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Abstract: When mines are decommissioned, tailings piles can act as sources of contamination for
decades or even centuries. Tailings, which usually contain high concentrations of metals and trace
elements, can be reprocessed for a secondary recovery of valuable elements with an innovative
approach to a circular economy. This study offers new results for tailings ponds characterisation and
chemical content prediction based on an integrated geophysical-geochemical approach. The study of
the Raibl Pb-Zn tailings impoundment was done using bulk chemical analysis on borehole samples,
Electrical Resistivity Tomography surveys, and Ground Penetrating Radar measurements. We found
valuable and statistically significant correlations between the electrical resistivity of the mining
impoundments and the metal distribution, thus providing a practical opportunity to characterise
large volumes of metal-bearing tailings. In particular, these results can be useful to aid in the
development of environmental monitoring programs for remediation purposes or to implement
economic secondary recovery plans.

Keywords: electrical resistivity tomography (ERT); tailings impoundment; trace metals; secondary min-
ing; remediation; ground penetrating radar (GPR); geochemical analyses; environmental contamination

1. Introduction

Industrial extraction and processing of mineral resources is one of the major anthro-
pogenic global sources of potentially toxic trace elements in the environment. In 1996 alone,
the volume of global mine waste production was estimated to exceed five gigatons [1,2].
Due to the exponentially growing global demand for mineral resources (especially for
Rare Earth Elements (REE) and precious metals) mining companies currently exploit even
low-grade ore bodies [3], where up to 99% of the material is discarded. This requires
managing high volumes of potentially toxic mine waste, and fast but reasonably accurate
methods for the characterisation of large areas are essential.

The common types of solid by-product of mining and beneficiation processes of the
ores usually consist of huge amounts of waste rocks and tailings. Waste rocks include non-
mineralised and low-grade mineralised rock removed during extraction, usually ranging in
size from gravel to sand. On the other hand, tailings are the waste portion of mined material
that is separated from the target mineral during the beneficiation processes (e.g., milling
and flotation), and usually consists of fine materials that still contain high concentrations
of desired material but below the cut-off grade. If market prices change, there may be
increased motive for future reprocessing. For example, the Ag-rich tailings processed in
the early years at Broken Hill Pb-Zn-Ag mine (Australia), have recently been reprocessed
due to the development in new flotation technologies [4].
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Generally, wet tailings are slurried and stored in tailings impoundments. As an example
of the volumes involved, in one of the world’s largest volcanogenic massive sulfide deposits
at Kidd Creek, Ontario, Canada, more than 130 Mt of tailings will be stored in the pond before
the expected closure of the mine scheduled for 2023 [5,6]. Possible contamination due to
failure of the tailing’s impoundments can and does happen, and is of global concern. From
1970 to 2011, more than 70 major impoundment failures occurred around the world [6,7]
causing enormous releases of waste rock, tailings, and waste/acid waters during mining spills.
In these events, enormous volumes of toxic materials can be released into the water catchment
area, which happened in Val di Stava, Italy, 1985 (180,000-200,000 m?3 [7,8]); in Aznalcéllar,
Spain, 1998 (4-5 Mm? [9]), and at the Mount Polley mine, Canada, 2014 (25 Mm? [10]). Even
several years after the closure of the mines the tailings impoundments must be monitored and
protected against weathering (collapse, erosion, leaching, etc.) to safeguard environmental
health at mines sites and downgradient areas.

Nevertheless, with the decommissioning of the mines, waste rock piles and tailings
impoundments can act as sources of contamination at the site for decades or even centuries.
Dispersion of contaminants is mainly caused due to the oxidation processes of sulfide
minerals, when exposed to atmospheric conditions [11] with the subsequent release and
dispersion of potentially toxic trace elements into riverine systems and downstream zones.

As a consequence, there is great interest in developing new and fast methodologies to
study the internal structures, physical and chemical properties of tailings impoundments,
both for environmental or economic purposes. Generally, the most accurate information on
subsurface materials is obtained by borehole drilling. However, costs associated with high-
resolution borehole sampling and chemical analysis are expensive, time-consuming and
limited in horizontal resolution due to the obvious limitations in the number and spatial
density of the drilled boreholes. The geophysical methods include different non-destructive
techniques which can extend borehole punctual data, achieving 2D or 3D distribution maps
by which wide areas can be characterised.

Various authors employed geophysical electrical methods [12] on tailings impound-
ments, also integrated with geochemical characterisations from borehole samples [13-15].
The integrated approach usually allows one to delineate the tailings volumes, some hid-
den structures, as well as bedrock or basement geometries of the impoundments. With
a 3D electrical resistivity tomography (ERT) survey, Martin-Crespo et al. were able to
identify and calculate the volume of the tailings currently stored in the Brunita mine pond,
Spain [16], but few articles, as is the case of the phosphorogypsum pond of Vasconez-Maza
et al. [17] predict the spatial distribution of metals through non-linear regression modelling
combining metal concentrations and quantitative geo-physical parameters.

Ground Penetrating Radar (GPR) techniques have been used in a plethora of applica-
tions at different scales (e.g., Daniels, 2004 [18]). As for the topic of this paper, there are
several examples of applications strictly related to mineral resource evaluations. A com-
prehensive review about the GPR applications for mining geophysics can be found in
Francke, 2010 [19] and there is an interesting case study on bauxite deposits in Erten et al.,
2013 [20]. More specifically, GPR allows for the imaging of the shallow subsurface of
tailings dams (Porsani et al., 2019 [21]) providing qualitative information regarding their
internal structures and “anomalies”.

