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Abstract: Waste disposal sites are a serious concern due to their potential contamination threat. Site 

characterizations are the basis for contamination remediation, among which borehole-based meth-

ods are time-consuming. This study aims to utilize time-domain induced polarization (TDIP) to 

constrain groundwater and soil organic contamination. Fourteen TDIP profiles were arranged using 

three acquisition methods at a disposal site contaminated with benzene. A data quality analysis was 

first conducted to overcome poor signals in high-salinity groundwater conditions. The TDIP results 

show that solid waste can be classified into two distinct types based on chargeability. The results of 

induced polarization measurements and X-ray fluorescence analysis proved the presence of metal 

substances causing high chargeability. The waste with metals was the benzene contamination 

source. Finally, we propose a procedure for the integration of geophysical and geochemical methods 

to delineate contaminated areas. A new roll-along survey protocol was developed to meet the needs 

of long-profile surveys of contaminated shallow groundwater and soil sites. 

Keywords: waste disposal site; groundwater and soil contamination; induced polarization;  

roll-along survey 

 

1. Introduction 

Groundwater contamination caused by waste disposal sites is a serious concern. 

Contamination related to waste disposal is due to the presence of inorganic substances, 

organic contaminants and heavy metals in solid wastes [1]. The contaminants penetrate 

native geological layers because most disposal sites were constructed without an imper-

meable system underneath [2–4], especially in the suburbs of developing countries, where 

most waste disposal sites are unauthorized [5,6]. Ecosystems and public health are under 

serious threat after these contaminants enter aquifer systems [7,8]. As a result, organic 

contamination may cause serious health issues, such as liver, eye, skin and neurological 

diseases [9,10]. 

The investigation of contaminated groundwater and soil sites is the basis for reme-

diation [11], which can provide essential information so that the source and the resultant 

plume can be delineated and remediation areas can be constrained [12–14]. Drilling tech-

niques based on sample analysis are the most direct and common means and can accu-

rately acquire the types and concentrations of contaminants [15]. However, there are 

drawbacks to the application of drilling techniques, such as high costs and time-consum-

ing operations for drilling and the chemical analysis of samples, discontinuous under-

ground information between the boreholes and the risk of contaminants spreading verti-

cally during the drilling process [16,17]. 
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Geophysical methods have recently been increasingly applied for the detection and 

monitoring of contaminated sites in the field because of their high efficiency, low cost, 

continuous underground information, and fast data acquisition and processing [18,19], 

especially for electrical resistivity tomography (ERT) [20]. The induced polarization (IP) 

method is an extension of the electrical resistivity method, and it can reduce the uncer-

tainty of resistivity results. The IP response can be measured in the time domain (TDIP) 

and frequency domain (FDIP), and TDIP is often used for field surveys because of the 

shorter data acquisition time. The TDIP method has been used to characterize groundwa-

ter and soil contaminant distributions in landfills [21–23], organic-contaminated sites [24–

26], heavy-metal-contaminated sites [27], etc. In addition, TDIP has also been applied in a 

large number of waste disposal sites’ delineation, including the characterization of con-

taminants [1,28,29], the characterization of waste mass [30–32] and geological delineation 

[33]. 

The TDIP method measures the decay of the secondary voltage after the current is 

shut off in the underground medium. Unlike the primary voltage measured by ERT, the 

secondary voltage is more vulnerable to electromagnetic coupling [34] and electrode po-

larization [35]. In addition, the secondary voltage is low in magnitude, and thus, the data 

quality is vulnerable to ambient noise [36], especially in sites with high groundwater sa-

linity. Data acquired with a high signal-to-noise ratio (SNR) are the basis for the effective 

utilization of the IP signal in contaminated sites, and therefore, many studies on data ac-

quisition methods have been conducted [37–39]. 

In general, the interpretation of IP data in waste disposal sites needs to establish a 

correlation between contamination and IP parameters [23]. Therefore, raw data were pro-

cessed by de-noising, drift correction [40] and manual removal [41] and were inverted by 

a full-decay inversion model [42]. Furthermore, laboratory FDIP data for samples were 

used to aid the TDIP interpretation in contaminated sites because of the rich spectral in-

formation [43,44]. 

In this study, we have characterized a waste disposal site contaminated with benzene 

using the TDIP method. Three data acquisition methods were tested to ascertain a reliable 

IP data acquisition method in a high groundwater salinity site. In addition, a laboratory 

analysis of soil samples was conducted to verify the field results. A link between conduc-

tivity from a field survey and that from laboratory measurements was derived. The con-

tamination source was indirectly constrained by the difference in chargeability. Finally, 

we summarized the procedure for the integration of geophysical and geochemical meth-

ods to characterize contaminated areas. A new roll-along measurement method was de-

veloped to meet the needs of long and shallow contaminated profile surveys. 

2. Materials and Methods 

2.1. Site Description 

The waste disposal site in this research is situated in the center of Shandong Province, 

China. A satellite image of this site is shown in Figure 1. This area was woodland before 

it was landfilled with solid waste. Industrial solid wastes, mainly including salt mud, 

white mud, coal fly ash and desulfurization gypsum, gradually emerged in this region 

from 2008 to 2014. The waste deposit takes up around two-thirds of the area, which is 

approximately 93,400 m2. Benzene contamination was distributed in the area above 5 m 

below the ground surface in the eastern part of the site, but a detailed investigation was 

required to characterize the benzene contamination source and the resultant plume. 
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Figure 1. Satellite image showing the measurement layout of the waste disposal site in Shandong 

Province, China. Time-domain induced polarization (TDIP) profiles are marked with red lines. Soil 

sample boreholes were arranged around the IP profiles. Two hydrogeological profiles (I–I’ and Ⅱ–

Ⅱ’) were located in the north and south of the survey area. 

