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Abstract. The objective was to investigate how water infiltrated into waste dumps at a mine site. The electrical 
resistivity method of field geophysics was applied to produce 4D imaging of progressive water infiltration 
into the waste dump. The goal is to test a method for investigating how rain water infiltrates unconsolidated 
materials in mine waste dumps. This is an important problem when evaluating the water balance in waste 
dumps and understanding the conditions for contamination of the water flowing through the waste materials. 
The trial was carried out in one of the two large dumps at Elatsite mine, which are composed of rocks with 
various fragment size and diverse mineral composition. The investigation was undertaken by discharging salt 
solution into the waste dump and taking geophysical measurements on a rectangular electrode grid at certain 
time intervals. The grid consisted of 64 electrodes forming 10×5 m cells and covering a 70×35 m area. As 
a result, it was possible to record how the infiltration and dispersion of the salt solution developed in space 
and time. In the last one of the seven surveys, 40 hours after the start of the trial, it was established that the 
salt solution reached a depth of approximately 40 m. The results could be used for predicting the interaction 
between water and waste material.
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INTRODUCTION

Mining activities always result in disturbance of the 
natural surface topography and geological condi-
tions. An essential factor for this is the creation of 
dumps of barren rock waste material that can be of 
considerable volume and area. From an ecological 
point of view, it is particularly important to under-
stand the pathways for rain water infiltration into the 

dumps. The investigation of this process, especially 
using monitoring boreholes, could be very difficult, 
considering that the accumulated material is un-
consolidated and often with a variable grain size, 
unevenly distributed in the volume of the dumps. 
Therefore, other investigative approaches are often 
needed to obtain the information required for the 
purpose of the relevant study. One such possibil-
ity is the application of geophysical investigations, 
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which often can assist in solving different hydro-
geological problems (Dobecki and Romig, 1985; 
Ward, 1990; Kirsch, 2006). Electrical geophysical 
methods are most widely used. Some of them allow 
for clarifying the groundwater flow, often related to 
understanding the spatial distribution of contamina-
tion, sea water intrusion, or the impact of mining 
(see Zonge et al., 1985; Meiser, 1991; Buselli et al., 
1998, Ustra et al., 2012). Such investigations have 
also been carried out in Bulgaria (Gyurov and Stoy-
anov, 2004; Stoyanov and Gyurov, 2004; Shanov 
et al., 2011; Dimovski et al., 2017, Stoyanov et al., 
2017, 2019; Stoyanov and Dimovski, 2018, 2020). 
Recently, geophysical methods have more fre-
quently been used for recording temporal changes 
in hydrogeological parameters (Wilkinson et al., 
2010; Sarkheil and Habibi Rad, 2015; Lesparre et 
al., 2019). Cross borehole electrical resistivity to-
mography has been used in studying water flow in 
the unsaturated zone (Daily et al., 1992).

The purpose of the present investigation is to 
propose and test a method for describing the infil-
tration of surface water and its subsequent disper-
sion into the unsaturated zone of mine waste dumps, 
by using electrical resistivity techniques. Applying 
this method in different parts of mine waste dumps 

would allow describing the groundwater flow con-
ditions within them, which is important for solving 
many ecological problems. The test site, where the 
investigation was carried out, is in the eastern waste 
dumps at the Elatsite open-cast mine.

DESCRIPTION OF THE TEST SITE

The Elatsite mine is the largest open-cast mine in 
Bulgaria and one of the largest in Europe. It is locat-
ed in the Western Balkan Mountains, not far from 
the town of Etropole (Fig. 1). The ore deposit was 
explored in 1956–1968, and mining has been go-
ing on since 1976 (Hristov and Vasilev, 2017). A 
large pit was excavated and its depth and volume 
are continuously increasing. The excavated mate-
rial is accumulated in two areas: Eastern Dumps 
and Western Dumps. Currently in use are mainly 
the Western Dumps, while the Eastern Dumps are 
being reinstated. The dumps consist of excavated 
unsorted material with various particle size and 
mineral composition corresponding to the host 
rock varieties (Georgiev, 2004). The rock types in-
clude low-grade metamorphic rocks of Paleozoic 
age (phyllite, hornfelse, grained and banded schist) 

Fig. 1. Elatsite mine and location of the trial test.
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and Mesozoic (Upper Cretaceous) magmatic rocks: 
quartz-monzodiorites (sienodiorites), porphyrites 
and granodiorite porphyrites.

