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Groundwater identification using geophysical tools and its implications for the
stability of slopes in an open pit mine
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Abstract

The open pit mining development begins with the opening of pits with the rock mass excavation and formation ~ Key words: geophysics, DC
of slopes and berms for ore exploration. Knowledge about the geological conditions represents an important resistivity, aquifer, structural
step in this process, since rock masses generally have heterogeneous characteristics and the presence of discon-  analyses, ruptures.

tinuities can become an aggravating factor in the safety of operations. The characterization and classification of

these discontinuities, as well as the identification of the groundwater in the rock mass, has a great importance to

ensure the safety of operations during the mine's production process, in addition to ensure the effectiveness of its

decommissioning process. The use of DC resistivity geophysical method has been increasing to characterization

and identification lithological types and presence of water, since it is a non-invasive research tool with fast ability

to obtain data. DC resistivity together with visual investigation methods, such as obtaining the discontinuities

orientation and their alteration characteristics, provides important information for the characterization of the

rock mass. Given this importance, the present work aimed to use DC resistivity to identify the presence of water

and its correlation with lithology and rock mass structure in order to identify how these variables influence the

occurrence of ruptures. To this end, two-dimensional resistivity sections were designed and related to visual

inspection data and kinematic analyzes obtained from structural data of the rock mass. The integration of these

results indicated that the ruptures present in the investigated mine slopes are related to zones whose predominant

lithology is volcanic breccia with the presence of water in the subsurface. These ruptures compromise the stability

of the slopes and consequently make the decommissioning mine process difficult.

Resumen

El desarrollo de la mineria a cielo abierto comienza con la apertura de tajos con la excavacion del macizo rocoso  Palabras clave: geofisica,

y la formacién de taludes y bermas para la exploracién de mineral. El conocimiento de las condiciones geoldgicas  resistividad eléctrica, acuifero,
representa un paso importante en este proceso, ya que los macizos rocosos generalmente tienen caracteristicas  anlisis estructural, rupturas.
heterogéneas y la presencia de discontinuidades puede convertirse en un agravante en la seguridad de las operacio-

nes. La caracterizacion y clasificacion de estas discontinuidades, asi como la identificacion del agua subterrdnea

en el macizo rocoso, tiene gran importancia para garantizar la seguridad de las operaciones durante el proceso

productivo de la mina, ademads de garantizar la efectividad de su proceso de desmantelamiento. El uso del método

geofisico de resistividad eléctrica ha ido en aumento para la caracterizacion e identificacion de tipos litologicos

y presencia de agua, ya que es una herramienta de investigacion no invasiva y con rapida capacidad de obtencién

de datos. La resistividad eléctrica junto con métodos de investigacion visual, como la obtencién de la orientacion

de las discontinuidades y sus caracteristicas de alteracion, proporciona informacién importante para la caracter-

izacion del macizo rocoso. Dada esta importancia, el presente trabajo tuvo como objetivo utilizar la resistividad

eléctrica para identificar la presencia de agua y su correlacion con la litologia y la estructura del macizo rocoso

con el fin de identificar como estas variables influyen en la ocurrencia de rupturas. Para ello, se disefiaron sec-

ciones de resistividad bidimensionales y se relacionaron con datos de inspeccidn visual y andlisis cinematicos

obtenidos a partir de datos estructurales del macizo rocoso. La integracion de estos resultados indicé que las

rupturas presentes en los taludes mineros investigados estin relacionadas con zonas cuya litologia predominante

es de brecha volcanica con presencia de agua en el subsuelo. Estas rupturas comprometen la estabilidad de los

taludes y en consecuencia dificultan el proceso de desmantelamiento de la mina.
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1. Introduction

The development of an open pit mine involves the excavation
of slopes with a certain height and inclination in order to obtain
the lowest possible strip ratio, without harming the safety of
mining operations (Alegre et al, 2019). During the rock mass
excavation occurs a redistribution in the state of stress, as well
as the exposure of the rock head to weathering agents, which
causes the deterioration of rock mass strength (Liu et al. 2022;
Marques et al. 2010; Read and Stacey 2009).