The aim of this work is therefore to characterise high volumes of high-metal content
mine tailings integrating geophysical and geochemical methods, and to use regression
models to estimate the concentrations of buried tailings, cross-validating the results and in
turn implementing an approach which reduces the overall time and cost of characterisation,
providing necessary information for the remediation of contaminated sites, or for secondary
economic recovery of valuable elements.
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2. Materials and Methods
2.1. Study Area

The Eastern Alps Pb-Zn carbonate-hosted province is a millenary mining area where
extraction has been carried out since ancient times [22]. The Pb-Zn Raibl mine is located in
Cave del Predil (Friuli Venezia Giulia, Italy-lat. 46.44150; lon. 13.56904), close to the borders
with Slovenia and Austria. The Raibl mine district encompasses other carbonate-hosted
Pb-Zn ore deposits along the Periadriatic tectonic Line, such as Bleiberg (Austria), MeZica
(Slovenia), and Salafossa (Italy) [23] (Figure 1).

Vienna
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O Mine ocaiity Ouicroppirig BN B Periadriatic Line 4’

AUSTRIA

Mid Triassic

Venice o _— SLOVENIA

Figure 1. Location of the four main Pb-Zn carbonate-hosted ore deposits in the SE Alps domain, redrawn from Brigo et al. [23].

The strata-bound Mid-Upper Triassic Pb-Zn Raibl ore deposit is nestled in a 1000 m
thick Ladinian carbonate massif (“Sciliar/Schlern Formation”). The Sciliar/Schlern Fm.
is limited by the overlying basinal Carnian units (Raibl group) and at the base by Early
Ladinian tuffs and ignimbrites of the “Rio Freddo Volcanics” [23].

The mine extends for a maximum depth of 520 m underground, with a total length
of more than 120 km of underground galleries. Extraction and processing of the Pb-Zn
ores in the eastern Alps has been documented since 1006 A.D. but were likely carried out
since the Roman period. The mine was initially mainly an open pit and then expanded to
underground mining, with the maximum production reached in the 20th century. During
its final active years almost 350,000 tons/year of raw material of ore with an average
ore grade of 5% Zn and 1% Pb [23] was mined in Raibl. At present, the deposits are of
sub-economic interest and Raibl mine was decommissioned in 1991, like most of the Italian
and Western European metal mines which closed before the end of the 20th century.

Based on the available documentation, after grinding, milling, and flotation separation,
the tailings from the washery were directly discharged into the Rio del Lago stream waters
until 1952. Only in the last nearly twenty years before the mine closed (1972-1991) tailings
were slurried and stored in an impoundment (Figure 2) built at the base of Monte Re
onto the Rio del Lago stream bed, which is composed of alluvial gravel with sands and
boulders mainly made up of limestones and dolostones. The whole areal extension of the
impoundments is approximately 130,000 m?, with a height ranging between 22 m and 15 m
and a volume of waste rocks and tailings of almost 2 Mm? (ie., ~4 Mt).

The mill tailings are confined by external permeable dams built using waste rocks.
Tailings grain size ranges from fine sand to coarse silt, with a smaller component of non-
plastic clay (0-22% [24]). As the result of milling and concentration of the sulfidic ore
deposit, the tailings reflect the mineral composition of the ore deposit where the mineral
assemblage consists of (1) primary minerals: sphalerite, galena, iron sulfides (mainly pyrite,
marcasite, and melnikovite), (2) secondary minerals: smithsonite, cerussite, hydrozincite,
iron oxyhydroxides and (3) rare accessory minerals such as jordanite and gratonite [25].
Dolomite, calcite, and baryte prevail among gangue minerals.
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Figure 2. Satellite image showing the extension of the Raibl mine impoundment (above). Labels S1-54 mark the location
of the boreholes used in this study, while the solid black and dotted red lines with labels P1-P4 depict the ERT and GPR
survey locations respectively. The two pictures below show the impoundment as it appears from the Rio del Lago stream
bed, from the south (left) and from the north (right).

It is interesting to note that the Julian pre-Alps sector is one of the rainiest areas in Italy
and in Europe, with maximum precipitation up to 3100 mm/year. In the village of Cave
del Predil, where the mine site is located, annual average precipitation is approximately
2200 mm/year, with summer and winter as the driest seasons, and autumn and spring as
the rainiest [26,27].

2.2. Geophysical Surveys

GPR is a geophysical technique that uses the propagation of electromagnetic waves
produced by antennas to image underground electromagnetic property contrasts, recon-
structing their geometries. Data was acquired using a ProEx GPR system equipped with
250 MHz ground-coupled bistatic Mald Geoscience shielded antennas, with a constant
transmitter-receiver offset equal to 31 cm. A constant trace interval equal to 10 cm was
assured by an electro-mechanical odometer triggering the GPR system. The maximum
depth depends on the penetration capacity of EM waves, which is inversely related to
EM wave frequencies, to signal-to-noise ratio and, most importantly, to the EM physical
properties of the subsurface related to the intrinsic attenuation of the media. In particular,
the higher the electrical conductivity (which is inverse of the resistivity), the higher the
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attenuation of the EM wave will be and thus the lower the penetration depth will be (for a
fixed antenna frequency range). The applied GPR processing flow includes: DC removal,
zero time correction (drift removal), spectral analysis and filtering, geometrical spreading
correction, exponential amplitude correction, depth conversion. In order to achieve depth
conversion, it is essential to estimate the EM velocities of the subsurface materials. This
was done by fitting diffraction hyperbolas related to scattering phenomena. Due to the
limited number of pure diffraction events on the GPR dataset and their non-uniform spatial
distribution, we estimate a uniform velocity field equal to 9 cm/ns. Even if this is an over-
simplification, it is accurate enough since the lateral EM velocity variations are expected to
be limited due to the nature of deposits. Further details on GPR data processing can be
found in Jol, 2009 [28].