The flat areas were considered suitable for un-
dertaking the test trial as there was no work under-
taken at the time, the conditions were stable, and 
the experiment would not interfere with the mining 
operations. Initial walkovers were undertaken to fa-
miliarize with the conditions on site and to select 
appropriate locations for the experimental setup in 
order to obtain results applicable in subsequent as-
sessments. The main problems were related to the 
extremely inhomogeneous material in the differ-
ent parts of the dumps. The size of the rock pieces 
varied in the range from millimeters to decimeters, 
and no regularity could be established due to the 
method of material dumping and buildup. In the 
process of tipping, the material is distributed down 
the slopes of the dumps, with coarse fragments roll-
ing further down, while finer fractions are retained 
in the higher levels, near the tipping platforms. As 
a result, the layering that formed was irregular and 
subsequently disturbed with the growth of the tips 
and with change of tipping direction. Furthermore, 
the movement of the heavy trucks results in forming 
a wide range of compactness of the material in dif-
ferent parts of the dumps. The level platforms on the 
dumps are characterized by a very compact surface 
layer, which contains more fine material as com-
pared to the deeper levels and slopes. In the process 
of buildup, such platforms had been formed and 
subsequently buried, thus forming numerous low-
permeability layers in the dumps. Typical features 
on these platforms are puddles retaining water for 
long time and leaving clear footprints on the surface 
(Fig. 1). The sub-horizontal layers and the layering 
down the steep slopes form a structurally intricate 
system, where it is impossible to distinguish char-
acteristic anisotropy. The selected test site is located 
at 1,300 m above sea level.

METHODOLOGY

The problem of investigating water intrusion into 
the dumps was approached by discharging saline 
solution into a trial pit. Because of its low resistiv-
ity, the saline solution is a medium contrasting with 
the materials in the dump. The three-dimensional 
models obtained at different times allow tracing the 
spatial distribution of the saline water solution and 
its vertical advancement. The models were created 
by recording the change in values after discharging 
the saline water as compared to the baseline meas-

urement. As a result, zones of decreased resistivity 
could be distinguished, assuming that the solution 
had passed though those zones.

Electrical resistivity tomography was the main 
method applied to obtain full coverage of the stud-
ied area and to create three-dimensional model for 
tracing the infiltrating water solution. The experi-
mental setup was selected depending on the objec-
tives and the actual geological conditions. The resis-
tivity measurements were carried out in pole-pole, 
pole-dipole and dipole-dipole arrays (Loke, 2002). 
Other types of arrays cannot provide sufficient in-
formation and coverage of the investigated area as 
required to obtain a full 3D model. The electrodes 
were arranged on a grid. Ideally, the electrodes 
would be arranged in a square grid; however, other 
arrangements are also applicable depending on the 
specific conditions, surface topography, and techni-
cal capabilities.

The measurements were carried out with 
ATIGEO-200, single-channel equipment for electri-
cal resistivity survey with direct current, including:

• 200 W power generator;
• 1 A maximal output current;
• 450 V (900 V P-P) maximal output voltage;
• 150 operating frequencies (0.25–15 Hz);
• 24-bit analog-to-digital converter;

Fig. 2. Change of electrical conductivity and resistance with 
increasing NaCl concentration (laboratory test results).
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Fig. 3. Electrode grid on the surface and selected cross-section lines AA1 and BB1.

• personal computer and UART interface for 
setting the working positions of the electrodes;

• four multicore cables with 16 electrodes each, 
10-m electrode spacing;

• 2×500 m cables for the pole-pole array;
• 64 operative electrodes.
Laboratory tests were performed in advance to 

determine the appropriate concentration of the salt 
solution (Fig. 2). It was concluded that at least 10 g 
NaCl per 1 L of water should be added in order to 
reduce the resistivity by two orders of magnitude.

The data were processed using RES3DINV soft-
ware, which is capable of evaluating the spatial 
distribution of electrical resistivity (Li and Olden-

burg, 1992; White et al., 2001). The method of least 
squares was applied to analyze the output data). 
Visualization of the results was produced using 
RockWork software.

The experimental setup included one 2×2×1 m 
trial pit in the center of a 70×30 m electrode grid 
formed by 64 electrodes arranged in 10×5 m cells 
(Fig. 3). The setup allowed for complete coverage 
of the subsurface volume in which the water solu-
tion infiltrated from the trial pit. The water solution 
discharged in the trial pit was prepared by dissolv-
ing 40 kg NaCl in 4 m3 of water. Preliminary calcu-
lations indicated that the electrical resistivity in the 
water solution dropped almost three times, signifi-
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cantly decreasing the electrical resistivity of the sat-
urated volumes in depth. The results were produced 
by calculating anomalous values in space and time 
after comparing electrical resistivity measurements 
to baseline conditions, which were recorded before 
the release of the water solution. The first measure-
ment was undertaken 20 min after the release of 
water solution, then followed by six more measure-
ments with reducing frequency over 40 hours.

