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Abstract

Various types of landfills pose a direct threat to groundwater. Polluted groundwater is characterized
by significantly reduced electrical resistivity. Geophysical methods — in particular DC-resistivity
methods — are sensitive to this physical parameter. Applying these methods can allow for a spatial
assessment of the groundwater quality near the landfills. The key with that approach is to recognize
the geoelectrical structure of an area prior to the existence of a landfill. This information will allow for
a geoelectrical background, which would most likely be an image of the natural and uncontaminated
study area. Subsequent measurements will be more effective due to the possibility of comparing the
current state of the area to the original state. This paper presents an example of such a study. Here,
the research area of interest was located in the vicinity of an inactive tailings disposal site. In order to
assess the pollution of the groundwater, a vertical electrical sounding method was applied. The results of
modern measurements were compared with those from the reinterpretation of the data obtained several
decades ago. The selected geoelectrical method proved to be effective, allowing for the determination of
the range of contaminated groundwater in regions that were not covered by traditional hydrogeological
monitoring by a piezometer network. Repetition of vertical electrical sounding in the future will allow

for tracking the displacement of pollution within the aquifer.

Keywords: groundwater pollution, tailings disposal site, geoelectrical method, vertical electrical
sounding, waste disposal site

Introduction of the area should be monitored for any environmental

impacts or hazards. This approach also refers to

After tailings disposal sites have been closed and mining tailings disposal sites, which create a serious
waste has been deposited, groundwater in the vicinity hazard for the quality of groundwater and surface

waters — especially when considering the presence of
the accumulated, highly soluble mineral salts and the
decadal influence of these disposal sites on groundwater
*e-mail: duda@agh.edu.pl and surface waters.
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Traditional hydrogeological monitoring starts with
drilling boreholes where observation piezometers are
installed. With these borecholes, water samples are
systematically collected for chemical analyses. This
method is costly, and while it gives point information
it is acceptable only in small contamination sources
located within areas of a simple geological structure.
However, most mine waste disposal sites cover
considerably large areas, sometimes ranging over a
few km?. Moreover, these areas are sometimes located
in proximity to complicated geological structures,
where point recognition through piezometers does not
suffice. Additionally, hydrogeological monitoring does
not provide spatial information (3-D), which is needed
for designing efficient remediation measures. In this
situation, geoelectrical surveys allowing for spatial
interpretation of the results would be a good tool for
determining the range of the groundwater pollution zone
surrounding the waste disposal sites.

Electrical resistivity is a physical parameter that
may indicate the wvariability of permeable porous
sediments. Sandy structures have favourable conditions
for the expansion of polluted groundwater and manifest
themselves as zones of elevated resistivity as compared
to practically impermeable loams and clays, which
have low resistivity values. Geoelectrical methods
— especially DC resistivity methods — rely on the
diversified electrical resistivity of different media and
can easily facilitate and quickly recognize the geological
structure, thus determining the condition of the near-
surface zone. These methods, including the electrical
resistivity tomography (ERT) method, are frequently
used for engineering and environmental surveys [1-6],
especially those surveys of groundwater zones in the
vicinity of waste disposal sites [7-17]. In particular,
the vertical electrical sounding (VES) method is a
promising approach that is discussed in this article.
Despite the existence of the newer and more advanced
ERT method, the VES method is still successfully used
in the search for groundwater [18-21], characterization
of its resources [22—-25] and groundwater contamination
surveys in the vicinity of waste disposal sites [26—30],
thanks to its fast data collection and mapping of large
areas.

Geoelectrical methods are advantageous in that
they allow for the detection of aquifer zones saturated
with salty water. Penetration of highly mineralized
waters to an aquifer with fresh groundwater lowers
the resultant electrical resistivity of this layer, which
is proportional to the degree of water mineralization.
Mixing of fresh groundwater with salty waters, e.g.,
leachates from waste disposal sites, causes lowering
of an originally high resistivity value of sandy-gravel
aquifers. Consequently, the image of an aquifer from
the interpretation of geoelectrical surveys is similar to
the resistivity values of loam layers. The comparison of
low electrical resistivity values for loams and clays with
the typically low resistivity values of permeable strata
containing salty water creates a fundamental difficulty

in the proper interpretation of pollutants present in
groundwater and the delineation of their spatial 3-D
range.