The real resistivity data are obtained from the inversion (finite element method, [29,30])
of the apparent resistivity dataset. The ERT survey was performed with a Syscal Pro geore-
sistivimeter (IRIS international) and data were processed with Iris Instruments PROSYS
II and inverted in RES2DINV (Geotomo software). The Wenner-Schlumberger array was
identified as the best option because of its sensitivity to both vertical and horizontal varia-
tions, being a good compromise between the Wenner and the Dipole-Dipole arrays [30].
Data are generally characterised by high quality measurements and a minimum number of
outliers had been eliminated. Electrode-soil coupling was optimised due to the presence of
a cover made of 50 cm of fine material, deployed during the remediation operations on the
tailings ponds to minimise runoff water infiltration rates and the risk of aerial dispersion
of tailings, mainly in the direction of the village of Cave del Predil. The real resistivity data
are obtained from the inversion [29,30] of the apparent resistivity dataset. In the present
case, For ERT data analysis and inversion we used Prosys II software (Iris instruments)
integrating for the inversion the ERTLab suite (Multi-Phase Technology and Geostudi
Astier) and Res2Dinv (Geotomo software), using tetrahedral finite element modelling.
After a data quality check and selection, considering both reciprocal measurements, thresh-
olds on the minimum current and voltage, as well as on the maximum percentage RMS
error was limited to 2%, we inverted the ERT dataset by using a smoothness constrained
least-squared algorithm. ERT inversion was limited to a maximum data depth of 25 m,
allowing for the exploration of the entire section of the impoundments.

Four ERT profiles and a GPR survey were done in September 2018 on a portion of
the Raibl tailings impoundment (Figure 2). Both ERT and GPR data was collected along
profile P1. Along profiles P2, P3, and P4 only an ERT survey was done. The coordinates
of each survey were recorded using a DGPS measuring the position of each individual
electrode. The P1 survey (Figure 2) consists of a 332 m long Wenner-Schlumberger array
composed of three concatenated profiles with partial overlapping between each other.
Each profile has 72 stainless electrodes spaced 2 m apart. The overall high quality of
the data is evidenced by the standard deviation of the measurements: for example, for
the entire P1 profile (3663 measurements) there were only 6 values (removed before the
inversion) exceeding a standard deviation of 3%. The RMS error after the inversion of the
three concatenated profiles of P1 is 8.2% after 4 iterations (Res2Dinv software), however,
the RMS of three singularly inverted profiles is always lower than 5%. P2, P3 and P4
surveys cross perpendicularly P1 (Figure 2) and each profile consists of a 94 m long Wenner-
Schlumberger array composed of 48 stainless electrodes 2 m spaced apart. The maximum
investigation depth is equal to approximately 20 m. The RMS error after 4 iterations is
3.9%, 2.0% and 3.1%, respectively for P2, P3 and P4.

2.3. Sample Collection and Geochemical Analysis

Four boreholes (51, S2, S3, S4) were drilled in the impoundments in 2007. The maxi-
mum depth of the boreholes was chosen in order to reach at least 3.5 m below the tailings
beds. Profile P1 was designed to cross the location of borehole S3 (Figure 2). No fluids
were used during drilling so as to avoid contaminating the samples. To obtain representa-
tive vertical information, the boreholes were subsampled in 1 m long sections and then
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homogenised and sieved at 2 mm. Sample digestion was conducted in aqua regia (1:3,
HNO;: HCl) and H,O, following the EPA 3050B method with an Anton Paar Multiwave
3000 whereas element concentrations were measured by Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS) according to UNI EN ISO 17294-2:2005 procedure at the Regional
Environmental Protection Agency (ARPA FVG) laboratories. The accuracy and precision of
our results were checked by analysing the standard reference material (NIST SRM 2709—
San Joaquin Soil). Acceptable recoveries were obtained ranging between 82% and 124%.
The precision of the analysis expressed as RSD% was < 3%.

3. Results
3.1. GPR and ERT Results

GPR data allow for the imaging of four main continuous sub-parallel horizons with
local bending and lateral closures (Figure 3a). The maximum depth reached by EM waves
was equal to approximately 3 m. From the surface, the first layer of 50-70 cm is observable,
although it partially interferes with the ground wave. This layer is interpreted as the fine
cover deployed on the pond surface during the permanent sealing operations designed
to reduce runoff water infiltration and aerial dispersion. Below it, two other layers of
minor amplitude represent two other coatings deployed at different times, most probably
constituted by coarse material and waste rock. Below, a homogeneous undefined layer
of mill tailings can be recognised, but the EM waves can penetrate this layer for no more
than a couple of meters as the nature of the tailings leads to the rapid attenuation of the
signals [31]. The above-described results reveal a regularly stratified sequence, at least
in the shallower portion of the deposit and is related to the mining activity in which a
sequence of levels accumulated over time filling in the tailings basin at varied intervals.

Road >
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(borehole)

Fine cover
Coarse cover |
Coarse cover Il

Mill tailings

(borehole) Lower metal Higher metal
§3  contenttailings  content tailings

0
<€—=— Cover
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LB L ) ) Jesiojan)  Jesjamioefes) ) ) )
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Figure 3. (a) GPR profile P1; (b) ERT profile P1. The samples analysed from the s3 borehole are reported in Figure 5.
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Profile P1 (Figure 3b), acquired along the same path of the GPR profile, represents
the inverted resistivity section of the impoundment. Borehole S3 is also seen in Figure 3b
which assisted in the interpretation/validation of the geophysical data. The 3D view
including ERT profiles P1, P2, P3, and P4 of the Raibl impoundment is shown in Figure 4.
It is interesting to note that the resistivities at the crossing points are in good agreement
between the different profiles and that the lateral variations are less relevant than the
vertical ones. In contrast to the GPR technique, the ERT survey reached maximum depths
of approximately 25 m, thus preventing any integrated analysis or joint inversion. Most
of the resistivity values indicate medium-low resistivity materials (<400 Ohm m) which
correspond to the fine mill tailings produced after grinding, milling, and flotation of the
ore. The mill tailings layer can be divided into two discontinuous sub-layers. The most
superficial layer (100 < Ohm m < 400) (Figure 5), and the deeper layer (30 < Ohm m < 100)
characterised by very low values of electrical resistivity. Below the tailings beds, at 20-25 m,
an irregular layer exhibits values of electrical resistivity > 1000 Ohm m. This is interpreted
as the substrate of the tailings, composed of alluvial sediments from the Rio del Lago
stream, alluvial fans from the Monte Re possibly with thin subsoil layers.

m
«_ (borehole)

om

) ) ..
266 517 100 196 378 733 1422 2758

Resistivity (ohm m)

Figure 4. 3D view of inverted resistivity data on the Raibl tailings impoundment.