RESULTS AND DISCUSSION

The experiment began on 13 August 2017. The 
baseline survey was completed to define the volume 
where the saline solution was expected to infiltrate 
(Fig. 4).

Subsequently, 10 kg NaCl were added into four 
containers of 1 m3 water, and the solution was dis-
charged into the trial pit within 20 minutes (Fig. 5).  
The water level in the trial pit did not change no-
ticeably while the water was being released, and af-

ter the full volume was poured in it infiltrated very 
quickly into the ground. The first measurement 
began immediately after discharge and subsequent 
measurements continued for two days, gradually 
becoming less frequent (Table 1).

To visualize the infiltration of the saline solu-
tion, 2D and 3D models were created, showing the 
anomalous values based on the results (Figs 6–13).

It was observed that, after infiltrating into the 
ground, the water dispersed like a cloud and was 
being retained in the dump materials. A good three-
dimensional picture was obtained, showing the in-
filtration at different time intervals and allowing to 
estimate the exact time of reaching given points in 
the dump (Fig. 14). Within approximately 40 hours, 
the salt solution reached 45–50 m depth, from ap-
proximately 90 m total depth of the waste dumps. 
Based on the experimental data, the conductivity 
of the ground was estimated to be 0,0003 m/s. The 
infiltration velocity of the salt solution varies with 
depth (Fig. 15), and it is related to the type of waste 
material in the dumps. It was highest in the top lev-

Fig. 4. 3D model of the electrical resistivity distribution in the investigated volume before infiltrating NaCl solution.
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Fig. 5. Discharging saline solution into the trial pit.

Table 1
Time of measurement after discharge of the saline water solution

No. Date Time Start of measurement
after discharge (min)

1 13.8.2018 17h 35min 0
2 13.8.2018 19h 10min 95
3 13.8.2018 20h 05min 195
4 14.8.2018 1h 25min 470
5 14.8.2018 6h 25min 770
6 14.8.2018 10h 25min 1010
7 14.8.2018 15h 2min 1305
8 15.8.2018 9h 3min 2395

els, where the material is least compacted, and de-
creased with approximately one order of magnitude 
at a depth of 10–15 m. The general trend of decreas-
ing conductivity continued with depth, with some 
local aberrations as a result from irregular tipping of 
material of different rock composition.

CONCLUSION

The results indicate that the applied method pro-
vides very clear representation of how water infil-
trates unsaturated material in waste dumps. It makes 
it possible to obtain actual picture of dispersion and 
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Fig. 6. Electrical resistivity immediately after discharge of NaCl solution: a) 3D model; b) 2D model along cross section A–A1; c) 
2D model along cross section B–B1.
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Fig. 7. Electrical resistivity immediately after discharge of NaCl solution, t = 95 min: a) 3D model; b) 2D model along cross sec-
tion A–A1; c) 2D model along cross section B–B1.
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Fig. 8. Electrical resistivity immediately after discharge of NaCl solution, t = 195 min: a) 3D model; b) 2D model along cross sec-
tion A–A1; c) 2D model along cross section B–B1.
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Fig. 9. Electrical resistivity immediately after discharge of NaCl solution, t = 470 min: a) 3D model; b) 2D model along cross sec-
tion A–A1; c) 2D model along cross section B–B1.
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Fig. 10. Electrical resistivity immediately after discharge of NaCl solution, t = 770 min: a) 3D model; b) 2D model along cross 
section A–A1; c) 2D model along cross section B–B1.
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Fig. 11. Electrical resistivity immediately after discharge of NaCl solution, t = 1010 min: a) 3D model; b) 2D model along cross 
section A–A1; c) 2D model along cross section B–B1.
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Fig. 12. Electrical resistivity immediately after discharge of NaCl solution, t = 1305 min: a) 3D model; b) 2D model along cross 
section A–A1; c) 2D model along cross section B–B1.
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Fig. 13. Electrical resistivity immediately after discharge of NaCl solution, t = 2395 min: a) 3D model; b) 2D model along cross 
section A–A1; c) 2D model along cross section B–B1.
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Fig. 14. Plot of the penetration time of the saline solution in the dump.

Fig. 15. Hydraulic (salt solution) conductivity vs depth of the waste dump.

vertical groundwater flow velocity. The success-
ful trial is a forerunner model for planning and un-
dertaking further investigations designed to obtain 
detailed description of the groundwater flow in 
different parts of the waste dumps, as well as gen-
eral characterization of the general hydrogeological 
conditions in them. The method can significantly 
facilitate future investigations related to water bal-
ance and regime in waste dumps, as well as change 
in filtration properties with depth. It could be used 

as a basis for forecasting possible interaction be-
tween porous medium and water for the purpose of 
solving environmental problems.
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