extent, there 
may be fractures in the N–S direction. The fracturing pat-
tern is altered close to the edges of the caldera, due to its 
curvature.

The mineralized bodies at the Osamu Utsumi mine are 
installed in a conical tectonic breaccia chimney, with sur-
face dimensions of 1200 m × 600 m (Biondi 2015). The 
genesis of the deposit occurred in two main stages: hydro-
thermalism, responsible for the primary mineralization, 
and weathering processes, responsible for the secondary 
mineralization.

The primary mineralization occurred in magmatic pulses 
of nepheline syenites at high pressures, which forced the 
migration of the fluid part of the magma in the rocks. At 
this stage, uranium was deposited in a widespread manner in 
the pores of the rocks as pitchblende/uraninite. Fluorite and 
pyrite were also been deposited in veins (Waber et al. 1992).

Weathering and secondary mineralization was induced 
by the intense fracturing and high permeability of the rocks 
in the breach, which permitted the oxidation of pyrite and 
the dissolution of salts and, consequently, the generation of 
acidic waters. The acidic water leached part of the dissemi-
nated uranium and concentrated part of it in nodules in the 
oxidation/reduction zone and in fractures. The ore is also 
concentrated in the fractured areas and in the clays that fill 
the fractures (Fig. 2).

The mining method adopted during the operation period 
was an open pit mine. The pit has the shape of an ellipse 
with diameters of 1200 m (NE–SW) and 800 m (NW–SE). 
The exploitation method was bench system, in which the 
heights of the benches varied from 16 m in zones of sterile 
material to 2 m in mineralized zones (Franklin 2007). The 
movement of material generated during the mine operation 
resulted several environmental damages, most important, the 
acid mine drainage (AMD).

The mining operation was carried out by breaking rocks 
using the technique of drilling and blasting by explosives. 
The energy from these blasts may have increased the per-
sistence of fracture system in the massif, in addition to the 
generation of secondary fracturing. The option of the open 
pit mining method generated a large movement of material 
from the pit - according to the estimative by Cipriani (2002), 
94.5 × 106 tons of soil and rock were moved, an additional 
factor to relieve tension in the massif.

The acidic waters come from the percolation of rainwater 
through the waste rock piles and through the pit massif itself. 
Part of this water arises naturally at the water table in the 
open pit region. The interaction with mineralized zones that 
still exist at the site promotes the genesis of acid drainage 
(Fernandes et al. 1995). And one of the determining factors 
for this problem is that part of the ore, which is also associ-
ated with occurrences of sulfides, occurs in fractures of the 
massif where the permeability of the rock occurs (Fig. 3a 
and b).

Currently acidic waters are treated by traditional methods 
of neutralizing acidic pH with the addition of lime (CaO) 
or calcium hydroxide (Ca (OH)2) in order to promote an 
increase in pH. The result of the chemical reaction gener-
ates a particulate residue with precipitates calcium diuranate 
and metal hydroxides, various in a calcium sulfate matrix 
and manganese rich preciptate in addition to metallic and 

Fig. 2   Schematic profile with 
the two main processes of gen-
esis of the Osamu Utsumi mine  
(Adapted from Magno Jr. 1985)
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radioactive metals. This sludge residue is called calcium 
diuranate (DUCA) and has been deposited in the mine pit 
(Fig. 3c and d). This solution is not sustainable in the long 
term, as each year the amount of waste in the pit increases, 
which makes the treatment of acidic waters in the mining 
complex a palliative measure.

Materials and Methods

For structural analysis of the mine pit, a survey of structural 
measurements of the attitudes of the main fracture planes 
of the pit rocks was carried out using a Brunton geological 
compass and a Clar notation system (dip direction/dip). The 

local magnetic declination is 21° 37′. The measurements 
were collected during the dry period (Chart 1); however, it 
was still possible to verify water flow in several fractures 
and flow indications in several others areas in the massif.

Due to the pit dimensions, the work fronts were divided 
into four main fronts based on the cardinal points (NE, SE, 
SW, and NW). In all, 811 structural measures were carried 
out. Data processing was performed using the OpenStereo 
software and the data was presented as half circles with 
the trends of strike and dip direction. This local structural 
pattern was compared with the regional structural pattern 
(Fig. 4).