Another effect that can hinder the proper
interpretation of geoelectrical surveys is the lowering
of resistivity of impervious strata, i.e., clays and
loams due to their long contact with salty waters.
Through diffusion, chlorides and sulphates gradually
migrate to micropores of these fine-grained structures.
Consequently, loams may reach resistivity values that
are characteristic of clays, which reach anomalously
low resistivity values. For both these reasons, the
identification of low-resistivity zones when considering
the potential sources of groundwater pollution may be
ambiguous. This ambiguity particularly applies to the
situation when no archival geological profiles were
available, i.e., before the source of pollution appeared;
these profiles are an indispensable benchmark for
geophysical interpretation. However, there is usually no
such basic geological recognition with boreholes in the
neighbourhood of old waste disposal sites, usually tens
of years old.

Even with proper interpretation of the results from
geoelectrical surveys of groundwater zone condition,
these problems make the geoclectrical measurements of
little use when correctly delineating the range of waste
in groundwater. This study reports new approaches
to solve these problems, especially in reference to the
newly planned waste disposal sites and other potential
sources of groundwater contamination. It was assumed
that interpretation errors can be avoided by comparing
basic geoelectrical surveys around the planned tailings
disposal site (before the object was opened) on a broader
scale with more recent measurements. The results of the
surveys made before the disposal site became active are
a natural geoelectrical background of the given area;
with this baseline information, the geological structure
of the site can be modelled. The comparison of recent
measurements with basic geoelectrical surveys helped
to clearly view the drop of electrical resistivity caused
by the elevated salinity of groundwater. Consequently,
the range of groundwater pollution during and after the
tailings disposal (if the disposal site was not insulated
from the bottom) should be correctly defined.

Materials and Methods
Study Area

The analysed case in this study was based on an
inactive large post-flotation tailings disposal site in
southwestern Poland (Fig. 1).

In the geological structure of the research area,
the Neogene and Quaternary formations are of key
importance. The Neogene formation is represented
by Miocene and Pliocene deposits, while the Miocene
is represented by sands, clays and brown coal layers,
over which lay the Pliocene clays. The thickness of this
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Fig. 1. Research area (source of aerial photo: Google Earth).

sediment complex is approximately 200 m. Quaternary
formations are mainly fluvioglacial sands with gravel
and clay. The moraine clays are characterized by high
lithological variability. These are sediments of silty,
clayey, sandy and gravel fractions mixed together in
various quantitative ratios. Above, below and within
the clays, there are fluvioglacial sediments consisting
of sands and gravels. Among these fluvioglacial
sediments, there are pebbles and even boulders, which
are usually made of granite. The composition of
these sediments also includes loamy sands, silt, silty
and sandy loam occurring in the form of lenses and
small interbeddings. The thickness of the Quaternary
sediments varies from 1 to 80 m. The boundary of the
glacier front overlap in this area caused the roof of the
Pliocene clays to fold together with Quaternary clays
and fluvioglacial sediments. Due to this process, there is
large vertical and horizontal variability in the sediment
stacking.

tailings disposal site

-
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Fig. 2. Conceptual model of hydrogeological conditions and
migration of pollutants from the tailings disposal site 1 — dam;
2 — coarse grained tailings; 3 — fine grained and silty tailings;
4 — mixed grained sands and gravel; 5 — low permeable sediment
(boulder loam, silt); 6 — groundwater table; 7 — piezometer;
8 — infiltration of rain water; 9 — salty leakage from tailings;
10 — fresh groundwater inflow; 11 — contaminated groundwater
outflow.

The tailings disposal site was running until 1980. It
covered an area of 6.2 km? (Fig. 1) and stored about 66
to 68 million m?* of post-flotation tailings. These tailings
were mainly mineral waste, i.e., shales, sandstone and
carbonate rocks comminuted in the process of ore
enrichment. Quartz and carbonate minerals (calcite and
dolomite) dominated in the waste material. There were
also clay minerals, anhydrite, gypsum and sulphide ore
minerals. Former settling reservoirs were not insulated
from the bottom, and the post-flotation tailings poured
out from the ore enrichment plant as a pulp. The
hydro-transport of waste was based on high salinity
mine brines. The high-salt leachate from the settling
reservoir penetrated down the ground contaminating
groundwater in an unconfined aquifer (Fig. 2). Part
of the waste was coarse-grained; therefore, chlorides,
sodium and sulphates were leached from the waste
by rain waters and transported to the aquifer with the
leachate even after the disposal processes had finished.
The Pleistocene aquifer had a porous character as it was
made of sands and gravel. Groundwater contaminated
with chemical components from the leachate leaked
from under the waste disposal site to the west, southwest
and south (Fig. 3).