Hydrogeological investigations were carried out between October 2019 and February 

2021. Two hydrogeological profiles were located in the north and south of the survey area 

(Figure 1), and the results are shown in Figure 2. The solid waste overlies native silt and 

silty clay sediments. The thickness of solid wastes at the site varies from 2.8 to 4.8 m. Hy-

draulic conductivity values are in the order of 3.75 × 10−8 m/s for silty clay and 3 × 10−7 m/s 

for silt. A low-permeability silty clay layer and silt layer limit the vertical downward mi-

gration of contaminants, resulting in the distribution of contamination in a solid waste 

layer rather than native sediment layers. The direction of groundwater flow is from north 

to south, with a low hydraulic gradient of 2.5‰. The water table is 5.5 m below the ground 

surface in the dry season and 5 m in the rainy season. Therefore, the contaminants mainly 

exist in the unsaturated zone above the water table and hardly migrate horizontally with 

groundwater. 
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Figure 2. The two hydrogeological cross-sections of the waste disposal site. The solid waste overlies 

the low-permeability silty clay layer and silt layer. 

2.2. Field Time-Domain Induced Polarization Survey 

In November 2021, fourteen TDIP profiles were surveyed around the eastern part of 

the site (Figure 1), where the benzene concentration was high. The existence of solid 

wastes and the high TDS of groundwater (4677–29,860 mg/L) caused low background re-

sistivity. Acquiring reliable IP data is challenging in such a high groundwater salinity site 

due to weak second voltage signals [34,35]. 

The capacitive/inductive coupling and electrode polarization can be reduced by sep-

arating the current and potential cables and using non-polarization electrodes [38]. There-

fore, three different TDIP data acquisition methods can be used: the standard single-cable 

layout, separating current and potential cables with stainless steel electrodes, and sepa-

rating current and potential cables with stainless steel current electrodes and non-polari-

zation potential electrodes. The above three data acquisition methods were tested in pro-

file L1 to ascertain which one was the best choice in the high groundwater salinity site 

before the whole TDIP survey. 

All data profiles were acquired with 32 electrodes spaced 2 m apart with a total length 

of 62 m. One cable with 32 stainless steel electrodes was used in all profiles for the stand-

ard single-cable layout. Two parallel cables shifted by 0.5 m relative to each other gave a 

total layout of 64 electrodes for double-spread cable layouts. There were 32 stainless steel 

electrodes used as current electrodes and 32 Pb-PbCl2 electrodes used as potential elec-

trodes in all profiles, while stainless steel electrodes were used throughout the current and 

potential cables only in profile L1 to evaluate the data quality of different acquisition 

methods. 
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The ABEM Terrameter LS2 was used to obtain TDIP data with a 100 percent duty-

cycle. The current was injected in cycles of 4 s, and the voltage decays were recorded in 

12 time gates, approximately log-sampled with a time range from 20 ms to 3960 ms (Table 

1). Meanwhile, full waveform data of 1000 Hz were collected during measurement. Before 

measuring TDIP data, the electrodes were wetted with water to diminish the contact re-

sistance and consequently induce capacitive coupling. The multiple-gradient array proto-

col with 294 quadrupole data points was used for the data acquisition because of its low 

geometrical factor. Furthermore, the multiple-gradient protocol was modified by recod-

ing the spread file and protocol file to add extra cable and separate current and potential 

cables to match double-cable layouts. 

Table 1. Available apparent chargeability data quantity of TDIP field survey. 

IP Gate 
Off Time 

(ms) 

Separating Current and Potential Cables 

Single Cable 
Stainless Steel Current Elec-

trodes and Non-Polarized 

Potential Electrodes 

Stainless Steel Cur-

rent and Potential 

Electrodes 

Gate 1 20 204 21 39 

Gate 2 60 280 91 88 

Gate 3 120 289 146 152 

Gate 4 200 293 151 165 

Gate 5 300 293 161 173 

Gate 6 440 293 162 178 

Gate 7 620 293 165 175 

Gate 8 880 293 162 175 

Gate 9 1280 289 162 172 

Gate 10 1880 284 151 168 

Gate 11 2760 270 143 157 

Gate 12 3960 75 85 52 

Total  3156 1600 1694 

The TDIP data were manually diagnosed and inverted using Aarhus Workbench 

[45]. Firstly, apparent resistivity data and the corresponding decay curves were removed 

when they were negative or had a severely disturbed appearance. Afterward, each gate 

of the TDIP decay curves was manually inspected. When apparent chargeability decay 

curves were negative, non-decaying, or overly slow or steep in their decay, they were 

eliminated. The purpose was to ensure that each decay curve can be reasonably fitted with 

Cole–Cole model. Finally, the retained data were inverted using full-wave inversion 

method, obtaining the distributions of resistivity, chargeability, relaxation time and the 

Cole–Cole exponent [42]. 

