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Soil contamination is one of the vital environmental challenges the world encounters. This study 
demonstrates the potential of electrical measurements in controlling and limiting the spread of 
contamination through soils. The current laboratory samples represent shale contaminated by oil 
containing polychlorinated biphenyls (PCBs). PCBs are serious risk to living organisms, particularly 
when they reach soils and aquifers. This study aims to show how electrical measurements can serve 
as a monitor for soil contamination and oil seepage. This contaminant is regarded as a semi-insulating 
material, whereas shale is supposed as a semi-conducting material. Different cases of shale samples 
(natural core, cracked core, and synthetic) and saturations (dry to fully saturated samples) with this 
contaminant were used. Electrical parameters (dielectric constant, conductivity, and impedance 
plane), for shale samples collected from Bani-Swef area, were measured. Therefore, samples (shale) 
were contaminated with oil at various contamination levels and concentrations to measure the 
electrical responses. These electrical measurements were performed at a frequency range starting 
from 1 mHz to 100 kHz. The results reveal that when levels of contamination increase, electrical 
conductivity and dielectric constant decrease for all sample cases. The contaminant reflects its 
insulator electrical characteristics. The laboratory measurements show reasonable results for natural 
and synthetic samples, while those for cracked samples exhibit abnormal behaviour, because the 
contaminant penetrates through the fractures and causes some distortion in the electrical readings. 
The electrical measurements show that it can be used as a preliminary screening step for monitoring 
soil contamination, particularly for oil seepage cases. It may offer a high-quality functional technique 
that is both cost-effective and non-invasive. This method may allow for a fast evaluation and assist as a 
massive environmental monitoring tool. This approach aligns with the sustainable development goals 
of Egypt vision 2023.

Soil contamination monitoring is an effective way to protect human health, the environment, and agricultural 
productivity. Contaminated soils may host hazardous substances including heavy metals, pesticides, and 
Persistent Organic Pollutants like polychlorinated biphenyls (PCBs), its chemical structure consists of two 
linked benzene rings in which hydrogen atoms can be substituted with chlorine atoms. The contaminated oil 
used in this study represents transformer oil potentially containing PCBs, mainly Aroclor 1254 congeners, 
which are commonly found in old electrical transformers at electricity companies1,2. PCBs are colourless and 
often have no smell. Because of their interactions with minerals, organic matter, and moisture content, oil 
containing PCB products can highly affect the electrical properties of soil. These contaminants can bio-magnify 
through the food chain, contaminate surface water, and seepage into groundwater aquifers. Chronic exposure 
to these contaminants can have health consequences that range from cancer to developmental problems and 
neurotoxicity. Early detection and continuous monitoring of pollutants in the soil allow for timely intervention, 
thereby preventing the spreading of contaminants and minimizing the cost and technical difficulty of any 
remediation effort. Thus, in addition to ensuring the safe use of land and the preservation of quality agricultural 
land for food security, effective monitoring also ensures that environmental laws are followed. Soil monitoring 
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is also a key function for depicting the effectiveness of remediation techniques as policy and decision-making 
processes for natural resource protection for future generations. By knowing the level and consequences of soil 
contamination, communities will manage the risks and work for a cleaner and improved environment3.

The electrical characterization of porous materials is becoming more common in geologic investigations for 
environmental applications. Electrical approaches are non-destructive tools for monitoring soil contamination. 
Induced Polarization (IP) is one of the geophysical techniques increasingly utilized for monitoring soil 
contamination, particularly in detecting contaminants like Oil seepage. IP captures differences in dielectric 
constant and conductivity properties for different materials by measuring the sub-surface’s delayed electrical 
reaction by injecting electric current into the earth. These variations can be detectable through IP survey 
and provide critical insights into the presence, distribution, and contaminant concentrations4–6. Also, IP 
approach is a helpful non-invasive tool for risk-hazardous environmental monitoring since it may identify soil 
contamination7–9. By studying the changes in soil characteristics according to the contamination saturation, 
the electrical methods help identifying the contaminated hotspots and aquifers. PCBs tend to connect with soil 
rich in organic matter, changing its electrical characteristics, and IP can detect and display. This technology 
is very beneficial for contamination detection. Thus, using IP in soil contamination research helps to manage 
contaminated sites by oil seepage more precisely, effectively, and economically6.

