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Abstract Soils contaminated by potentially toxic
elements (PTEs) which affect human health, such
as zinc, lead, mercury, cadmium, and arsenic, were
applied. The aims of this study are to judge conta-
mination of soil and also to evaluate concentration
of contaminated soil using electrical properties
such as electrical resistivity and permittivity. The
frequency was applied in the experiment ranged
from 100 Hz to 10 MHz. As a result, the values of
electrical resistivity and permittivity of each soil
contaminated by PTEs could be presented as a
function related to frequency and could determine
whether the soil was contaminated. Also, results
indicated that electrical properties give a reliable
estimation of concentrations of PTEs contamina-
tion in soil.

Keywords Soil contamination ·
Electrical resistivity · Permittivity ·
Concentration · Potentially toxic elements

Electronic supplementary material The online version
of this article (doi:10.1007/s10661-010-1562-9) contains
supplementary material, which is available to
authorized users.

Y. Son (B)
Rural System Engineering, Seoul National University,
599 Gwanak-ro, Gwanak-gu, Seoul, 151-742, Korea
e-mail: syh86@snu.ac.kr

Introduction

Environmental contamination has had many un-
expected consequences, causing serious damage in
all the aspects of our lives. Especially, soil con-
taminated by potentially toxic elements (PTEs)
may not damage the crop but can accumulate in
different organs or tissues, hence posing a threat
to human health if consumed. Soil contamination
has an adverse effect on soil properties and is
one of the immediate causes of both underground
water and surface water contamination. Water
and air pollution can be restored relatively rapidly
by natural diffusion or dilution; due to soil’s lack
of mobility, it becomes contaminated slowly, and
restoration is a long process (Nriagu and Pacyna
1988). Contamination remains a perplexing prob-
lem because of the high cost and difficulty of
removing hazardous materials properly from the
soil (Harrison and Willson 1985). Soil contamina-
tion has become a matter of great importance to
mankind due to the fast pace of industrialization.
In particular, PTEs are major contaminants, ac-
cumulating in the soil over a long period of time.
Their toxicities are hazardous to the human body
(Nriagu 1988; Nriagu and Pacyna 1988; Thornton
1993). When evaluating soil contaminated with
PTEs, it is crucial to determine which method of
evaluation should be adopted and how to analyze
the acquired data. Analysis of total PTE con-
centrations, sequential chemical extraction, and
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isotopic analysis are used to evaluate soil conta-
minated with PTEs (Wong and Li 2003). Analysis
of total PTE concentrations is the most frequently
used method to date. It includes neutron acti-
vation analysis (NAA), X-ray fluorescence spec-
troscopy (XRFS), inductively coupled plasma,
and atomic absorption spectrometry. A method is
chosen according to factors such as sample type,
target elements, and laboratory conditions (Wong
and Li 2003). Since NAA requires a nuclear re-
actor or other neutron source to analyze data, it
has not been widely used (Helmke 1996). XRFS
is known as a rapid, reliable, and nondestructive
method that draws a faster result than traditional
chemical analysis methods (Karathanasis and
Hajek 1996). Sequential chemical extraction has
been used to examine chemical conditions of
PTEs contained in soil, and Tessier’s method is
the most commonly used of the methods sug-
gested so far (Tessier et al. 1979). Isotopic analysis
enables us to judge what kind of PTEs has con-
taminated the soil. It has been used in numer-
ous studies of PTEs in the environment and has
been applied in many previous studies of Lead
(Pb) (Farmer and Eades 1996; Gelinas and Schmit
1997; Marcantonio et al. 1999; Munksgaard et al.
1998; Hansmann and Koppel 2000; Zhu et al.
2001). All the methods mentioned above require
special equipment, expert knowledge and time,
thus incurring high expenses. In order to over-
come this problem, electrical properties of soil
were applied.

