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This study investigates the potential for Electrical Resistivity Tomography (ERT) to detect buried glass
‘hotspots’ in a glass waste dump based on results from an open glass dump investigated initially. This
detection potential is vital for excavation and later use of buried materials as secondary resources.
After ERT, test pits (TPs) were excavated around suspected glass hotspots and physico-chemical charac-
terisation of the materials was done. Hotspots were successfully identified as regions of high resistivity
(>8000 Xm) and were thus confirmed by TPs which indicated mean glass composition of 87.2% among
samples (up to 99% in some). However, high discrepancies in material resistivities increased the risk
for introduction of artefacts, thus increasing the degree of uncertainty with depth, whereas similarities
in resistivity between granite bedrock and crystal glass presented data misinterpretation risks.
Nevertheless, suitable survey design, careful field procedures and caution exercised by basing data inter-
pretations primarily on TP excavation observations generated good results particularly for near-surface
materials, which is useful since glass waste dumps are inherently shallow. Thus, ERT could be a useful
technique for obtaining more homogeneous excavated glass and other materials for use as secondary
resources in metal extraction and other waste recycling techniques while eliminating complicated and
often costly waste sorting needs.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The world population has been increasing together with
resource consumption and waste generation, resulting in negative
environmental impacts. It is projected to further increase to 9.8 bil-
lion by 2050, which is expected to triple the current resource
demand to 140 billion tonnes of minerals, ores, fossil fuels and bio-
mass per year (UN, 2017; UNEP, 2011). Decoupling of the economic
growth rate from this high rate of natural resource consumption is
thus recommended. In case of metals production, decrease in ore
grades and stocks have been reported due to the need to meet
the global demand (UNEP, 2013). Some trace elements such as
Sb, As, Cd and Pb have been identified as high supply risk due to
their low recycling rates, limited number of substitutes and being
almost exclusively mined as by-product metals (British Geological
Survey, 2015). The growing calls for secondary raw materials and
reduced mining will further drop the supply of such elements.
Therefore, alternative and sustainable sources are required.

Around former glass factories in south-eastern Sweden, glass
dumps are highly contaminated with As, Cd, Pb and Sb, with an
estimation of 420,000 m3 of contaminated materials (420 tonnes
of As, 30 tons of Cd and 3100 tons of Pb) in 22 dumps (Höglund
et al., 2007). These materials pose contamination risks to humans
and the environment (Augustsson et al., 2016), hence they have
been recommended for remediation (Hogland et al., 2010). Alster-
fors glass waste dump (current study site), for example, has an
infiltration rate to groundwater of about 1200 m3 per year and
combined As, B, Cd, Pb and Sb leakages to the Alsterån River at
more than 20 kg per year (Höglund et al., 2007). These materials,
on the other hand, could potentially contribute as secondary
sources of some of the high supply risk metals. High contamination
of excavated wastes is one of the main obstacles to their recycling
as secondary raw materials (Hull et al., 2005), resulting in
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preference of landfilling as the only environmentally feasible and
safe alternative (Höglund et al., 2007; Jani and Hogland, 2014).
However, recent studies have shown the potential to extract these
elements from such glass waste with high efficiency, both as a
decontamination measure and as future secondary raw materials
(Jani and Hogland, 2017, 2018). Since valorisation processes of
waste to secondary raw materials have specific quality demands
and limits for non-glass materials (Beerkens et al., 2010), obtaining
a ‘clean’ glass waste is important. This is a big challenge because
during the on-going remedial excavations of some of the sites in
the region, glass gets mixed with other waste fractions, further
presenting sorting challenges (Mutafela et al., 2018). It is hereby
hypothesized that in some dump sections there exist regions of
‘clean’ glass (with little or no other material fractions mixed). It
is further hypothesized that it could be possible to identify these
glass ‘hotspots’ prior to excavations, which could be carefully exca-
vated to avoid mixing of this glass with the other materials, thus
obtain a more homogeneous glass fraction for metal extraction
processes.

Geophysical methods could contribute to such an investigation,
as they are known for their usefulness in locating subsurface fea-
tures like buried wastes, whose volumes can later be estimated
(Bernstone et al., 2000). They have been used in landfill investiga-
tion procedures (such as drilling of boreholes for groundwater
monitoring) as a pre-investigation technique aimed at providing
valuable information about waste locations, which helps in drilling
grid designs and thus aid to rationalize drilling costs (Zarroca et al.,
2015; Dumont et al., 2017). Electrical Resistivity Tomography
(ERT) in particular can investigate shallow subsurface electrical
structures in various environments. Thus based on resistivity dif-
ferences among dumped materials, glass hotspots can potentially
be identified and quantified faster, cheaper and without well-
drilling or trench-digging, using such a non-destructive method
Fig. 1. Alsterfors and Madesjö glass dumps in sou
(Hsu, et al., 2010). Previously, the method has been successfully
conducted in various landfill and waste dump studies (Bernstone
et al., 2000; Pomposiello et al., 2012; Çınar et al., 2015;
Abdulrahman et al., 2016; Dumont et al., 2017), although no such
study in a glass waste dump is documented. The success of the
method in old glass dumps would potentially result in well-
coordinated excavation activities and obtaining of more homoge-
neous glass waste for metal extraction and other recycling
processes.