The study of soil property changes is of great importance in environmental explorations. Due to its importance, 
many ancient and modern research studies have addressed it by studying the factors affecting changes in soil 
electrical properties in geophysical explorations. Studies have focused on the most important factors affecting 
these properties by the studying heterogeneity of samples10–13, the texture of samples13, the grain size of friable 
samples14, the effect of humidity and saturation15, the effectiveness of the salinity of samples, whether from the 
coastal aquifer16, and monitoring hydrocarbon leakage into the soil8,17, or by using different concentration levels 
of heavy metals in the soil affect the electrical properties5,18.

Numerous laboratory researches have indicated that IP impact is typically decreased when contaminants 
are present in water-saturated soil samples19–28 while other studies reach opposite results (increasing the IP 
effect) according to contaminant saturation4,25,29–35. Other trends have also been noted, in contrast to several 
laboratory investigations that have interpreted the relationship between non-aquas phase liquid contaminant 
concentrations and IP response as a linear relationship6,23,25,33,36–40. Despite the huge amount of laboratory 
research, it is not usually possible to compare the results of various studies due to sample preparation variations, 
different textures, and different contamination kinds41.

Different studies refer to using IP to support this method to detect the contaminated sites in addition to 
Spectral range because of their sensitivity to sample properties at pore scale levels such as porosity, permeability, 
grain size distribution, shapes of grains, sizes of grains, and pore throat size distribution21,29,42–51.

 The majority of previous studies have concentrated on sandy samples23,25,33, despite the increase of knowledge 
on IP technique applied to contaminated soils. On the other hand, shale samples have received little attention 
despite having unique mineralogical, low permeability, and high organic content that significantly affect electrical 
behavior. In the same context, there are no studies that have looked at how oil contamination levels specifically 
change the IP responses of different shale sample types (natural core, cracked core, and synthetic samples) in 
a controlled laboratory setting. This is a significant knowledge gap regarding the electrochemical mechanisms 
that control the interactions between contaminants and rocks in low permeability media. Thus, by performing 
systematic laboratory IP measurements on shale samples exposed to controlled oil contamination, the current 
study seeks to close this gap. The IP technique is useful for monitoring the effect of changing contamination 
concentration (oil) on the electrical characteristics6. In the same context, it is important to understand how 
these materials react with applied electric current. The IP technique uses measurements of electrical properties 
to reveal details about the properties of samples, particularly when it comes to contaminants like oil or metallic 
minerals5.

Materials and laboratory methods
Sample collection
Samples were collected from the Ghaida Al-Sharqia mine, Bani-Swef area, Egypt. The samples studied 
were collected from areas characterized by well-developed successions of shale deposits at latitude 28°55ʹ N 
and longitude 31°2ʹ E (Eastern part of the River Nile) (Fig. 1). These lithological features (successions) and 
sedimentary structures were measured, sampled, and reported by52. The mine of Ghaida Al-Sharqia (Bani-Swef 
area) is characterized by shale deposits in the Middle Eocene (El-Fashn Formation). Shale, limestone, and marl 
exposed at the Gabal Abiayd East El Fashn area usually make up this formation. Stratigraphically, Bani-Swef 
Formation is underlain by the El Fashn Formation, which unconformably covers the Qarara Formation (Middle 
Eocene)52. The site was selected because of the presence of a new electricity company which contains many 
transformers that uses oil and may contains the PCB products and may have some oil seepage. This oil seepage 
may affect the surrounding soil and human health. The general analyzed samples elements (trace and major) of 
studied samples were fully described by Soliman et al.52 and are listed in (Table 1).

  

Laboratory set-up and measurements
Experimental set-up
Electrical properties were measured using a cylindrical electrode design (Fig. 2a) to measure oil contamination of 
unsaturated shale (PCBs approximately 62 ppm). For synthetic Sample dimensions, according to sample holder 
dimension (thickness 25  mm, and diameter 40  mm), natural and cracked (thickness 15  mm, and diameter 
6 mm).
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Fig. 2.  (a) The impedance analyzer, (b) the photographic diagram of the electrode system sample holder, and 
(c) the sample holder.

 

Element Value (%) Element Value (ppm)

Sio2 46.09 Sr 254

Al2O3 15.08 Ba 208.8

CaO 5.3 V 122.4

MgO 1.73 Ni 79.5

Fe2O3 7.32 Cr 109.7

TiO2 0.95 Zn 118.3

P2O5 0.25 Cu 19.5

K2O 1.34 Zr 421.9

Na2O 1.97 Rb 51.9

SO3 0.14

Table 1.  Major and trace element contents of the shales (after Soliman et al.52).

