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Abstract

A hydrogeological analysis was conducted of aquifer systems within a sulfide-rich tailings pile and underlying rocks at a
uranium mine to understand the generation and transport of AMD. A geophysical investigation was carried out along seven
transects spaced 30 m apart using electrical resistivity tomography and a Wenner-Schlumberger array. The results were
used as input to 2D and pseudo-3D models of resistivity and chargeability parameters. The geophysical results and models
contrasted unaffected saturated zones and zones impacted by AMD, in addition to three areas within the tailings with a high
sulfide content. The tailings and underlying fractured bedrock aquifer are hydrologically connected, which promotes the
exchange of mine-influenced water into the regional aquifer. Releases from the site’s tailings and other wastes can severely

affect regional groundwater.

Keywords Acid mine drainage - Electrical resistivity tomography - Chargeability - Brazil

Introduction

The mining industry has experienced vigorous growth in
recent decades due to profound socioeconomic changes
around the world. When economic performance is high,
investments in technology and effective solutions in envi-
ronmental remediation of degraded areas is assumed from
the earliest stages of mining. However, decommissioning
and mine closure may be considered secondary priorities
in mine planning because these activities add cost without
financial return compared to mining and ore processing. This
flawed argument can have disastrous consequences, such as
recent tailings dam collapse at Brumadinho in Minas Gerais,
Brazil (Rotta et al. 2020; Thompson et al. 2020).
Environmental management in mining activities has
become a great societal concern due to growing awareness of
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tragedies that result from disregarding environmental protec-
tion (Armstrong et al. 2019; Glotov et al. 2018; Owen et al.
2020). Impositions from clients and investors for certifica-
tions and environmental recovery planning for mined areas
have also contributed to improved legal compliance in this
economic climate.

The Osamu Utsumi Mine, located at Caldas (State of
Minas Gerais) in Brazil, has decommissioned a uranium
mine to reduce environmental impacts and comply with
current environmental regulations. One of the biggest chal-
lenges in this area is the volume of acid-generating waste
material and tailings (Dutta et al. 2020; Freitas et al. 2011;
Lei and Watkins 2005; Migaszewski et al. 2018; Moreno
et al. 2020; Naicker et al. 2003; Yang et al. 2016).

Acid mine drainage (AMD) is produced as a consequence
of chemical weathering of either a natural ore deposit or
mining wastes. Consequently, the AMD can mix with
groundwater flow and leach high concentrations of dissolved
metals and other constituents from rocks and waste materials
(Pabst et al. 2018; Simate and Ndlovu 2014). These effluents
are especially enriched in metals that are mobile in oxidizing
environments (Equeenuddin et al. 2013; Moy¢ et al. 2017,
Nordstrom et al. 2015). In the case of a uranium mine, the
mobilization of radioactive elements might contribute to
the deterioration of the local water quality. Despite being
a well understood process, AMD is extremely complex to
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remediate and is often seen as an irreversible environmental
liability with costly mitigation measures (Akcil and Koldas
2006).

Different depositional techniques and arrangements for
waste rock and tailings can create a unique structural set-
ting with specific hydraulic characteristics related to par-
ticle size and distribution and chemical composition that
affect not only the underground flow patterns but also the
heat and oxygen distribution (Anterrieu et al. 2010; Dawood
and Aubertin 2014; Fala et al. 2003). Once built, the waste
piles become part of the local hydrological system (Auber-
tin 2013). Thus, the wastes’ hydrogeological, geotechnical,
and chemical characteristics progressively change, expos-
ing mineral assemblages to changing chemical equilibria.
Sulfide minerals are a perfectly example because their oxi-
dized ion (SO4_2) is highly mobile in groundwater.

Applied geophysics has been used to determine the
characteristics of shallow structures for engineering site
investigations, explore for groundwater and minerals and
other economic resources, and to map buried cavities and
archaeological remains. Geophysical methods have been
increasingly used to investigate derelict and contaminated
land and groundwater to locate contaminant plumes before
digging pits and boreholes, including at sites affected by
AMD from tailings (Epov et al. 2017; Martin-Crespo et al.
2018; Martinez-Pagén et al. 2021; Power et al. 2018; Targa
et al. 2019).

Direct current (DC) resistivity and induced polarization
(IP) methods are non-invasive, have great spatial coverage,
and can be used to recognize inorganic contaminants in soils
and rocks and to study the physical and geotechnical integ-
rity of waste and tailings piles (Anterrieu et al. 2010; Casa-
grande et al. 2018, 2020; Spitzer and Chouteau 2003; Yuval
and Oldenburg 1996). 2D and 3D geophysical modeling of
the results from these geoelectrical methods combined with
electrical resistivity tomography (ERT) can reliably and
consistently identify the presence of acidic plumes and help
determine their lateral and vertical extent (Bortnikova et al.
2018; Olenchenko et al. 2016).