There are three routes in soil through which
an electrical current flows: a route by both soild
and pore fluid, by the soil particle alone, and
by the pore fluid alone (Smith and Arulanandan
1981; Mitchell 1993). In soil with wet conditions,
electric currents are conducted through connected
the pore fluid which has a high conductivity and is
defined to be a main route of electrical currents
generated in soil (Yoon et al. 2002). It is also
known that electrical resistivity in soil is subject
to the influence of factors such as porosity, the
electrical resistivity of the pore fluid, character-
istics of the solids, degree of saturation, parti-
cle shape and orientation, and pore structure
(Keller and Frischknecht 1966; Parkhomenko
1967; Arulanandan and Muraleetharan 1988;
Ward 1990; Thevanayagam 1993; Yoon and Park

2001). The ratio of the real permittivity of the
material to the permittivity of free space is called
the relative permittivity or dielectric constant
and presented as K′ (Keller and Frischknecht
1966). When subsurface contamination is mea-
sured in a soil–fluid system, measuring permit-
tivity in addition to electric resisitivity has been
suggested, in order to eliminate factors that could
influence electric resistivity (Kaya et al. 1994;
Thevanayagam 1995). This is because chemical
composition or particle shape rarely influences
permittivity in soil, and the value is consider-
ably lower than in most liquids. While water has
comparatively high permittivity, most soil has low
permittivity (Selig and Mansukhani 1975).

PTEs such as zinc, lead, mercury, cadmium,
and arsenic are toxic to humans and cause
more serious problems when soil is contami-
nated by them. Nevertheless, PTEs have been
widely used in industry for a long time. Since
their properties are colorless and odorless, it is
difficult to judge visually contamination of soil
and even harder to detect the presence of PTEs.
Due to these difficulties, contamination tends to
be detected after a long while, serious damage
occurred frequently. Therefore, detection of con-
tamination by PTEs as early as possible and eval-
uation of its concentration are very important
in the treatment of soil contamination as a first
step. This research suggests an effective method
for judging soil contamination by PTEs and
for assessment its concentration using electrical
properties.

Materials and testing methods

Materials

Three different soils were collected in Hwaseong,
Gyeonggi Province, South Korea and were la-
beled as H-1, H-2, and H-3 according to the sam-
pling location. All of the soils were classified as
silty sand by Unified Soil Classification System,
and their physical properties are summarized in
Table 1.

PTEs used in the research were Zinc (Zn),
Pb, Mercury (Hg), Cadmium (Cd), and Arsenic
(As) as standard solutions in concentration of
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Table 1 Physical
properties of soils

USCS Unified Soil
Classification System

Soils Sampling Specific Plasticity % Fines USCS
depth(m) gravity(Gs) limit(%)

H-1 1.0 2.75 NP 12.9 SM
H-2 2.0 2.73 NP 24.0 SM
H-3 3.0 2.72 NP 17.6 SM

1,000 μg/mL (Kanto Chemical Co. Inc., Japan).
Fifteen percent of the gravimetric water con-
tent was equally applied to all specimens and
compacted to the designed dry unit weight
(=12.6 kN/m3). Testing data for all specimens
with different contaminant types and concen-
trations were estimated at the same volumet-
ric water content (=0.19) since it was the most
practical criterion assessing the electrical proper-
ties of unsaturated soil. Distilled water was used
in order to avoid the influence of ion in pore
water. Diluted solutions of PTEs with distilled
water in concentration of 5, 20, 30 mg/L were
applied.

Testing methods

Prior to mixing with soils, electrical properties of
PTEs solutions were observed. Value variation of
each PTE was observed according to frequency
ranges and concentration. Electrical resistivity (ρ)
was calculated as

ρ = K
V
I

A
d

(1)

where K = calibration factor; V = voltage; I =
current; A = the area of the electrodes; and
d = distance between the electrodes.