This study, therefore, aimed to investigate the potential for ERT
to map glass hotspots for future metal recovery. The investigation
was coupled with digging of verification test pits (TPs) to identify
materials registering different resistivities. The study also aimed
at characterising physico-chemical properties of the excavated
hotspot materials, since waste management and resource recovery
cannot be planned and implemented well in the absence of accu-
rate and reliable waste composition data (Edjabou et al., 2015).
2. Materials and methods

2.1. Study sites

The study was conducted at Alsterfors glass factory dumpsite
and Madesjö glass waste dump, both located in south-eastern Swe-
den as shown in Fig. 1.
2.1.1. Madesjö glass waste dump
This dump is located in Nybro Municipality in a moraine region

with granite bedrock and a shallow soil depth estimated at 3–5 m
(SGU, 2019). Open dumping at the site started with municipal solid
waste (MSW) in 1960 until 1969 when mostly crushed glass with
some demolition waste from Orrefors glass factory began to be
th-eastern Sweden (Map data �2020 Google).
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dumped there (Länsstyrelsen Kalmar, 2012). Orrefors crystal glass
typically constituted SiO2 (55%), Pb3O4 (300%), K2CO3 (13%) and
other ingredients (2%) such as As2O3 (Duncan, 1995), although
glass in the area generally constituted 55–85% SiO2 (Hermelin
and Welander, 1986). Covering approximately 38,500 m2, Madesjö
dumpsite has a small stream on its southern part flowing west-
ward and another on its north-western part flowing south-west,
and thus it is designated as a high-risk site (Länsstyrelsen
Kalmar, 2019; SGU, 2019).

2.1.2. Alsterfors glass factory dumpsite
Alsterfors glass factory site, with about 4200 m2 surface area, is

situated along the Alsterån River in Uppvidinge Municipality. Geo-
logically, it is located in a moraine region with granite as the main
underlying bedrock and an estimated soil depth of 3–10 m (SGU,
2019). The factory was active between 1886 and 1980 and pro-
duced different glass types (packaging glass, fibre glass and art
glass). Glass factory raw materials were mainly quartz and feldspar
sand (SiO2), soda (NaCO3), potash (K2O3), calcite (CaCO3), dolomite
(MgCO3.CaCO3), witherite (BaCO3) and different metal oxides such
as Pb3O4 and As2O3 (Hermelin and Welander, 1986; Uddh-
Söderberg et al., 2019). Factory waste (crushed glass, discarded
raw material batches, furnace and demolition waste, grinding
and acid sludges, etc.) was mostly dumped around the factory pre-
mises (Uddh-Söderberg et al., 2019), resulting in a 2600 m2 dump
with approximately 5200 m3 of glass and other wastes (Höglund
et al., 2007), some of which is exposed on the surface. The site is
also designated as high-risk and ranked fourth out of thirty nine
high-risk objects in the county (Länsstyrelsen Kronoberg, 2018).

2.2. Electrical resistivity Tomography (ERT) surveys

ERT was the geophysical method used in this study. The 2D
resistivity method measures and maps electrical resistivity of sub-
surface materials at different depths along a survey line (Loke et al.,
2010; Reynolds, 2011) based on the principle of different materials
having different electrical properties naturally (Wang et al., 2015).
Electrodes are deployed on a site and connected to a set of multi-
electrode cables arranged along a line. Electric current is transmit-
ted through a sequence of different pairs of the deployed elec-
trodes while measuring the resulting potential differences
between one or several pairs of electrodes simultaneously. Pulses
of direct current (DC) with alternating polarity or low-frequency
alternating current (AC) are used (Powers et al., 1999).

In this study, an ABEM Terrameter LS, which is a multi-channel
resistivity-IP (Induced Polarisation) instrument, was used together
with an Electrode Selector ES10-64C and a set of multi-core elec-
trode cables. The surveys were made using separated electrode
cable spreads for current transmission and potential measurement
in order to reduce capacitive coupling in the cables, which was
expected due to very high resistive surface layers known from pre-
vious tests at the sites (Mutafela et al., 2018), in order to optimise
the data quality (Dahlin and Leroux, 2012). Two electrode cables
were connected to the Terrameter and two to the Electrode Selec-
tor, with every other electrode connected to each, as shown in the
sketch in Fig. 2a.

