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Abstract: We consider the studied landfill site an urban mine and developed a series of projects
on metal endowment forms, nondestructive investigation methods for metal-enriched zones, metal
extraction methods from enriched zones, and useful metal selection methods. This paper examines
the exploration method. Induced polarization (IP) exploration was carried out at a T disposal site
filled in the studied valley. In addition, three drillings were conducted in the studied exploration area.
Using the core samples, IP parameters and metal contents were measured. Then, by comparing these
data, we examined the effectiveness of the IP method for the visualization of metal-enriched zones
in unsaturated landfills. The results of this experiment revealed that the iron-sulfide-enriched zone
in the valley filling landfill can be identified by IP exploration. In addition, we clarified the types
and contents of rare metals that coexist in iron sulfide. This process allows for further evaluation of
landfills as a deposit.

Keywords: landfill; urban mine; rare metal; iron sulfide; metal-enriched zone; electric prospecting;
induced polarization; visualization

1. Introduction

Japan lacks useful metal resources and mostly relies on imports from overseas. In particular, the
distribution of rare metal resources on the earth is uneven, and there are concerns about their depletion.
Therefore, the stockpiling of necessary metal resources in preparation for future scarcity is important.
Furthermore, used resources should be recycled in consideration of environmental sustainability. Japan
particularly intends to undertake the aforementioned steps because, as an industrial nation, it has a
need for extensive metallic resources.

Since the high economic growth period of the 1960s, Japan has produced and is a consumer of a
variety of home appliances. These products contain various useful metals, including rare metals. Some
of the used metals are crushed and disposed of in landfill disposal sites. However, almost no metals
are detected from the leachate of such disposal sites [1,2]. Most of the surface-layer metals are salts
with low solubility such as carbonates, sulfates, and hydroxides, or exist in the form of adsorbents in
soil particles [3,4]. In other words, landfilled metals remain in the landfills.

The environment in landfills is anaerobic and easily penetrated by rainwater. In addition, the
temperature exceeds 50 ◦C during a certain period due to the decomposition of organic matter by
microorganisms. Metals in the landfills are possibly moved by water seeping into the fills and form a
concentrated zone depending on the characteristics of the metal and condition of the fills. Authors
have focused on the possibility of such landfills acting as urban mines and electric exploration being a
potential approach of identifying metal-enriched zones. There are various methods to conduct this
exploration. The resistivity method is effective in elucidating the structure and condition of landfills
and has been examined in many studies [5–10]. The induced polarization (IP) method is effective for
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As landfills are anaerobic, most metals in the fills are in sulfide form. Therefore, we examined the
effectiveness of the IP method in visualizing the metal-enriched zone in landfills.

Authors have already confirmed that the IP method is effective in the identification of the
metal-enriched zone at a landfill site where an artificial pond with a rubber sheet at the bottom was
filled [15]. However, a disposal site filling the valley, which is relatively more common in Japan, has
not been studied. At the disposal site in the artificial pond, the pores of the fills are generally saturated
with leachate and are very anaerobic. On the other hand, the fills at the valley site are unsaturated and
the distribution of water content in the fills is irregular, which is expected to affect the IP phenomenon.

Therefore, in this study, IP exploration was carried out at a T disposal site in the studied valley. In
addition, three drillings were conducted in the exploration area. Using the core samples, IP parameters
and metal contents were measured. By comparing these data, we examined the effectiveness of the IP
method for the visualization of metal-enriched zones in unsaturated landfills.

2. Experimental Sections

2.1. Field Experiment

2.1.1. Experimental Site

The disposal site used in this study is located in the uppermost part of the valley floor, which is
divided into 3 blocks: No. 1 to No. 3. The experimental site corresponds to one section of the No.
2 block, which was operated between 1992 and 2006. The landfill was more than 20 m thick, had a
capacity of approximately 1,000,000 m3, and was filled with incinerator ash, sludge, and dust.