Rock slopes generally exhibit discontinuity planes such as
joins and faults (ISRM 1978). Low strength geological structures
with unfavorable spatial orientation are critical for slope stability
(Kolapo et al. 2022). In addition to the presence and condition
of the discontinuities on the rock mass, information regarding
the presence of water in the subsurface has major importance to
evaluate its influence on the occurrence of ruptures (Menezes et
al. 2019). The presence of subsurface water is one of the main
triggers for the occurrence of slope failures and its accumulation
is conditioned by the presence and non-connectivity between
fractures and an impermeable layer, with consequent formation
of aquifers (Banks et al. 2009).

Fractured aquifers are considered complex, due to the condi-
tion of water storage and transmission throughout the fractured
planes. In many cases, the existence of groundwater in fractured
zones is not always evident from the surface (Singhal and Gupta,
2010; Fetter, 2018).

Geophysical methods represent an important tool in the study
of fractured rock aquifers, in view of their potential to measure
physical parameters that change in the presence of water, wide
spatial and in-depth coverage, non-invasive and fast data acqui-
sition (Telford er al. 2004; Moreira and Helene, 2022).

Geophysical methods, such as DC (Direct Current) resistivity,
have been widely used to map fractured aquifers on rock mass
(Porsani et al., 2005; Gomes de Oliveira et al. 2014; Hamdan et
al. 2014; Moreira et al. 2016; Padua and Campos 2020; Whiteley
et al. 2021; Yan et al. 2022). Frequent events of intense precip-
itation, as recorded in tropical climate countries, can aggravate
the risk of rupture from the elevation of pore pressure in the
rock mass (Corréa et al. 2021; Sun et al. 2021; Wyllie and Mah
2004). The sum of these factors can make the rock mass even
more prone to long-term instabilities (Hartwig and Moreira
2021; Perrone et al. 2008).

In this way, this study aims to investigate the SE pit slopes of
the Osamu Utsumi Mine from the acquisition of DC resistivity
data combined with geomechanical survey in order to evaluat-
ing the use of this geophysical tool as a preliminary analysis of
potentially unstable zones.

2. Study Area

The Osamu Utsumi Mine, owned by Nuclear Industries of
Brazil (INB) was built in 1959 and is located in the municipality
of Caldas, Minas Gerais Stare, Brazil (Figure 1). Operational
activities started in 1981, with the discovery of caldasite depos-
its and consequently zones with uranium ores, formed by the
hydrothermal process.

An estimated reserve of 17,200 tons of uranium was exploited
with operations between 1981 and 1995. During that time, around
45 million m3 of waste rock were removed, which 33 million
m3 came from stripping and 12 million m3 of rock (Souza et al.
2013). The mining complex has been under decommissioning
since the end of its activities in 1995, but for the effective clo-
sure, it is necessary to ensure the safety and stability of the site.
In particular, the stability of the SE mine slopes which have
experiences several failures over the years (Gastmaier Marques
et al. 2022; Moreira et al. 2021). One possible explanation for
that includes hydrologic events as the region records annual
rainfall (1,700 mm/year) (Holmes et al. 1992).

3. Materials and Methods
3.1 DC resisitivity

The geophysical method used in this study was the DC resis-
tivity in order to characterize the materials presents in the subsur-
face of slopes and identify water in fractures, as well as present
in the works made by Casagrande et al. 2020; Nascimento et al.
2022 and Oliveira et al. 2010. The electrical resistivity method
is based on the physical parameter of electrical resistivity (p)
which consists of the difficulty to the passage of electric current
(Telford et al., 2004). The resistivity values measured in (Q2.m)
are intrinsic to each geological material and arbitrarily in this
study area, high resistivity values are associated with unaltered
rocks (>1000 2.m) and are represented by warmer colors (red).
Altered or intensely fractured rocks present intermediate values
of resistivity (from 100 to 1000 €.m) and yellow-orange color.
The presence of water is represented by values lower than 100
Q.m and are associated with cold colors (blue) (Palacky 1987).