Eighty-two stainless steel electrodes were inserted into the
ground with an inter-electrode spacing of 1 m. The small spacing
was used in order to achieve good horizontal and vertical resolu-
tion of the images for a site as shallow as Alsterfors dumpsite
(Dahlin and Zhou, 2004; Höglund et al., 2007). The electrode con-
figuration was multiple gradient array (Dahlin and Zhou, 2006).
Three lines at Alsterfors (AL1, AL2 and AL3) and two at Madesjö
(ML1 and ML2) were thus obtained. Fig. 2b and c show equipment
set-up at the two sites. Since these ERT surveys in a glass dump
were first to the knowledge of the authors, different instrument
modes and settings were tried to reach optimum settings as shown
in Table 1. At Madesjö, electrode contact resistance was particu-
larly high since it’s a glass heap (exposed materials), whereas
Alsterfors has soil cover (buried materials). Therefore, in order to
reduce electrode contact resistance and transmit sufficient current
for good signal strength, ground contact was improved using a gel
based on Johnson Revert Optimum around the electrode and in
some cases also by adding an extra electrode. The lines obtained
at each site were visualised as 2D resistivity images after data pro-
cessing and inversion (as described in Section 2.4.3), which were
used in planning and setting TP excavations.

2.3. Excavation and sampling procedure

Test pits (TPs) were excavated along the profile lines using a 5-
tonne excavator, and according to a procedure from Kaczala et al.
(2017) where excavated materials were separately stockpiled from
each 1 m depth interval. At Alsterfors, twelve TPs were excavated,
eleven of which were 2–2.5 m deep and one was 4.5 m deep (on
AL2), whereas at Madesjö eight TPs were excavated at 1.5 m max-
imum depth due to unstable surface (glass waste). Identified hot-
spot stockpiles at Alsterfors were later sampled according to the
Nordtest Method NT ENVIR 004-1996/05, in order to assess mate-
rial composition and physico-chemical properties. Thus, four hot-
spot stockpiles (S1, S2, S3 and S4) were sampled (about 100 kg
each) from Alsterfors for analysis. After sampling, stockpiled mate-
rials in each case were returned into their respective TPs to restore
the site as much as possible.

2.4. Physico-chemical characterisation of hotspot materials

2.4.1. Sample sieving and hand-sorting
To achieve particle size distribution (PSD), the collected sam-

ples were sieved using eight sieves (Tidbecks Sweden and Giuliani
Technologies) with mesh sizes 63 mm, 31.5 mm, 20 mm, 16 mm,
11.3 mm, 8 mm, 4 mm and 2 mm mounted on a laboratory sieve
shaker (Pascall Engineering). Based on particle sizes, the sieved
materials were aggregated into course (>31.5 mm), medium
(11.3–31.5 mm) and fine (<11.3 mm) fractions. Furthermore, the
particle sizes were assessed based on mass percentage of the par-
ticles passing through each sieve size. For waste composition, the
sieved materials were hand-sorted and the materials fractions cat-
egorised into glass, demolition (mainly bricks), soil, organic and
residual (plastics, metals, roofing material parts, etc). All fractions
sized 2–8 mm were hand-sorted using magnifying lenses while
the fractions <2 mm were too fine to hand-sort. All calculations
were done on wet weight basis in all instances.

2.4.2. Trace elements and moisture contents
A portable X-Ray Fluorescence (XRF) analyser, Olympus DS-

4000 (Innov-X), was used to analyse trace element contents of all
samples (oven-dried) below 8 mm. The analysis was done on the
hand-sorted glass fraction only and in triplicates in each case.
Analysis on the glass fraction was aimed at assessing trace ele-
ments potential for future recycling. Sample moisture content
was analysed based on dry residue of the fine fraction (FF) of
Alsterfors soil samples, Alsterfors glass hotspot samples and
Madesjö glass samples according to the Swedish Standard SS-EN
14346:2007.

2.4.3. Data analysis and interpretation
2.4.3.1. ERT profiles. Inversion: The contact resistances were excep-
tionally high for the Madesjö ERT lines, ranging to over 100,000
Xm with a mean of 86,000–98,000 Xm (Table 1), despite the
efforts at improving electrode contact. For Alsterfors, the resis-
tances ranged up to 10,000 Xm with a mean of a few thousand



Table 1
Settings of the different ERT profile lines.

Parameter AL1 AL2 AL3 ML1 ML2

Length (m) 80 80 40 80 55
Electrode separation (m) 1 1 1 1 1
Mean contact resistance (ohm) 2990 4010 2600 85,500 98,300
Coeff. of variance of contact resistance (%) 63.1 62.7 61.8 96.4 98.8
Pulse duration (s) 2.6 2.6 2.6 2.6 2.6
Average current (mA) 102 67 104 11 5
Average variance (%) 0.13 0.18 0.14 0.59 0.81
No. of stacking in data acquisition 6 6 6 6 6
No. of data acquired 1603 1603 833 1547 829
No. of data inverted 1603 1603 833 1532 818
No. of iterations 14 13 17 3 4
No. of layers 15 15 10 15 13
No. of blocks 1215 1215 410 1215 767
Vertical to horizontal flatness ratio 0.5 0.5 0.5 1 1
Width of the model cells (m) 0.5 0.5 0.5 0.5 0.5
Resistivity mean residual (%) 3.0 5.0 3.5 10.5 11.1

Fig. 2. (a) Sketch of separated electrode cable spreads used for the survey, and cables and electrodes setup along profile lines at (b) Alsterfors and (c) Madesjö.
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Xm. Nevertheless, the ERT provided consistent apparent resistivity
pseudo sections with very few data outliers, which is a sign of good
data quality. After removal of a few noisy data points for two of the
lines (Table 1), true subsurface resistivity distributions were esti-
mated using the robust inversion (L1 norm) option which is better
at handling large contrasts in the resistivities than the least-
squares (L2 norm) optimisation method (Loke et al., 2003). The
resistivity inversion procedure was achieved using the inversion
software RES2DINV (Loke, 1999), which calculates the most likely
distribution of resistivity (Çınar et al., 2015).
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Interpretation: For both dumps, interpretation of the results was
based on TP excavations as well as resistivity values of some mate-
rials common in landfill and dump environments as presented in
Table 2. For buried glass hotspots in particular, interpretation
was also based on the findings from Madesjö open glass dump.