The specific type of contamination hazard in
groundwater and surface waters in a disposal area
is a result of using the highly saline waters in a mine
(SO,~Ca and CI-Na) for the hydro-transport of
waste. The mineralization of waters filling the porous
space was about 17,000 mg/1, whereas the concentration
of chlorides, sodium, and sulphates were 6,600 mg/l,
4,500 mg/l and 4,300 mg/l, respectively. These
concentrations resulted in spreading waters containing
high amounts of chlorides and sulphates into the
nearby groundwater. Correlations between the electrical
conductivity of water (important for geoelectrical
surveys) and the concentrations of the main ions found
in the water (chlorides, sulphates and sodium) in the
groundwater near the foreground of the disposal site are
presented in Fig. 4.

Geoelectrical Survey

Vertical electrical soundings (VES) with the use
of a Wenner array were performed in the analysed arca
in 1961. The results of these measurements created
a basis for the interpretation of a geoelectrical
background: an image of the original (i.e., natural)
hydrogeological medium prior to the construction of the
tailings disposal site. The anomalous changes caused
by the percolation of salty waters from the tailings to
the Quaternary aquifer at the bottom of the disposal
site were recorded because they caused a change in
the geoeclectrical image of the natural hydrogeological
medium.

There were 160 reinterpreted archival VES curves
and 80 performed new soundings within this research.
To obtain a comparative material, measurements in 2015
were performed in places where the elevated salinity
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Fig. 3. Map showing placement of VES surveys and the interpreted impact range of waste disposal site (source of topographic map —

Geoportal.gov.pl).

of groundwater was expected. These places were selected
on the basis of reinterpretation of the background VES
data from 1961.

Geoelectrical ~layers differing in interpreted
resistivity values were distinguished and ascribed
according to proper lithology and water permeability

conditions. The following identification criteria
were assumed for sandy strata saturated with salty
groundwater:

— Distinct lowering of resistivity of sandy strata
recorded in the 2015 VES curves and repeated in
locations where surveys were performed in 1961.
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Fig. 4. Correlation of electrical conductivity and concentration of chlorides (Cl), sodium (Na) and sulfates (SO,) in groundwater on the

flotation tailings disposal site foreground.
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Fig. 5. Map of top surface of clays in the tailings disposal site vicinity.

— Comparison of boreholes and piezometers within 300-500 m, given a dependence on the thickness of the
geological profiles. Quaternary strata at a depth of 50-70 m. Generally, VES
The new soundings were performed using a surveys assumed that the high-resistivity complexes, i.e.,
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Fig. 7. Interpreted geoelectrical section B: a) archival data, b) recent data.

thus reaching the top of the low-resistivity impermeable

Tertiary clays. The placement of VES stands was

established with GPS, determining coordinates in a

WGS84 system.

The parametric soundings on the boreholes in the
neighbouring post-flotation tailings disposal site [26]
created a basis for the estimated criteria used in the
hydrogeological identification of the geoelectrical strata
of selected sections (Figs 6-8):

I. Strata with an interpreted resistivity over 300 Qm:

sandy-gravel complexes with possible inter-bedding

loams, deposited at the surface — anhydrous in the
upper zone and water present locally in the bottom.

Strata with an interpreted resistivity of 80-300 Qm:

watered sand with gravel and pure sand.

II1. Strata with an interpreted resistivity of 50-80 Qm:
loamy-sandy complexes, with dominating loams,
groundwater in possible sandy interlayers.

I'V. Strata with an interpreted resistivity of 8-40 Qm:
loams, clays and mudstones.

V. Strata with an interpreted resistivity of 3-20 Qm:
permeable strata saturated with the salty waters —
anomalous drop of resistivity of sandy strata.

IIL.

VI.Strata with an interpreted resistivity of 20-75 Qm —
permeable strata within which the influence of salty
waters was visible — considerable drop of resistivity
of sandy strata.