We assessed underground flow of AMD within a tail-
ings pile and its underlying rock at a uranium mine com-
plex using DC resistivity and IP with 2D and pseudo-3D
tomographic modeling. In addition, water quality data from
groundwater samples were used to elucidate hydrogeological
processes that could be occurring inside the tailings.

The Osamu Utsumi Mine
Geological and Hydrogeological Settings

The Osamu Utsumi Mine is part of an industrial mining
complex of Pocos de Caldas (CIPC) owned by Nuclear
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Industries of Brazil (INB-Indudstrias Nucleares do Bra-
sil), a government entity, and the location of the nation’s
first uranium production center. The CIPC is located in
the southwest portion of Minas Gerais State, Brazil. It is
part of the Pocos de Caldas alkaline complex, which is a
Mesozoic ring structure that comprises a suite of alkaline
volcanic, subvolcanic, and plutonic rocks, mainly pho-
nolites and nepheline syenites (Fig. 1) that is recognized
worldwide as a naturally high radiation region (Veiga et al.
2003; Waber 1992). The mineral assemblages found in
these rocks consists of K-feldspar, albite, Na-pyroxenes,
nepheline, eudialyte, biotite, and sanidine, generally con-
taining concentrations of U, Th, and rare earth elements.

Regional post-magmatic hydrothermal events promoted
argillation and zeolitization of the rocks, and hydrothermal
fluid-rocks interactions led to pyritization, strong potas-
sium metasomatism, and formation of radioactive anoma-
lies during the primary mineralizing event (Valeton et al.
1997; Waber et al. 1992). Typical mineralization includes
pitchblende (U;0y), jordisite (MoS,), sphalerite, zircon-
baddeleyite (ZrO,), fluorite, and pyrite (Schorscher and
Shea 1992). The minerals are often disseminated without
any evidence of structural control or association with frac-
tured veins, stockwork systems, or local volcanic breccias
(Cathles and Shea 1992). The final stage in the geological
and mineralogic evolution of the Pogos de Caldas alka-
line complex involved the emplacement of carbonatite
and mafic—ultramafic dyke rocks; weathering produced
a lateritic weathered zone. Simultaneously, a downward-
migrating oxidation front resulted in supergene remobili-
zation and precipitation of uranium oxide as pitchblende
and associated elements, which provided a secondary min-
eralizing event (Waber et al. 1992).

The uranium deposit of Pocos de Caldas Plateau has an
ore grade of 0.1% U, which is considered a poorly mineral-
ized reserve. Uranium occurs as U(IV) and U(VI) oxides
associated with pyrite (FeS,), fluorite (CaF,), and zirco-
nium and molybdenum minerals. The discovery of prom-
ising caldasite deposits, a rare uriniferous ore of zircon
(ZrS10,) and baddeleyite (ZrO,), prompted the opening of
the Osamu Utsumi Mine in 1959, in the southeast region
of the alkaline complex (Cathles and Shea 1992; Schor-
scher and Osmond 1992) (see Fig. 1 for location).

The local geological context of the Osamu Utsumi Mine
includes nepheline syenites and phonolites with stock-
work mineralization superimposed on disseminated ore
in volcanic breccias and fractured host rocks, which were
subjected to hydrothermal alteration and metasomatic pro-
cesses, resulting in potassic metasomatism and uranium
mineralization. The volcanic suite of the Osamu Utsumi
Mine has two main fracture systems at N20E/8ONW and
N55W/75NE, with orthogonal angles between them; their
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Fig. 1 Volcanic suite and geological structures of Alkaline Complex of Pocos de Caldas showing Osamu Utsumi Mine locations (Modified of

Fraenkel et al. 1985)

spatial arrangement promotes good hydraulic conductivity
inside the rock mass (Targa et al. 2019).

The local hydrogeological setting is described as an
unconfined porous aquifer in the weathered zone, which is
hydraulically connected to the fractured nepheline syenite
bedrock aquifer composed (Golder 2012). Meteoric water
infiltrates the soil formed by bedrock weathering in the
upper layers of the lithological sequence and is stored in
its inherent porosity. Regional stress over the Pocos de
Caldas alkaline complex produced deep faults and frac-
tures across the plateau, which allowed fresh water to
infiltrate and percolate through the bedrock’s secondary
porosity.