 

Fig. 1.  Location map of the study area, (a) spatial location of Egypt (hachured blue) relative to the Africa 
(gray) created by map chart, (b) spatial location of Beni-Swef district (green) relative to Egypt (gray) [a & b 
created by map chart, https://www.mapchart.net/], (c) spatial location of the collected studied samples area, 
which covered an area at west of Beni-Swef [the image source is https://www.google.com/earth/about/versions/ 
and full image were created and presented using Surfer66 V.15.5.382, ​h​t​t​p​s​:​/​/​w​w​w​.​g​o​l​d​e​n​s​o​f​w​a​r​e​.​c​o​m​/​p​r​o​d​u​c​t​
s​/​s​u​r​f​e​r​/​​​​​.​​​​
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The instrument used for this experiment is a Hioki 3522-50 LCR Hitester Impedance Analyzer (Fig. 2b) 
with a range of frequencies (1 mHz up to 100 kHz) across a voltage of around 1 V applied, and the instrument 
has been calibrated. The average value was obtained by measuring each point 64 times and four-electrode 
configuration was used to minimize electrode polarization and contact impedance (Fig. 2c), especially at low 
frequencies32,36,53–55.

The collected samples were prepared by categorized into three different sample categories. The first category 
is synthetic samples (Fig. 3a), the cracked core samples (natural core samples but contain cracks) (Fig. 3b), and 
natural core samples (Fig. 3c).

The contaminant oil containing PCBs around 62 ppm is used for this experimental work. In addition, to 
verify that the contaminant does not have any solid impurities (Fig. 4), which blocking the sample’s pores, the 
contaminant was filtrated.

In the synthetic sample case, the rock sample became friable (Fig.3a) with agate mortar (Fig. 5). Then the 
sample was saturated with different amounts of contaminant (with pressure saturation was used) to get different 
saturation levels under the same pressure (4.5 Kb)56 to simulate field condition where the relative atmospheric 
humidity is ~ 64% and at room temperature (24 °C). The electrical measurements were measured after the 
determination of contaminant weight with increasing contaminant saturation. The percentage of contaminant 
concentration levels were calculated as

	
Ws =

(
WW − WD

WD

)
*100� (1)

where WW  is the weight of the contaminated sample, and WD  is the weight of a dry (uncontaminated) sample. 
The same procedures for the cracked (Fig. 3b) and natural samples (Fig. 3c) for the saturation by contaminant 
were applied. The porosity of studied samples (natural core ~15%, cracked core ~25%, and synthetic samples 
~45%) were calculated as

	
∅ =

(
Vp

Vt

)
*100� (2)

where, Vp is the pore volume, and Vt is the total volume of sample.

Fig. 4.  (a) Filtering process, and (b) differences between contaminants before and after filtering.

 

Fig. 3.  (a) Synthetic, (b) cracked, and (c) natural samples.
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Computation of electrical parameters
The impedance analyzer instrument outputs are series and parallel capacitance and resistance (Cs, Cp, Rs, and 
Rp), respectively. Then, from these four parameters and the sample dimension as cross-sectional area (A) and 
thickness (d) of a sample, the complex impedance can be calculated from these equations:

	 Z* = Z′ + iZ′ ′ � (3)

with

	
Z′ = Rs*

(
A

d

)
� (4)

	
Z′ ′ =

( 1
ω Cs

) (
A

d

)
� (5)

where Z′  and Z′ ′  are real and imaginary (quadrature) components of impedance, respectively41.
The complex dielectric constant (permittivity)

	 ϵ * = ϵ ′ − iϵ ′ ′ � (6)

must be calculated to measure the real and imaginary (quadrature) conductivity, and the complex component of 
the dielectric constant can be calculated as real and imaginary

	
ϵ ′ = CP

C0
� (7)

	
ϵ ′ ′ = GP .d

ω .A.ϵ 0
� (8)

where

	
Geometrical capacitance C0 =

(
A

d

)
ε0 (F)� (9)

	 ε0 = 8.85 × 10 − 12 (F/m) ,� (10)

	
Parallel conductance GP = 1

RP
� (11)

	 Angular frequency ω = 2πf � (12)

The real part of complex conductivity can be measured by using this formula43

	 σ ′ = ϵ ′ ′ *ω *ϵ 0� (13)

Fig. 5.  Agate mortar.
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Fig. 6.  Variation in real conductivity with frequency according to increasing contaminant saturation for (a) 
cracked, (b) natural, and (c) synthetic samples.