Geoelectrical sections A-C (Figs 6-8) were
quantitatively identified using the IPI2Win program [31].
Geoelectrical layers were correlated for sections when
considering the similarity of the VES curves with the
interpreted resistivity values. For improving the accuracy
of interpretation, the series lines were incorporated with
geological profiles of known boreholes and piezometers.
Data about the depth intervals of installed filters in
piezometers and concentrations of chlorides observed
in samples collected in 2015 provided additional
information to identify the sandy strata that contained
waters of varying salinity.

Results and Discussion
In the DC resistivity method, the vertical resolution

decreases with the increasing depth of recognition of the
studied medium. In addition, the results of the inversion
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Fig. 8. Interpreted geoelectrical section C: a) archival data, b) recent data.

of VES data are ambiguous [32]. This ambiguity
results in many equally correct (as in being compatible
with field data) interpretations of geoelectrical
models that differ in both properties and geometry. In
addition, in the analysed case, the adjacent VES stands
were located in the field at minimum distances of
approximately 200 m, which in turn affects the limited
horizontal resolution. Therefore, the map presented in
Fig. 5, as well as the geoelectrical sections discussed
(Figs 6-8), are approximate and simply the most
probable image of the hydrogeological medium
investigated in this study.

The weakly permeable Pleistocene clays play
a crucial role for the conditions where contamination
from the disposal site can migrate into groundwater.
The importance of the similar clay layer is also noted
in the nearby tailings disposal site [26] as well as other
locations, such as when in proximity to steelwork near
Krakow, Poland, where heaps and tailings ponds are
present [16]. A map from the study area representing the
surface of the roof of the clays was obtained with the
inversion of the VES data (Fig. 5). As can be seen in
this figure, the roof part of the weakly permeable strata

is strongly folded, elevated and deeply cutting in erosion
structures due to glaciotectonics.

Owing to the big number of VES measurements
(240 stands), there were more than 20 interpreted
geoelectrical sections. Only selected sections (locations
in Fig. 3) were presented in this paper, showing how
a given section can change when under the influence
of leachate from the tailings disposal site, even decades
after the disposal site was terminated (Figs 6-8).
The sections representing deposition of interpreted
geoelectrical strata were paired. The section based on
the inversion of archival data is given in (a), and the
recent section in (b). Colours and signature marks were
used to highlight strata and geoelectrical complexes
identified with sandy strata: water-free strata, strata
containing unpolluted groundwater and strata containing
contaminated groundwater.

The thickness of the Quaternary sediments in the
analysed area varies from a few to over 70 m (Figs 6-8).
The Quaternary sediments in that area lithologically
differ in both vertical perspective and horizontal extent.
The sandy-gravel sediments appear as discontinuous
strata or lenses between weakly permeable strata (loam)
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and impermeable strata (clay). The highest thickness of
sandy-gravel sediments was observed in the sounding
stand B10 (Fig. 7), which was performed in an elevated
area. In the remaining part of the area, sandy-gravel
sediments of the Quaternary aquifer are 30-40 m thick.

The zone of the impact of the former waste disposal
site on groundwater, determined from the surveys
in 2015, extends to the southwestern at a distance of
about 2.5 km from the object (Fig. 3). The analysis of
the obtained results in those surveys in relation to the
analysis of hydrogeological conditions shows that the
inflow of clean groundwater from the elevated areas,
located in the northern part of the analysed area,
efficiently limits the westward migration of salty waters.
The contamination of groundwater practically does
not exceed section line A (Fig. 3). The comparison of
section A for archival data (Fig. 6a) with the section
for recent data (Fig. 6b) reveals that these two datasets
do not substantially differ. The only exception is in the
sounding stands A1l and A14, in the area of a permeable
sandy complex, the zones of lowered interpreted
resistivity were indicated with question marks. These
zones can be attributed to the influence of contaminated
groundwater spreading within the aquifer. On the
other hand, in sections B and C (Figs 7 and 8), there
are notable differences when comparing archival data
(panel “a”) and recent data (panel “b”). The interpreted
zones of contaminated groundwater for recent data
(Figs 7b and 8b) cover considerably large fragments of
the aquifer.