Groundwater consists of a mixture of reducing ground-
water, which flows through fractures in the bedrock, and
oxidizing meteoric water. The local aquifer system is divided
into three main zones: a shallow aquifer (B), an intermedi-
ate aquifer (C) that reaches up to 200 m deep, and a deep
aquifer (D) that extends to around 2000 m deep (Costa et al.
1998; Cruz and Peixoto 1989). Table 1 indicates the main

Table 1 Physical-chemical parameters and ionic content of stream
water (A), shallow zone (B), intermediate zone (C) and deep zone (D)
of the local aquifer (Costa et al. 1998)

Parameter A B C D
Temperature (°C) 19.5 21.5 22.7 37.5
pH 6.6 6.00 7.5 9.8
Conductivity (umho/cm) 25.7 49.8 110 801
Ca (mg/L) 2.14 6.23 6.07 1.13
Mg (mg/L) 0.88 0.60 0.98 0.23
Na (mg/L) 0.64 4.30 323 189
K (mg/L) 1.53 4.15 2.95 6.2
HCOj; (mg/L) 11.5 14.5 62.7 155
CO; (mg/L) - - 12.0 133
CI (mg/L) 1.65 2.60 1.7 4.7
SO, (mg/L) - 0.93 13.7 51.9
Fe total (mg/L) 0.81 - 1.02 0.08
F (mg/L) 0.44 0.18 5.84 20.8
SiO, (mg/L) - 14.0 16.0 29.1

— No analysis available
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chemical characteristics of each aquifer zone, including the
local stream water (A).

Water from the shallow aquifer (B) has low concentra-
tions of Cl and SO, but considerable concentrations of K,
Na, and Ca, and lower total dissolved solids (TDS) values
than the other aquifer zones and a slightly acidic pH (from
5.4 t0 6.9). Water tends to flow through the weathered zone
to bedrock. Thus, water from the shallow aquifer zone
chemically interacts with pyrite in the alkaline rocks, which
removes oxygen from the water and creates more reducing
conditions (Holmes et al. 1992).

The intermediate zone (C) is located at a depth of
150-200 m, with temperatures ranging from 21 to 26 °C.
This zone differs from the shallower aquifer zone by its
higher TDS content and its neutral to slightly alkaline pH
(6.2-8.4). The groundwater in zone C is classified as bicar-
bonate with Ca and Na content.

The deep aquifer zone (D) is characterized by hyperther-
mal fluids (up to 40 °C) and an alkaline pH (~ 9.6 to 9.8),
with sodium-bicarbonate groundwater. This zone has higher
TDS and higher concentrations of CO3_2, Na, SO4_2, and
F~ ions than the shallower aquifer zones. The higher tem-
perature increases the rock’s rate of chemical dissolution and
produces an enriched ion content, with notable F~ and SO4_2
ions (Cruz and Peixoto 1989).

The creation of an open pit interfered in the original
topography, lowering the water table and changing the
groundwater dynamics. One of the most important chemi-
cal changes was the oxidation of dissolved sulfide to sulfate
as the groundwater flowed upward.

Operational History and Tailings Management

The main facilities of the Osamu Utsumi Mine include the
mine open pit, tailings impoundments, the processing plant
for uranium extraction, waste rock piles, and administra-
tive and operational support buildings (Fig. 2). The mine
operated from 1981 to 1995, and uranium mining and mill-
ing operations ceased after depletion of the uranium ore.
Its reserves have been estimated at = 17,200 t of U;04
(Fraenkel et al. 1985; Souza et al. 2013). About 1242 t of
ammonium diuranate (yellowcake), 4.48 x 10 m?® of waste
material, and 2.39 x 10® m? of mine tailings were produced
during the mine’s operational years (Franklin 2007; Majda-
lani and Tavares 2001).

The cut-off grade was defined as 170 ppm of soluble
U;0q4 recovered from the processing plant; extracted mate-
rial with lower grades was considered waste rock. Aver-
age and marginal ore production was 2500 and 1500 t/day,
respectively, with a stripping ratio of 23.8 (Franklin 2007).

Ore beneficiation consisted of an acid leach using
sulfuric acid in a proportion of 1 t of uranium ore to
70-150 kg of sulfuric acid to obtain ammonia diuranate
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[UO,(NO3),+NH; — (NH,),UO,] and molybdenum as cal-
cium molybdate (CaMoO;) (Franklin 2007). The leaching
was conducted under controlled environmental conditions
(70 °C) for 6 h (Cipriani 2002). After chemical leaching,
filtering was used to separate solid and liquid components.
The solid residue produced was washed with water to obtain
a maximum uranium recovery and, after that, the washed
solids were sent to the treatment plant (Cipriani 2002).

All effluents and solid waste generated by yellowcake pro-
duction were sent to the wastewater treatment plant. Effluent
treatment consisted of the neutralization of sulfuric acid with
ground limestone to a pH of 9-10. Neutralization precipi-
tated almost all iron and other metal ions (Al, Mg, Mn) as
hydroxides. Likewise, the solid waste was composed of 98%
low-grade uranium ore obtained by filtering, with a chemi-
cal treatment of neutralization with limestone. All waste
produced from these methods was disposed in the tailings
impoundment (Cipriani 2002).

Starting in 1998, the sludge produced by effluent and
solid waste treatment was placed in the open pit, as depicted
in Fig. 3. Its composition consisted mainly of metal hydrox-
ides, such as Fe, Al, Mn, and radioactive elements, in a
calcium sulfate matrix. This material is locally known as
“DUCA” (for calcium diuranate) and includes the sludge
produced by lime treatment of open-pit contact water and
acid drainage from waste piles (Cipriani 2002).