2.1.2. Experimental Method

At the No. 2 block of the T disposal site, exploration using the resistivity and IP method was
carried out using a dipole/dipole array. Six 20 m survey lines were installed in the block to be surveyed
(Figure 1). A stainless steel rod with a diameter of 1 cm and length of 50 cm was used as the current and
potential electrode for the measurement of resistivity. Further, the stainless rod used in the resistivity
measurement was used in the IP measurement as the current electrode, and the nonpolarized electrode
was used as the potential electrode. This electrode was obtained by immersing a copper wire coil into
an unglazed pot filled with a copper sulfate solution. The electrode spacing was 2 m. SuperSting R8/IP
(manufactured by AGI) was used as the measuring device. Then, by analyzing this exploration result
using EarthImager 3D (manufactured by AGI), resistivity and chargeability profiles were obtained.
The analysis was performed by setting a semi-infinite region, and the mesh was automatically divided.
The disposal site focused on in this study is a site located in the uppermost part of the valley floor.
This is divided into 3 blocks: No. 1 to No. 3. The experimental site corresponds to one corner of the
No. 2 block. This block was operated between 1992 and 2006. The thickness of the landfill is over 20 m,
the capacity is about 1,000,000 m3, and the filling materials are incinerator ash, sludge, and dust.
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Figure 1. Location of the prospecting lines (a) and core sampling points (b). 

2.2. Box Experiment 

2.2.1. Calibration of the Experiment Box Used 

In this experiment, the PFE value and chargeability of each sample were measured using an 
acrylic sample holder manufactured by AGI (Figure 2). When using a sample holder, the measured 
value may vary depending on the shape of the holder. We examined whether the measured values 
obtained using this holder were similar to the values obtained using a conventional holder using a 
mixed sample of sand and iron sulfide. The mixing ratios of the sand/iron sulfide samples were set 
to 4:1, 3:2, 1:1, 2:3, and 1:4. 

 
Figure 2. Schematic of the box: (a): plan view, (b) elevation, (c) side view. 

2.2.2. Measurement of IP Effect Using Landfill Core Samples 

The drilling sample collected at the above-mentioned field experiment site was used as the box 
filling sample. These samples were drilling samples at three points selected on the basis of the 
charging rate profile. Figure 1 shows the excavation points. The excavation depth is 5 m for T-1 and 
T-3 and 6 m for T-2. Boring cores were categorized according to the landfill contents and evenly 
sampled from each division. There were 6 samples from T-1, 9 samples from T-2, and 8 samples from 
T-3. Each sample was air-dried, crushed, and passed through a 2 mm sieve, after which it was used 
as the filling sample. 
  

Figure 1. Location of the prospecting lines (a) and core sampling points (b).

2.2. Box Experiment

2.2.1. Calibration of the Experiment Box Used

In this experiment, the PFE value and chargeability of each sample were measured using an
acrylic sample holder manufactured by AGI (Figure 2). When using a sample holder, the measured
value may vary depending on the shape of the holder. We examined whether the measured values
obtained using this holder were similar to the values obtained using a conventional holder using a
mixed sample of sand and iron sulfide. The mixing ratios of the sand/iron sulfide samples were set to
4:1, 3:2, 1:1, 2:3, and 1:4.
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Figure 2. Schematic of the box: (a): plan view, (b) elevation, (c) side view.

2.2.2. Measurement of IP Effect Using Landfill Core Samples

The drilling sample collected at the above-mentioned field experiment site was used as the box
filling sample. These samples were drilling samples at three points selected on the basis of the charging
rate profile. Figure 1 shows the excavation points. The excavation depth is 5 m for T-1 and T-3 and 6 m
for T-2. Boring cores were categorized according to the landfill contents and evenly sampled from each
division. There were 6 samples from T-1, 9 samples from T-2, and 8 samples from T-3. Each sample
was air-dried, crushed, and passed through a 2 mm sieve, after which it was used as the filling sample.

2.2.3. Method

The measurement piece was created by dropping and filling the sample in a box filled with pure
water. This operation was performed to achieve packing for each sample. The IP effect was examined
using the PFE value (Telford et al., 1990) and chargeability. The former measured the specific resistance
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of the piece at frequencies of 1 and 0.1 Hz using the micro-output IP transmitter TSS-57E and the forced
polarization type receiver DF-58CK (manufactured by Yokohama Electronics Research Laboratory).
Then, the PFE value was calculated using Equation (1).