The deeper, contaminated parts of the groundwater
stream that flow under loams reach the more distant
drainage bases (Figs 7 and 8). In that case, the
salinization of groundwater may progress to the
southwestern direction. Anomalously low values of
the interpreted resistivity of aquifers (5-20 Qm) and
considerable drops of apparent resistivity in VES curves
in stands where measurements were performed in 2015
(as compared to the 1961 background), were assumed to
be a result of this disengagement. Such resistivity values
are characteristic of strata saturated with contaminated
groundwater [cf. e.g., 9, 13, 16, 26-28]. This applies to
sandy-gravel permeable strata and also loams and clays.
In loams, there is a slow migration of salt to pore space,
as is frequently observed with diffusion, due to the
long contact with strongly polluted (i.e., mineralized)
groundwater. Similar problems occur in the case of
saltwater intrusion in coastal areas, which is a result
of overexploitation of groundwater resources [33-36].
Consequently, the electrical resistivity of loams of
standard values 30-40 Qm may reach lower values that
are typical of clays. Therefore, differentiating between
low-resistivity zones of loams and clays in certain
geoelectrical sections may be ambiguous.

As mentioned earlier, on the basis of VES data
from 1961, a geoelectrical image of the studied area
was obtained from the time preceding the existence
of a tailings disposal site. The research results from
2015 suggest a significant change in the study area

that is indicative of the spread of contaminated waters
within the aquifer. The results of the analyses presented
in this article can be used as a basis for further
research on geoelectrical monitoring. In addition,
future monitoring work can focus on a more local
scale. Based on the obtained cross-sections (Figs 6-8)
and map of the contaminated water range (Fig. 3), it
is possible to conduct monitoring only in selected,
endangered parts of the study area, e.g., the border
between fresh and contaminated groundwater. With
this more localized approach, it is also possible to select
interesting installation sites for new piezometers for
hydrogeological monitoring purposes. Nevertheless,
combined geophysical and hydrogeological studies are
an effective tool for assessing the state of groundwater
contamination. Notably, there is similar research
regarding the nearby Zelazny Most tailings disposal site.
In that work, approximately 10 years of geophysical and
hydrogeological monitoring was applied to an area with
a very similar geological structure to the one discussed
in this study. Vertical electrical sounding together
with other geophysical methods proved to be effective
in mapping polluted groundwater within post-glacial
formations filled with sand and gravel [26].

Conclusions

In this research, geophysical analyses covering
80 modern VES surveys and reinterpretation of
160 archival soundings, provided a detailed recognition
of the geological structure of the tailings disposal
site area to a depth of approximately 70 m and gave
current information on the extent of contamination
that migrated from the disposal site to areas where
traditional groundwater monitoring is unavailable.

Through comparing recent VES data to the archived
data, this study achieved high efficiency of performed
geoelectrical surveys to delineate the present range
of contaminated groundwater. The interpretation
of the archived soundings data determined the
geological structure of the study area in its original,
uncontaminated state. Significant changes were noted
when comparing modern VES data with the archived
data. In this comparison, there was a drop in interpreted
resistivity values, which was evoked by the changing
salinity of groundwater. The drop of resistivity values
suggests increased contamination. When applying the
methodology described here to future studies, it will be
possible to observe an increase in interpreted resistivity
values. This increase may indicate the progress of
ongoing natural attenuation of contamination or the
effectiveness of possible remediation activities.

This study shows that in order to avoid errors
in the interpretation of the results of geoelectrical
surveys, it is important to incorporate a broader range
of basic measurements performed in the vicinity of the
planned waste disposal site prior to its construction.
The implementation of these data into a model of
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the geoelectrical-geological structure of the area will
improve its accuracy and resolution. These data also
serve as the geoelectrical background of the area.
The basic survey preceding the disposal of waste,
followed by repeated measurements after operation of
the disposal site has been performed, will accurately
differentiate between the range of polluted groundwater
in a sandy aquifer from loamy and clayey strata that
do not change their position in the bedrock. These
results should improve the initiatives aimed at correctly
locating activities to reduce groundwater contamination.

Tracing the further advancement of the flow of salty
waters requires systematic geoelectrical monitoring in
the form of repeated surveys in the same place over
a few years. Such types of monitoring approaches are
widely applied to similar environmental problems [34-
35, 37-38].
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