3.2. Geochemical Characteristics of the Tailings

Geochemical results and stratigraphic sequences of the four boreholes (S1, S2, 53, 54)
are shown in Figure 5. The average composition of Pb and Zn in tailings published in this
study are similar to the tailings compositions reported by the “SIM” mining company in
1988 [32] (Table 1).

Table 1. Average (4 standard deviation) flotation tailing chemical composition of the Raibl mine
obtained in the present study and compared with previous results (n.d. not determined).

Authors In Pb Fe Tl As Cd Cu
(%) (%) (%) (ppm) (ppm) (ppm) (ppm)
This study 161+£1.00 037+£022 nd. 132494 5804382  16+9 81+ 122
Technical report, 1.68 0.47 5.51 nd. nd. nd. nd.

1988 [32]
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Geochemical vertical profiles showed that tailings deposits may host valuable amounts
of metal(oid)s available for secondary mining and their presence can represent a notable
potential source of contamination. The tailings, being the result of grinding and flotation of
the ore, reflect the chemical composition of the ore deposit [33]. They are strongly enriched
in Zn and Pb as well as in trace elements such as As, T1 and Cu. Other metals such as Fe,
Ge and Ga are reasonably present in detectable or significant concentrations [34], but they
were not determined in our analyses. Geochemical profiles showed maximum amounts
of metals and trace elements in the sandy and silty tailings beds, reaching concentrations
up to 5% Zn, 1.1% Pb, 1400 ppm of As, 560 ppm of Cu, 330 ppm of Tl and 46 ppm of Cd,
respectively. On the contrary, except for Cr, the lowest concentrations always correspond
to the tailings bed substrate. The vertical variability of Zn, Pb, T1, As, Cd concentrations
is similar in the four boreholes, except for Cr, since its occurrence is independent of the
ore-component.

The lateral and vertical heterogeneity of metal distribution in the Raibl impoundment
is noticeable. From 3D ERT data and chemical profiles, the higher-grade areas of tailings
appear located approximately in the central area of the impoundments, whereas the most
surficial and deepest portions of the tailings beds seem depleted of metals. The oxidation
of sulfides from rainfall and runoff waters in the uppermost part [35] could be a possible
explanation whereas the water table oscillation could be responsible for metals scavenging
in the lowest part of the impoundment. However, the heterogeneity can also be explained
by differences in the methods used to fill in the tailings ponds over time, the composition
of the ore source, particle size distribution [35], upgrading of beneficiation techniques,
and/or differential metal depletion from weathering/oxidation of sulfide minerals.

3.3. Relationships between the Geochemistry of Tailings and Resistivity

In this study, despite the relatively small amount of available geochemical data in
terms of areal distribution, empirical correlations between inverted resistivity and the
chemical composition have been found. Since the deepest section of borehole S3 is below the
maximum ERT depth, laboratory data are framed in the ERT range. In Table 2 and Figure 6,
respectively, the Pearson coefficients and scatterplots between the inverted resistivity of the
tailings and the related concentrations of the main metal(oid)s in borehole S3 are shown. It
is apparent that the sum of metal (Zn + Cr + T1 + Cd + Cu + Ni + Sb + Cr) concentrations
is significantly correlated with the inverted resistivity (r = —0.975, p < 0.01) confirming
that metal content is the main factor which increases the conductivity in tailings. Among
the elements, Zn, which is the most abundant, shows the best correlation with resistivity
(r = —0.958, p = 0.01). The correlation coefficients of the other elements are variable, but
always lower than Zn. Unfortunately, Fe was not analysed since the aim of the geochemical
characterisation of the boreholes was to identify the concentrations and vertical distribution
of potentially toxic elements only.

(a) (b) (c)
30000 6000
. Imetals | 55000 . Zn| sp00 . ° Pb
,-...._'. 20000 V. 4000 .
e 15000 @ 3000 o
R 10000 e 2000 C
y =-69.523x + 36873 5003 y =-56.036x + 29648 10000 y=-12.832x+ 6798.9
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500

Electrical resistivity {ohm x m)

Figure 6. Scatterplots between metal content in the samples from borehole S3 vs. ERT inverted resistivity values. (a) Sum
(X) of metals include Zn, Pb, T1, Cd, Cu, Ni, Sb and Cr whereas only Zn and Pb concentrations are reported in (b) and (c),

respectively.
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Table 2. Pearson correlation coefficients between inverted resistivity and selected elements. X of
metals include Zn, Pb, T1, Cd, Cu, Ni, Sb and Cr.

X~ Metals
—0.975

Tl
—0.857

Zn
—0.958

Pb
—0.780

As
—0.951

Cd
-0.221

Cu
—0.039

Ni
—0.750

Sb
—0.085

Cr
—0.064

3.4. Estimation of Metal(oid) Content

The modelling procedure includes two processing steps. The first step allows for the
estimation of the Zn content (Zn*) in tailings based on the inverted resistivity survey data, and
the second step estimates the other trace element concentrations starting from the estimated
Zn* concentration, as shown in the diagram in Figure 7. Zn was chosen because it shows the
best linear correlation with both resistivity and metal(oid)s such Pb, T1, As and Cd (r = 0.863,
0.836, 0.858, and 0.817, respectively; p < 0.001; Figure 8). Moreover, the correlations among
Zn and the cited elements are consistent with the Alpine Pb-Zn carbonate-hosted deposits
found in the literature, since it is known that sphalerite minerals (ZnS) usually host a notable
amount of (potentially toxic) trace elements especially Tl and Cd [25,34,36].