2.3. Soil Sampling and Processing 

Soil sample boreholes were drilled immediately after the TDIP survey (Figure 1). A 

total of 196 soil samples were collected in 29 boreholes at depths of 0.5 to 8 m. In order to 

delineate the contamination source and plume, 189 soil samples were analyzed for 64 or-

ganic contamination indexes, including 2-butanone, benzene, methylbenzene, ethylben-

zene, methyl chloride, chlorobenzene, naphthalene, etc. In addition, the conductivity of 

all soil samples was determined by measuring the conductivity of the extract solution of 

dried soil according to Soil quality—determination of conductivity—Electrode method (Minis-

try of Environmental Protection of the People’s Republic of China, HJ 802-2016). Naturally 

dried soil samples were added to water at a ratio of 1:5 and extracted at 20 °C. The con-

ductivity of the extract solution was determined at 25 °C. 
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Chemical data were collected by XRF analysis for samples at a depth of 2.5 m from 

boreholes A12 and A14. The samples were solid wastes. A Thermo Scientific Niton XL3t 

960 GOLDD+ handheld X-ray fluorescence analyzer (Thermo Fisher Scientific, Waltham, 

MA USA) mounted in the National Engineering Laboratory for Site Remediation Tech-

nologies in Beijing was used. Each homogenized sample was subjected to a 90 s analysis 

routine. 

2.4. Laboratory Frequency-Domain Induced Polarization Measurement 

Laboratory FDIP measurement was conducted to verify the field TD results and aid 

the TDIP interpretation because of the rich spectral information [43,44]. Samples for the 

laboratory FDIP column test were collected for two soil samples in the aforementioned 

XRF analysis. All samples were dried at 180 °C for 10 h and then were saturated using 

NaCl solution. The conductivity of the solution was 1000 and 10,000 μS/cm according to 

the TDS of field groundwater. 

FDIP spectra were measured for each sample using an Ontash PSIP instrument from 

Ontash & Ermac, Inc. River Edge, NJ, USA (www.ontash.com). The measurement data 

included 25 current frequencies between 0.01 and 10,000 Hz that were spread logarithmi-

cally. A sinusoidal signal with a 5 V maximum amplitude was used on the current elec-

trodes and a resistor with a 1 kΩ reference. The impedance of the samples was measured, 

and the complex resistivity was acquired by multiplying the magnitude of the impedance 

by the geometric factor. The acquired parameters are the magnitude of complex resistivity 

and phase shifts (phase) of the received potential sinusoid: 

𝜌∗ = |𝜌|𝑒𝑖𝜑,  

where 𝜌∗ is the complex resistivity, |𝜌| is the resistivity magnitude and 𝜑 is the phase. 

The measured phase data were corrected to remove the errors from interactions between 

the parasitic capacitive coupling and the sample holder at a high frequency according to 

the model of Wang and Slater [46]. In order to enable a comparison with TDIP survey 

results, Cole–Cole parameters at the same location as the laboratory samples were ex-

tracted and interpolated from field TDIP inversion profiles. The complex resistivity from 

the field TDIP survey can be computed by the following equation [47,48]: 

𝜌∗(𝜔) = 𝜌0 [1 − 𝑚 (1 −
1

1 + (𝑖𝜔𝜏)𝑐
)]  

where 𝜌0 is the low-frequency resistivity, 𝑚 is the intrinsic chargeability, 𝜏 is the relax-

ation time and 𝑐 is the Cole–Cole exponent. In addition, the laboratory data were fitted 

using the Cole–Cole model, and the four parameters above were inverted. 

3. Results 

3.1. Data Quality Analysis of Field IP Data 

The apparent resistivity profile obtained using the single-cable layout (Figure 3a) ap-

pears to be quite layered and smooth, with apparent resistivity ranging from around 1 to 

4.5 Ω·m. However, the chargeability pseudosection (Figure 3b) shows a severely disturbed 

appearance and contains a large number of negative values at both small and large focus 

depths. The resistivity pseudosection measured using double-cable layouts with stainless 

steel current and potential electrodes (Figure 3c) is very similar to that from the single-

cable layout, but the chargeability pseudosection (Figure 3d) also has a severely disturbed 

and negative appearance. The resistivity pseudosection (Figure 3e) measured using the 

last method is similar to the one from the single-cable layout, whereas the chargeability 

pseudosection (Figure 3f) is not repeatable compared to the results of the first two meth-

ods. The result shows a smooth and consistent appearance without negative chargeability 

values. 
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Figure 3. TDIP data of profile L1. (a,b) Resistivity and chargeability pseudosections from single-

cable acquisition method. (c–f) Resistivity and chargeability pseudosections by separating current 

and potential cables. (c,d) Stainless steel current and potential electrodes. (e,f) Stainless steel current 

electrodes and non-polarized potential electrodes. (g–i) IP decay curves from the pseudosection ar-

eas highlighted by the black dotted bordered rectangle in Figure 3b,d,f. Both the chargeability pseu-

dosections and decay curves show that the data quality using non-polarized potential electrodes is 

better than that using the other two acquisition methods. 

Figure 3g–i show chargeability decay curves at seven pseudo-depths. The decay 

curves of three different methods from the same location vary significantly. Most curves 

exhibit a non-decaying or even an increasing trend with the first two methods. However, 

all curves show a smooth decay with non-polarized electrodes, and the appearance is not 

indicated to be influenced by noise. 

All of the apparent resistivity data were retained, and the available apparent charge-

ability data quantity is shown in Table 1. The first two methods left only 48% and 45.4% 

of the total data. The last method had an effective data utilization rate of 89.5%, and the 

available data from gate 4 to gate 8 are up to 293 of the total 294 data points. The data of 

early and late time gates were mostly removed because capacitive coupling is generally 

serious at early stages after a variation in the current, and the IP signals are low at very 
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late stages, causing the signal to be easily drowned in noise. Both the chargeability pseu-

dosections and decay curves show that the data quality using double-cable layouts with 

stainless steel current electrodes and non-polarized potential electrodes is visibly better 

than that using the two other data acquisition methods. The critical factor in obtaining 

reliable raw data at the site is the application of non-polarization electrodes that can re-

duce the electrode polarization between the soil and electrode. Thus, only this data acqui-

sition method can obtain credible data at such a low groundwater salinity waste disposal 

site. 