3-D resistivity visualisation (fence diagrams): Cross-sections of
the lines on each site were combined using the software EriViz
1.0 (Lund University) to generate three-dimensional (3-D) resistiv-
ity profile images known as fence diagrams. Although fence dia-
grams do not give a full picture of the whole dump, they are
advantageous enough to just gather profile images without using
interpolation which may add artefacts (Leroux et al., 2007).
2.4.3.2. Statistical analysis. Statistical analysis of waste composition
and PSD data was achieved using GraphPad Prism version 7.0c for
Mac (GraphPad Software Inc.). Descriptive statistics (minimum,
maximum, mean and standard deviation) was calculated while
assuming a Gaussian distribution and at p < 0.05. Furthermore,
some datasets were subjected to One-way ANOVA and Tukey’s
multiple comparison tests.
3. Results and discussions

3.1. Electrical resistivity Tomography (ERT)

3.1.1. ERT on Madesjö open glass dump
Resistivity sections of the two lines at Madesjö glass dump are

shown in Fig. 3. The colour progression on the resistivity scales
from dark blue to dark red corresponds to resistivity from low to
high resistivity. Resistivity over 40,000 Xm was registered, which
fits with the expectation of high glass resistivity (Giancoli, 1998).

The exceptionally high contact resistance at the dump was
clearly caused by the highly resistive glass that is exposed on the
surface, which can be very problematic for galvanic methods such
as ERT. The resistivity contrast among the materials was in fact dif-
ficult for the inversion software to handle, which is probably the
main reason for the relatively high mean residuals in Table 1
(10.5% and 11.1%). This calls for caution in data interpretation,
since the inversion process is known for potential to generate
unrealistic variations in model resistivity values, which can lead
to over-shooting or under-shooting of the model resistivities on
either side of the high contrast transition, uncharacteristic of actual
geological features (Jolly et al., 2011). As presented in Table 2, pre-
vious ERT studies on landfills have attributed resistivity <70 Xm
(dark to light blue in Fig. 3) to leachate or decomposed wastes,
whereas resistivities >348 Xm (could be 10–2000 Xm depending
Table 2
Parameters for ERT interpretations (modified from Abdulrahman et al., 2016).

Material Parameter Value

Granite SiO2

content
72.04% (Blatt and Tracy, 1996)*1

Glass (silicate) 00 74% (Shelby, 2005)
Granite Resistivity 1000 – 1 � 106 Xm (Palacky, 1987)
Glass (general) 00 8000 – 6.3 � 108 Xm (CRC Press, 2001)*2

Saturated (wet)
soil

00 30 – 150 Xm (Guérin et al., 2004; Dahlin
et al., 2010)

Unsaturated (dry)
soil

00 >1000 Xm (Leroux et al., 2007)

Demolition waste 00 348 – 2000 Xm (Boudreault et al., 2010;
Çinar et al., 2015)

Decomposed
waste

00 1 – 40 Xm (Çinar et al., 2015)

*1 World average.
*2 Temperature-dependent, although not the value at standard temperature and

pressure (STP).
on degree of saturation and weathering) have been attributed to
demolition waste (Çinar et al., 2015; Boudreault et al., 2010). This
interpretation, however, could not be adopted for the Madesjö case
since verification TPs were not excavated deep enough to reach
beneath the glass pile due to unstable ground posing machine
safety risks. Further attemps at literature-based interpretations
were hindrered by the high likelihood for introduction of artefacts
in the results due to very high discrepancy in resistivity.

However, the data quality was good, which is judged to be a
result of the survey design with separated electrode cables for cur-
rent transmission and potential measurements in combination
with careful field procedures with gel used to enhance electrode-
to-ground contact. Therefore, the near-surface data at this site
was confidently interpreted both through visual inspection and
verification TPs (Fig. 4c).

Near-surface data showed some relatively high resistivity
(1000–2500 Xm) regions indicated by yellow–light orange in
Fig. 3. Based on visual inspection of materials heaped on the sur-
face, inspection of the region between 4 and 8 m on line ML1
revealed demolition waste such as concrete and asbestos roofing
sheets as shown in Fig. 4a. This was in line with literature values
for demolition waste as presented in Table 2. On both lines (ML1
and ML2), the glass heap registered resistivity >8000 Xm (dark
orange to dark red). Resistivity of SiO2 glass at atmospheric tem-
perature and pressure was not found in literature, although it
has been estimated as ranging between 8000–6.3 � 108 Xm
depending on temperature (CRC Press, 2001). TPs excavated across
the dump (Fig. 4c) verified glass waste as the source of the high
resistivity recorded. Although data beneath the glass pile in Fig. 3
was cautiously omitted from inversion results interpretation to
avoid mistaking artefacts for actual geological features, one study
objective of testing the glass heap to understand ‘pure’ glass (un-
buried glass) resistivity was successfully achieved for application
at Alsterfors dump where glass was buried.

