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ABSTRACT: Geophysicists use electrical methods to investigate and characterise the 
earth’s subsurface geology. This study aims to evaluate the performance of copper and 
conventional stainless-steel electrodes in subsurface tomographic investigations using 
electrical resistivity tomography (ERT) and induced polarisation (IP) at two sites in Penang, 
Malaysia. Site 1 and Site 2 employed profile lengths of 200 m and 100 m, with electrodes 
spacing of 5.0 m and 2.5 m, respectively. In the results of the final data inversion, it was 
observed that the ERT and IP tomographic models of Site 1 have the best convergence 
limits with percentage relative differences (copper as reference model) ranging from –70% 
to 70%, while Site 2 recorded –8% to 8%. The electrodes performance evaluation showed 
that population root mean square (RMS) error and population mean absolute percentage 
error (MAPE) of data points between copper and stainless-steel electrodes yielded large 
values for Site 1 with values above 28% and that of Site 2 was less than 4%. Hence, copper 
(good electrical conductivity and non-polarisable) electrodes have improved the quality 
and quantity of infield data which give low values of population RMS error and population 
MAPE compared to conventional stainless-steel electrodes, especially for large unit 
electrode spacing surveys. Most notably, this work has contributed to the understanding 
of the capability of copper electrodes in providing precise and reliable inversion models 
for subsurface tomographic investigations in pre- and post-land uses (engineering work), 
hydrogeology/groundwater, environmental studies, etc.

Keywords: electrical resistivity tomography, induced polarisation, percentage relative 
differences, electrodes performance evaluation, land uses
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1. INTRODUCTION 

Subsurface tomographic imaging using the electrical resistivity tomography (ERT) 
and induced polarisation (IP) has become increasingly popular to determine the 
low-frequency resistive and capacitive characteristics of earth materials to resolve 
the variability of the earth’s subsurface geology.1–5 In recent years, ERT has become 
widely applicable in small to large-scale geophysical investigations because it is 
cost-efficient. However, the limiting factor of this method is the ambiguity in its 
geological interpretation. For example, either an increase in ion content in the 
water formation, higher water content, or higher clay content in sandy formation 
can generate a low resistivity anomaly. In such a scenario, the chargeability of the 
formation from the IP survey could resolve the ambiguity.6,7 

ERT and IP methods are both affected by lithology, pore fluid chemistry, degree of 
void spaces, and soil water content. Thus, both methods can be deployed to resolve 
any geophysical problems. However, the IP method is particularly sensitive to 
changes caused by the membrane polarisation effect due to the clay in geologic 
formation or electrode polarisation effect caused by conductive minerals partly due 
to the electrolytic and electronic current flow as explained by Loke.8 In light of the 
above, the choice of electrode selection is a pertinent factor for attenuating noise 
together with improving the efficiency and resolution of the methods to delineate 
lateral and vertical structures. For instance, some electrode types such as galvanised 
iron and aluminium are sensitive to noise as explained by LaBrecque and Daily.9 
However, all electrodes are usable with any arrays within a short period of time 
as explained by Daily et al.10 The copper electrode can conduct current faster due 
to its high electrical conductivity.11 Thus, making it easier to inject current into 
the earth. It is rarely used because it is expensive compared to other electrodes. 
Stainless-steel electrode is relatively cheaper than copper; however, it has lower 
electrical conductivity property compared to copper.12 

This study, therefore, employs the conventional stainless-steel electrodes and 
copper electrodes for the ERT and IP subsurface tomographic imaging at two 
sites within the Universiti Sains Malaysia, Penang. This study aims to assess the 
performance of these two electrode types based on their subsurface resolution 
capacities by comparing the qualities of their datasets and inversion models 
[root mean square (RMS) errors, total of data points, and percentage of relative 
differences].
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2. LOCATION AND GEOLOGICAL SETTING  

The study area is in Minden within the Universiti Sains Malaysia, Penang, Malaysia. 
Penang is located on the northern side of Peninsular Malaysia. Geologically, 
Penang is underlain by igneous rock formation, typically granites (Figure 1). The 
granites of Penang are divided into two main groups namely the North Penang 
Pluton and the South Penang Pluton, based on the proportion of alkali feldspar 
to total feldspar. The North Penang Pluton consists of granite, which is rich in 
orthoclase to intermediate microcline, while the South Penang Pluton is typical of 
granite with microcline.13,14 

Figure 1: Geological map of Penang, Malaysia showing the study area (modified from 
Ahmad et al., 2006 and Abdul Hamid et al., 2019).14,15