3.2. Inversion Results of Field IP Investigation 

In Figure 4, we show the IP inversion profiles for data acquired along L1, L6 and L11 

as examples. The profile results are exhibited in terms of the resistivity, chargeability, re-

laxation time and Cole–Cole exponent. The benzene concentrations from boreholes A14, 

A15, A21 and A24 were superposed for the interpretation of the TDIP results. The hydro-

geological profiles show that the underground medium can be divided into two layers: 

an upper solid waste layer and the underlying native soil layer up to the depth of investi-

gation. The groundwater geochemical results show that the ion concentration in the solid 

waste layer is high, and the release of ions at the interface between the pore water and 

waste could result in increasing conductivity in groundwater and decreasing bulk resis-

tivity. In addition, the moisture content of waste was 59.27%, while those of silty clay and 

silt were 26.34 and 21.55 percent, which also caused the decrease in resistivity. Therefore, 

the top solid water layer would show a low-resistivity response, and the underlying na-

tive soil would indicate a relatively high-resistivity response, which agrees with the resis-

tivity imaging profiles along all profiles. 

 

Figure 4. TDIP inversion results of profiles L1, L6 and L11 superposed with benzene concentration 

data. The imaging results are expressed in terms of the resistivity, chargeability, relaxation time and 

Cole–Cole exponent. Inversion results for data collected along all profiles revealed a similar resis-

tivity distribution. The chargeability, relaxation time and Cole–Cole exponent can be classified into 

two distinct types. 

Previous borehole surveys show that solid waste is made up of several different 

types. However, the distribution of waste types cannot be delineated because of the dis-

continuous underground information between sparse boreholes. Meanwhile, the charge-

ability profiles can be classified into two distinct types: dramatically high chargeability 

(e.g., L1 and L11) and normal chargeability (e.g., L6). The IP response in the high-charge-

ability profiles is much higher than those observed from unconsolidated soils. Such a high 

polarization magnitude is common in the presence of metal substances. Almost the whole 
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profile of L11 exhibits high chargeability, including the native sediments below 5 m. We 

assume that the solid waste in high-chargeability areas contains metallic content and the 

weak IP response of native soil was shielded by the high-IP response from metal sub-

stances. 

Similarly, the profiles of the relaxation time and Cole–Cole exponent can also be clas-

sified into two distinct types based on different characteristics. The high-chargeability 

profiles L1 and L11 show a short-relaxation-time response, which is also interpreted as 

the existence of metals. The relaxation time for metallic polarization is rapid because the 

mobility of the n- and p-charge carriers is much higher than the mobility of the ions in the 

pore water [49]. The Cole–Cole exponent describes the broadness of the relaxation time 

distribution and is usually high in a porous medium with metallic particles [50,51]. There-

fore, the Cole–Cole exponent is high in profiles L1 and L11, while it is low in profile L6. 

It is worth noting that the IP parameters will indicate an anomalous response when 

organic contaminants are present. However, the IP parameters did not vary significantly 

in the zones of high and low benzene concentrations. We assume that the underground 

medium with dramatically low resistivity and high chargeability dominated the direct 

current and IP effect. Thus, it is insensitive to organic contamination. 

3.3. FDIP Experiment Results 

The spectral information of the FDIP experiment on samples and the comparison 

with field results are shown in Figure 5. The complex resistivity magnitudes measured in 

the laboratory were dominated by the conductivity of the pore water, with 26 Ω·m for a 

pore water conductivity of 1000 μS/cm and about 6 Ω·m for 10,000 μS/cm. The slight dif-

ference in FDIP complex resistivity magnitudes for the same pore water conductivity from 

three samples may be caused by differences in porosity or surface conductivity. The large 

differences in TDIP resistivity magnitudes between two samples could be interpreted as 

differences in groundwater conductivity. The magnitudes in A12-2.5m and A14-2.5m are 

lower than the FDIP results with a pore water conductivity of 10,000 μS/cm, which is in-

terpreted as the groundwater conductivity in the solid waste layer being higher than 

10,000 μS/cm, as proved by the borehole results (22,490 μS/cm for 3 m and 25,130 μS/cm 

for 3.5 m). 
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Figure 5. Complex resistivity spectra. The spectral information is shown as (a) magnitude and (b) 

phase measured with FDIP method and calculated with TDIP surveys. The red and black lines in 

Figure 5 show the fitted curves. The inverted parameters are shown as (c) Cole–Cole exponent and 

chargeability and (d) relaxation time. Magnet attraction tests were conducted with samples (e) A12-

2.5m and (f) A14-2.5m. The magnet attraction test shows the presence of metals in A14-2.5m. 