The DC resistivity survey, as well as structural geotechnical
analysis, were carried out in 3 different sections, inserted in the
SE front, with a total length of 100m per line, electrodes spaced
every Sm and with Schlumberger array (Figure 2). These three
different sectors were chosen in order to cover a large part of the
SE front, in addition to presenting different geotechnical behavior
among themselves. Data acquisition was performed in January
2022 and the equipment used was the ABEM Terrameter LS.
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Figure 1. Study area location. The inset shows its position in Brazil.

VEVI0O

"~ SectionB” ¥

/

Section/('f
P

¥

. AR 5
T Section'B
— el

ection A
/

' 5 ERT Line

Figure 2. Sections analyzed from SE front.
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This equipment has a power of 250W, a maximum current of
2.5 A, aresolution of 1uV and allows automatic data acquisi-
tion (ABEM 2012). The configuration parameters for carrying
out this study were: current of 500 mA, transmission time of 1
second and reading time after the current cut-off of 0.3 seconds.

Geophysical data were processed in RES2DINV software
and presented as a resistivity inversion model with distance
X depth sections (Martins et al. 2016). This software is used
to process large data sets in two dimensions acquired through
electrical imaging. The inversion process consists of a series of
rectangular blocks, whose layout are related to the distribution
of data points in a pseudo-section, that is, the section generated
by the theoretical field data. The distribution and size of the
blocks are automatically generated by the program according to
the distribution of data points. The depth of the bottom row of
blocks is set to be approximately equivalent to the investigation
depth of points with the greatest spacing between electrodes
(Edwards 1977).

3.2 Geomechanical survey

The geomechanical survey comprised lithological description
and classification (Jerram and Petford 2012) and joint mapping
and characterization. For the rock joint survey the scanline meth-
od was used (Priest and Hudson 1981), covering the total length

of the geophysical lines previously described (Figure 3). Joints
attitudes were recorded with a compass and the dip direction/dip
notation has been adopted (Porto et al. 2012). Joint properties
such as weathering, roughness, strength and water infiltration
were evaluated based on Barton 1988 and ISRM (1978). The
average angle of friction of joint planes was estimated based on
Barton (1988).

Structural data was processed, analyzed and interpreted with
Dips software (Rocsience). Kinematic analyzes was performed
as described by Kliche (1999) and Wyllie and Mah (2004).
Toppling failure mode has not been tested because it is unlikely
in the lithotypes mapped in the mine.

4. Results and Discussion
4.1 Section A

The visual analysis of the slope face of section A indicated the
presence of the foiaite rock in the first 50 meters analyzed and,
in the rest, the presence of the volcanic breccia was observed.
Although both lithologies show alteration characteristics, nota-
bly observed due to the presence of an oxidation film (Figure
4), the mechanical resistance found for the breccia lithology is
less than 50 MPa, corresponding to the resistance of the foiaite.

Figure 3. Scanline method: slope demarcation every 10 meters and investigation of slope conditions and structural measures.



Figure 4. Lithological variety from section A.

The extrusive and hypabyssal varieties of nepheline syenite
forms phonolites, tinguaites and foiaites, a textural variety of
nepheline syenite with hydrothermal alterations (Fraenkel et
al. 1985). Volcanic breccias were formed by hydrothermal
processes, which caused changes in temperature and pressure.
These changes, combined with gaseous emissions and thermal
solutions, created breccias with high permeability and porosity,
which allowed the rise of mineralized hydrothermal solutions
and, consequently, mineralization. The products from the hy-
drothermal process are fluorite, zirconium, molybdenum and
uranium (Ulbrich et al. 2000).

A total of 25 rock joints have been recorded for Section A.
These are grouped in four joint sets. The average friction angle
is close to 44°. Figure 5 shows the kinematic stability analyzes
for wedge and planar failure models. Planar failure mode is very
likely for Section A and wedge failure mode has a marginal risk.
During the field survey only planar failures were observed (Figure
5). Failure surfaces are highly irregular and wavy.