Waste rock and tailings were disposed of in six piles and
impoundments around the mining complex, the largest being
BF-04 and BF-08 (Fig. 3). These piles are the two main
sources of AMD. Since decommissioning began, ground-
water has been monitored using wells installed around the
CIPC and samples collected from the local drainage system
to understand the extent of contamination over time (Fig. 3).

Structural and Geological Settings of BF-08
and the Study Area

The study area was part of the BF-08 tailings pile (Fig. 4),
which covers an area of 64.4 million m?, has a volume
of 15 million m?, 5 m wide benches, and 8 m long rocky
slopes at an angle of 70°. The rocks in the pile are mainly
composed of syenites and phonolites from the open pit
area with an ore grade < 170 ppm and grain sizes rang-
ing from fine sand (0.05-0.2 mm) to boulders (> 200 mm).
The chemical composition is SiO, (55%), Al,O5 (21-23%),
Fe (2.6%), F (1488-2013 ppm), Th (60-318 ppm), U
(89-279 ppm), Zn (253-592 ppm), Zr (1009-1708 ppm),
and S (5637-8616 ppm) (Waber 1992; Wiikmann 1998).

The tailings came from the picking and sorting of alkaline
pyritic rocks (Cipriani 2002; Waber 1992). The material was
end-dumped, so generally, fine grains remain at the top of
the pile, whereas coarser cobbles and boulders are found in
its basement.
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Fig.2 Mining facilities of the Osamu Utsumi Mine

The BF-08 site is in the Cercado Stream watershed.
The disposal area has a liner system to minimize upward
flow into the tailings and improve the geotechnical stabil-
ity of the impoundment. The drains consist of waste rock
boulders covered with a finer-grained (clay) material also
derived from waste rock, which acts like a liner below the
tailings (Urdnio do Brasil 1988). This system was developed
to minimize possible interactions between the groundwater
and tailings and minimize the movement of AMD into the
groundwater.

The Cercado Stream had part of its channel diverted
using tailings and waste rock for the new channel. The
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= Study area

BF-08 site was covered with a 20 cm of clay with a slope
between 0.5 and 1%. Rainwater run on was captured by con-
crete ditches and a piping system discharged the water to the
local hydrological system. However, due to a lack of regular
maintenance, the clay layer has been progressively eroded
by rainwater, some ditches were damaged, and erosion has
intensified on its slopes. As a result, neutral pH precipita-
tion currently infiltrates into the pile and reappears down-
stream as acid drainage (Fig. 4) in a lake known as the BIA
Reservoir. It is important to note that even though AMD is
observed downstream, no contaminated seeps were observed
to be issuing from the impoundment slopes in the study area.
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Fig.3 “DUCA,” or chemical treatment plant sludge, disposed inside the open pit area and the monitoring wells PM-10 and PM-38 near the

DUCA area (see Fig. 4 for locations)

Geophysical Methods and Data Acquisition

The geophysical investigations were carried out along seven
lines to measure resistivity and chargeability (Fig. 5). The
geophysical lines were parallel to each other and arranged
30 m apart, with a minimum length of 120 m (line 1), a max-
imum length of 340 m (line 7), and an electrode spacing of
5 m. DC resistivity and IP methods were applied using ERT
and a Wenner-Schlumberger array. Thunderstorms, which
could damage the equipment, are very common during the
rainy season (October to March) in Brazil, so this study was
conducted during the dry season (April to September).

The ABEM Terrameter LS resistivity meter (84 channels,
250 W, with a resolution of 1 pV, and a maximum current
of 2.5A; ABEM 2012) that was used consists of a single
module for transmission and receiving of automated signals
to obtain resistivity and chargeability parameters simulta-
neously. The survey acquisition parameters settings were a
signal sending time of 1.5 s, electrical current of 500 mA,
two fixed reading windows of 100 ms, and 0.5 s of acquisi-
tion time delay. Non-polarizable porous-pot electrodes in a
Cu-CuSOj, solution were used to avoid local polarizations
that would interfere with chargeability measurements during
the IP survey.

The results from each geophysical line were analyzed
using a data processing and inversion routine with Res2Dinv
(2D) software, version 3.53 (Geotomo Software) to produce
bidimensional sections with resistivity and chargeability val-
ues according to their distance from line origin and depth
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of acquisition. This software was designed to interpolate
and invert field data from electrical geophysical prospect-
ing according to the mathematical model of ordinary least
squares (OLS). This technique smooths the extreme values
using block modelling and reduces differences between
measured and modeled parameters (Reynolds 2011). Resis-
tivity inversion models required 5-7 iterations to obtain the
most reliable 2D sections, whereas chargeability inversion
models demanded 4-7 iterations, as indicated in each 2D
section.