The measured phases and magnitudes of all laboratory samples were fitted using the 

Cole–Cole model, and the four parameters of resistivity, chargeability, relaxation time and 

the Cole–Cole exponent were acquired. The solid lines in Figure 5 show that the fitted 

curves and the fitting degrees of the Cole–Cole model are high. The measured phases of 
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all laboratory samples have obvious peaks at high frequency, which describe a similar 

particle size distribution in three samples, and this is proved by the inverted relaxation 

time (Figure 5d) because the relaxation time is relevant to the grain radius [52]. The in-

verted chargeability (Figure 5c) shows that A14-2.5m is higher than A12-2.5m in each con-

ductivity, and the chargeability of both samples is higher than 100 mV/V, which is inter-

preted as a finer particle size. However, the chargeability of A12-2.5m from the field sur-

vey is quite low (only 14.79 mV/V). One such large difference between the laboratory and 

the field is attributed to the scale effect [44]. In addition, the chargeability is dependent on 

the conductivity since lower conductivity commonly leads to a greater impact on the cur-

rent transferring through the electrical double layers around the grains [53]. Therefore, 

larger chargeability values were collected from samples from a lower-conductivity envi-

ronment. The Cole–Cole exponent is similar in two samples, but the field results show a 

large difference. The Cole–Cole exponent in A14-2.5m is relatively high, and the high 

Cole–Cole exponent is suspected to be due to the presence of metal substances [54]. In 

general, the relaxation time constant is lower in laboratory measurements (<10−4 s) and 

smaller than the field data (10−2 s). The short relaxation time indicates the existence of fine 

materials.  

The XRF results (Table 2) indicate that the A14-2.5m samples contained more Fe 

(31,683 mg/kg) compared to A12-2.5m (9576 mg/kg). This confirms the presence of polar-

izable minerals in A14-2.5m. In addition, the magnet attracted a large number of particles 

when it touched the A14-2.5m sample, while few particles were attracted when it touched 

A12-2.5m (Figure 5c,d), which further proved the presence of metal substances in the sam-

ple of A14-2.5m. The higher metallic content is consistent with the high chargeability of 

A14-2.5m. 

Table 2. XRF values of the soil samples, in mg/kg. 

Borehole 

and Depth 
Cr K Ca Sc Mn Fe Cu Zn 

A12-2.5m 123.59 2506 215,621 1588 280 9576 58 152 

A14-2.5m 139.56 4135 106,089 811 449 31,683 56 150 

3.4. Contaminant Concentration from Sampling 

The main contaminant was benzene, according to the geochemical analysis results of 

189 soil samples for 64 organic contamination indexes. The benzene concentration results 

from all samples are shown in Table 3. The highest concentration of 2460 mg/kg was found 

in borehole A15 at a depth of 1.5 m. Benzene levels above 4 mg/kg were found in eight 

boreholes (A5, A9, A14, A15, A16, A18, A19 and A20), and this level is the threshold value 

for soil remediation adopted from the Soil Environmental Quality Risk Control Standard for 

Soil Contamination of Development Land (Ministry of Ecology and Environment of the Peo-

ple’s Republic of China, GB 36600-2018). 

Table 3. Benzene concentration results for soil samples collected from the boreholes, in mg/kg. 

Borehole 0.5 m 1.5 m 2.5 m 3.5 m 4.5 m 5.5 m 6.5 m 8 m 

A1 0.07 1.28 0.50 0.39 * 0.11 —   

A2 — 0.10 0.3 * 0.33 0.12 —   

A3 3.12 0.37 0.43 * 0.28 0.07 0.08 — — 

A4 1.60 1.90 2.853 * 1.08 0.22 0.30   

A5 23.90 19.60 15.75 * 0.71 0.13 — — — 

A6 0.43 0.89 0.99 * 0.15 0.05 0.05 — — 

A7 0.46 0.31 0.08 * — — — — — 

A9 1.35 5.10 2.12 * 0.79 0.17 — — — 

A10 2.41 1.95 1.23 * 0.09 0.14 —   
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A11 — 2.37 0.37 * 0.17 0.11 0.10   

A12 0.00 0.19 1.88 * 0.39 0.17 0.06 0.05 0.03 

A13 0.12 1.77 1.70 0.59 * 0.26 0.18 0.03 0.04 

A14 1.51 2.33 * 15.90 7.84 2.91 3.06 0.05 0.00 

A15 24.80 2460.00 183.00 * 12.50 7.21 3.46   

A16 0.55 5.30 3.65 * 0.33 0.16 0.07   

A17 0.34 1.78 1.74 1.38 * 0.52 0.44   

A18 0.26 292.00 48.30 * 7.15 1.77 1.33 — — 

A19 45.50 6.99 16.80 4.11 * 2.57 1.20   

A20 38.70 15.60 4.21 3.60 * 0.54 0.06   

A21 0.12 3.30 1.51 * 0.29 0.18 0.18 0.00 0.00 

A23 1.06 3.32 3.63 * 0.34 0.99 0.76 — — 

A24 0.51 3.20 1.30 * 0.57 1.10 1.72 0.01 0.26 

A25 2.77 1.07 1.25 * 0.43 0.28 0.01 — — 

A26 0.03        

A27 0.35 0.89 * 1.78 0.52 0.30 0.11 0.04 0.01 

A28 — 0.70 0.12 0.09 0.37 0.08 0.00 0.85 

A29 0.11 0.08 0.1 * 0.04 0.06 0.04 0.05 0.02 

* The average of two repeated samples. — The concentration was below the detection limit (1.9 

μg/kg). 

In general, contaminants were basically distributed in the center of the survey area, 

with lower distributions in the south and north. The vertical distribution first increased 

and subsequently decreased, mainly in the range from 0.5 to 4.5 m below the ground sur-

face. Most of the contaminated samples came from the solid waste layer, and the original 

sediment layer was less contaminated due to the low-permeability silty clay and silt be-

neath the wastes. 