According to generated fence diagrams in Fig. 3c, the inverted
profiles match quite well at the intersections and the data in the
3-D model agree with each other very well, thus confirming a cer-
tain level of confidence in the results (Johansson et al., 2016). As
such, the Madesjö findings could be reliably used as a ‘guide’ in
identification of buried glass hotspots at Alsterfors dump.

3.1.2. ERT on covered glass hotspots
Resistivity sections for Alsterfors dump are shown in Fig. 5.

Lines AL1, AL2 and AL3 are presented in Fig. 5a, b and c respectively.
To avoid misinterpretations, knowing that all data comes with a
degree of uncertainty in the results, and that the creation of arte-
facts during the inversion process is a well-known phenomenon
(Johansson et al., 2019; Jolly et al., 2011), data interpretation for
Alsterfors was mainly based on excavation of verification TPs,
literature-based values of material resistivities as presented in
Table 2, and resistivity observations from Madesjö glass dump
(for glass hotspots). The resistivity scale was aggregated into six
categories during interpretation: dark blue zones (<30 Xm), blue
zones (30–70 Xm), green to dark green zones (60–530 Xm), light
green zones (500–1100 Xm), yellow to light orange zones
(1000–4600 Xm), and dark orange to dark red zones (>8000
Xm). The profile images in Fig. 5 provided crucial information
about glass hotspots, and guided TP excavations for verification
of observed resistivity against set hypotheses. Fig. 5a gives a clear
indication of the dump base as shown by the yellow underlying
structure (1000–2200Xm), which is believed to be part of the bed-
rock, since the bedrock at the site lies about 3–10 m below the sur-
face (SGU, 2019).

Dark blue zones (<30 Xm) such as between 28 and 33 m and
around 5–8 m depths in Fig. 5b were interpreted as wet zones con-
taining either decomposed waste or leachate or both, as they are



Fig. 3. Resistivity profiles at Madesjö glass dump; (a) line ML1; (b) line ML2; and (c) 3-D view of the two lines.

218 R.N. Mutafela et al. /Waste Management 106 (2020) 213–225
known for resistivity range of 1–40 Xm (Çınar et al., 2015). The
blue to dark green zones (30–130Xm) were interpreted as wet soil
zones, which have been reported to vary between 30 and 150 Xm
(Guérin et al., 2004; Dahlin et al., 2010). A TP excavated around 69–
71 m (TP11) and at 4.5 m depth on AL2 (Fig. 5b), for example, indi-
cated wet soil as shown in Fig. 6a. On the other hand, lighter green
zones (130–530Xm), such as between 0 and 28 m and 34–40 m in
Fig. 5a, 0–20 m in Fig. 5b, and 13–20 m in Fig. 5c (depth � 5 m)
were interpreted as regions of semi-wet soil as evidenced by
TP10 on AL2 (Fig. 5b) and shown in Fig. 6g. Furthermore, the light
green to yellow zones (530–2200 Xm) were interpreted as regions
of dry soil as dry soil can register resistivity >1000 Xm (Leroux
et al., 2007). This was verified by TP5 on AL1 (Fig. 5a) and TP9 on
AL2 (Fig. 5b) as shown in Fig. 6h.

Based on findings from Madesjö glass dump (Fig. 3a), yellow to
light orange zones (1000–4600 Xm) were expected to be demoli-
tion waste zones. A TP excavated around such a zone at � 30 m
(TP3) in Fig. 5a revealed demolition waste (bricks) with an



Fig. 4. Madesjö glass dump; (a) demolition waste heap at the start of ML1; (b) start of ML2 near the stream; (c) TP excavations across the dump.
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underlying layer of dry soil as shown in Fig. 6b. Around 66–67 m,
there was a downward progression of different resistivity zones
(1000–2500 Xm, then 250–530 Xm, and 530–1100 Xm) which
TP6 on AL1 revealed as demolition waste close to the surface, fol-
lowed by a gentle progression of semi-wet to dry soil as shown
in Fig. 6c. However, Fig. 5b also revealed a structure between 28
and 44 m along the line, with resistivity similar to that of exca-
vated demolition waste. In this case, it was clearly not demolition
waste but a part of the geological formation of the area, as evi-
denced by a similar structure underlying the dump in Fig. 5a. This
was further revealed by TP9 at 40–42 m on AL2 (Fig. 5b) as compact
and dry soil similar to the one in Fig. 6h.

