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Abstract 
 

Integrated seismic refraction tomography (SRT) and electrical resistivity tomography (ERT) were used to study near-surface cavities with 

the aim of determining their geophysical properties. Five seismic refraction profiles around the study area were carried out using a 24-

channel seismograph (ES-3000) while four ERT and ERT profiles were also conducted with IGIS resistivity meter and PLOTREFA soft-

ware respectively. The data was processed using the RES2DINV software. Travel-time curves and velocity models were generated from 

the processed SRT data for each survey line, and 2-D inverted apparent resistivity models along the same lines were also generated for the 

purpose of comparison respectively. The results as obtained from the profiles showed SRT 1 (with a modelled velocity of 1,216 m/s in 

layer two at a depth of approximately 11 m - 20 m beneath the subsurface and an estimated cavity diameter of 11 m) and ERT 1 (with an 

apparent resistivity of approximately 826 Ωm and a depth of approximately 12.5 m – 16 m) indicates that the near-surface cavity outcrop 

links with a close-by mountainous structure in the EW direction. Profiles SRT 2 (with an approximately modeled velocity layer of 980 m/s 

in layer two at an approximate depth of 3.5 m – 7.0 m) and SRT 3 (with a modeled velocity layer of approx. 1,000 m/s in layer two at an 

approximate depth of 4.0 m – 7.0 m and 3.0 m – 9.0 m); ERT 2 (with an apparent resistivity of approximately 80 Ωm); and ERT 3 (with 

apparent resistivities of 116 Ωm and 182 Ωm at depths of approximately 3.5 m to 6.4 m and 4.0 m to 15.8 m) indicates that the surface 

cavity outcrop extends underneath the road network (Odukpani Central Section of Calabar-Ikom Highway) with a width of approximately 

12 m. Profiles SRT 4 and SRT 5 (with an average velocity layer of 1,000 m/s in layer two at an approximate depth of 6.0 m – 13.2 m), and 

ERT 4 (with apparent resistivity ranging between 121 Ωm and 172 Ωm) at a depth of approximately 9.5 m to 20.0 m reveal that the near-

surface cavity extends up to about 11 m across the highway and about 120 m away from the edge of the road. The above result will serve 

as reliable technical information to Transport and Building Construction Engineers on the presence of cavities along road networks and 

settlement areas in Odukpani Local Government Area. The recommendation is also made for the use of other geophysical techniques like 

Ground Penetration Radar (GPR) in conjunction with SRT and ERT to get higher-resolution imagery of the study area. 
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1. Introduction 

The presence of undetected shallow subsurface cavities poses environmental and engineering risks if action is not taken to mitigate its 

presence. Cavities, voids, caves, caverns, karst, and sinkholes are all subsurface landforms that are referred to as subsurface cavities. When 

carbonates (such as dolomite and limestone) disintegrate and then evaporate, they produce the most prevalent natural voids (e.g., gypsum, 

salt, and anhydrite) (Metwaly & AlFouzan, 2013) The major concern posed by the presence of these subsurface cavities is the risk of 

ground surface subsidence arising from the slow migration of fine particles. This ground surface subsidence, if occurring along major road 

networks, could greatly damage property and loss of life. Construction and maintenance of good roads and highway networks in Cross 

River State has become a major problem. The worst thing is that even the newly constructed roads experience failures at different sections 

in less than six months or within a year. There is great concern about the rate of failure of these roads because a huge amount of money 

has been spent on the construction of such roads; hence the need for proper care to be taken geologically before roads and buildings are 

constructed. Subsidence on the road indicates that the underlying pavement structure is deteriorating (Eyankware et al. 2022a,b,c &d; 

Chizoba et al 2023; Obasi 2020).  

Due to the widespread extent of road collapse over the nation's outdated transportation system, full-scale rehabilitation of every location is 

both expensive and often impossible. Subsidence can be caused by a number of factors. Some processes, such as huge void creation and 
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sinkhole formation, can result in rapid and catastrophic pavement failure, whereas others, such as delayed movement of small particles 

from the subgrade, might result in seasonal or gradual sinking. In karstic conditions, porous surface rocks are perfect for the formation of 

dangerous voids, and eventual ground subsidence, leading to a significant impact on civil (structural) engineering (De Giorgi & Leucci, 

2014; Opara et al. 2022; 2023; Urom et al. 2021; Omoko et al. 2023). However, field observations and laboratory research have demon-

strated that a lack of understanding of the composition and behaviour of subsoils on which roads are constructed on could be a major 

contributor to road failures (Ajayi, 1987). Pre-existing geological structures such as fractures and faults, the existence of shear zones and 

old stream channels, near-surface geologic succession, and the nature of soil surface (subgrade), have all been proved to be geologic hazards 

that can compromise any road’s structural stability. As a result, prior to any road development, these elements must be thoroughly evaluated 

(Adiat et al., 2017; Oli et al 2022; Agidi et al. 2022; Akakuru et al. 2023a,2023b, 2023c). 