3. EXPERIMENTAL 

Two sites were investigated in the study area with only just two traverses.  
Site 1 traverse falls between latitudes 5°21’43.56”–5°21’44.89” N and longitudes 
100°18’20.09”–100°18’26.64” E, while Site 2 runs from 5°21’32.58”–5°21’29.15” 
N and 100°18’31.32”–100°18’30.86” E. Site 1 employed a survey line of 200 m 
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in length, with a 5.0 m electrode spacing, while Site 2 utilised a total spread length 
of 100 m with an electrode spacing of 2.5 m. Both sites used the same number of 
electrodes, with a total of 41 copper and stainless-steel electrodes and the array 
type used was the Wenner-Schlumberger. The acquisition system was set to record 
only the positive data points and reject all the negative data points to increase 
their resolutions as they can produce artefact in the generated tomograms. To 
have a detailed interpretation of subsurface layers and their depth (maximum of 
41 m), a borehole log (Figure 2) derived at station distance of 85 m at Site 1 (the 
black vertical rectangular bars shown in ERT and IP inverted models) was used 
to constraint the generated inversion results. The borehole litho-section runs from 
the ground level to a depth of 41 m. The variation in profile length and electrode 
spacing was aimed at determining the efficiency of each of the used electrodes. 
The summary of the survey parameters employed at both sites is tabulated in  
Table 1 and Figure 3 shows the field image of the survey setups.

Table 1: Summary of the ERT and IP survey parameters employed for the study.

Surveying parameter Site 1 Site 2

Tomographic technique ERT and IP 

Electrode type (6 mm in diameter) Copper and stainless-steel

Array type Wenner-Schlumberger

Maximum stack 2

Maximum current output (mA) 200 

Acquisition delay (s) 0.4

Acquisition time (s) 0.6

Current-off (s) 1.0

Total of spread length (m) 200 100 

Minimum electrode spacing (m) 5.0 2.5 
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Figure 2: Borehole litho-section traversed at a station distance of 85 m at Site 1.

Figure 3: The pictorial view of (a) Site 1 and (b) Site 2 showing a section of the survey 
profile lines and borehole point indicated as BH at Site 1, while (c) shows the 
grounded copper electrode (left rod) and stainless-steel electrode (right rod).

Source of images: Author (Andy Bery) 

The acquired field datasets for ERT and IP were processed and iteratively inverted 
using the Res2dinv software (Geotomo Software Sdn Bhd, Penang, Malaysia). 
This inversion process uses a mathematical inverse problem involving forward 
modelling and data inversion to determine the true resistivity distribution of the 
subsurface formation.8,16 To obtain the finest tomographic model inversion, the 
finite-element method of 4 nodes with L2-norm was used as the least-squares 
constraint to minimise the differences between the calculated and observed 
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apparent resistivity values. Next, a damping factor of 0.05 with a minimum 
value of 0.01 was employed to increase the accuracy of the calculated apparent 
resistivity and the resolution of the generated inverted resistivity model sections 
apart from stabilising the inversion process. In this study, the selected cut-off error 
was 30% from the maximum error of 200%. Hence, only data points with apparent 
resistivity percentage errors of 30% and below were used in the final inversion 
process. This approach was used to avoid creating unrealistic variations in the 
model interpretation. The number of iterations for the ERT and IP tomograms was 
limited to seven to make sure the error was converged to the lowest condition. 
According to Scapozza and Laigre, the optimal model of the subsurface normally 
reached to seven iterations.17 However, Loke, and Akingboye and Ogunyele 
suggested that an inverted tomographic model with the lowest convergence error 
limit may sometimes not give the required ideal subsurface geological structures 
and anomalies.8,18 Based on these facts and critical examinations of the generated 
RMS errors for iterations from 5th and above, we, therefore, considered the 7th 
iteration as the ideal one as it yielded significantly no or small changes in error 
values and at the same time produced the most realistic subsurface inverted ERT 
and IP models.

To identify the percentage relative changes between the ERT and IP inversion 
model results, the copper electrodes datasets were set as the reference, as their 
overall inversion results were proven to be reliable based on the quality of 
population data points and low RMS errors than that of the conventional stainless-
steel electrodes. Hence, equation 1 was used for the analysis of the percentage 
relative difference. Additionally, three other statistical parameters, namely the 
population mean (µ ) (equation 2), population standard deviation (σ ) (equation 
3), population RMS error (equation 4), and population mean absolute percentage 
error (MAPE) (equation 5) were used to evaluate the performance of both electrode 
types. In statistics, population µ  is also called average. The population σ measures 
the dispersion amount of individual data values from the population µ  values, 
while the population RMS error measures how far the error from 0 on average 
is. The population MAPE is a statistical measure of how accurate a forecast is. 
The percentage format in relative difference was used for the statistical analyses 
in this work to enable the comparison of data with different population sizes and 
to express the number of changes. These analyses provided a better picture of the 
performance between the two electrodes in the ERT and IP surveys.
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where x represents geophysical parameters, namely, resistivity (ohm.m) and 
chargeability (msec).