Glass hotspots were expected to be in the dark orange to dark
red zones (>8000 Xm). There were a number of such zones on all
three lines in Fig. 5. On AL1 (Fig. 5a), three TPs were excavated
between 11 and 15 m (TP1), 23–25 m (TP2) and 43–45 m (TP4)
and all revealed glass, although it was more abundant at 23–
25 m and 43–45 m (Fig. 6d). As such, these two regions were
identified as hotspots from which materials for physico-
chemical characterisation were sampled as samples S1 and S2
respectively. Although the region between 11 and 15 m was also
a glass hotspot, it was not sampled but glass abundance was visu-
ally qualified based on amounts of other waste fractions seen
during excavations. On AL2 (Fig. 5b), a TP between 13 and 18 m
(TP7) also showed abundant glass waste as shown in Fig. 6e.
The region around 4–10 m in Fig. 5b clearly contained abundant
glass also as could be seen from the surface, but a verification TP
could not be excavated since the region was sloppy with unstable
ground, and thus unsafe for the excavator. Similarly, there was
abundant glass on the surface around 29–34 m in Fig. 5b, and
therefore the highly resistive region beneath was designated as
a hotspot. Materials for physico-chemical characterisation were
thus sampled from the regions between 13 and 18 m and 29–
31 m in Fig. 5b (sample S3). On AL3 (Fig. 5c), TP12 was excavated
at 14–16 m which was another glass hotspot and was thus sam-
pled as S4.

It was noted, however, that the bedrock around the dump
showed resistivity similar to some dumped materials. In Fig. 5b,
for instance, resistivity >8000 Xm is progressively registered in
the region around 0–34 m and between 10 and 15 m depths. A
TP excavated at 26–28 m (TP8) and 1–2 m depths revealed big
stones (Fig. 6f) with an underlying bigger rock which the excavator
could not remove. It was thus concluded that the bedrock was
responsible for resistivity zones >8000 Xm other than glass hot-
spots. Alsterfors site has granite bedrock with a moraine soil depth
of 3–10 m (SGU, 2019). Granite and soda-lime glass have similar



Fig. 5. Resistivity profiles at Alsterfors dump; (a) line AL1; (b) line AL2; (c) line AL3; (d) 3-D view of the three lines.
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chemical compositions as shown in Table 2. Granite world average
composition is estimated at 72.04% SiO2 (Blatt and Tracy, 1996)
while soda-lime glass comprises about 74% SiO2 (Shelby, 2005),
although soda-lime glass around Swedish glassworks ranged
between 55 and 85% SiO2 (Hermelin andWelander, 1986). Further-
more, granite has a wide resistivity range of 1000–1,000,000 Xm
(Palacky, 1987), implying that different resistivities within this
range can be obtained for granite bedrock such as at Alsterfors.
For successful identification of glass hotspots, bedrock characteris-
tics must be factored in, meaning that in sites with bedrock that do
not possess glass characteristics, hotspots could be identified much
easier.



Fig. 6. Results of TP excavations at Alsterfors dump; (a) wet soil from AL2; (b) demolition waste from AL1; (c) demolition waste profile with semi-wet soil beneath on AL1; (d)
glass waste from a hotspot on AL1; (e) glass waste from a hotspot on AL2; (f) rocks from an initially suspected hotspot on AL2; (g) semi-wet soil from AL2; (h) compact, dry soil
with stones from AL2.
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Although some glass hotspots were successfully identified,
more verifications were impeded by the small number of TPs as
well as lack of trench-digging along the lines, which could give
more information. This particular limitation was due to time and
other resource constraints. In addition, 2-D ERT only produces ver-
tical cross sections of a dump, which tends to limit full understand-
ing of dumped material quantities. The use of 3-D ERT or
complementing different geophysical methods instead could give
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more information, since each method has its own strengths and
weaknesses (Reynolds, 2011). Furthermore, since unused raw
material batches were also dumped during production years
(Uddh-Söderberg et al., 2019), there could be a risk of mistaking
the dumped batches for glass hotspots as they are expected to have
similar properties. However, such was not encountered in the cur-
rent investigation. Regardless of the limitations, a high level of con-
fidence in the results was also displayed at Alsterfors dumpsite for
the near-surface materials which was the target of the investiga-
tion since glass dumps are inherently shallow. Confidence in the
results was also evidenced by the matching inverted profiles at
intersections and agreement of data in the 3-D visualisation in
Fig. 5d.

3.1.3. Hotspot material particle size distribution
The particle sizes of the hotspot samples (S1, S2, S3 and S4) was

obtained as shown in Fig. 7. By means, the course fraction (CF) was
dominating (38.3 ± 13.8%) followed by the medium (31.3 ± 9.5%)
and fine (28.3 ± 5.4%) fractions as presented in Fig. 7a. According
to a One-way ANOVA (p < 0.05) the differences among the means
were not statistically significant. The high standard deviations
can be attributed to influence from unusually bigger particles in
a size category especially in coarser categories (Kaartinen et al.,
2013). From previous landfill mining (LFM) investigations, CF have
ranged between 24 and 59.2%, medium fraction (MF) between 21.8
and 29.9%, and FF between 14.8 and 73.6%, depending on study set-
tings, waste type and age (Hogland et al., 2004; Jani et al., 2016;
Mönkäre et al., 2016; Mutafela et al., 2019, 2020). A challenge with
comparing different study findings is that each study site is unique
due to heterogeneity. However, particle sizes of different studies
could be compared using PSD regardless of the study settings.
Fig. 7b shows PSD results based on particles passing through a
sieve mesh. The observed 45 ± 9% for particles <20 mm, for
instance, is comparable with the 45 ± 7% at Kuopio MSW landfill,
while the observed 44% for particles <4 mm is also comparable
with the 44%–57% range at the same landfill in Finland
(Kaartinen et al., 2013; Mönkäre et al., 2016).