Structural geology data serves as a basis for understand-
ing geophysical data in addition to contributing to the 

Fig. 3   a and b Detail of frac-
tures with water flow; c and 
d Image of the sludge deposit 
(DUCA) in the pit lake
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understanding of the underground water flow regime in the 
mine pit. Figure 4a presents an analysis of the combined 
Landsat-TM and RADAR images described in Moreira et al. 
(2007) for understanding and identifying the regional out-
lines and faults of the Caldas alkaline massif. The yellow 
lines represent straight drainage patterns in the massif that 
are associated with the alkaline intrusión, which generated 
a ring dyke at the edges of the massif. At these points, there 
are lines that follow the direction of the intrusion, repre-
senting typical features of magmatic intrusions and igneous 
bodies. However, most of the lineaments are in the NE–SW 
and NW directions, which is consistent with what is known 
of the area (Moreira et al. 2007; Targa et al. 2019).

Local tectonics affected the drainage pattern of the mas-
sif. There are two main drainages from the massif: the 
Antas Stream and the Verde River (Fig. 4b). The open 
pit mine is on a watershed that divides the basins of Cer-
cado Creek to the east and Consulta Creek to the west 
(Fig. 4c). The waters of the Cercado creek converge to 
the east towards the Antas, while the waters of the Con-
sulta converge to the west, flowing towards the Verde. 

DC resistivity was used for the detection of the three-
dimensional bodies and electrical properties of the soil, in 
addition to the study of the massif’s discontinuities. This 
method is routinely used in mineral research, geotechnics, 
hydrogeology and in environmental studies (Kearey et al. 
2002).

In the DC resistivity method, continuous or very low 
frequency electric currents are introduced into the soil 
through a pair of electrodes and the resulting potential dif-
ferences are measured on the surface by means of another 
pair of electrodes, in the area of influence of the electric 
field. The depth of investigation is governed by the spac-
ing between the electrodes. Deviations from the pattern 
of potential differences expected from homogeneous soil 
provide information on the shape and electrical proper-
ties of surface heterogeneities (Kearey et al. 2002). From 
the intensity of the current that runs through the base-
ment (I, in amperes), the geometry of the arrangement of 
electrodes (K), and the potential difference measured by 
electrodes receivers (ΔV), it is possible to calculate the 
apparent resistivity (ρa) value due to heterogeneity using 
the equation:

Fig. 5   a The main structural 
lineaments of the Poços de Cal-
das massif (in yellow); the edge 
of the Poços de Caldas alkaline 
massif (in white), adapted from 
Moreira et al. 2007. b Surface 
hydrology. c Local relief and 
the two main drainages around 
the pit: Cercado and Consulta 
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Resistivities are commonly controlled by rock porosity 
and by the salinity of the pore waters. However, clay min-
erals are electrically polarized and rocks containing them 
are highly conductive when even slightly moist (Moon et al. 
2006).

The geophysical data were processed on RES2DINV soft-
ware, presented as distance × depth sections, as an electrical 
resistivity inversion model (Loke and Baker 1996). This pro-
gram is designed for processing large data sets in two dimen-
sions acquired by means of electrical imaging. The inversion 
process consists of a series of rectangular blocks; the layout 
of the blocks is linked to the distribution of data points on 
a pseudo-section, i.e. the section generated by the in-depth 
theoretical field data. The distribution and size of the blocks 
are generated automatically by the program according to 
the distribution of data points. The depth of the bottom row 
of blocks is set to be approximately equal to the equivalent 
depth of investigation of points with the largest gap between 
electrodes (Edwards 1977). The direct modeling technique 
is used to calculate the values of apparent resistivity, while 
the technique of nonlinear optimization for least squares is 
used in an inversion routine (Degroot-Hedlin and Constable 
1990; Loke and Baker 1996).