4. RESULTS AND DISCUSSION

The ERT and IP inversion results for the stainless-steel and copper electrodes 
at Site 1 yielded a similar range of resistivity and chargeability values from  
10–1800 ohm.m and 1–18 msec, respectively (Figures 4 and 5). Based on their 
inversion results in terms of RMS errors, the stainless-steel electrodes derived 
resistivity and chargeability  inversion RMS errors of 26.2% and 6.0%, while 
that of copper electrodes were 14.1% and 1.8%, respectively. Furthermore, by 
correlating the ERT and IP inversion results (for both stainless-steel and copper 
electrodes) at Site 1 with the borehole layered sequence, the sandy silt top layer, sandy 
layer, and silty sand had resistivity values of 70–600 ohm.m, 400–800 ohm.m, and  
300–600 ohm.m, respectively. Meanwhile, the chargeability values ranged 
between 3–5 msec, 1–4 msec, and 1–5 msec for sandy silt top layer, sand layer, 
and silty sand, respectively. The borehole log (Appendix 1) provided detailed 
understanding on the nature of the subsurface layers and crustal materials imaged 
in the ERT and IP models.
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Figure 4: ERT inversion models for Site 1 using stainless-steel and copper electrodes.

Figure 5: IP inversion models for Site 1 using stainless-steel and copper electrodes.

As for Site 2, the ERT and IP inversion results for the stainless-steel and 
copper electrodes yielded the same range of resistivity and chargeability values 
ranging from 50–1200 ohm.m and 1.0–2.6 msec, respectively (Figures 6 and 
7). The resistivities of the sandy silt, sand, and silty sand materials ranged from  
90–600 ohm.m, 400–800 ohm.m, and 200–600 ohm.m, respectively. On the other 
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hand, the chargeability values obtained from the IP inversion results ranged from 
1.4–1.8 msec, 1.6–2.4 msec, and 1.4–2.2 msec for the sandy silt, sand, and silty 
sand materials, respectively. The RMS errors of the ERT inversion results for both 
electrode types yielded the same values of 4.5%. However, the IP inversion result 
indicated a slight variation in the generated RMS errors with values of 0.46% and 
0.19% for the stainless-steel and copper electrodes, respectively. 

Figure 6: ERT inversion models for Site 2 using stainless-steel and copper electrodes.

Figure 7: IP inversion models for Site 2 using stainless-steel and copper electrodes.
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4.1 Performance Evaluation Between Copper and Stainless-steel Electrodes

To further substantiate the performance ratings of both electrode types used in this 
study, the RMS errors of the ERT and IP inversion models were plotted against 
their iteration levels for the two investigated sites. According to Figures 4–7, 
copper electrodes yielded lower RMS errors than the stainless-steel electrodes for 
both ERT and IP models. At Site 1, the ERT model RMS errors reduced from 
30.20% to 26.04% for the stainless-steel electrodes and 17.79% to 13.74% for 
the copper electrodes. Meanwhile, at Site 2, the ERT model RMS errors reduced 
from 6.42% to 4.39% for the stainless-steel electrodes and 6.40% to 4.41% for 
the copper electrodes. Figure 8 illustrates the percentage relative differences in 
ERT RMS errors at the 7th iteration between stainless-steel and copper electrodes 
(12.13% and 0.01% for Site 1 and Site 2, respectively). The RMS errors using 
stainless-steel doubled that of copper electrodes at Site 1. This is because large 
electrode spacing requires good material as a conductor to inject and to receive 
current effectively into the subsurface. In addition, Figure 9 represents the data 
population quality of generated models in terms of data quality (before and after 
the filtering process). This statistical result has shown that the copper electrode is 
more suitable than the conventional stainless-steel electrodes. For example, Sirhan 
et al. used copper electrodes and successfully investigated water resources at West 
Bank, Palestine.19 Meanwhile, our statistical results concurred with this previous 
work and the work conducted by Cardarelli and Di Filippo in Milan which used 
steel and copper electrodes to improve the IP interpretation results.20 

Figure 8: Graphs of RMS error versus iteration number of ERT inversion models at (a) 
Site 1 and (b) Site 2 (continued on next page).

(a)
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Figure 8: (Continue).

Figure 9: Comparative analyses of the total number (population) of positive data points 
before filtering (blue bars) and after filtering (red bars) from both sites.