Table 3. Linear functions used in the estimation of the metal(oid) contents along borehole S3. The

1

inverted resistivity (p) is obtained from the ERT survey, whereas the notation indicates the

estimated metal(oid) concentrations.

Name Linear Functions Data
fy Zn* = —56.036 p + 29648 Figure 6b
fp Pb* =0.2083 Zn* + 623.940 Figure 8
f3 TI* =0.0083 Zn* + 8.075 Figure 8
fy As* =0.0466 Zn* + 50.297 Figure 8
fs Cd* =0.0009 Zn* + 4.926 Figure 8

ERT
geophysical
resistivity data

Borehole geochemical
sampling and analyses

Linear regression (f,)
between
electrical resistivity
and measured Zn
along the borehole(s)

Estimation of Zn*
from resistivity using
f, equation

Estimation of
Pb*, TI*, As*, Cd*
using Zn* as
independent variable
in f,; equations

Linear regressions (f,;}
between Zn and
Pb, Tl, As, Cd
from all available data
from boreholes

Ly

Figure 7. Flux diagram of the procedure for the estimation of metal content. For f, meaning refer to the equations reported
in Table 3 and ERT as “Electrical Resistivity Tomography” technique. The notation “*” indicates the estimated metal(oid)

concentrations.

The empirical linear function between resistivity and the observed Zn concentration,
along the borehole S3 (Figure 6b), has used to obtain the estimated Zn content (Zn*) from
ERT inverted resistivity data (see Table 3; equation f;). Then, in second step, after the
elimination of the outliers (Nyyiers = 3), the site-dependent empirical linear function
between Zn and Pb, Tl, As, Cd concentrations, calculated from all the samples available in
the boreholes (S1, S2, S3, S4), were obtained (Figure 8). These linear function parameters
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CORE S3
(mo
0

were used to predict metal(oid) concentrations (Pb*, TI*, As* and Cd*) from Zn* estimated
content (Table 3, equations f;_5).

Concentration Pb, As (ppm)

7000 300
6000 | Pb/Zn * Tl/Zn e ¢ |25
. ’/'
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4000 o A
. o’ e 150
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o .
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1200 . s . P
25
1000 = R
L 4 I % 20
800 e K.
N, Pl 15
600 e - o
400 //’.o . /,,'
200 // y = 0.0466x-50.297 ~ P y =0.0009x + 4.926
0 bt r=0858 |e r=0.817
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Concentration Zn (ppm)

Concentration Tl, Cd (ppm)

Figure 8. Scatterplots of the borehole samples with the related regression lines between Zn and Pb,
Tl, As and Cd concentrations.

data after the previous correlation/validation.

These steps allow for the calculation of chemical concentrations purely from resistivity

The coefficient of variance of the root mean square error (CV(RMSE)) indicate that

errors of 7-25% can be obtained during the estimation of metal/trace element content
(Figure 9) in the Raibl impoundment. This results in the acceptable accuracy of the estima-
tion method proposed, providing a simple modelling approach that can be used to extend
the borehole geochemical composition over wide volumes of tailings.

Zn (ppm})
10000 20000 30000 0

Pb (ppm)

2000 4000 6000 O 100

Tl (ppm)
200

As (ppm)

300 0 500

1000 1500 0

Cd (ppm)
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8
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12
14
18
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20

L]
CV(RMSE) = 7%

L]
CV(RMSE) = 20%

CV(RMSE) = 22%

”

CV(RMSE) = 16%

[}
CV(RMSE) = 25%

- Observed

—e— Estimated (*)

Figure 9. Estimated concentrations of the main metals. Zn* concentrations result from the inverted resistivity values of the
ERT geophysical survey, Pb*, TI*, As*, and Cd* concentrations result from the calculated Zn* concentrations.

4. Discussion

Considering the extension and the volume of the impoundment area, absolute re-
sistivity data can vary greatly from site to site, since electrical properties are strongly
affected by site-dependent characteristics. For instance, Placencia-Goémez et al. [14] found
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values between ~ 5 and 30 Ohm m in the Haveri Au-Cu tailings impoundments, whereas
Martinez-Pagan et al. [37] reported < 8 Ohm m values for Brunita Pb-Zn mine impound-
ment. However, our resistivity data are more coherent with Cortada et al. [31] who found
values below 150 Ohm m for Pb-Ag and Cu-Fe Linares-La Carolina tailings ponds in
unsaturated conditions.

In other studies, regression models have been successfully used to estimate physi-
cal or chemical properties of the subsurface based on empirical correlation from in situ
ERT resistivity data. For example, Vasconez-Maza et al. [17] predicted Cr distribution
from ERT in a phosphorogyspum pond near Cartagena, Spain (R? = 0.68), and Alamry
et al. [38] pointed out lithology-specific exponential correlation (up to R? = 0.98) between
soil moisture and ERT. In this study, a strong correlation was found between ERT and
the sum of metal concentrations and Zn (R? = 0.95 and R? = 0.92, respectively) from the
Raibl Pb-Zn impoundment. We believe that the main factor influencing the resistivity is
the metal content, as evidenced by the strong correlation. An important factor can be the
high electrical contrast between conductive fine metal-bearing tailings and non-conductive
gangue materials and minerals. Therefore, the majority of the fine particles in the im-
poundments are exclusively the conductive milled metal-bearing tailings in contrast to
mixed metal-depleted waste rock/natural sedimentary material which are usually coarser,
carbonatic and more resistive.