Four electrical resistivity tomography (ERT) surveys 
were performed in the mine pit, one in each quadrant. The 
ERTs on the NW, NE, and SE fronts were 400 m long, while 
the ERT SW was 300 m long; the spacing between elec-
trodes adopted for all ERT surveys was 10 m. The equip-
ment used was an ABEM Terrameter LS resistivity meter 
with 84 electrodes and 250 W of power, which was cali-
brated for resistivity measurements through periodic cycles 
of electric current at low frequency, a procedure that allows 
filtering of any acquired signal noise (ABEM 2012). The 
electrical tomography lines were performed by means of 
a dipole-dipole arrangement. In general, the red and yel-
low areas represent higher resistivity values, while the cold 
colors, such as blue, had lower resistivities.

It is important to note that the data acquisition occurred 
during the drought period, with the aim of detaching any 
flow coming directly from rains, so that the flow zones 
coming from the fractured aquifer could be recognized. At 
several points in the pit, it was possible to recognize the 
presence of water from fracture systems of the rock massif. 
In addition there are signs of water flow in the dry fractures, 
such as the presence of kaolinite (due to chemical weather-
ing) and vegetation. On the NW and SE fronts, constant 
water flows were observed at the intersectons of fracture 
planes.

The rocks, when unsaturated, generally have a relatively 
high resistivity value (> 400 Ω m), but factors such as the 

�a = K
�V

I(A)
Ohm .m

degree of alteration, fracturing, the presence of specific 
minerals, and water percolation tend to decrease electri-
cal resistivity (McNeill 1980). Lithological differentiation 
is important for the interpretation of the data; different 
responses were expected relative to the electrical con-
ductivity of each lithology. Figure 5 integrates lithologic 
elements and the spatial positioning of the geophysical 
acquisition lines over the study area. The contrast will be 
clearer in the geophysical lines in which there is marked 
lithological contact. Breccia are rocks that have undergone 
a high degree of stress and in general tend to have a high 
degree of fracturing and alteration, factors that result in 
low resistivity values.

In the case of AMD there are several ions dissolved in 
the water, specially SO4 and Fe, which is a result of the 
leaching of sulfate and whose presence is indicative of 
AMD. The practical result is that these ions create high 
conductivity values and, in consequence, low resistivity 
values (< 15 Ω m). For resistivity values between 15 and 
130 Ω∙m, rocks with an advanced state of alteration and 
high fracturing with the presence of water are expected. 
Resistivity values between 130 and 440 Ω m are correlable 
with massifs with a medium fracture stage and with light 
water percolation. For values above 440 Ω m, rocks with 
low fracturing and low degree of alteration - consequently 
low water movement are expected. Finally, values above 
5000 Ω m represent unaltered and unsaturated masses. 

Hydrogeochemical data from monitoring wells located 
along the pit provided by the company that manages the 
mining complex were also used. The analyses cover the 
main cations and anions present in the samples in addition 
to the physical-chemical parameters. These data confirm 
where AMD occurs (Fig. 5). Data from 11 monitoring 
wells were analyzed in addition to the waters of the pit 
lake. Groundwater samples were collected using the low-
flow pumping methods described in the Brazilian stand-
ard—ABNT NBR 15847. The physical-chemical param-
eters (turbidity, dissolved oxygen, temperature, oxidation 
potential and pH) were analyzed using a Horiba U-23 mul-
tiparametric probe coupled to a flow cell.

The Mg, Ca, Si, Fe, Mn, Al, and Zn analyzes were 
determined by atomic emission spectrometry with an 
inductively coupled plasma source (ICP-OES), according 
to EPA-USEPA SW-846 6010/2007. The Cl- ion was deter-
mined by the volumetric method, F− was determined by 
the potentiometry method, K+ and Na+ were determined 
by atomic absorption—flame, NO3 was determined using 
the methodology described by Mackereth et al. (1978), 
and SO4 was determined by spectrometry with barium 
chloride. These data were kindly provided by the INB 
Company.
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Results and Discussion

The physical and chemical parameters of the monitoring 
wells are shown in Table 1, while the main cations and 
anions are presented in Tables 2, 3 and 4. Table 5 presents 
topographic data from the monitoring wells. The wells 
were ordered by each front and the different colors of the 
tables group the wells by fronts: SE, SW, NW, and NE.