4. Discussion 

4.1. Verification with Laboratory Soil Samples and IP Field Survey 

According to the laboratory FDIP sample analysis results, the calculated Cole–Cole 

spectral curves from field TDIP data were not in good agreement with laboratory meas-

urement results (Figure 5b). One reason is that the porosity of samples would vary when 

they were transferred from the field to the laboratory column. Large variations between 

field and soil core samples can be anticipated to result in more differences in the size and 

location of relaxation peaks [52]. Scale effects are also a possible factor for the differences 

between the results of the field and laboratory [55]. The measurement scale in the field is 

roughly d3 (where d is the electrode spacing; in this study, it is 2 m), but the measurement 

scale in laboratory tests is about 10 cm3. A large sample volume may contain some frac-

tures and preferential flow paths that may change the resistivity in the field. In addition, 

Cole–Cole models utilized for TDIP inversion just fit a single relaxation peak and do not 

consider the spectral information at other frequencies. The frequency range of the labora-

tory FDIP measurements is 0.01–10,000 Hz in this research, while the waveform period 

for the TDIP survey is 4 s, and the sampling frequency is 1000 Hz, corresponding to 0.25–

500 Hz in the frequency domain according to the Nyqvist sampling theorem [56], whereas 

the true frequency range is reduced by the gating of full-waveform IP data and the re-

moval of early-time data. Although full-wave inversion was used, the first gate starts at 

20 ms, which means that frequencies above 50 Hz are absent in the TDIP data information. 

Thus, the spectral curves from TD data at high frequencies/short times are not dependent 

on the FD results [44]. 

The correlation between conductivity from laboratory measurements and conductiv-

ity from the field TDIP survey is shown in Figure 6. The selection of soil samples in the 

survey area for comparison and analysis was based on the following three criteria: (1) 
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Boreholes only within a horizontal distance of 2 m (one electrode spacing) from TDIP sur-

vey lines were chosen. (2) The depth of soil samples was only within the depth of investi-

gation of TDIP profiles. (3) The interpolated values of model cells according to the actual 

position and depth of borehole samples were selected. Based on the above criteria, a total 

of 78 soil samples in 11 boreholes out of 196 soil samples in 29 boreholes were qualified 

for the correction plot. 

 

Figure 6. Conductivity from field TDIP survey versus conductivity from laboratory measurement. 

Both the laboratory and field data show that the conductivity was high at shallow depths and low 

at large depths. The correlation coefficient between conductivity in the field and laboratory is only 

0.53. The range of conductivities measured in the laboratory is large (about 0.4 to 20 mS/cm), while 

the range of field results is limited (1 to 17 mS/cm). Both the laboratory and field data show that the 

conductivity was high at shallow depths and low in large-depth areas, corresponding to solid waste 

and native sediments, respectively. However, the correlation coefficient between the conductivity 

in the field and laboratory is only 0.53. The small correlation coefficient is partly due to the different 

measurement methods. The measurement method of the field TDIP survey obtains the conductivity 

of the underground medium, including solid, liquid and gas phases. Thus, the conductivity is influ-

enced by variability from the salinity of groundwater, porosity, water content, pore path, surface 

conductivity, etc., while laboratory measurements are dominated by the ions in core samples and 

the soil itself. 

In addition, the range of conductivities measured in the laboratory is large (about 0.4 

to 20 mS/cm), while the range of field results is limited (1 to 17 mS/cm). The conductivity 

measured in the laboratory decreases quickly with depth, while that measured in the site 

decreases slowly with depth. One reason is that the inversion strategy follows a smooth 

constraint, resulting in the maximum conductivity being less than the true value and the 
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minimum conductivity being greater than the true value [57]. Moreover, the inverted pa-

rameters are influenced by model constraints and a resolution that decreases with depth 

[58]. When the low-resistivity layer overlies the high-resistivity layer, the interface of in-

version results between them is gradual, and the depth of the interface may be overesti-

mated. Generally, the inverted resistivity value is smaller than the true value of resistivity 

for the underlying high-resistivity layer, causing the conductivity measured in the field to 

be higher at a large depth, which will be further proved in Section 4.4. 

4.2. TDIP Parameters versus Benzene Concentration 

The organic contamination has strong responses in relation to conductivity and 

chargeability [24–26], so those parameters were chosen to analyze the correlation with 

benzene concentration. The correlation plots are shown in Figure 7. As we all know, ben-

zene is a light non-aqueous phase liquid (LNAPL), which is a type of non-conductive or-

ganic contaminant. When the conductive groundwater in pores is replaced by non-con-

ductive benzene, the conductivity measured in the field will decrease. Thus, the conduc-

tivity will decrease with increasing benzene concentration [59]. However, no correlation 

could be established between the conductivity and benzene concentration for the current 

dataset (Figure 7a,b). According to Figure 7a, the benzene concentration decreases with 

increasing depth, while the conductivity does not increase with depth. The increase in ion 

concentration in the pore water seems to cause the conductivity to increase vertically, 

which outbalances the increase in benzene concentration. 
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Figure 7. Resistivity and chargeability versus benzene concentration. No correlation could be estab-

lished between conductivity (a,b) and benzene concentration, while a slightly positive correlation 

between chargeability (c,d) and benzene concentration can be noticed inside the gray zone. 

Horizontally, the boreholes with a high benzene concentration mainly include A5, 

A14, A15 and A20 (Figure 7b). The conductivity of those samples did not show an obvious 

decrease compared to the low-concentration samples. We speculate that the conductive 

underground medium in the solid waste layer is hardly affected by the resistive benzene 

contaminant considering the relatively low concentration (<300 mg/kg, except for A15-

1.5m). Therefore, it is difficult to distinguish between low-concentration organic contam-

ination and non-contamination at sites with low background resistivity. 