We exclude water content as the primary influencing factor of the resistivity values
because the ERT survey was performed during a dry period where the water level was
below the depth of the samples used to correlate the ERT. Similar hydrological conditions
were found by Védsconez-Maza et al. [17] who revealed strong correlations of Cr in the
absence of the water table. In the present study, the absence of saturated sediments prevents
the camouflage of metal signals, whereas saturated conditions would have resulted in
scarce or unrealistic correlations between metal content and resistivity values.

A certain amount of clay usually influences resistivity values as reported by Alamry
et al. [38]. The authors pointed out that the best empirical correlations with ERT data were
found in sites with lower clay content and thin topsoil of the substrate. On the contrary, the
presence of clay (sensus: minerals) results in a very low coefficient of determination (R?)
between resistivity and physical properties, and the data points are scattered. In our case
clays are scarce (2-20%) and result from grinding operations of the ore and the carbonatic
wall rock. Hence, in this case, it is reasonable to suppose that the electric influence of these
clays is very limited with respect to, for example, marine or alluvial mineral clays.

The absence of a water table (i.e., of saturated sediments) within the depth considered
for correlations between geophysical and geochemical data makes such a link more robust,
as previously noted. On the other hand, the presence of water in the vadose zone, which
is always present even considering the climatic characteristics of the study area (see last
paragraph of Section 2.1), can increase the mobility of ions within the quite porous and
permeable materials (permeability k > 107! cm s~! [39]) of the tailings impoundment
mainly through electrolytic conduction mechanisms.

The proposed two-step linear modelling has a reasonable and acceptable accuracy
in estimating the metal(oid) composition from resistivity data, also due to the intrinsic
characteristics of the tailings impoundment as previously stated. However, it is important
to notice that the accuracy of the estimation does not depend only on the correlation
coefficients among the Zn and other metal(loid) concentrations measured in the S3 borehole
and in the whole dataset of the borehole samples. Indeed, the Zn/metal(oid) ratio measured
in the single borehole and considering the whole sample dataset may be different due
to local heterogeneity of the tailing material. Higher bias can occur when the elemental
ratios of the investigated tailings deviate from the average elemental ratios of the entire
composition of the tailing deposits.
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5. Conclusions

The integration between a geophysical ERT and GPR survey and geochemical analysis
on boreholes has successfully revealed the internal spatial characteristics of the Raibl mine
tailings impoundments. The limited penetration depth of the GPR signal, not exceeding ap-
proximately 3 m, allowed us to image just the shallower portion of the deposit highlighting
a sequence of sub-horizontal levels accumulated over time filling in the tailings basins. On
the other hand, the correlation between electrical inverted resistivity and Zn content, which
is by far the most abundant among the investigated elements, is statistically significant
(R? = 0.919; p = 0.010). It is hypothesised that scarce to absent clay minerals, unsaturated
conditions during the survey and the high electrical contrast between gangue and ore, due
to mineral composition and grain size, could be the necessary conditions for the prediction
of metal content in mine tailings impoundments after the appropriate site-dependent data
correlation. Based on resistivity data, empirical linear regression was used to estimate
metal(oid) content with errors between 7% and 25%. The results of this study could be
helpful to develop new 3D rapid methodologies to predict metal content, implementing
environmental monitoring strategies or planning possible secondary recoveries of valuable
elements in decommissioned tailings impoundments.

Author Contributions: Conceptualisation, E.F.,, S.C., M.M. and 5.0.d.V.; methodology, E.F. and N.B.;
software, E.F. and N.B.; validation, E.F,, N.B. and S.C.; formal analysis, N.B. and E.F,; investigation,
N.B., E.E. and S.C.; resources, E.F.,, S.C. and M.M.; data curation, N.B., E.F,, M.M., and S.0.d.V,;
writing—original draft preparation, N.B.; writing—review and editing, N.B., E.F,, 5.C., M.M. and
5.0.d.V,; visualisation, N.B. and E.F,; supervision, E.F. and S.C.; project administration, S.C. and M.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The geophysical data presented in this study are available on request
from the corresponding author. Geochemical data are not available due to agreements with the
regional authorities.

Acknowledgments: This work was accomplished thanks to the Special Deputy Commissioner for
the Raibl mining area (Commissario straordinario per gli interventi di recupero del comprensorio minerario
di Cave del Predil) and we are expressly grateful to Guglielmo Berlasso. The authors are also grateful
to Anna Lutman, Giovanni Cherubini and to the laboratory staff of the Regional Environmental
Protection Agency of Friuli Venezia Giulia (ARPA FVG) for providing the geochemical results of the
boreholes. Karry Close is warmly acknowledged for proofreading the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  ICOLD (International Commission on Large Dams). A Guide to Tailings Dams and Impoundments; Bulletin, UNEP: Paris, French,
1996.

2. Vallero, D.A,; Blight, G. Mine Waste: A Brief Overview of Origins, Quantities, and Methods of Storage, 2nd ed.; Letcher, T.M., Vallero,
D.A., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 129-151. ISBN 9780128150603.

3. Vriens, B.; Plante, B.; Seigneur, N.; Jamieson, H. Mine Waste Rock: Insights for Sustainable Hydrogeochemical Management.
Minerals 2020, 10, 728. [CrossRef]

4. Mudd, G.M.; Jowitt, S.M.; Werner, T.T. The World’s Lead-Zinc Mineral Resources: Scarcity, Data, Issues and Opportunities. Ore
Geol. Rev. 2017, 80, 1160-1190. [CrossRef]

5. Infomine Mining Information for Kidd Creek, Ontario, Canada. Available online: www.infomine.com/minesite/minesite.asp?
site=kiddcreek (accessed on 30 December 2020).