PSD influences moisture content, which in turn influences resis-
tivity distribution in subsurface structures as explained in
Section 3.1.5. The bigger the particle sizes, the lower the water
retention capacity, and vice versa. In terms of materials recycling,
excavated material particle sizes are important in identification
of optimum material sorting techniques (Spooren et al., 2013)
and relevant waste processing technologies (Jani et al., 2016).
Fig. 7. (a) Distribution of fraction categories from all samples (n = 4); (b) particle size d
hotspot materials.
Furthermore, PSD will be key for future recycling-oriented LFM
activities for separation of FF into exploitable resources to avoid
or minimise materials re-landfilling (Parrodi et al., 2018).

3.1.4. Hotspot material waste composition
Results of hand-sorting of the material fractions are shown in

Fig. 7c. Glass fraction was dominating (87.2%) followed by soil
(6.6%), demolition (4.1%), residual (1.3%) and lastly organic (0.8%)
fractions. Unusually high standard deviations were observed in
some fractions due to the long ranges in results. For instance,
demolition fraction ranged between 0 and 61.5% while soil ranged
between 0 and 44.3%. A One-way ANOVA (p < 0.05) of the results
indicated that there was a statistically significant difference among
the means. According to Turkey’s multiple comparisons test (95%
confidence interval), glass differed significantly from other frac-
tions, while there were no statistically significant differences
among all other means. The results clearly indicate the presence
of glass hotspots as confirmed from hand-sorting of the material
fractions from the four samples. The results further suggest that
while there are sections in the dump with mixed material fractions
as established through ERT models and confirmed by TP excava-
tions, some sections (hotspots) contain materials that could be
readily available for recycling processes if excavated carefully.
However, these results do not suggest a general pattern among dif-
ferent glass dumps, as this may depend on each factory’s disposal
practice. The high resistivities registered in the ERT models around
initially suspected hotspots are thus confirmed by the results
(87.2% glass).

3.1.5. Moisture content
Moisture content varied between the two sites (Alsterfors and

Madesjö) as well as material types (glass hotspots and soil) at
Alsterfors. It was highest in Alsterfors soil samples at 24.9 ± 4.3%
followed by Alsterfors glass hotspot samples at 5.7 ± 1.6% and
lastly Madesjö glass samples at 3.1 ± 0.6%. Moisture content in
landfills is influenced by waste composition, type, properties and
local climatic conditions (Hull et al., 2005). The observed differ-
ences can thus be explained by these factors, including drainage
characteristics (Quaghebeur et al., 2013). Moisture content of exca-
vated waste is an important factor in evaluation of valorisation and
treatment alternatives (Hull et al., 2005; Quaghebeur et al., 2013).
As such, it has been extensively studied in different LFM studies
where it ranged between 22 and 66%, which is comparable to the
Alsterfors soil part in this study (Bhatnagar et al., 2017; Hogland
istribution averages presented in passed mass (%); (c) waste fractions of excavated
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et al., 2004; Hull et al., 2005; Jani et al., 2016; Mönkäre et al., 2016;
Quaghebeur et al., 2013).

The importance of moisture content in the current study, how-
ever, is in its influence on subsurface resistivity, since it exerts the
dominant control over resistivity distribution in landfill environ-
ments (Bernstone et al., 2000). Moisture content is inversely pro-
portional to resistivity of subsurface materials. For instance,
igneous and metamorphic rocks have higher resistivities than sed-
imentary rocks given the latter’s higher porosity, and thus higher
water content (Pomposiello et al., 2012). Archie’s empirical equa-
tion (Archie, 1942) best describes the relationship:

q ¼ aqwn
msl ð1Þ

where q = rock or soil resistivity, a = tortuosity or lithology con-
stant, qw = pore water resistivity, n = porosity, m = cementation
exponent, s = degree of saturation, and l = saturation exponent
(Glover, 2016). Thus, resistivity is largely dependent on the mois-
ture content, pore water resistivity, and how the pore water is dis-
tributed in the mineral i.e. porosity, degree of cementation, degree
of saturation, and fracture state (Clayton et al., 1995). These factors
are in turn important in interpretation of the obtained electrical
resistivity models.
3.1.6. Trace element contents
The trace element contents of the sampled waste from Alster-

fors dump glass hotspots and Madesjö glass dump are shown in
Table 3 in comparison with Swedish Environmental Protection
Agency (SEPA) limits for hazardous waste (Avfall Sverige, 2007).
The elements As, Cd, Pb and Zn were in hazardous amounts while
Ba, Cu and Sb were lower than their respective SEPA limits. The
hazardous amounts of some of the elements correspond to their
frequent uses in glass production. As2O3 was used as a refining
and decolourising agent, CdS as a colouring agent and Pb3O4 as a
glass network stabiliser and modifier (Hermelin and Welander,
1986). The variations in concertation of Pb especially in Alsterfors
glass samples could be attributed to little use of Pb since the fac-
tory did not primarily produce Pb crystal glass. Furthermore, the
use of Pb as a core component of crystal glass was only enacted
by an EU directive in 1969 (European Community, 1969), towards
the final years of the factory. The results also imply that sample S4
may have contained some Pb crystal glass.