PFE(%) = {(ρ0.1 Hz − ρ1 Hz)/ρ1 Hz} × 100 (1)

where ρ is resistivity.
The chargeability was measured via SuperSting R8/IP (manufactured by AGI) and used in the

field experiment.

2.3. Metal Content Analysis

The main metal concentration of each sample used in the box experiment was measured.
Approximately 1 g was randomly obtained from the dried sample and placed in a Teflon beaker. Then,
nitric acid and hydrochloric acid were added, and the metal was eluted while heating. After the
reaction, a liquid sample for analysis was prepared by filtering the solution. The metal content of
these samples was measured using an ICP emission spectrometer (Agilent 5100 type) and an ICP mass
spectrometer (Agilent 7700 type). The measurement was performed using ICP-OES for major metal
elements such as Fe and ICP-MS for other trace metal elements. The lower limits of quantification
of the main elements in this analysis are as follows: Fe: 0.02, Al: 0.02, Cu: 0.004, Pb: 0.02, Zn: 0.003
(ppm); Ti: 0.07, V: 0.02, Cr: 0.02, Mn: 0.02, Ni: 0.03, Ga: 0.01, Sr: 0.005 (ppb).

3. Results

3.1. Chargeability Profile Obtained from Field Experiment

In the obtained profile groups, high chargeability zones over 100 mV/V were scattered. As an
example, the profile group parallel to the XZ plane and the profile of the XY plane with a depth Z of 3.0
m are shown in Figure 3a,b, respectively. The drilled points are also added in Figure 3b. Evidently, T-1
and T-2 were the drilling high chargeability zone around 130 mV/V, and T-3 was the low chargeability
zone around 50 mV/V.
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Figure 3. Profiles of chargeability. (a)Vertical cross-sectional profiles; (b) Horizontal cross-sectional
profile at 3.0 m deep.

3.2. IP Effect of the Box-filled Sample

3.2.1. Relationship between IP Effect and Iron Sulfide Content

The IP effect of the sample can be indicated by the PFE value or chargeability. The IP effects of the
mixtures of sand and iron sulfide particles with weight ratios of 4:1, 3:2, 1:1, 2:3, and 1:4 are shown
in Figure 4. The iron sulfide content increased up to approximately 60% in the PFE value and the
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chargeability and then remained unchanged or decreased slightly. This tendency is almost the same as
that observed in the experiment conducted using a differently shaped box [15].
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3.2.2. IP Effect of Drilled Samples

The PFE value and chargeability were measured for each drilled sample of T-1, T-2, and T-3. As
shown in 3.2.1, the PFE value correlates with chargeability. Furthermore, the PFE value of each sample
correlates with its Fe concentration, and the correlation coefficient was 0.644 (Figure 5).
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Next, the PFE value trend obtained from the drilled samples was compared with the profile near
the drilled position obtained by the field measurement. Here, the results obtained for T-1 and T-2,
which showed high chargeability, were examined (Figure 6). In T-1, a good correlation is observed
between the profile obtained in the field experiment and the PFE value trend measured from the core.
In T-2, the zone with a higher PFE value trend is slightly deeper than the profile of the field experiment.
The chargeability shown in the field experiment profile is considered a three-dimensional integral,
and the slight differences mentioned above are caused by underground conditions. However, in most
cases, it has been observed that the chargeability profile and PFE trends are consistent.



Environments 2020, 7, 95 6 of 9

Environments 2020, 7, x FOR PEER REVIEW 6 of 9 

 

 

Figure 5. Correlation between the percent frequency effect value and Fe content. 

 

Figure 6. Chargeability distributions around the boreholes and the percent frequency effect values for 
the core samples. (a) Drilled point T-1; (b) drilled point T-2. 