 

Parameter Sample case

Value range

Fig.From To

Real conductivity

Cracked core 7 × 10− 3 S/m 7 × 10− 5 S/m 6, a

Natural core 2 × 10− 3 S/m 2 × 10− 5 S/m 6, b

Synthetic 2 × 10− 4 S/m 2 × 10− 6 S/m 6, c

Contaminant 1.8 × 10− 6 S/m 6

Dielectric constant

Cracked core 1010 8 × 108 7, a

Natural core 8 × 109 2 × 108 7, b

Synthetic 8 × 108 7 × 106 7, c

Contaminant 7 × 106 7

Real impedance

Cracked core 2 × 102 Ohm.m 2 × 104 Ohm.m 8, a

Natural core 8 × 102 Ohm.m 5 × 104 Ohm.m 8, b

Synthetic 4 × 102 Ohm.m 3 × 104 Ohm.m 8, c

Contaminant 7 × 105 Ohm.m 8

Imaginary impedance

Cracked core 104 Ohm.m 1 Ohm.m 9, a

Natural core 104Ohm.m 10 Ohm.m 9, b

Synthetic 104 Ohm.m 100 Ohm.m 9, c

Contaminant 105 Ohm.m 9

Table 2.  The value range of different electrical parameters according to each different case.

 

Scientific Reports |         (2026) 16:7184 6| https://doi.org/10.1038/s41598-026-37447-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Results and discussions
The effects of contamination on the soil’s electrical characteristics were performed in this study. Frequency 
analysis of laboratory electrical measurements was presented through a range of 1 mHz up to 100 kHz. Hioki 
3522-50 LCR Hitester Impedance analyzer was used to detect the electrical properties of different sample cases 
(cracked, natural, and synthetic). The results indicate that the contaminants affect the soil’s electrical properties, 
with increasing the contamination concentration, the electrical properties change rapidly. However, to study 
the effect of contaminants on soil, dry shale samples (Fig. 3) were taken and partially saturated with fractions of 
contaminant gradually from dry to different saturation levels (up to fully saturated). The experiment started by 
saturating natural core samples (Fig. 3c) by oil contaminant. With the increase of contamination levels, it was 
noticed that the conductivity of the sample did not decrease gradually (Fig. 6b). In this case, it was supposed 
that the contaminant may contain some solid impurities that block the pore spaces and do not penetrate the 
sample vertically. Accordingly, the contaminant was filtered (Fig. 4a) to ensure that it does not contain any solid 
impurities that block the upper pore spaces of the sample. Indeed, the purity of the contaminant was confirmed 
as it does not contain any solid impurities (Fig. 4b). Also, another sample with some fractures (cracked core) 
(Fig.  3b) was measured, and it was measured with the increase of contamination. It was observed that the 
contamination penetrates the sample deeply and moves through those cracks directly (does not penetrate the 
bulk sample). Moreover, trying to make a synthetic sample (Fig. 3a) by grinding some hand specimen samples. 
This step to avoid the heterogeneity of the samples and to be able to track the movement of the contaminant 
according to homogeneity. After some additions (oil saturation), it’s discovered that the contaminant developed 

Fig. 7.  Variation in real dielectric constant (permittivity) with frequency according to increasing contaminant 
saturation for (a) cracked, (b) natural, and (c) synthetic samples.
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some layers that blocked many contaminant particles from passing through the samples. There was very little 
movement of the oil between the pores.

It should be noted that the change in real conductivity (conduction paths in S/m) with increasing frequency 
as a function of contaminant saturation levels for the three cases are represented in Fig. 6 [cracked (Fig. 6a), 
natural (Fig. 6b), and synthetic (Fig. 6c) samples]. There are clear relationships between increasing contaminant 
saturation and conductivity. The conductivity values decrease from 7 × 10− 3 to 7 × 10− 5 S/m at cracked samples, 
and 2 × 10− 3 to 2 × 10− 5 S/m at natural samples, and 2 × 10− 4 to 2 × 10− 6 S/m at synthetic samples, while the value 
of pure contaminant conductivity is 1.8 × 10− 6 S/m. This conductivity value of the contaminant refers to an 
insulator material.