The permittivity (K′) were calculated as
(Agilent Technology 2000)

K′ = Cs

C0
= Cm − Ce

ε0 × (
A

/
d
) (2)

where Cs = capacitance of the specimen; C0 =
capacitance of the free space; ε0 = permittivity
of the free space (=8.85 × 10−12 F/m); Cm =
measured capacitance; and Ce = edge capacitance.

The edge capacitance (Ce) in the dimension of pF
was calculated by

Ce =(
0.0019K′ − 0.00252 ln d + 0.0068

)
π (2r + d)

(3)

where r = radius of circular electrode(mm); and
d = thickness of the specimen (mm) (ASTM 1994;
Oh et al. 2007).

The specimen was placed between two brass
electrodes that were 70 mm in diameter and
20 mm apart in the acrylic mold. A compaction
rod having the same dimension with the mold was
used to fill the soil in the mold. For the consistent
test condition, the same amount of soil poured
into the mold was compacted to the height of
15 cm. A two-electrode method was employed
to minimize the effect of non-homogeneity and
the disturbance in the specimen (McCarter 1984;
Rinaldi and Cuestas 2002). The electrical prop-
erties were measured using HP4285A Preci-
sion LCR meter (Hewlett–Packard, USA) at
the range of 100 kHz to 10 MHz and Agi-
lent 4263B LCR meter (Agilent Technologies
Japan, Ltd.) at the range of 100 Hz to 100 kHz.
Also, the electrical properties were measured at
18 ∼ 20◦C to minimize the effect of temperature
variation.

For observing polarization and to determine
the lower limit of frequency, permittivity of dis-
tilled water, tap water, and 1.8 and 3.7 mM KCl
solutions were measured. While the permittiv-
ity of distilled water was the constant over the
frequencies, those of tap water and KCl solu-
tions increased with decreasing frequency at be-
low 100 kHz. From results, 100 kHz (0.1 MHz)
was determined as the lower limit of frequency.
In order to avoid or minimize polarization, sev-
eral methods were suggested in previous studies
(Scott et al. 1967; Hill et al. 1969; Gross and
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McGehee 1988). However, Santamarina claims
that these methods are ineffective and unreliable
(Santamarina et al. 2001). Effective quantification
of polarization, to date, is difficult and no method
can eliminate polarization. Based on these esti-
mations, the permittivity analysis was performed
only for the data measured above 100 kHz also to
minimize.

Results and discussion

Electrical properties of PTE solutions

Electrical resistivity and permittivity of PTEs
solutions diluted with distilled water by 5, 20,
30 mg/L were tested. The results are shown in
Table 2.

Table 2 Values of
electrical properties of
PTE solutions

Heavy metals Frequency Electrical resistivity (�·m) Permittivity

5 mg/L 20 mg/L 30 mg/L 5 mg/L 20 mg/L 30 mg/L

Zinc 100 Hz 44.68 11.00 7.19 – – –
1 kHz 44.63 10.95 7.17 – – –
10 kHz 44.73 10.93 7.16 – – –
100 kHz 44.78 10.94 7.16 84.58 56.16 10.03
500 kHz 44.79 10.96 7.17 83.87 54.74 7.33
1 MHz 44.65 10.96 7.16 83.60 51.85 6.18
5.0 MHz 41.69 10.54 7.05 82.56 50.90 4.58
10.0 MHz 50.99 8.80 6.03 103.69 81.10 31.75

Lead 100 Hz 52.24 10.68 7.16 – – –
1 kHz 51.56 10.66 7.14 – – –
10 kHz 51.41 10.68 7.13 – – –
100 kHz 51.45 10.73 7.14 88.40 53.15 13.81
500 kHz 51.38 10.72 7.15 86.93 51.80 13.59
1 MHz 51.12 10.35 7.14 86.46 51.56 10.46
5.0 MHz 47.35 8.82 7.03 84.20 49.82 7.04
10.0 MHz 63.27 8.82 6.07 105.07 81.12 39.63