Block modelling generates a standard deviation parameter
called the root mean squared (RMS) factor, which mainly
represents the match between the calculated pseudo-section
and that obtained in the field, influenced by the presence
of extreme values in the input data, potentialized by post-
processing (Chules and Delfiner 2012; Geotomo 2003; Loke
2000). Resulting resistivity and chargeability models are
presented as 2D sections with a chromatic logarithmic scale
and intervals of interpolation in color values. This ERT data
inversion routine is used in many kinds of studies, including
mineral prospecting, hydrogeology, contaminated area diag-
nosis, and geotechnical engineering (Berthold et al. 2004;
Camarero and Moreira 2017; Cavallari et al. 2018; Falgas
et al. 2011; Helene et al. 2016, 2020; Moreira et al. 2019;
Silva et al. 2018; Vieira et al. 2016).

The geophysical surveys were planned to produce 3D
visualization models by interpolation of the 2D sections, in
addition to isovalue surfaces for resistivity and chargeabil-
ity. This procedure was carried out using the Oasis Montaj
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Fig.4 Overview of BF-04 and its main geological and hydrogeological features: A oxidized rocks from the study area, B oxidized pyrite docu-
mented northeast of BF-08, C acid drainage lake formed at the toe of BF-08 (BIA Reservoir), and D acid drainage flowing from BF-08

Software Geosoft platform, which consisted of a tridimen-
sional model created from coordinating data (X, Y, and Z)
from the 2D sections (Geomotosoft 2014). Moreover, local
topography was considered in all models to avoid distor-
tions using the differential global positioning system. 3D
modeling and isovalue surfaces improved the recognition
and characterization of groundwater flow and sulfide zones,
as well as AMD transport.

INB provided hydrochemical data from monitor-
ing wells and surface water from 2015 to 2017 so that

we could quantify chemical data and changes in physi-
cal-chemical parameters in groundwater. The nearest
monitoring wells to the study area and the acid drainage
lake located at the toe of BF-08 (the BIA Reservoir) were
selected for chemical analysis of pH, electrical conduc-
tivity (EC), redox potential, dissolved oxygen (DO), tur-
bidity, and major element chemistry (cations and anions).
The hydrochemical data complemented the geophysical
interpretations from BF-08 and helped identify the most
critical AMD generation zones.
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simultaneously measure resistivity and chargeability parameters

Groundwater samples were collected using the micro-
purge low flow sampling method. First, monitoring wells
went through a purging process to remove stagnant water,
since this water cannot be considered as representative of the
local aquifer quality. Then, sampling was performed using
the micro-purge low flow method at flows of <0.5 L/min to
minimize water table lowering (Popek 2018). This procedure
ensures that the sample collected is consistent and repre-
sentative of the contaminants in the local aquifer.

Chemical analyses were carried out by the INB team
in partnership with CNEN (Brazilian Atomic Energy
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Commission) in the Pogos de Caldas Laboratory (LAPOC/
CNEN). The physical-chemical parameters were meas-
ured using a multiparameter probe coupled to a flow cell
used in situ without filtration. Cations and anions were
determined using plasma optical emission spectrometry
(ICP-OES) in filtered samples that had been preserved
with nitric acid. Sulfate was determined gravimetrically
with barium chloride, and fluoride was determined using
potentiometric analysis with an ion-specific electrode
(Alberti 2017).
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Results and Discussion

Geological materials have different resistance responses
as electrical current passes through them. These responses
can be quantified by considering the electrical current and
voltage produced in the subsurface for each lithological
setting. There are certain minerals, such as native metals
and graphite, that are excellent electrical conductors, but
most rock-forming minerals are insulating, and the passage
of electrical current is only possible through dissolved ions
dissolved in the water contained in their pores or frac-
tures. The porosity thus plays a great role on the resis-
tivity parameter, which tends to increase with decreasing
porosity. Solutions with high ionic strength, and materials
with metallic minerals and graphite, tend to have lower
resistivity values and are generally represented by green
and blue shades in geophysical cross-sections (Fig. 6).
Zones with higher electrically resistivity, which include
most rock-forming minerals, are represented by reddish
and purple colors.

Besides electrical resistivity, chargeability is another
parameter used in geophysical surveys to characterize
the subsurface geological environment. This parameter
is measured by induced polarization, which is based on
the voltage stimulation that occurs after a delay in the
transmission of artificial electric current in soil and rocks.
The process is analogous to what occurs in a capacitor,
whose cells are able to store energy and release it when the
electrical source that powers the system ceases (Telford
et al. 1990). As the current is interrupted, the difference in
potential, which decays with time, is observed. The rate of
this decay (induced polarization potential) depends on the
geological nature of the investigated site, and factors such
as rock lithology, pore geometry, and degree of saturation
(Burtman and Zhdanov 2015).