The geophysical results in Section A corroborated with litho-
logical variety highlighted by the difference in resistivity values:
foiaite with resistivity values up to 4116 Q.m and volcanic breccia
with resistivity values between 697 and 4116 Q.m (Figure 6).
This decrease in electrical resistivity may be related to the lower
mechanical resistance breccia lithology (25 to 50 MPa) linked to
its mineralogical composition and porosity that retains the water
mainly in the rainy season. When saturated, the resistance of this
rock decreases and can cause ruptures. It’s possible to observe
the water presence near 80 meters, with resistivity values near
to 118 Q.m. The planar rupture in this sector is coincident with
breccia lithology and groundwater.
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4.2 Section B

The rupture that covers a large part of section B is related
with the volcanic breccia lithology (between 20 and 60 meters)
(Figure 7a). During the visual inspection of the slope face water
surgency was identified at three different locations, in volcanic
breccia and in the foiaite, nearest to the end of the investigation
geophysical line (Figure 7b). In this sense, it is possible to inter-
pret that the central sector of the SE front of the mine receives
a lot of water, which infiltrates and is stored in the porous of
breccias and infiltrates and percolates through the fractures of
the foiaite. It was also possible to notice the presence of relic
structures of mineralizations in the breccias (Figure 7c).

A total of 24 rock joints have been recorded for Section B.
The average angle of friction is 48°. Figure 8 shows the kinematic
stability analysis for wedge and planar failure models. It can
be deduced that Section B has a marginal risk for both failure
modes. The field survey revealed a large wedge failure at the
center of Section B associated with volcanic breccia (Figure 8).

The geophysical results of electrical resistivity (Figure 9)
indicated the presence of groundwater throughout section B
evidenced by resistivity values lower than 118 Q.m and at some
points close to 20 Q.m, which indicate the presence of solutes
in water from rock alteration.

4.3 Section C

Section C is made of fresh to slightly weathered tinguaite
with strength well above 50 MPa. Drill mark for rock blasting are
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Figure 5. Planar rupture verified on Section A. Stereographic projection for Kinematic Analysis from Section A: planar and wedge. The
pale red zones represent the zones of risk for planar and wedge failures.
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Figure 8. Stereographic projection for kinematic analysis for Section B: planar (left) and wedge (right). The pale red zones represent the zones
of risk for planar and wedge failures. Detail of a large wedge failure in Section B. Note the irregular and wavy character of the failure surface.
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Figure 9. Correlation between geophysical interpretation and analysis from section B.

widespred all over the slope indicating a high rock mass quality.
There are no evidences to breccia lithology. The fractures pres-
ent in the section C belong to the same family and therefore the
kinematic analyses show the marginally possibility of occurrence
only to planar rupture (Figure 10).

The resistivity results of this section indicated the presence
of a fractured rock mass with resistivity values between 287 Q.m
and 1694 Q.m and the presence of water in areas with resistivities
lower than 118 Q.m (Figure 11). However, the fractures were
filled with water, the geomechanical conditions, such as, high
mechanic resistance and lower alteration degree help prevent
the development of ruptures. Furthermore, the inexistence of
oxidation film on the rock mass suggests that the seepage water
flows quickly, and not be accumulated in the fractures, reducing
the chances of ruptures.

5. Conclusions

The integration between the geophysical and structural - geo-
technical data allowed us to conclude that although the presence

of water in the subsurface is one of the main triggering agents
for the ruptures occurrence, this is potentiated when it is found
under more porous, altered and consequently less resistant rocks,
such as volcanic breccias.

Zones with the presence of other types of rocks such as
foiaite and tinguaite, are less susceptible to the development
of ruptures and although they may contain water, its flow is
faster and the storage capacity is smaller. The geophysical test
of DC resistivity proved to be an assertive tool regarding the
identification of different subsurface materials, such as water
and different lithologies.

Furthermore, the results also reveal the possibility of using
geophysical monitoring in slopes of linear works with high traffic,
such as highways and railways, where the accumulation of water
in fracture planes combined with vibration during the passage of
vehicles, can induce geotechnical instabilities.

Whether in cases of mining operations or transport, early
diagnosis of groundwater, with possibility of geotechnical in-
stability events can save lives, damage and significantly reduce
the costs involved with removing and unblocking access, or even
resurfacing works.
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