Mercury 100 Hz 61.40 11.75 7.46 – – –
1 kHz 60.56 11.74 7.45 – – –
10 kHz 60.28 11.74 7.44 – – –
100 kHz 60.25 11.74 7.45 85.56 59.90 18.80
500 kHz 60.25 11.71 7.45 83.62 58.48 12.64
1 MHz 60.12 11.24 7.45 83.42 58.37 12.50
5.0 MHz 56.59 9.51 7.32 83.08 56.49 10.57
10.0 MHz 97.3 9.51 6.83 102.23 87.27 43.86

Cadmium 100 Hz 47.68 10.72 7.18 – – –
1 kHz 47.27 10.70 7.16 – – –
10 kHz 46.74 10.68 7.15 – – –
100 kHz 46.44 10.67 7.15 85.75 57.33 17.00
500 kHz 46.56 10.66 7.15 82.57 51.23 6.86
1 MHz 46.52 10.28 7.14 82.31 51.09 6.56
5.0 MHz 44.20 8.68 7.03 82.03 49.14 2.79
10.0 MHz 39.56 8.68 6.04 101.93 79.94 35.44

Arsenic 100 Hz 425.04 134.63 91.06 – – –
1 kHz 422.92 133.05 89.60 – – –
10 kHz 422.15 132.36 89.16 – – –
100 kHz 421.96 132.27 89.00 82.66 82.52 83.26
500 kHz 421.38 132.17 89.00 82.47 82.28 81.92
1 MHz 426.00 129.01 88.89 82.69 82.28 81.89
5.0 MHz 423.12 126.47 84.97 83.28 83.10 82.79
10.0 MHz – – – 97.69 98.23 100.29
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Fig. 1 Relationship
between electrical
resistivity (ER),
permittivity (PE), and
Frequency for soils mixed
with different
concentration of Zn
solution: a ER of H-1;
b PE of H-1; c ER of H-2;
d PE of H-2; e ER of H-3;
f PE of H-3

(a) ER of H-1

0

50

100

150

0.0001 0.001 0.01 0.1 1 10 100

Frequency(MHz)

E
le

ct
ri

ca
l R

es
is

ti
vi

ty
(

m
)

5mg/L
20mg/L
30mg/L
original

(b) PE of H-1

0

100

200

300

0.01 0.1 1 10 100

Frequency(MHz)

P
er

m
it

ti
vi

ty

5mg/L
20mg/L
30mg/L
original

(c) ER of H-2

0

50

100

150

0.0001 0.001 0.01 0.1 1 10 100

Frequency(MHz)

5mg/L
20mg/L
30mg/L
original



6 Environ Monit Assess (2011) 176:1–11

Fig. 1 (continued)

(e) ER of H-3
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While electrical resistivity and permittivity val-
ues tended to decrease as concentration got
higher, the value of variation was not remark-
able in spite of the change of frequency. In
arsenic, the electrical resistivity was compar-
atively higher than others, and it could not
measure at 10 MHz. Arsenic also had the con-
stant permittivity value of 82 ∼ 83 regardless
of various concentrations and frequencies except
for 10 MHz.

Electrical properties of contaminated soils
by PTEs

Regressive equations were derived from the val-
ues of electric resistivity and permittivity in each
concentration and frequency. The results of con-
taminated specimens by Zn are shown in Fig. 1,
and the regressive equations are presented in
Table 3.

As shown in Fig. 1, the electrical resistivity de-
creased with the frequency and the concentration.
This is because the high concentration was due to
more frequent electric conduction generated by
ionic mobility. The permittivity value also had a
tendency to decrease as the frequency increased,
which is a different result from PTEs solutions.
As the concentration got higher, the permittiv-
ity value increased, which was particularly re-
markable at the considerably low frequency of

100 ∼ 500 kHz. It is considered that the spatial
polarization incurred by accumulated ionic ele-
ments on the surface, caused by interaction among
the pore fluid, air, and soil particle, had more
influence on a low frequency and affected the
result.