3.3. Main Metal Enrichment in Sample 

Table 1 shows the average and maximum concentrations of the main metals contained in the 
samples obtained from T-1, T-2, and T-3 and subjected to the box test. In this study, the concentrations 
in each sample are shown for the elements that yielded over 1000 mg/kg for the base metal and over 
100 mg/kg for the rare metal in any of the samples at the highest concentration. The base metal has a 
high iron content, followed by aluminum. The iron content in some samples exceeded 100,000 mg/kg. 

Table 1. Metal contents of the core samples. 

     Concentration (mg/kg)      
 Fe Al Cu Pb Zn Ti V Cr Mn Ni Ga Sr 

T-1 
(Num. of 
sample = 

6) 
           

Figure 6. Chargeability distributions around the boreholes and the percent frequency effect values for
the core samples. (a) Drilled point T-1; (b) drilled point T-2.

3.3. Main Metal Enrichment in Sample

Table 1 shows the average and maximum concentrations of the main metals contained in the
samples obtained from T-1, T-2, and T-3 and subjected to the box test. In this study, the concentrations
in each sample are shown for the elements that yielded over 1000 mg/kg for the base metal and over
100 mg/kg for the rare metal in any of the samples at the highest concentration. The base metal has a
high iron content, followed by aluminum. The iron content in some samples exceeded 100,000 mg/kg.

Table 1. Metal contents of the core samples.

Concentration (mg/kg)

Fe Al Cu Pb Zn Ti V Cr Mn Ni Ga Sr

T-1 (Num. of sample = 6)

Av. 48909 31632 729 315 1177 1325 96 127 630 80 36 154

Max. 100279 32741 1690 547 2584 1438 117 360 1292 156 58 180

T-2 (Num. of sample = 9)

Av. 51420 25010 1604 508 916 1027 79 64 547 56 69 221

Max. 107795 35785 8726 1092 1985 1590 111 291 1098 187 186 297

T-3 (Num. of sample = 8)

Av. 41338 27275 2063 448 846 1162 105 43 510 94 37 184

Max. 80774 31210 10140 1895 2335 1346 195 104 947 443 76 272

4. Discussion

When considering the landfills as a source of resources, the target is rare metals with high added
value. In this study, we aimed to nondestructively visualize metal-enriched zones in the landfills, and
focused on the existence of Fe, which is the most abundant metal in the landfills. In addition, Fe often
takes the form of sulfide in anaerobic conditions.

The experimental results showed that the Fe concentration contained in landfills was correlated
to the PFE value. In addition, the PFE value correlates with the chargeability [15]. Furthermore, the
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chargeability profile and the PFE value with depth match. Thus, the Fe concentrated zone in the
landfills can be determined using the IP method.

Therefore, the identification of rare metals enriched in this Fe enrichment zone was investigated. In
this study, we attempted to clarify the relationship between the Fe concentration and the concentrations
of other rare metals. This was achieved through a comparison of the correlation coefficient between
the two factors of Fe and each rare metal and cluster analysis.

The rare metals that showed a correlation coefficient of 0.60 or more in relation to Fe were Cr, Mn,
Nb, W, In, and Bi, and it is highly possible that these are concentrated together with Fe, as shown
Table 2. Figure 7 shows a tree diagram obtained through cluster analysis using the statistical analysis
software R [16]. Further, the elements examined in the analysis are shown in Table 3. As a result, Mn,
Nb, W, and In were determined to be rare metals belonging to the same cluster as Fe.

Table 2. Elements that correlate with Fe in concentration (correlation coefficient: >0.6).

Element Cr Mn Nb In W Bi

Correlation coefficient 0.77 0.83 0.84 0.63 0.77 0.64Environments 2020, 7, x FOR PEER REVIEW 8 of 9 

 

 
Figure 7. Tree diagram by Cluster analysis. 

Table 3. Relationship between numbers and elements in Figure 7. 