The SE Front

The SE front was the largest, with a slope orientation 
of NE–SW with a high dip towards the center of the 
pit (NW). The main fracturing direction of the front is 
N25E/70NW (Fig. 6b). There are several points of the 
massif with the intense presence of vegetation and kaolin-
ite, as well as points of the massif with continuous flow of 
water (Fig. 6a). ERT was tested in a more central portion 
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Table 1   Physical and chemical parameters; (*1 = 2013 data, *2 = 2014 data, *3 = 2015 data; PL = Pit Lake)

Well DO (mg/L) Turbidity (NTU) Eh (V) Cond. µS/cm pH Front
*1 *2 *3 *1 *2 *3 *1 *2 *3 *1 *2 *3 *1 *2 *3 

16 6.97 6.29 6.07 1.3 9.9 10.3 0.20 0.26 0.38 53 60 114 5.4 6.0 4.7 SE 
30 4.92 3.80 3.31 0.0 3.8 2.0 0.26 0.23 0.37 95 106 103 5.4 4.8 4.9 SE 
35 2.41 1.44 0.78 0.0 3.7 1.5 0.41 0.31 0.39 157 236 233 4.5 4.2 3.8 SE 
19 2.86 2.88 3.07 0.0 4.4 2.4 0.14 0.23 0.17 41 44 37 6.3 6.3 5.4 SW 
33 0.23 0.18 0.28 9.7 6.9 23.6 0.22 0.19 0.37 6840 6670 6620 3.8 3.1 2.9 SW 
34 2.74 3.77 3.70 0.0 4.0 2.0 0.13 0.25 0.15 373 406 362 5.5 5.3 4.5 SW 
10 4.28 2.38 3.85 1.1 9.2 19.2 0.32 0.23 0.41 92 118 83 4.7 6.1 4.5 NW 
37 6.78 5.29 7.98 0.0 0.0 1.5 0.22 0.00 0.20 13 13 14 5.6 5.2 5.4 NW 
38 0.35 0.44 0.63 0.0 15.4 15.1 − 0.21 − 0.23 − 0.20 595 1034 593 7.4 8.6 9.0 NW 
39 2.94 0.29 1.25 0.0 1.1 5.8 0.21 0.29 0.40 638 819 607 3.9 5.5 4.1 NE 
40 0.56 0.98 1.10 24.7 25.3 14.0 − 0.03 − 0.02 − 0.02 909 968 933 6.7 5.1 5.4 NE 
PL 7.90 6.70 7.28 12.0 8.7 14.0 0.37 0.37 0.37 1920 1800 1810 4.1 4.0 4.0 – 
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Table 2   Measured cations and 
anions—unit mg/L; (*1 = 2013 
data, *2 = 2014 data, *3 = 2015 
data; PL = Pit Lake)

Well Ca K Na Mg F Front
*1 *2 *3 *1 *2 *3 *1 *2 *3 *1 *2 *3 *1 *2 *3 

16 2.9 3.4 2.4 4.3 3.6 4.9 0.2 0.1 0.2 0.2 0.3 0.2 2.1 0.5 2.1 SE 
30 4.5 4.9 3.9 7.7 7.2 7.9 0.4 0.1 0.4 0.3 0.2 0.8 1.4 0.5 2.3 SE 
35 10.1 9.4 10.4 9.2 8.4 9.6 0.2 0.1 0.3 0.4 0.3 0.4 7.9 2.9 12.9 SE 
19 0.68 0.9 0.3 11.0 10.3 10.7 0.3 0.1 0.6 0.1 0.1 0.2 0.9 0.5 0.9 SW 
33 337 344 258 81.8 80 66.0 3.0 3.7 1.7 30.2 28.0 31.2 0.9 0.5 0.9 SW 
34 38.9 38.3 36.2 34.1 34.8 30.7 1.0 0.1 0.9 5.7 4.4 6.7 1.9 0.8 3.1 SW 
10 7.5 8.9 5.1 3.9 3.7 3.6 0.4 0.3 0.4 0.5 0.5 0.5 1.7 0.6 0.8 NW 
37 0.3 0.3 0.3 2.5 1.9 2.7 0.2 0.1 0.4 0.2 0.2 0.2 0.7 0.5 0.7 NW 
38 82.2 96.4 67.2 10.6 11.8 8.0 5.5 1.8 8.4 0.5 1.0 0.1 4.4 4.9 4.0 NW 
39 41.3 40.4 40.6 12.2 12.1 11.9 0.5 0.1 0.9 4.8 3.8 5.6 21.9 5.7 31.4 NE 
40 152 138 158 61.4 58.6 60.7 2.4 2.8 1.8 7.3 6.8 7.5 4.2 3.5 4.9 NE 
PL 510 584 437 13.1 13.6 12.7 0.7 0.1 1.4 16.1 10.8 16.7 8.1 2.1 14.2 – 