On the other hand, the RMS errors of the IP inversion models for stainless-steel 
and copper electrodes for both sites were significant with a large percentage 
relative difference for each iteration number (Figure 10) and were considerably 
lower than that observed for the ERT method. At Site 1, the RMS errors of the IP 
model reduced from 6.23% to 5.88% for the stainless-steel electrodes and 1.97% to 
1.68% for the copper electrodes. Therefore, the relative differences in RMS errors 
also reduced from 4.26% to 4.20%. At Site 2, the RMS errors of the IP model 

(b)
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reduced from 0.47% to 0.46% for the stainless-steel electrodes and from 0.21% to 
0.18% for the copper electrodes. These results agree with the interpretation of the 
comparative analyses of positive population data points in Appendix 2. 

Figure 10: Graphs of RMS error versus iteration number of IP inversion models at  
(a) Site 1 and (b) Site 2.

Figure 11 presents the percentage relative differences between the ERT and IP 
inversion results for the conventional stainless-steel and copper electrodes. The 
findings indicated that the ERT and IP inversion results from Site 1 yielded a 
range of percentage relative differences of –70% to 70% (Figure 11). This range 
demonstrated a striking difference between the recorded datasets population 

(a)

(b)
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using the two electrodes. Moreover, the statistical analyses, which evaluated the 
performances between the electrodes for all data points, derived population µ  
values of 14.46% and 12.67% for the ERT and IP inversion models at Site 1, with 
population SD (σ) values of 31.91% and 44.74% and population RMS errors of 
35.03% and 46.50% of data points, respectively. These statistical results exhibited 
large variations in recorded geophysical parameters (resistivity and chargeability) 
using these two electrodes, especially due to the high SD and high RMS errors 
with values above 30%. For Site 1, the population MAPE values of ERT and IP 
inversion models were 28.69% and 40.25% of data points, respectively. It has 
affirmed that stainless-steel electrodes are capable to provide reasonable forecast 
accuracy for both resistivity and chargeability data.2,21 

Figure 12, on the other hand, illustrates the relative differences between the copper 
and conventional stainless-steel electrodes for Site 2, with values ranging between 
–8% and 8%. This range demonstrated a significant contrast (about 10 times lower) 
between their percentage relative differences obtained at Site 1 for ERT and IP 
surveys. The population mean, µ  values for ERT and IP inversion models were 
–0.33% and 0.48%, with population SD, σ of 2.80% and 3.67%, and population 
RMS errors of 2.82% and 3.70% of data points, respectively. Lastly, the population 
MAPE values for ERT and IP inversion models were 2.19% and 3.06% of data 
points, respectively. It shows that the small unit electrode spacing of stainless-
steel will provide highly accurate forecast in both resistivity and chargeability 
data.2,21 These statistical results have revealed that a small unit electrode spacing 
of 2.5 m can yield better voltage decay results. Hence, the copper electrode is a 
good conductor of electric current to be used in ERT and IP surveys compared 
to the conventional stainless-steel electrodes. In general, the results of this study 
provided additional and detailed clues that the choice of electrode selection is a 
pertinent factor for attenuating noise and improving the efficiency and resolution 
of the electrical tomographic models for subsurface characterisation at larger 
spatial and temporal scales as suggested by some researchers.9,10,18 
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Figure 11: Percentage relative differences between copper and conventional stainless-steel 
electrodes in (a) ERT and (b) IP inversion models from Site 1.

Figure 12: Percentage relative differences between copper and conventional stainless-steel 
electrodes in (a) ERT and (b) IP inversion models from Site 2.
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5. CONCLUSION

Based on the obtained results in this study, we have indicated significant subsurface 
information using the quality of data points, iteration levels, and RMS errors 
as criteria to evaluate the performance of stainless-steel and copper electrodes 
in ERT and IP tomographic surveys. The analyses of data quality indicated a 
striking difference between the spacing of two different electrodes in ERT and IP 
surveys. It shows that copper as a non-polarisable electrode is indispensable for an 
electrical survey requiring precise and sensitive measurement. Therefore, it could 
be concluded that large electrode spacing and survey lines in ERT and IP surveys 
require good electrical conductivity and non-polarisable electrodes; in this case, 
copper produced good inversion models compared to conventional stainless-steel 
electrodes. In addition, the inversion models using copper electrodes are more 
reliable due to the low RMS error values generated. Lastly, statistical results of 
population MAPE confirmed that stainless-steel electrodes are capable to provide 
reasonable forecast accuracy for ERT and IP inversion models (28.69% and 
40.25%, respectively) for a unit electrode spacing of 5.0 m. 
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