Theoretically, the replacement of pore water by organic contaminants will repress 

the Stern layer and membrane polarization, resulting in decreasing chargeability. For less 

organic-contaminated sites, the organic contaminant is present as isolated blobs in the 

pores of the underground media. The oil–water interfaces will form an electrical double 

layer (EDL) like the EDL of the grain–water interface, resulting in increasing chargeability 

[25]. However, the chargeability in this site is dramatically high due to the presence of 

metallic substances. The secondary voltage decays with the drift of the charge carriers in 

the metallic grains, and hence, ion migration in the EDL is neglected because of their low 

concentrations [49]. As a result, we speculate that a correlation also could not be estab-

lished between the chargeability and benzene concentration. However, a slightly positive 
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correlation can be noticed in the gray zone (Figure 7c,d). Most samples are within the gray 

area, except for the ones in boreholes A10 and A16. Such large variations in chargeability 

are clearly not caused by differences in benzene contamination concentrations. According 

to differences in chargeability, solid waste is divided into two different types in the pre-

vious section. We assumed that benzene contamination is mainly present in solid waste 

with high chargeability. This type of solid waste is the source of benzene contamination. 

Thus, we can indirectly delineate the potential organic contamination by classifying the 

solid waste types. 

4.3. Organic Contamination Constrained with Chargeability 

The spatial distribution of the benzene concentration and the TDIP survey results in 

the study area are shown in Figure 8. The benzene concentration is shown in the interpo-

lated image with semi-opaque volumes indicating a concentration over 4 mg/kg, and the 

resistivity and chargeability are shown in the fence diagram. Benzene contamination is 

mainly distributed in the solid waste layer at the center and extends to the east and west 

boundaries at boreholes A14 and A20, respectively. The northern and southern bounda-

ries are around profiles L2 and L5, respectively. No resistivity anomalies were found in 

the contaminated area. 
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Figure 8. The spatial distribution of TDIP and geochemical results. (a) Resistivity profiles and (b) 

chargeability profiles with benzene concentration. The benzene concentration is shown in the inter-

polated image with yellow semi-opaque volumes indicating a concentration over 4 mg/kg. Benzene 

contamination is mainly distributed in the solid waste layer at the central part and extends to the 

east and west boundaries at boreholes A14 and A20. 

A low spatial correlation between contamination distribution and chargeability is 

found in Figure 8b. The contaminant is mainly distributed in the center of this area, where 

the chargeability is high. The high-chargeability response was proved to link to the pres-

ence of Fe hereinabove, and another major difference between the two solid waste types 

is Ca (Table 2). The main solid wastes are salt mud, white mud, coal fly ash and desulfu-

rization gypsum in this site, where the coal fly ash contains a large amount of Fe and the 

salt mud and desulfurization gypsum contain more Ca. Thus, the solid waste with high 

chargeability probably consists of coal fly ash, and that with normal chargeability consists 

of salt mud and desulfurization gypsum. The benzene may have been dumped on the site 
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along with the coal fly ash. However, the boundary of interpolated contaminants does not 

precisely follow the chargeability result. The contaminant is not found in profile L4 or to 

the north of L9, where the chargeability is high. The reason is that the correlation between 

contamination and chargeability is indirect, and the benzene-contaminated areas do not 

exactly coincide with areas of high chargeability. Even so, the TDIP survey results can 

help build detailed geochemical investigation strategies: a high borehole density in a high-

chargeability zone and a low borehole density in a normal-chargeability zone.  

This study provides a new method for contamination characterization at waste dis-

posal sites. Solid waste types can be easily distinguished by geophysical parameters and 

used to identify contamination sources when the relationship between contaminants and 

geophysical parameters cannot be established because of the low contamination concen-

tration or complex geophysical background. We therefore summarize the procedure for 

the integration of geophysical and geochemical methods to delineate a contaminated area 

at a waste disposal site.  

Step 1: Preliminary geophysical investigation. The purpose is to obtain the hydroge-

ological conditions and to classify the types of solid waste. Step 2: Preliminary geochemi-

cal investigation. The position and depth of geochemical investigation are determined by 

geophysical investigation results. This is to verify hydrogeological conditions and solid 

waste types and to make an initial assessment of the type and extent of contamination. 

Step 3: Detailed geophysical investigation. The purpose is to delineate geophysical anom-

alies in areas of interest and to interpret them in detail. Step 4: Detailed geochemical in-

vestigation. The position and depth are determined by the initial geochemical investiga-

tion and interpretation results of the detailed geophysical survey. This is to verify inter-

pretation results and to establish a correlation between contamination parameters and ge-

ophysical parameters. Step 5: Data fusion. Based on the geochemical and geophysical 

data, a detailed characterization of the site can be obtained. 

4.4. Improvement of Roll-Along Measurement Protocol 

For such a large area of a contaminated shallow groundwater and soil site, fourteen 

TDIP profiles were measured because of the limited time. However, this is not the best 

way to integrally delineate the whole waste disposal site, according to Figure 8. A better 

way is to arrange long profiles across the entire site parallelly, where the distance between 

profiles is between 10 and 20 m, depending on survey accuracy requirements. For long 

profiles, the electrode spacing cannot be increased due to resolution issues. Thus, the elec-

trodes and cables should be added in sequence to match the length of the profile. There 

are two different ways to conduct the long-profile measurement now: the measurement 

of a single cable in turn (Figure 9c) and roll-along measurement (Figure 9d). 
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Figure 9. Numerical model configuration and measurement sketch. It shows numerical model setup 

of resistivity (a) and chargeability (b). Sketches of measurement pseudo data points are shown for 

NRA (c), RA (d) and MRA (e). 