6. Hudson-Edwards, K.A.; Jamieson, H.E.; Lottermoser, B.G. Mine Wastes: Past, Present, Future. Elements 2011, 7, 375-380.
[CrossRef]

7. WISE Chronology of Major Tailings Dam Failures. Available online: https://www.wise-uranium.org/mdaf.html (accessed on

30 December 2020).


http://doi.org/10.3390/min10090728
http://doi.org/10.1016/j.oregeorev.2016.08.010
www.infomine.com/minesite/minesite.asp?site=kiddcreek
www.infomine.com/minesite/minesite.asp?site=kiddcreek
http://doi.org/10.2113/gselements.7.6.375
https://www.wise-uranium.org/mdaf.html

Int. J. Environ. Res. Public Health 2021, 18, 1157 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Simeoni, L.; Tosatti, G.; Lucchi, G.; Longo, M. The Stava Catastrophic Failure of 19 July 1985 (Italy): Technical-Scientific Data and
Socioeconomic Aspects. City Saf. Energy J. 2017, 1, 17-30.

Galan, E.; Gonzélez, I.; Fernandez-Caliani, J.C. Residual Pollution Load of Soils Impacted by the Aznalcéllar (Spain) Mining Spill
after Clean-up Operations. Sci. Total Environ. 2002, 286, 167-179. [CrossRef]

Byrne, P.; Hudson-Edwards, K.A.; Bird, G.; Macklin, M.G.; Brewer, P.A.; Williams, R.D.; Jamieson, H.E. Water Quality Impacts
and River System Recovery Following the 2014 Mount Polley Mine Tailings Dam Spill, British Columbia, Canada. Appl. Geochem.
2018, 91, 64-74. [CrossRef]

Pavoni, E.; Covelli, S.; Adami, G.; Baracchini, E.; Cattelan, R.; Crosera, M.; Higueras, P; Lenaz, D.; Petranich, E. Mobility and Fate
of Thallium and Other Potentially Harmful Elements in Drainage Waters from a Decommissioned Zn-Pb Mine (North-Eastern
Italian Alps). . Geochem. Explor. 2018, 188, 1-10. [CrossRef]

Martinez, J.; Rey, J.; Hidalgo, M.C.; Benavente, J. Characterizing Abandoned Mining Dams by Geophysical (ERI) and Geochemical
Methods: The Linares-La Carolina District (Southern Spain). Water. Air. Soil Pollut. 2012, 223, 2955-2968. [CrossRef]
Martinez-Pagan, P; Faz, A.; Acosta, ].A.; Carmona, D.M.; Martinez-Martinez, S. A Multidisciplinary Study for Mining Landscape
Reclamation: A Study Case on Two Tailing Ponds in the Region of Murcia (SE Spain). Phys. Chem. Earth Parts ABC 2011, 36,
1331-1344. [CrossRef]

Placencia-Gomez, E.; Parviainen, A.; Hokkanen, T.; Loukola-Ruskeeniemi, K. Integrated Geophysical and Geochemical Study on
AMD Generation at the Haveri Au—Cu Mine Tailings, SW Finland. Environ. Earth Sci. 2010, 61, 1435-1447. [CrossRef]

Grangeia, C.; Avila, P; Matias, M.; da Silva, E.F. Mine Tailings Integrated Investigations: The Case of Rio Tailings (Panasqueira
Mine, Central Portugal). Eng. Geol. 2011, 123, 359-372. [CrossRef]

Martin-Crespo, T.; Gémez-Ortiz, D.; Martin-Velazquez, S.; Martinez-Pagan, P.; De Ignacio, C.; Lillo, J.; Faz, A. Geoenvironmental
Characterization of Unstable Abandoned Mine Tailings Combining Geophysical and Geochemical Methods (Cartagena-La Union
District, Spain). Eng. Geol. 2018, 232, 135-146. [CrossRef]

Vasconez-Maza, M.D.; Martinez-Segura, M.A.; Bueso, M.C.; Faz, A.; Garcia-Nieto, M.C.; Gabarrén, M.; Acosta, J.A. Predicting
Spatial Distribution of Heavy Metals in an Abandoned Phosphogypsum Pond Combining Geochemistry, Electrical Resistivity
Tomography and Statistical Methods. |. Hazard. Mater. 2019, 374, 392-400. [CrossRef]

Daniels, D.]J. Ground Penetrating Radar, IEE Radar, Sonar and Navigation Series 15, 2nd ed.; IEE: London, UK, 2004; p. 725. ISBN
0863413609.

Francke, J. Applications of GPR in Mineral Resource Evaluations. In Proceedings of the XIII International Conference on Ground
Penetrating Radar, Lecce, Italy, 21-25 June 2010; pp. 1-5.

Erten, O.; Kizil, M.S.; Topal, E.; McAndrew, L. Spatial Prediction of Lateral Variability of a Laterite-Type Bauxite Horizon Using
Ancillary Ground-Penetrating Radar Data. Nat. Resour. Res. 2013, 22, 207-227. [CrossRef]

Porsani, J.L.; Jesus, EAN.D.; Stangari, M.C. GPR Survey on an Iron Mining Area after the Collapse of the Tailings Dam I at the
Coérrego Do Feijao Mine in Brumadinho-MG, Brazil. Remote Sens. 2019, 11, 860. [CrossRef]

Zucchini, R. Miniere e Mineralizzazioni Nella Provincia Di Udine; Museo Friulano di Storia Naturale: Udine, Italy, 1998.