The values of electrical resistivity and permit-
tivity could be expressed as functions of log and
involution related to frequency, as:

ρ = α · Ln ( f ) + β (4)

K′ = γ · f δ (5)

where α, β, γ , δ = constants in dimensionless; and
f = Frequency (MHz).

Experiments of contaminated specimens by Pb,
Hg, Cd, and As were conducted using the same
methods. Equations in Figs. 1–4 of ESM were
specified according to the results. Results were
very similar to Zn case, which are shown in
Figs. 1–4 of ESM, respectively. That is, in all
specimens, electrical resistivity and permittivity
tended to decrease as the frequency increased.
Electrical resistivities of contaminated specimens
were lower than those of non-contaminated
(original) specimens. Especially, when As so-
lution was mixed soil, electrical resistivity was
not much different from other contaminated
specimens.

Table 3 Regressive
equations of electrical
properties vs. frequency
for soils mixed with
different concentration of
Zinc solution

Soils Concentration Electrical resistivity Permittivity
(mg/L) (ρ = α·Ln(f) + β) (K′ = γ ·f δ)

α β R2 γ δ R2

H-1 0 −4.32 58.97 0.9477 67.32 −0.429 0.9562
5 −2.69 57.40 0.9568 49.69 −0.382 0.9330

20 −2.70 58.63 0.9590 47.99 −0.387 0.9315
30 −2.64 58.72 0.9570 47.07 −0.386 0.9297

H-2 0 −6.37 80.14 0.9556 76.33 −0.451 0.9605
5 −5.45 69.45 0.9566 60.19 −0.432 0.9542

20 −5.11 67.64 0.9691 61.05 −0.431 0.9550
30 −4.85 69.89 0.9666 56.42 −0.434 0.9530

H-3 0 −3.75 64.07 0.9461 68.35 −0.437 0.9583
5 −3.37 59.66 0.9714 55.94 −0.402 0.9399

20 −3.33 57.90 0.9780 56.17 −0.411 0.9389
30 −2.98 54.27 0.9728 56.99 −0.418 0.9389
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Evaluation of concentration in contaminated
soils by PTEs

To evaluate the concentration of contaminated
soil, the ratios of electrical properties were found
by comparing PTEs solutions to contaminated
specimens by PTEs. The ratios were specified as
IER and IPERM and each of them always has larger

value than zero. IER and IPERM can be obtained by
Eqs. 6 and 7.

IER = ρmixed

ρsolution
(6)

IPERM = K′
mixed

K′
solution

(7)

Table 4 Values of IER
and IPERM vs. frequency
for specimens with
different concentration

Heavy metals Frequency IER

(
= ρmixed

ρsolution

)
IPERM

(
= K′

mixed
K′

solution

)

5 mg/L 20 mg/L 30 mg/L 5 mg/L 20 mg/L 30 mg/L

Zinc 100 Hz 2.12 8.49 12.63 – – –
1 kHz 1.97 7.86 11.73 – – –
10 kHz 1.82 7.31 10.95 – – –
100 kHz 1.67 6.69 10.06 1.98 3.02 16.56
500 kHz 1.52 6.09 9.26 0.78 1.19 8.65
1 MHz 1.44 5.78 8.77 0.56 0.90 7.33
5.0 MHz 1.29 5.03 7.52 0.31 0.49 5.29
10.0 MHz 0.95 5.58 8.16 0.26 0.33 0.82

Lead 100 Hz 1.76 7.33 12.20 – – –
1 kHz 1.65 6.77 11.33 – – –
10 kHz 1.54 6.29 10.57 – – –
100 kHz 1.41 5.77 9.70 1.93 3.58 12.89
500 kHz 1.29 5.32 8.88 0.77 1.38 4.99
1 MHz 1.23 5.25 8.45 0.56 1.01 4.62
5.0 MHz 1.12 5.23 7.23 0.30 0.53 3.63
10.0 MHz 0.76 4.82 7.55 0.26 0.35 0.69