Table 3   Measured cations and 
anions—unit mg/L; (*1 = 2013 
data, *2 = 2014 data, *3 = 2015 
data; PL = Pit Lake)

Well CO3 HCO3 Cl SO4 NO3 Front
*1 *2 *3 *1 *2 *3 *1 *2 *3 *1 *2 *3 *1 *2 *3 

16 0 0 0 0 1 0.7 < 3 < 3 < 3 19 19 21 0.8 0.9 0.7 SE 
30 0 0 0 0 0 0.0 < 3 < 3 < 3 32 33 38 2.2 2.1 2.3 SE 
35 0 0 0 0 0 0.0 < 3 < 3 < 3 53 53 58 0.2 0.2 0.2 SE 
19 0 0 0 9.2 12.1 0.4 < 3 < 3 < 3 0.7 0.5 0.0 6.4 6.2 5.8 SW 
33 0 0 0 0 0 0.0 < 3 < 3 < 3 8523 7796 8424 0.5 0.1 0.8 SW 
34 0 0 0 0 0 0.0 < 3 < 3 < 3 217 164 131 1.7 2.2 1.1 SW 
10 0 0 0 0 0 0.0 < 3 < 3 < 3 45 34 48 1.6 2.6 0.4 NW 
37 0 0 0 0.9 2.9 3.0 < 3 < 3 < 3 0.9 0.5 0.0 0.8 1.1 0.8 NW 
38 0 0 0 41.8 61.4 12.8 < 3 < 3 < 3 248 223 220 0.4 0.2 0.5 NW 
39 0 0 0 0 0 0.0 < 3 < 3 < 3 192 265 246 0.2 0.3 0.1 NE 
40 0 0 0 10.9 0 1.8 < 3 < 3 < 3 499 401 476 0.1 0.1 0.1 NE 
PL 0 0 0 0 0 0.0 < 3 < 3 < 3 1395 1254 1198 0.1 0.1 0.2 – 

Table 4   Measured cations and anions—unit mg/L; (*1 = 2013 data, *2 = 2014 data, *3 = 2015 data; PL = Pit Lake)

Well Si Al Fe Mn Zn Front
*1 *2 *3 *1 *2 *3 *1 *2 *3 *1 *2 *3 *1 *2 *3 

16 6.7 6.4 7.0 1.1 0.9 1.3 0.1 0.1 0.1 0.5 0.4 0.5 0.2 0.1 0.2 SE 
30 9.1 8.5 9.4 2.7 2.8 2.6 0.1 0.1 0.1 1.1 0.9 1.2 0.2 0.2 0.2 SE 
35 16.2 14.4 17.3 5.7 4.9 5.9 0.1 0.1 0.1 1.0 1.8 0.1 2.1 1.1 2.1 SE 
19 9.1 8.0 9.4 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 SW 
33 71.7 59.3 68.8 1019 1010 810 1148 1160 890 105 28.0 160.8 70.3 91 70.3 SW 
34 17.8 16.0 18.3 3.8 2.3 5.0 0.6 0.6 0.5 8.4 4.4 11.7 3.6 3.4 3.6 SW 
10 7.0 6.1 7.0 2.9 2.2 3.1 0.5 0.8 0.2 3.0 3.1 2.5 0.4 0.3 0.4 NW 
37 5.4 4.1 5.8 0.3 0.1 0.3 0.4 0.4 0.0 0.1 0.2 0.0 0.0 0.0 0.0 NW 
38 8.5 7.7 8.2 1.5 0.4 0.5 2.9 0.2 1.0 0.1 0.2 0.1 0.0 0.0 0.0 NW 
39 14.4 12.5 15.6 16.7 31.7 29.6 13.8 20.1 22.5 11.1 17.3 19.6 2.7 2.8 2.7 NE 
40 15.4 13.9 15.9 2.3 2.2 2.2 13.8 5.5 21.2 22.0 22.4 20.3 1.2 1.1 1.2 NE 
PL 9.1 7.6 10.6 21.2 19.3 23.0 1.2 1.7 0.7 43.3 49.9 36.6 3.4 3.8 3.4 – 
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of the mine pit, closer to the pit lake. The predominant 
lithology in this location is breccia pipe.