Element Li Be Al Ti Ca V Cr Mn Fe Co 
NO. 1 2 3 4 5 6 7 8 9 10 

Element Ni Cu Zn  Ga As Sr Y Zr Nb Mo 
NO. 11 12 13 14 15 16 17 18 19 20 

Element Ag Cd In Cs Ba La Ce Pr Nd Eu 
NO. 21 22 23 24 25 26 27 28 29 30 

Element Gd Dy Er Ta W Tl Pb Bi     
NO. 31 32 33 34 35 36 37 38     

5. Conclusions 

Landfills are considered promising urban mines. Therefore, we are developing a series of 
projects to elucidate the chemical morphology of metals in landfills, nondestructive investigation 
methods for metal enrichment zones, metal extraction methods from enrichment zones, and useful 
metal selection methods. In this paper, we specifically examined exploration methods. In addition, 
the amount of metal contained in landfills is much smaller than that of natural mines, so the target 
metals are rare metals with high added value.  

As a result of the investigation, the IP phenomenon was determined by measuring the 
chargeability or PFE value. The former is a factor that indicates the IP phenomenon itself, the latter 
is an indirect factor, and the chargeability is measured in a general field exploration. However, for 
low chargeability, such as in box experiments, it may be better to examine the PFE value to determine 
the electrical characteristics of the object. Both values were obtained in this box experiment, and there 
is a correlation between the two, as described in Section 3.2.1. By examining these results, it became 
clear that the iron sulfide enrichment zone of the landfills in the valley can be identified from the 
chargeability profile of the field experiment. The important point here is that iron is the most 
abundant metal in landfills. Boring was performed on the iron-sulfide-enriched zone revealed by IP 
exploration, and the metal in the collected core was analyzed. Based on the results, in Section 4, we 
examined a method for identifying trace amounts of useful rare metals that coexist with iron sulfide. 

Through such a process, it is possible to evaluate whether the target landfill is promising as a 
rare metal urban mine. 
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Figure 7. Tree diagram by Cluster analysis.

Table 3. Relationship between numbers and elements in Figure 7.

Element Li Be Al Ti Ca V Cr Mn Fe Co

NO. 1 2 3 4 5 6 7 8 9 10

Element Ni Cu Zn Ga As Sr Y Zr Nb Mo

NO. 11 12 13 14 15 16 17 18 19 20

Element Ag Cd In Cs Ba La Ce Pr Nd Eu

NO. 21 22 23 24 25 26 27 28 29 30

Element Gd Dy Er Ta W Tl Pb Bi

NO. 31 32 33 34 35 36 37 38

Despite their similar results, Cr and Bi were excluded from the cluster analysis. This difference
stemmed from the result of the determination of the similarity between metals in the cluster analysis.
For example, Bi was positively correlated to Fe, but they were not in the same cluster. This is because
Bi is distributed in the cluster owing more to its strong positive correlation to Mo than to Fe.

The differences observed with these methods can be attributed to the characteristics of each
method. In other words, it can be said that Mn, Nb, W, and In selected by both methods are likely to
coexist with Fe.
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5. Conclusions

Landfills are considered promising urban mines. Therefore, we are developing a series of projects
to elucidate the chemical morphology of metals in landfills, nondestructive investigation methods for
metal enrichment zones, metal extraction methods from enrichment zones, and useful metal selection
methods. In this paper, we specifically examined exploration methods. In addition, the amount of
metal contained in landfills is much smaller than that of natural mines, so the target metals are rare
metals with high added value.

As a result of the investigation, the IP phenomenon was determined by measuring the chargeability
or PFE value. The former is a factor that indicates the IP phenomenon itself, the latter is an indirect
factor, and the chargeability is measured in a general field exploration. However, for low chargeability,
such as in box experiments, it may be better to examine the PFE value to determine the electrical
characteristics of the object. Both values were obtained in this box experiment, and there is a correlation
between the two, as described in Section 3.2.1. By examining these results, it became clear that the iron
sulfide enrichment zone of the landfills in the valley can be identified from the chargeability profile
of the field experiment. The important point here is that iron is the most abundant metal in landfills.
Boring was performed on the iron-sulfide-enriched zone revealed by IP exploration, and the metal
in the collected core was analyzed. Based on the results, in Section 4, we examined a method for
identifying trace amounts of useful rare metals that coexist with iron sulfide.

Through such a process, it is possible to evaluate whether the target landfill is promising as a rare
metal urban mine.
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