Börner et al.29 examine the different contamination (including oil as contaminant) for sand and shale synthetic 
samples then state that the conductivity decreases with increasing the oil contaminant. Besides, the conductivity 
values (Fig. 6) reflect logical trends between the three different sample cases but different ranges of conductivity 
values (Table 2) because of texture57. These trends suggest that with increasing contamination levels, there are 
significant decreases in conductivity values31. In the context, it is noticed that the fully saturated samples in 
different sample cases have two trends, one of them appears in cracked (Fig. 6a) and synthetic samples (Fig. 6c), 
following the same response of pure contaminant electrical characteristics, while the others appear with natural 
sample response (Fig. 6b) follows the same response that occurs in partially saturated samples. This can be 
interpreted as the synthetic fully saturated sample, semi-identical response due to the homogeneity of material 
with the contaminant and the response of cracked sample due to the accumulation of contaminant through the 
fractured exist in the sample, while the natural sample response according to the natural state of the sample. The 
mechanism of oil transport through the cracks due to gravity effect and the oil accumulate through these cracks 
then increase fluid pathways and accelerate contaminant migration, leading to local dielectric heterogeneity 
and unstable charge accumulation58,59. The polarization effects of oil particles make the soil less conductive at 
lower frequencies17. Because they are dielectric and comparatively non-conductive, these contaminants form an 

Fig. 8.  Variation in real impedance with frequency according to increasing contaminant saturation for (a) 
cracked, (b) natural, and (c) synthetic samples.
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interface with the soil particles, which polarize when exposed to an electric field, especially at low frequencies. 
Polarization processes (considered noise signals), such as Maxwell-Wagner polarization, predominate at higher 
frequencies. As the frequency increases, these interfacial polarization effects decrease, causing the overall 
conductivity to decrease, especially in soils with high oil content. As well as, with changing grain sizes of different 
samples, there is no change in conductivity responses22. So, the finding results deal with different literatures as 
oil saturation increases the real conductivity decreases (e.g.31,33,60).

The effect of increasing contamination levels on the dielectric constant characteristics for cracked, natural, 
and synthetic samples were showed in Fig. 7. There is a clear decrease in dielectric values by increasing the 
amount of contamination saturation within the whole range of frequencies. The dielectric constant values range 
from 1 × 1010 to 8 × 108 in cracked samples, 8 × 109 to 2 × 108 in natural samples, and 8 × 108 to 7 × 106 in synthetic 
samples, while the value of pure contaminant is 7 × 106.

The different level additions of contamination concentrations decrease the sample’s dielectric constant (Fig. 
7) at low frequencies by nearly half a decade8, and the value decreases at relatively high frequencies. Relatively 
high dielectric constant values, at relatively high frequencies become frequency-independent after decreasing 
with increasing frequency. It notices a gentle decrease in natural sample cases (Fig. 7b), but decreases in the 
others are irregular. In samples, the dielectric constant tends to decrease as the frequency of the applied electric 
field increases. This is because charged particles (electric dipoles) cannot be rearranged with rapidly oscillating 
fields fast enough. This impact is particularly observed in oil contaminated soils because oil is non-polar and 
do not have the same polarizability as water molecules. The ability of the soil to store energy decreases with 
increasing oil concentration, which lowers the dielectric constant, particularly at higher frequencies. Particularly 
in soils with high oil saturation, the dielectric constant decreases as frequency increases, because polarization 
delays change in the electric field.

The effect of contaminant concentration on the real impedance (in Ohm.m) in the spectral range for the 
cracked, natural, and synthetic samples showed in Fig. 8. The real impedance decreases as frequency increases for 

Fig. 9.  Variation in imaginary impedance with frequency according to increasing contaminant saturation for 
(a) cracked, (b) natural, and (c) synthetic samples.
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all samples. The contaminant shows consistently high impedance values (7 × 105 Ohm.m) across all frequencies 
compared to other samples. Samples with increasing contaminant saturation percentages (from dry to fully 
saturated) exhibit progressively lower impedance at corresponding frequencies. The real impedance values range 
from 2 × 102 to 2 × 104 Ohm.m for cracked samples, 8 × 102 to 5 × 104 Ohm.m for natural samples, and 4 × 102 to 
3 × 104 Ohm.m for synthetic samples.