Between the topographic elevation of the ERT at 
1340 m and the approximate elevation of 1315 m, it is 
possible to identify an upper portion of the figure associ-
ated with rocks with a greater degree of alteration and 
fracturing, and resistance values < 440 Ω m (Fig. 6c). Next 
to the 160 m electrode, there is a subverticalized structure 
that follows the same pattern of electrical resistivity. This 
structure possibly represents subvertical fractures asso-
ciated with breccia pipe accommodation and movement, 
although it is not the main fracturing system. This entire 
region has water percolation, as shown by the continuous 
flow of water.

The variation of zones of high (> 1000 Ω m) and rela-
tively low (< 100 Ω m) resistivity indicates the different 
stages of alteration and fracturing of the massif, but in gen-
eral it is possible to say that below the 1310 m level (see 
Fig. 6c), there is a decrease in water percolation and, con-
sequently, less permeability, with the exception of the indi-
cated subvertical fractured zone. Another important factor is 
the presence of < 40 Ω m zones in the upper portion of the 
figure, which characterizes AMD.

There are three monitoring wells on the SE front. Two 
of them are far from the location of the ERT SE line. Wells 
16 and 30 are located at a higher elevation (1366 m—top of 
the well head) than the ERT (1340 m). The presence of low 
pH in these respective wells, associated with the fracture 

Table 5   Topographic data from 
monitoring wells

Monitoring well Wellhead 
level (m)

Bottom level (m) Water level (m) Front

2013 2014 2015 

16 1366 1360 1364.9 1364.7 1327.3 SE 
30 1366 1342 1285 1285 1365 SE 
35 1349 1343 1346.7 1346.6 1374.8 SE 
19 1383 1359 1375.9 1373.9 1329.7 SW 
33 1337 1319 1333 1327.8 1330.7 SW 
34 1333 1321 1331.9 1330.5 1346.5 SW 
10 1335 1323 1330.1 1327.3 1284.8 NW 
37 1448 1412 1430.1 1428.9 1429.7 NW 
38 1333 1303 1327 1324.4 1324.2 NW 
39 1335 1323 1333.1 1332.7 1332.9 NE 
40 1334 1286 1334 1331.7 1334 NE 
Pit Lake 1331 – 1331 1331 1331 – 

Fig. 7   a Presence of fractures in 
the massif and water springs at 
the base of the slope; b struc-
tural data; c ERT of front SE
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pattern of the massif with a dip in the center of the pit, indi-
cates that this acidic drainage may surface at a lower level; 
the ERT may have intercepted one of these zones. Well 33, 
also acidic, is located closer to the ERT SE, and the chemi-
cal data can be correlated with the AMD zone at the end of 
the line at the SW ERT segment. The high values of con-
ductivity (> 6600 µS/cm) and high concentration of sulfate 
(> 7700 mg/L) are also evidence of AMD.

The SW Front

The SW front slope has a NW–SE orientation and NE-
plunge. There are two main fracturing systems: a frac-
ture pattern with N20E/65SE attitude and another with 
N50W/85NE attitude (Fig. 7b), where there is also evidence 
of water percolation with the presence of kaolinite (Fig. 7a). 
The SW ERT was only 300 m long due to the limited space 
between pit benches (Fig. 7c). The local lithology is a vari-
ation of pipe breccia with syenites.

There is a large area of high resistivity in the 1320 m 
elevation that extends from the beginning of the SW ERT to 
190 m, which was interpreted as unsaturated and unchanged 
rock mass. However, the body’s morphology indicates a 
vertical contact and the presence of subvertical fractures, 
suggesting the typical rocks had contacted the fractured 
pipe—breccia pipe (≈ 400 Ω m). In the fracture that marks 
the lithological contact, there is water percolation with low 
resistivity values, indicating AMD. Acid drainage is present 
in the upper portion of the figure above the 1320 m eleva-
tion, which suggests intense water movement closer to the 
surface.