It would be efficient if the profiles were measured separately using the non-roll-along 

method (NRA). However, conventional electrical protocols have the drawback that the 

data density is low at both ends of the profile (Figure 9c), resulting in limited contamina-

tion or hydrogeological information at both ends. The errors in the splicing of the profiles 

further devalue the survey results. In contrast, the roll-along method (RA) will acquire 

data between profiles and improve the reliability there. However, if the contamination at 

the waste disposal site is mainly distributed at a shallow depth, the DOI of the roll-along 

method will be much greater than the depth of interest, and the deeper part of the profile 

will not be effectively used. In addition, the low SNR of raw data and the poor horizontal 

continuity in deep locations result in limited accuracy, as shown in Figure 9d. Therefore, 

we modified the roll-along measurement protocol based on the maximum pseudo-depth 

of the NRA multiple-gradient array. The protocol was modified by adding missing data 

points between cables. The modified roll-along method (MRA) has higher data density 

and reliability compared to the NRA method and higher measurement efficiency com-

pared to the RA method. The MRA method takes only 2/3 of the data acquisition time of 

the RA method because of the reduced data quantity in deep locations. 

The feasibility of the three methods was compared using numerical examples based 

on this waste disposal site. Our resistivity and chargeability models are shown in Figure 

9. According to the hydrogeological conditions and solid waste distribution in the current 

study, a relatively low-resistivity (1 Ω·m) and high-chargeability layer was considered to 

approximate the solid waste layer (0–5 m). Two different types of solid waste were char-

acterized by high chargeability (200 mV/V) and relatively low chargeability (40 mV/V). 

The native sediment layer was described by a resistivity value of 20 Ω·m and a chargea-

bility value of 5 mV/V. There were 96 electrodes and 3 cables deployed, and the electrode 

spacing was 2 m according to the size of this site. The forward simulation was modeled 

using RES2DMOD, and the data were inverted using RES2DINV (www.geotomosoft.com 

(accessed on)). There were 882 quadrupole data points collected using the NRA method, 

and it took approximately 45 min to complete the measurement using data acquisition 
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parameters in this study. The data quantity and acquisition time were 2450 and 125 min 

for RA and 1638 and 83 min for MRA.  

The results are shown in Figure 10. The DOI of the RA method is up to 28 m below 

the ground surface, while the DOI is about 13 m for NRA and MRA. Qualitatively, the 

main character of the resistivity profiles is similar for all three methods. In the chargeabil-

ity profiles, differences are clearly shown, especially in the high-chargeability solid waste 

area and below. The interface of the chargeability transition is vague, and the chargeability 

in the native soil layer is overestimated by the NRA method. The chargeability profiles of 

the other two methods are in better agreement with the numerical model.  

 

Figure 10. The inversion results for numerical simulations. The main character of the resistivity pro-

files is similar for all three methods. In the chargeability profiles, differences are clearly shown, es-

pecially in the high-chargeability area. The RA method gives results closer to TVs due to the larger 

data quantity, while the results of the NRA method are far from TVs. 

In order to quantify the differences in the results obtained by the three methods, the 

resistivity and chargeability were abstracted from model cells in all depths of 31.5, 95.5 

and 159.5 m horizontally. The data below the 13 m depth obtained with RA were removed 

for direct comparison with the other two methods. Both the resistivity and chargeability 

results show the estimated values, which are close to the true values (TVs) at shallow 

depths. However, the values are not in good agreement with TVs in the underlying native 

sediment layer because of the vertical constraints and a resolution that decreases with 

depth, especially in the chargeability results. In contrast, the RA method gives results 

closer to TVs due to high data density, while the results of the NRA method are far away 

from TVs. Although the MRA method has only 2/3 of the data quantity of the RA method, 

its results are close to those of the RA method. Therefore, our MRA method can be used 

to delineate shallow contamination more efficiently and accurately.  
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5. Conclusions 

Our study reveals a method to constrain organic contamination indirectly by classi-

fying solid waste types with the application of TDIP. For measurements collected using 

three acquisition methods, we demonstrated that the data quality using stainless steel cur-

rent electrodes and non-polarized potential electrodes is visibly better. Only by using this 

acquisition method can reliable data be obtained at such a high groundwater salinity 

waste disposal site. Our results are useful for contaminated site characterization. 

Based on the induced polarization survey, solid wastes can be classified into two dis-

tinct types: dramatically high chargeability and normal chargeability values. The presence 

of metals in wastes was assumed to cause a high-chargeability response, which was 

proved by the laboratory FDIP measurements and XRF analysis. The geochemical results 

showed that benzene contamination is mainly distributed in the area with high chargea-

bility, and a low correlation between the benzene concentration and chargeability was 

established. In addition, we established the correlation between conductivity from labor-

atory sample measurements and that from the field TDIP survey. 

We summarized the procedure for the integration of geophysical and geochemical 

methods to delineate contaminated areas at waste disposal sites according to this research. 

A new roll-along measurement method was developed to meet the needs of long and 

shallow contaminated site surveys. The modified roll-along method has higher data den-

sity and reliability compared to the non-roll-along method and higher measurement effi-

ciency compared to the roll-along method. 
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