The polarization phenomenon is more pronounced in
rock with a high clay content and disseminated metallic
minerals due to the membrane polarization effect. As elec-
trical current flows through metallic minerals, it is possible
to measure specific voltage and polarizability values for
each mineral. In addition, there is a linear relationship
between the maximum apparent chargeability and the con-
centration of sulfide minerals, which allows sulfide-rich
zones to be identified (Wardlaw and Wagner 1994). In
geophysical cross-sections, the regions with highly polar-
izable minerals (e.g. sulfides) are represented by purple
and reddish colors, as seen in Fig. 7. It is important to note
that the cross-sections in Figs. 6 and 7 are the opposite of
those in Fig. 5 (i.e. west is to the right and east is to the
left in Figs. 6 and 7).

The electrical properties of the geological subsurface
are associated with its geometric parameters, such as

thickness and depth, which informs local geological char-
acterization. Since metals and metallic sulfides conduct
electricity efficiently, electrical methods are important
tools in the search for sulfide ores, as well as in envi-
ronmental investigations involving metallic targets and
groundwater prospecting.

Resistivity

The resistivity inversion models indicated a continuous
low resistivity zone (<74.6 Q m) in lines 2—5 (blue areas
in Fig. 6). As suggested by many studies (Alamry et al.
2017; Cardoso and Dias 2017; Kibria and Hossain 2012;
Li et al. 2015; Targa et al. 2019), this geoelectrical layer
was interpreted as a high ionic strength zone located 10
and 25 m below the surface.

The upper layers of BF-08 (to a 10 m depth) and those
located below 35 m (yellow, orange, and red areas in
Fig. 6) showed resistivity values exceeding 537 Q m. This
drastic change probably reflects hydraulic variations in the
pile due to its construction method and the material used,
which interferes with storage capacity and groundwater
conductivity.

The clay-sized particles in the upper layers of the pile
promote slower initial infiltration and water loss by evapo-
transpiration, which is indicated by high resistivity values
in geophysical sections (Kibria and Hossain 2012; Ranjy
et al. 2019). When deeper, more permeable layers are
reached, as in the central region of the study area (lines
2-5), the groundwater enhances the leaching of sulfide
minerals and other waste compounds.

Water flows towards the base of the pile where the boul-
ders are present. This layer has higher porosity and perme-
ability than the rest of the pile and lies above the bedrock,
which is characterized by low permeability.

Another important aspect is the presence of zones with
resistivity values < 20 Q m on the western end of lines
5-7, 15 m below the surface, and on the eastern end of
lines 3—7, 10-20 m deep (dark blue areas in Fig. 6). These
lower resistivity values have been attributed to saturated
zones with higher ionic strength, which favors electric
current flow. Studies of Epov et al. (2017) and Maurya
et al. (2017) demonstrated a strong correlation between
low resistivity values (=~ 10 Q m) and zones with active
oxidation and leaching of geological material as sulfide
minerals, which are intensified in acidic environments.
These low resistivity zones are probably due to the oxida-
tion of the sulfidic tailings in BF-08. Studies (e.g. Casa-
grande et al. 2020; Park et al. 2016) identified a correla-
tion between the low resistivity anomalies and chemical
weathering process in waste rock piles, and the presence
of AMD.
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Chargeability

Chargeability inversion models showed more evidence of
sulfide minerals in BF-08 (Fig. 7). It is possible to observe
three high-chargeability anomalies (> 5.0 mV/V) located
on the western side of line 1, at &% 10 m in depth, and at the
east of lines 2 and 6 that extend from upper to basement
layers of the tailings pile.

High chargeability values close to the surface were cor-
related with sulfide minerals in the waste materials and
tailings that comprise the pile. On the other hand, anoma-
lies located at deeper layers correspond to natural sulfide
occurrences in the bedrock at depths below 35 m. There
is a directly proportional relationship between chargeabil-
ity and sulfide concentrations (Gurin et al. 2013; Hup-
fer et al. 2016; Kamura et al. 2019; Moreira et al. 2016,
2019; Rey et al. 2021). Yuval and Oldenburg (1996) dem-
onstrated that maximum chargeability values (20 mV/V)
were related to zones with a sulfide concentration of 4%,
whereas poorly mineralized zones (< 1%) showed charge-
ability values from 0.1 to 0.4 mV/V. However, any quan-
titative comparison between different studies using the IP
method must account for the acquisition parameters used
in the fieldwork.

The resistivity inversion models also identified an
anomaly in lines 2—4, which is highlighted in Fig. 6 by
the black continuous lines located at the central-west part
of these sections, near 25 m in depth. This anomaly is
interpreted as groundwater flowing through fractures in the
bedrock. Although absent in line 3, lines 2 and 4 illustrate
that there is probably a hydrologic connection between the
lower boulder layer of the tailings and the underlying frac-
tured aquifer (bedrock). This hypothesis is corroborated
by local hydrogeological studies that prove the presence
of a porous aquifer in the weathered zone of alkaline rocks
that is hydraulically connected to the underlying fractured
aquifer system of unaltered nepheline-syenites (Nordstrom
et al. 1992). Likewise, the tailings favor effluent percola-
tion to the underlying aquifer.