Mercury 100 Hz 1.55 7.14 10.93 – – –
1 kHz 1.45 6.59 10.11 – – –
10 kHz 1.36 6.15 9.45 – – –
100 kHz 1.25 5.65 8.68 1.94 3.07 10.04
500 kHz 1.14 5.18 7.93 0.78 1.20 5.63
1 MHz 1.09 5.14 7.54 0.57 0.86 4.04
5.0 MHz 0.96 5.10 6.45 0.31 0.46 2.49
10.0 MHz 0.51 4.69 6.37 0.27 0.32 0.65

Cadmium 100 Hz 1.92 8.30 11.27 – – –
1 kHz 1.82 7.72 10.54 – – –
10 kHz 1.72 7.23 9.91 – – –
100 kHz 1.59 6.66 9.15 1.98 2.98 10.50
500 kHz 1.44 6.11 8.41 0.82 1.31 9.97
1 MHz 1.37 6.02 8.01 0.60 0.94 7.41
5.0 MHz 1.20 5.97 6.90 0.32 0.52 4.41
10.0 MHz 1.23 5.55 7.40 0.28 0.34 0.77

Arsenic 100 Hz 0.22 0.62 0.86 – – –
1 kHz 0.21 0.58 0.81 – – –
10 kHz 0.19 0.54 0.76 – – –
100 kHz 0.17 0.50 0.69 2.14 2.26 2.39
500 kHz 0.16 0.46 0.64 0.82 0.85 0.91
1 MHz 0.15 0.44 0.61 0.59 0.60 0.64
5.0 MHz 0.13 0.38 0.54 0.31 0.31 0.32
10.0 MHz – – – 0.28 0.28 0.29
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Table 5 Regressive equations of IER and concentration
against all frequency

Heavy metals Concentration R2

(mg/L) = A · I B
ER

(A,B; constants in
dimensionless)

Zinc 3.54 · I0.92
ER 0.9419

Lead 4.19 · I0.87
ER 0.9497

Mercury 4.88 · I0.82
ER 0.9331

Cadmium 3.47 · I0.95
ER 0.9576

Arsenic 44.80 · I1.20
ER 0.9284

where ρsolution, K′
solution = Electrical resisitivity

and permittivity values of PTEs solution and
ρmixed, K′

mixed = Electrical resisitivity and permit-
tivity values of contaminated soil.

The values of IER and IPERM which are average
of all specimens obtained by the Eqs. 6 and 7 are
presented in Table 4.

As shown in Table 4, IER and IPERM had a ten-
dency to increase as the concentration of contam-

ination increased. IER values of Arsenic were very
low due to its considerably higher value in solu-
tion. This result was enough to distinguish it from
other PTEs, unlike in the previous experiment, in
which electrical resistivity of contaminated spec-
imen by arsenic was not distinctive enough from
those of contaminated specimens other PTEs.

Since the variation of the values was small
according to the frequency at each concentra-
tion, the electrical resistivity could be expressed
in one equation in the frequency range of
100 Hz ∼ 10 MHz, as summarized in Table 5.
However, the permittivity was divided into the
range based on frequency and concentration be-
cause the variation of the permittivity was bigger
than the electrical resistivity, as summarized in
Table 6.