This water movement closer to the surface also favors 
oxygenation, an important factor in the genesis of AMD. 
This was confirmed by the proximity to well 33, which 
has acidic characteristics. Wells 34 and 19 are located at 
a greater distance from ERT SW than well 33, so for pur-
poses of correlation, well 33 is more appropriate. Another 
important observation is that well 33 is located ≈ 100 m from 
the pit lake, which acts as a large collector of meteoric and 
underground waters. The concentration values ​​of the Ca ion 
is > 258 mg/L, which is a relatively high value compared to 
al lof the other monitoring wells, though less than the value 
of the pit lake, which ranges from 437 to 584 mg/L. The high 
concentration of this ion is due to the disposal of DUCA in 
the pit area; the high values ​​in well 33 suggest communica-
tion between this well and the lake, resulting from the mas-
sif’s high permeability.

The NW Front

The NW front slope has a NE–SW orientation and strikes to 
the SE. There are two main fracture systems: a fracture pat-
tern with N35E/75NW attitude and another with N85E/75SE 
attitude (Fig. 8b). The NW front has shorter benches and 
more vertical slopes. There is constant water flow in the 
massif and the presence of kaolinite veins and more devel-
oped vegetation (Fig. 8a). Local lithology is composed of 
phonoliths and breccia.

In the central and lower portion of Fig. 8c, there is a large 
zone of high resistivity with values > 1400 Ω m, which repre-
sents a less fractured and almost unaltered massif. From the 
260 m electrode, there is a well-defined property contrast. 

Fig. 8   a Presence of fractures in 
the massif and kaolinite steins; 
b structural data; c ERT of the 
SW front
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This contrast reflects a local lithological contact between the 
less fractured phonoliths with the brecciated rocks, which 
have a higher degree of alteration and fracturing. The breccia 
probably hosts mineralization and pyritization, as evidenced 
by the presence of AMD in the final portion of the line, start-
ing from the 260 m electrode.

The most representative monitoring well on the NW front 
is well 37. Its slightly acidic character reflects the minimal 
influence of AMD in the upper portion of the massif. How-
ever, as the water percolates along the slope, the tendency is 
for it to acidify, especially in the more mineralized portions. 
Monitoring wells 10 and 38 are located side by side close 
to the drainage area of ​​the pit lake and have different pHs. 
While well 10 is acidic (pH values between 4.5 and 6.1), 
well 38 is alkaline (pH values between 7.4 and 9.0). This 
distinction can be explained by the difference in the bottom 
level of each well. Well 10 has a total length of only 12 m 
(top level = 1335 m; bottom level = 1323 m); because it is 
shallower, it is under the influence of the most superficial 
area of ​​the massif where the rocks are more permeable. It 
is acidic due to its proximity to the lake’s acidic water. Well 
38, on the other hand, is deeper (top level = 1333 m; bottom 
level = 1303 m) and has less percolation of meteoric water 
because the rock is less fractured at greater depths and, con-
sequently, has less permeability.

Targa et al. (2021) demonstrated that there is a small 
influence of surface water in well 38, including contami-
nated water from the DUCA treatment waste located nearby. 
Although the contaminated water flow is low, it is enough to 
change the physicochemistry, which would explain its rela-
tively high turbidity.

The NE Front

The NE front slope has a NW–SE orientation and SW 
strike direction. The main fracture pattern has an attitude 
of N5E/85NW (Fig. 9b). The NE front has more scattered 
benches and less vertical slopes. The local lithology is com-
posed of fractured phonolites and syenites. It was the only 
front in which there was no evidence of water flow through 
the massif (Fig.9a). Before exploitation of the pit began, the 
NE region had a high topography and was the head of the 
local hydrographic basins. The pit is located between the 
Consulta stream basin to the east and the Cercado stream 
basin to the west. Even today, the NE front disperses part of 
the water to the east, while the other fronts disperse water 
to the west.