The fact that the geophysical survey was carried out
during the dry season may imply that the hydrologic con-
nection between the tailings and the underlying aquifer
systems is absent during the dry season due to water
table lowering, as observed in line 3 (Fig. 6). During the
rainy season, as the water table rises, it would restore the
hydraulic connection between them. The raising and low-
ering of the water table throughout the year intensifies
chemical weathering and AMD production (Nordstrom
and Alpers 1999) and promotes the exchange of dissolved
constituents from both systems. The fractured hydrogeo-
logical environment makes environmental remediation
more difficult and complex.
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Pseudo-3D Models

A pseudo-3D model was generated by the interpolation of
the seven geophysical sections using the physical parameters
of resistivity and chargeability to facilitate spatial visualiza-
tion (Fig. 8). After data processing, images were smoothed,
and visualization levels were defined using a specific depth
range (Fig. 9).

Resistivity models from 12 to 32 m in depth corrobo-
rate interpretations obtained from the 2D models, which
indicate a highly ionic effluent flowing from northeast to
southwest and, therefore, a similar drainage pattern to the
stream valley under the tailings pile. The contact between
the tailings and bedrock is evident by a reduced number
of saturated zones, with a resistivity > 537 Q m. The water
content decreases in part due to the presence of an elongated
feature with high electrical resistance and N/S orientation,
which is interpreted as the top of the bedrock with increas-
ing resistivity values with depth (>2000 Q m from 42 m in
depth), interrupting the connection between the saturated
and unsaturated zones.

Visualization levels also indicated specific locations
where there is clear evidence of effluents flowing from the
tailings towards the underlying fractured aquifer. The exist-
ence of a low resistivity zone in the southeast portion of
the pseudo-3D model (Fig. 9), towards the open pit area, is
another indication that local aquifers could be hydraulically
connected, with acidic effluent flowing through the fracture
system. Another feature observed was a NW-SE alignment,
highlighted at 42 and 62 m depths in Fig. 9, indicating a
fractured zone that transports water into the bedrock.

The DUCA residue inside the open pit area close to
BF-08 is potentially problematic. Water from the old explo-
ration areas and the local water table will interact with this
residue and transport contaminants toward the fractured
aquifer. Consequently, this contaminated effluent infiltrates
into the deepest part of the aquifer through the local frac-
ture system and, as the water table rises, it flows toward the
porous portion of BF-08.

Another tool that helped in the geophysical data visu-
alization was the resistivity and chargeability pseudo-3D
isovalue modeling (Fig. 10). It was created to highlight the
low resistivity zones (with values <20 € m) and on top of
that, a chargeability interpolation to visualize the 3D distri-
bution of the sulfidic areas. As depicted in Fig. 10, sulfide
zone 1 is mostly concentrated from the surface to depths
of 15 m in BF-08, which includes tailings and waste rock.
In sulfide zone 3, sulfide minerals are concentrated at a
greater depth in the tailings and bedrock. Sulfide zone 2
has a homogenous distribution of sulfide minerals from the
tailings and bedrock.

Combining both models, it is possible to observe
a strong interaction between zone 3 and water retained
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producing a higher concentration of dissolved ions, espe-
cially sulfate.

Hydrochemistry

The hydrochemical data complemented geophysical inter-
pretations to characterize the hydrogeological environment
of BF-08 (Table 2). Data from monitoring wells PM-10 and
PM-38 indicated distinct physical-chemical characteristics
of local groundwater. These wells were installed at 8 m and

Table 2 Analytical results of groundwater samples collected from PM-

25 m deep, respectively. Thus, PM-10 reflects chemical con-
ditions in the tailings, whereas PM-38 gives chemical infor-
mation about the underlying fractured aquifer, assuming its
well casing prevents influence from the overlying tailings.
The tailings water had an acidic pH (4.50-4.66), higher
concentrations of DO (2.81-4.67 mg/L), mostly positive
redox potentials (oxidizing environment), and low EC val-
ues (50-93 uS/cm). The deeper zones had a more reducing
environment, with slightly acidic to neutral pH (5.37-6.86),
lower concentrations of DO (0.45-2.2 mg/L), and higher

10 and PM-38 and surface water from the BIA Reservoir provided by

INB
Date pH Turb®* EC® DO° T¢ WT® Eh Al (mg/L) Fe (mg/L) Mn (mg/L) Sulfate (mg/L) Fluoride (mg/L)
PM 10 Apr/2015 45 3.2 83 3.85 19.2 691 409 1.9 0.19 2.34 48.6 -
Oct/2015 4.62 5 93 281 18.9 715 256 2.1 - 2.08 37.7 1.61
Oct/2017  4.66 48 50 4.67 18.8 728 240 1.03 0.08 0.83 17.8 -
PM 38 Jan/2016 6.86 15.6 707 049 20.8 838 59 0.1 0.01 0.3 139 2.44
Oct/2017 6.83 21.1 620 1.18 19.3 897 —11 0.07 0.13 1.63 257 35
BIA Nov/2015 5.52 5.5 1228 349 19.8 770 299 76.8 18.6 49.0 942 43.3
Oct/2017  3.76 431 1450 1.16 19.9 740 308 154 314 86.4 1280 47.0