The concentration of contamination could be
found and presented as Eqs. 8 and 9 by applying
values of both electric resisitivity and permittivity.
By applying the Eq. 8, the concentration can be

Table 6 Regressive
equations of IPERM and
concentration against
each frequency

Heavy metals Frequency Concentration(mg/L) = C ·eD·IPERM

(C, D; constants in dimensionless)

5 ∼ 20 mg/L 20 ∼ 30 mg/L

Zn 100 kHz 0.35 · e1.34·IPERM 18.27 · e0.03·IPERM

500 kHz 0.36 · e3.38·IPERM 18.75 · e0.05·IPERM

1 MHz 0.51 · e4.07·IPERM 18.89 · e0.06·IPERM

5.0 MHz 0.50 · e7.47·IPERM 19.18 · e0.08·IPERM

10.0 MHz 0.03 · e20.1·IPERM 15.20 · e0.83·IPERM

Pb 100 kHz 1.00 · e0.84·IPERM 17.11 · e0.04·IPERM

500 kHz 0.90 · e2.24·IPERM 17.12 · e0.11·IPERM

1 MHz 0.88 · e3.10·IPERM 17.87 · e0.11·IPERM

5.0 MHz 0.75 · e6.24·IPERM 18.67 · e0.13·IPERM

10.0 MHz 0.07 · e16.0·IPERM 13.26 · e1.18·IPERM

Hg 100 kHz 0.45 · e1.23·IPERM 16.73 · e0.06·IPERM

500 kHz 0.38 · e3.30·IPERM 17.91 · e0.09·IPERM

1 MHz 0.33 · e4.81·IPERM 17.94 · e0.13·IPERM

5.0 MHz 0.32 · e8.91·IPERM 18.23 · e0.20·IPERM

10.0 MHz 0.01 · e25.1·IPERM 13.35 · e1.25·IPERM

Cd 100 kHz 0.33 · e1.38·IPERM 17.03 · e0.05·IPERM

500 kHz 0.48 · e2.85·IPERM 18.81 · e0.05·IPERM

1 MHz 0.46 · e4.02·IPERM 18.86 · e0.06·IPERM

5.0 MHz 0.51 · e7.00·IPERM 18.94 · e0.10·IPERM

10.0 MHz 0.01 · e21.1·IPERM 14.52 · e0.94·IPERM

As 100 kHz 6E − 11 · e11.7·IPERM 0.015 · e3.19·IPERM

500 kHz 1E − 16 · e46.4·IPERM 0.027 · e7.73·IPERM

1 MHz 7E − 23 · e89.3·IPERM 0.017 · e11.7·IPERM

5.0 MHz 3E − 295 · e2187.6·IPERM 0.001 · e30.8·IPERM

10.0 MHz 2E − 179 · e1469.1·IPERM 5E − 11 · e94.5·IPERM
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found using IER. When the Eq. 9 is applied, a
more accurate concentration of contaminated soil
can be found according to various frequencies and
concentrations using IPERM,

Concentration
(
mg

/
L

) = A · IB
ER (8)

Concentration
(
mg

/
L

) = C · eD·IPERM (9)

Where A, B, C, D = constants in dimensionless.
That is, the concentration of contamination

could be simply and quickly evaluated using elec-
trical resistivities, since it is calculated by one
equation, while equations of permittivity were
divided into the range based on frequency and
concentration in order to determine the accurate
concentration. Also, these equations are very use-
ful for verifying the concentration of contamina-
tion obtained by electrical resistivity.

Summary and conclusions

Electrical properties of PTEs solutions and conta-
minated specimens by PTEs were estimated both
to evaluate the concentration of contamination
and to decide whether or not soil was contami-
nated. Zn, Pb, Hg, Cd, and As were used for this
research. The following results were found:

1. Permittivity of arsenic solution was almost
constant as though concentration and fre-
quency were changed. However, when arsenic
solution was mixed with soil, the trend of
permittivity was followed the other PTEs.

2. In contaminated soils, electrical resistivity and
permittivity are related to the function of fre-
quency in different concentrations, which is
helpful for judging contamination of PTEs.

3. Concentration of PTEs contamination in soil
was simply and quickly estimated by one
equation was found using electrical resistivity.

4. To estimate the concentration of contamina-
tion and to verify the results of electrical re-
sistivity in soil, permittivity was very useful.
Electrical resistivity and permittivity could be
employed as alternative methods for deter-
mining PTEs contamination in soils.
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