Besides, when the contaminant concentration increases, the real impedance increases. Long-range conduction 
pathways can form at low frequencies because charges have more time for movement. The electrode polarization 
mechanism dominates, contributing to lower impedance. At high frequencies, lower resistance results from 
charge carriers’ ability to follow the quickly fluctuating electric field and get conductive paths. Real impedance 
increases with frequency under contaminant saturation levels due to increased dielectric relaxation, decreased 
ionic mobility, and material microstructure changes. The electrical behaviour of soil is important to estimate 
material performance in different environments and determine the effects of contamination.

The relationship between imaginary impedance (in Ohm.m) as a function of frequency for cracked, natural, 
and synthetic samples with different contaminant concentration levels are illustrated in Fig. 9. Dry shale exhibits 
higher impedance compared to partially saturated samples at lower frequencies. The pure contaminant has a 
significant imaginary impedance value (105 Ohm.m). The range of the cracked sample case is from 104 to 1 
Ohm.m, the natural sample case is from 104 to 10 Ohm.m, and the synthetic sample is from 104 to 100 Ohm.m.

The different responses among different samples emphasize the influence of geological and structural 
properties on their electrical behavior. In the same context, the cracked samples (Fig. 9a), higher imaginary 
impedance values are observed at low frequencies, which can be attributed to interfacial (Maxwell–Wagner) 
polarization caused by the large contrast in electrical properties between the non-conductive oil and conductive 
shale61–63. Fractures increase effective porosity and facilitate conductive pathways, making the impedance 
response highly sensitive to changes in oil saturation64. Besides, at the natural samples (Fig. 9b), characterized 

Fig. 10.  The argand (impedance/Nyquist) plane of natural samples as a function of contaminant 
concentration. The first panel presents a zoomed-in view while the subsequent panels are displayed at 
progressively larger scales to capture the full impedance response across the entire concentration range.
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by finer porosity and a tighter structure, the response appears more gradual, with an overall decrease in 
imaginary impedance as saturation increases. This suggests limited infiltration and distribution of oil 
within the fine pore spaces, which reduces its impact on the electrical properties. Laboratory dielectric 
relaxation studies of partially saturated shales verify this behavior36. Conversely, the synthetic samples 
(Fig. 9c) exhibit smoother and more uniform behavior, reflecting a homogeneous distribution of saturation 
within the sample. This indicates that synthetic materials can serve as idealized models for studying the 
electrical response of oil-contaminated shale, although they may not fully capture the complexities of 
natural cases. A recent study on synthetic shale–sand mixtures confirm the consistent impedance trends 
and dielectric dispersion observed in such engineered media51.

The Nyquist plot (Argand plane), which depicts the relationship between real impedance (on the 
X-axis, in Ohm.m) and imaginary impedance (on the Y-axis, in Ohm.m). This relationship is widely 
used in electrochemistry, materials science, and geophysics to analyze electrical and dielectric properties. 
This plot represents different electrical responses related to the homogeneity of the materials. One of 
these responses is a skewed arc which represents how the medium refers to insulator material, then 
changed to one semicircle which reflect a semi-insulating material. In addition to the diameter of this 
semicircle giving information about the electrical characteristics of the materials. Another shape is the 
two semicircles due to the bulk mixture and sample properties. The first semicircle (at high frequencies) 
reflects properties of the bulk impedance (impedance of the main material), and the second semicircle 
(at low frequencies) reflects the interface impedance (impedance of the surrounding material). On the 
other hand, that the two axes (the X-axis and the Y-axis) must be the same scale to show the semicircular 
curve. It is commonly used to analyze the electrical properties of materials, such as shale, in terms of their 
resistive and capacitive behaviour.