PM-10 was installed at 8 m depth and gives information about the hydrochemical conditions of the upper layers of BF-08. PM-38 is screened at
25 m deep and reflects the hydrochemical environment of the underlying aquifer. BIA Reservoir describes the hydrochemical conditions of the

lake downstream of BF-08

INB Nuclear Industries of Brazil (Indudstrias Nucleares do Brasil)
— No results available

#Turbidity NTU

PElectrical conductivity (uS/cm)

“Dissolved oxygen (mg/L)

dTemperature °C)

“Water table depth (cm)
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EC values close to the open pit area (360-707 pS/cm), in
addition to high sulfate concentrations.

The water sample from BIA Reservoir had the most
acidic pH (3.76) and the highest EC (1228-1450 pS/cm)
(Table 2). Analytical results indicated higher concentrations
in the BIA Reservoir than in the monitoring wells. Sulfate
dominates the sample, reflecting the oxidation of sulfide
minerals in BF-08. The acidic water enhances the chemical
mobility of metals and explains the higher Al, Fe, and Mn
concentrations.

Because groundwater sampling was in the upper layer of
the local aquifer system, it was expected that the water qual-
ity would be similar to that observed in the shallow aquifer
zone (B), as described in Table 1. However, the sample from
the upper fractured aquifer (PM-38, Table 2) has higher SO,
and F concentrations and a slightly acidic pH compared to
the background levels in the regional aquifer (Sample B,
Table 1).

Although the tailings have favorable conditions for acid
generation and considerable potential to modify contaminant
mobility inside the tailings, the fractured aquifer had higher
sulfate concentrations, which was unexpected (Baruah and
Khare 2010; Jardim 2014). Thus, it is possible that external
factors might affect the chemical composition of the tailings
water, including the possible dissolution of DUCA residues
from inside the open pit. It is believed that the DUCA resi-
due dissolves, infiltrates into the bedrock through fractures,
and is dispersed into the entire fractured aquifer. The DUCA
contaminants apparently are not restricted to the fractured
hydrogeological environment. As shown in 2D and pseudo-
3D models, the tailings and underlying fractured aquifer are
hydraulically connected, which allows effluent circulation.
In other words, in addition to acid drainage generated inside
BF-08, the tailings could be impacted by contaminants from
the DUCA residue.

Conclusions

The results of the geophysical study provided a good under-
standing of the hydrogeological dynamics and underground
flow of AMD inside the tailings impoundment at BF-08, as
well as the identification of sulfidic zones. It was possible
to distinguish less impacted saturated zones (< 74.6 Q m)
from those with high ion content probably related to AMD
(<20 ©Q m), as well as three sulfide mineralization and high
resistivity areas indicating the boundary between the base
of the tailings in BF-08 and the top of the bedrock at ~ 35 m
deep. The inversion model suggests a possible hydraulic
connection between the tailings and the underlying fractured
aquifer that favors chemical exchanges between them. The
3D visualization models showed that the mineralized area
of BF-08 is susceptible to chemical weathering and leaching
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and, hence, to generating AMD due to its interaction with
saturated zones.

The hydrochemical data corroborated the geophysical
interpretation and indicates the existence of two hydrogeo-
logical systems. The tailings material has characteristics
that allow chemical weathering and leaching due to high
concentrations of DO and an acidic pH. The combination
of these two parameters provide ideal conditions to dissolve
and mobilize constituents within the pile, such as Fe, Al,
Mn, and S, and indicates that the tailings are a source of
groundwater contamination.

Although the groundwater in the fractured aquifer does
not have a chemical signature compatible with acid drain-
age, the higher concentration of sulfate could reflect impacts
from the dissolution and transport of contaminants from the
DUCA residue. This residue could release contaminants that
infiltrate into the bedrock through fractures and affect the
regional aquifer system.

Using the combined geophysical and hydrochemical
results, it was possible to identify a transition zone below
the overlying oxidizing zone in the tailings where leach-
ing of sulfide minerals is intensified, which could provide
high concentrations of dissolved ions to the underlying
more-reducing groundwater. The tailings areas with high
sulfide content should be especially targeted during reme-
diation because they have a high potential to generate acid
drainage. Thus, the integrated analysis of DC resistivity and
IP methods provided an improved understanding of in situ
mitigation measures that could be used to more successfully
minimize and control releases during the decommissioning
and closure of mining complexes.
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