Figure 9c shows two zones of greater electrical resistance 
(> 1000 Ω m) associated with the syenites. With the excep-
tion of areas with high resistivity, there are no other areas 
with high contrasts. According to the geological mapping of 
the mine pit, this area with intermediate resistivity is likely 
a highly fractured phonolite sill. In the central portion, it is 
still possible to identify a fractured phonolite dike. There is 
no evidence of AMD at the ERT NE survey site.

In the NE front, there are two monitoring wells: 39 and 
40—both with low pH. Although the geophysical lines do 
not show evidence of AMD, these wells are likely contami-
nated due to the influence of drains from other fronts, such 
as the SE front. The two NE wells are located side by side 
next to the pit lake. Well 39 is shallower than 40 and, like the 
NW front, the difference in these pH values (Well 39 pH val-
ues between 3.9 and 5.5; Well 40 pH values between 5.1 and 

Fig. 9   a Presence of fractures in 
the massif and kaolinite steins; 
b structural data; c ERT of the 
NW front
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6.7) can be explained by the percolation and permeability of 
the shallow rocks in the deeper portions of the massif. It is 
important to note that the NE front portion was intensively 
mined and so there may be a greater level of ore depletion.

Conclusions

The combination of intense fractures and mineralized zones 
at the Osamu Utsumi mine provides ideal conditions for the 
generation of acid drainage. In 1995, the company responsi-
ble for the commercial exploitation of the uranium decided 
to close the mine because extraction was no longer economi-
cally viable.

The pit is the largest environmental liability of the min-
ing complex because it is a deep depression that conducts 
both meteoric water and groundwater that seeps through the 
massif’s local fracture pattern and is contaminated by min-
eralized zones. A geometric structural analysis of the pit 
revealed a complex framework in which all of the operating 
fronts have the main fracture pattern with a strike into the 
center of the pit.

Fractures with water flow or signs of percolation were 
verified on the SE, SW and NW fronts, as described by 
Targa et al. 2019. This demonstrates the clear influence of 
the discontinuities on the flow of underground water and 
corroborated the source of the acid drainage, since the min-
eralized and sulfide-rich areas are directly related to the 
intense fracturing of the area and the mineral genesis of the 
deposit.

The ERT surveys efficiently identified fractured zones 
with acid water percolation by their very low electrical resis-
tivity (< 15 Ω m). Many of the conclusions indicated by the 
geophysical method were validated by the geochemical data. 
An integrated analysis of the chemical data, taking into con-
sideration that some wells located side by side had different 
depths, allowed a very comprehensive understanding of the 
environmental aspects of the mine pit. It was also possible 
to identify well-marked lithological contacts.

The geophysical and structural geology data made it pos-
sible to identify areas where fracture patterns intersected. 
These fractured zones are very permeable and conduct 
groundwater more effectively, like a natural gutter. In the 
field, it was possible to conclude that several fractures had 
water flowing through them, but the geophysical data indi-
cated that not all of these fractures contained AMD.

The long-term environmental liability of the Osamu 
Utsumi mine is a complex problem, since today the treat-
ment of effluents is carried out in a palliative way and seeks 
only to alleviate the effects of the problems. The ideal alter-
native would be to directly address the cause of the problem 
and for that, the first step was to identify the main areas 
of AMD generation. The mapping of acid-generating areas 
makes it is possible to propose geotechnical solutions to the 
problem, such as preventing water from seeping through 
mineralized (sulphidized) areas. Since the water in the mas-
sif percolates through the fractures present in it, one poten-
tial option would be a ground treatment, e.g. jet-grouting, 
directly into areas of greater permeability. The results of this 
work indicate that the zones of influence of AMD are limited 
to a depth of up to 35 m from the land surface, which makes 

Fig. 10   a Presence of fractures 
in the massif; b structural data; 
c ERT front NE
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the aforementioned option technically feasible. Other alter-
natives to decrease the permeability would be perforations 
with injections of bentonite and / or synthetic polymers.

This study allowed us to map the areas that generate 
acid drainage. This is the first stage for long-term preven-
tive measures. However, for greater treatment efficiency, we 
recommended that more geophysical surveys be carried out 
to provide more detail of the entire pit, due to its size.
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