Nyquist plot of the natural samples is presented in Fig. 10. The contaminant appears to form a distinct 
wide semicircular curve (Fig. 10a) forms a distinct semicircular curve and represents a high resistance and 
capacitance nature. To be able to see the other samples, the two axes were rescaled (Fig. 10b–d). Grains 
at natural shale samples (Fig. 10), with increasing contaminant concentration, tend to make a cluster 

Fig. 11.  The argand (impedance/Nyquist) plane of synthetic samples as a function of contaminant 
concentration. The first panel presents a zoomed-in view while the subsequent panels are displayed at 
progressively larger scales to capture the full impedance response across the entire concentration range.
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at the lower left of the plot, showing low impedance values. Dry shale is close to the origin, indicating 
very low impedance compared to contaminants. As contaminant concentrations increase, the impedance 
values move closer to the origin, implying that higher fluid content reduces both the resistive and 
capacitive impedance components8. There are bulk (properties of the material) and interface (properties of 
surrounding contamination) impedances that appear in partially saturated samples (Fig. 10b and c). The 
bulk (at high frequency) and interface (at low frequency) impedances are clear as two semicircular curves 
(Fig. 10b). From this point of view, one semicircular curve appears in the dry and low concentration levels 
with contaminant (Fig. 10c, and d).

Impedance plane of the synthetic samples case is presented in Fig.  11. It clearly shows the bulk and 
interface impedances in all samples as two semicircular curves. This is due to completely homogenous 
material with contaminants. On the other hand, in the cracked samples case doesn’t show the soil behaviour 
bulk and interface impedances due to the accumulate the contaminant through cracks (Fig. 12).

Fig. 12.  The argand (impedance/Nyquist) plane of cracked samples as a function of contaminant 
concentration. The first panel presents a zoomed-in view while the subsequent panels are displayed at 
progressively larger scales to capture the full impedance response across the entire concentration range.
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As a reference for highlighting the changes of the IP signal, 100 Hz was selected in this experiment65. The 
trend of real conductivity values over different contaminant concentration levels with error bars represent 
standard deviation is showed in Fig. 13. There are good inverse linear relationships between conductivity 
values and contaminant concentration levels with natural (R = 0.83, R2 = 0.68) and synthetic (R = 0.83, R2 
= 0.68) samples, while the inverse linear relationship with cracked samples (R = 0.63, R2 = 0.4) was poor.

The change in dielectric constant values over different contaminant concentration levels with error 
bars represent standard deviation is presented in Fig.  14. There are good inverse linear relationships 
between dielectric constant values and contaminant concentration levels with natural (R = 0.8, R2 = 0.64) 
and synthetic (R = 0.89, R2 = 0.79) samples, while the inverse linear relationship with cracked samples 
(R = 0.62, R2 = 0.38) was poor. General trends exist, such as conductivity and dielectric constant decreases 
with increasing contamination concentrations. This trend occurs as the contaminant particles block 
the conduction paths that current pass through. According to these relationship results, there are good 
relations in the case of natural and synthetic samples due to the natural and homogeneity of samples while 
there are poor relations in the case of cracked samples because of the contaminant accumulating through 
the sample’s fractured zones.

Fig. 13.  The effect of contaminant concentration on real conductivity according to (a) cracked (yellow circles), 
(b) natural (blue circles), and (c) synthetic (red circles) samples at 100 Hz with error bars.
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Conclusion
This work aims to monitor the effect of contamination (oil seepage) on soil using electrical measurement 
techniques. The experiment designed by using different samples to differentiate between all these cases on the 
laboratory scale. It was confirmed that there were no solid impurities in the contaminant that may affect the 
measurements. The study shows the following results:

•	 The electrical measurements of the fully saturated fractured sample follow the same response of the pure con-
tamination and notice that it appears as a transition zone between the natural sample and synthetic sample.

•	 The dielectric constant shows storage energy, and with increasing the contaminant amount, there is a decrease 
in the energy stored.

•	 There is a good inverse linear relation between electrical properties and contamination concentration levels 
in the case of natural and synthetic samples, and a poor relation in the cracked samples case due to the trans-
missivity of oil through fractures.

•	 When the saturation of contaminants increases, the real conductivity and dielectric constant decrease.
•	 Based on electrical measurements, it can monitor the change in electrical characteristics according to the 

seepage of contamination.
•	 Measurements were able to differentiate between fractured and non-fractured samples.

The current study helps to better understand the behaviour of contaminants according to their electrical 
characteristics. It helps also when studying the geoelectrical experiment inside groundwater aquifers to monitor 
contaminants oil contained PCB products seepage. In future work, it recommends applying this study in the field 
and make a correlation between field and lab scales.

Fig. 14.  The effect of contaminant concentration on real dielectric constant according to (a) cracked (yellow 
circles), (b) natural (blue circles), and (c) synthetic (red circles) samples at 100 Hz with error bars.
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Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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