Brigo, L.; Kostelka, L.; Omenetto, P.; Schneider, H.-J.; Schroll, E.; Schulz, O.; Struc, L. Comparative Reflections on Four Alpine
Pb-Zn Deposits. In Time-and Strata-Bound Ore Deposit; Springer: Berlin/Heidelberg, Germany, 1977; pp. 273-293. [CrossRef]
Meriggi, R.; Del Fabbro, M.; Blason, E.; Zilli, E. Dynamic Slope Stability Analysis of Mine Tailing Deposits: The Case of Raibl
Mine. AIP Conf. Proc. 2008, 1020, 542-549. [CrossRef]

Pimminger, M.; Grasserbauer, M.; Schroll, E.; Cerny, I. Trace Element Distribution in Sphalerites from Pb-Zn-Ore Occurrences of
the Eastern Alps. Tschermaks Mineral. Petrogr. Mitteilungen 1985, 34, 131-141. [CrossRef]

Colucci, R.R.; Guglielmin, M. Precipitation-Temperature Changes and Evolution of a Small Glacier in the Southeastern European
Alps during the Last 90 Years: Glacier Response to Climate Change in the Southeastern European Alps. Int. ]. Climatol. 2015, 35,
2783-2797. [CrossRef]

Colucci, R.R.; Fontana, D.; Forte, E.; Potleca, M.; Guglielmin, M. Response of Ice Caves to Weather Extremes in the Southeastern
Alps, Europe. Geomorphology 2016, 261, 1-11. [CrossRef]

Jol, HM. Ground Penetrating Radar: Theory and Applications, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2009; ISBN 978-0-444-
53348-7.

Silvester, P.P; Ferrari, R.L. Finite Elements for Electrical Engineers, 3th ed.; Cambridge University Press: Cambridge, UK, 1996;
Volume 1.

Loke, M.H.; (Geotomo Software Sdn. Bhd., Penang, Malaysia). Tutorial document for 2-D and 3-D Electrical Imaging Surveys.
Unpublished work. 2004.

Cortada, U.; Martinez, J.; Rey, J.; Hidalgo, M.C.; Sandoval, S. Assessment of Tailings Pond Seals Using Geophysical and
Hydrochemical Techniques. Eng. Geol. 2017, 223, 59-70. [CrossRef]

SIM (Societa Italia Miniere S.p.A.). Bacini Di Decantazione a Servizio Di Attivita Minerarie; Technical Report; SIM: Cave del Predil,
Italy, 1988.

Brigo, L.; Cerrato, P. Trace Element Distribution of Middle-Upper Triassic Carbonate-Hosted Lead-Zinc Mineralizations: The
Example of the Raibl Deposit (Eastern Alps, Italy). In Sediment-Hosted Zn-Pb Ores; Fontboté, L., Boni, M., Eds.; Springer:
Berlin/Heidelberg, Germany, 1994; pp. 179-197. ISBN 978-3-662-03054-7.


http://doi.org/10.1016/S0048-9697(01)00974-3
http://doi.org/10.1016/j.apgeochem.2018.01.012
http://doi.org/10.1016/j.gexplo.2018.01.005
http://doi.org/10.1007/s11270-012-1079-7
http://doi.org/10.1016/j.pce.2011.02.007
http://doi.org/10.1007/s12665-010-0459-9
http://doi.org/10.1016/j.enggeo.2011.10.001
http://doi.org/10.1016/j.enggeo.2017.11.018
http://doi.org/10.1016/j.jhazmat.2019.04.045
http://doi.org/10.1007/s11053-013-9210-z
http://doi.org/10.3390/rs11070860
http://doi.org/10.1007/978-3-642-66806-7_18
http://doi.org/10.1063/1.2963882
http://doi.org/10.1007/BF01081557
http://doi.org/10.1002/joc.4172
http://doi.org/10.1016/j.geomorph.2016.02.017
http://doi.org/10.1016/j.enggeo.2017.04.024

Int. J. Environ. Res. Public Health 2021, 18, 1157 16 of 16

34.

35.

36.

37.

38.

39.

Melcher, E; Onuk, P. Potential of Critical High-Technology Metals in Eastern Alpine Base Metal Sulfide Ores. BHM Berg-
Hiittenminn. Monatshefte 2019, 164, 71-76. [CrossRef]

Nikonow, W.; RammlImair, D.; Furche, M. A Multidisciplinary Approach Considering Geochemical Reorganization and Internal
Structure of Tailings Impoundments for Metal Exploration. Appl. Geochem. 2019, 104, 51-59. [CrossRef]

Henjes-Kunst, E.; Raith, ].G.; Boyce, A.]. Micro-Scale Sulfur Isotope and Chemical Variations in Sphalerite from the Bleiberg
Pb-Zn Deposit, Eastern Alps, Austria. Ore Geol. Rev. 2017, 90, 52-62. [CrossRef]

Martinez-Pagan, P.; Cano, A.F,; Aracil, E.; Arocena, ].M. Electrical Resistivity Imaging Revealed the Spatial Properties of Mine
Tailing Ponds in the Sierra Minera of Southeast Spain. J. Environ. Eng. Geophys. 2009, 14, 63-76. [CrossRef]

Alamry, A.S.; van der Meijde, M.; Noomen, M.; Addink, E.A.; van Benthem, R.; de Jong, S.M. Spatial and Temporal Monitoring of
Soil Moisture Using Surface Electrical Resistivity Tomography in Mediterranean Soils. CATENA 2017, 157, 388-396. [CrossRef]

Tadarola, F.; Viso, Y. Piano Della Caratterizzazione Dei Bacini Di Decantazione Del Distretto Minerario Di Cave Del Predil Ai Sensi Del
D.M. 471/99; Technical Report; Tarvisio, Italy, 2009.


http://doi.org/10.1007/s00501-018-0818-5
http://doi.org/10.1016/j.apgeochem.2019.03.014
http://doi.org/10.1016/j.oregeorev.2017.10.020
http://doi.org/10.2113/JEEG14.2.63
http://doi.org/10.1016/j.catena.2017.06.001

	Introduction 
	Materials and Methods 
	Study Area 
	Geophysical Surveys 
	Sample Collection and Geochemical Analysis 

	Results 
	GPR and ERT Results 
	Geochemical Characteristics of the Tailings 
	Relationships between the Geochemistry of Tailings and Resistivity 
	Estimation of Metal(oid) Content 

	Discussion 
	Conclusions 
	References