The high contents of As, Cd, Pb and Zn in hotspot glass could
benefit metal extraction processes, although no economic feasibil-
ity analysis was done to assess potential contribution of such sec-
ondary metal sources to the high global demand. Estimations of
possible economic gains in view of recycling as secondary raw
materials could be useful. Furthermore, since the 2-D ERT only
focuses on single depth profiles that do not give full indication of
the material volumes in a whole dump, incorporation of 3-D ERT
or different complementary geophysical methods is recommended
in the effort to achieve economic feasibility assessments.
Table 3
Trace element concentrations of sampled waste glass compared with Swedish EPA limits

Element (mg kg�1) Madesjö Glass Alsterfors Glass S1 Alsterfors Glass S2 Als

As* 13,138 (4 5 1) 2636 (34) 3102 (36) 44
Ba 1221 (46) 860 (34) 522 (35) 41
Cd* 394 (25) 443 (10) 430 (11) 52
Cu 551 (44) 125 (9) 456 (13) 36
Pb* 245,822 (3494) 5929 (60) 1315 (18) 27
Sb 4233 (1 4 1) 243 (14) 571 (19) 10
Zn* 4032 (1 0 1) 7020 (72) 8108 (90) 14

Elements exceeding at least one limit indicated by (*); Values in brackets represent stan
4. Conclusions

ERT was conducted at two old glass dumps (open and buried
glass) to identify glass hotspots for excavation and later use as
sources of secondary raw materials. Despite challenging site con-
ditions, with exceptionally high contact resistances at one of the
sites, good quality data was achieved, thanks to suitable survey
design and careful field procedures. Identification of glass hot-
spots in the buried glass dump was guided by the ERT results
from the open glass dump and was based on sharp contrasts in
resistivity between glass and other materials. Regions of high
resistivity (>8000 Xm) were confirmed through TP excavations
as glass hotspots. Physico-chemical characterisation of hotspot
materials, indicating mean waste composition of 87.2% glass (up
to 99% in some samples), further confirmed glass hotspots and
thus the potential for ERT to identify them. Furthermore, careful
excavation of TPs with ERT as the pre-excavation guide indicated
the potential for obtaining ‘clean’ glass for recycling purposes,
which would be challenging to obtain through random, uncoordi-
nated excavations.

The study, however, encountered some limitations that
require caution during data acquisition and interpretation in
glass waste dumps. Firstly, the similarities in resistivity between
Granite bedrock and crystal glass present the risk of misinterpre-
tation, especially in a site like Alsterfors where both lie close to
the surface. This, however, would not be a big limitation in sites
with deep-lying and different bedrock types. Secondly, the high
resistivity contrasts are prone to introduce artefacts in the
results, which may further increase the degree of uncertainty
with depth. Furthermore, at sites with complex variation in resis-
tivity the 3-D character of the variation will lead to artefacts in
2-D ERT results, so called 3-D effects. This can be handled by
using a 3-D ERT approach, e.g. by measuring a number of parallel
2-D ERT lines and merging the data to a 3-D data set before
inversion, which prevents this type of artefacts but requires more
data to be collected. It is recommended, therefore, that a mod-
elling study about variation of resistivity with depth and intro-
duction of artefacts (their nature, magnitude and impact) in
such sites be conducted, assessing 2-D as well as 3-D ERT
approaches, in order to find a suitable trade-off between quality
of results and survey cost.

Nevertheless, given the inherent shallowness of glass waste
dumps, it is concluded that ERT is applicable since uncertainty
is considerably reduced near the surface. ERT could thus be a use-
ful non-destructive technique towards obtaining more homoge-
neous buried glass and other wastes from LFM for use as
secondary raw material sources in metal extraction and other
waste recycling techniques while eliminating complicated and
often costly waste sorting mechanisms. These findings could con-
tribute to the effort for decontamination of such old dumpsites
with integration of sustainable material recovery techniques for
the circular economy.
for hazardous waste (Avfall Sverige, 2007).

terfors Glass S3 Alsterfors Glass S4 Swedish EPA limits for hazardous waste

68 (43) 4781 (58) 1000
1 (26) 376 (27) 10,000
2 (11) 647 (14) 100
9 (11) 769 (18) 2500
37 (29) 11,470 (1 4 2) 2500
22 (21) 1065 (23) 10,000
,320 (1 2 5) 10,882 (1 0 7) 2500

dard deviations.
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