Applying geophysical techniques in delineating shallow features can never be overemphasized. However, the problem has always been to 

determine the most appropriate geophysical technique to apply. This problem usually arises from unpredictable changes in subsurface 

features and the limitations of different geophysical methods. The goals of certain subsurface investigations as explained by Burger et al., 

(2006) are impossible to attain with a single geophysical method. This is due to the shortcomings and uncertainties of employing a single 

approach, such as noise, resolution, and a lack of sufficient contrast in physical qualities, which might limit geophysical methods in various 

situations. 

In recent times, ERT has become a common technique for exploring the subsurface in karst formations due to the huge contrast in resistivity 

between air-fill voids and the underlying strata. The resistivity is high when the void features are dried; however, as the voids are filled 

with clay or water, the resistivity drops (Jaafar, 2017). There are numerous electrode configurations for two-dimensional ERT surveys 

including dipole-dipole, Schlumberger, pole-dipole, and Wenner. The degree to which these arrays are sensitive to vertical or horizontal 

variances, as well as the impact of noise, all play a part in understanding which of the above configurations could offer a good outcome in 

cavity features. Failure to use geophysical approaches in highway and building construction has led to the loss of structural integrity of 

said structures (Jaafar, 2017).  

A subsequent geophysical technique used in interpreting seismic refraction data is seismic refraction tomography (SRT). SRT uses an 

inversion approach to determine the velocity of three-dimensional and two-dimensional models. The object is divided into cells known as 

voxels in 3-D and pixels in 2-D by the tomography concept. The initial model is tweaked to reduce the discrepancy between the computed 

and real travel times. The final model is established as soon as the least root-mean-square (RMS) error or the misfit value is obtained (Bery, 

2013). 

Many researchers have used integrated geophysical techniques to investigate and delineate areas with the presence of subsurface cavities. 

In the city of Rome, Cardarelli et al., (2010) conducted a study by combining ERT and SRT data in a collaborative interpretation procedure 

for cavity detection. Samyn et al., (2014) used an integrated geophysical technique that included MASW and ERT to analyze the occurrence 

of karst and sinkhole susceptibility along flood-protection dykes of the Loire River, Orléans, France. Araffa et al. (2014) explored the 

subsurface of Quarter 27 of May 15th City, Cairo, Egypt to demarcate the contamination, measure some aquifer parameters, and detect 

buried objects. Using two distinct electrode configurations, eight 2-D ERT sections were captured (dipole-dipole and Wenner). Rodrguez 

et al., (2020) employed electrical resistivity tomography (ERT) to discover subsurface cavities generated by underground coal mining in 

the carboniferous area of Coahuila, Mexico, as well as the threats they pose. In three mining-related zones, measurements were collected 

close to road and bridge support. Ilori et al., (2014) performed an investigation of highway pavement collapse at various places on some 

routes in southern Nigeria. 

This research is aimed at determining the geophysical features of near-surface cavities in the Odukpani Central section of Calabar-Ikom 

Highway, Cross River State through the use of SRT and ERT with the following objectives: acquire P-wave arrival times; acquire apparent 

resistivity values; derive velocity-depth profiles of P-wave velocities (vertical seismic profiles); plot apparent resistivity profiles (tomo-

graphs); estimate the depth, and lateral extent of the cavities from the models obtained; and determine the dimensions of the cavities. 

Geophysics plays a significant role in site characterization and as a result, this research will have an enormous impact once accomplished. 

The result of this study will provide reliable technical information to transport Engineers (those in charge for planning, designing, and 

supervising the building and maintenance of civil engineering projects relating to transportation networks, such as bridges, roads, railways, 

mass transit stations, etc.) and Building Construction Engineers on the presence of voids/caves along road networks and settlement areas 

in Odukpani Local Government Area. 

This study generally will help to infer if the near-surface cave extends under the highway (Odukpani Central Section of Calabar-Ikom 

Highway) crossing the study area and its surrounding environs. If this observation is positive, it will serve as a warning signal to applicable 

road users, and to the government to immediately commence maintenance work on the affected area/section of the highway. 

2. Materials and method 

2.1. The study area 

The study area is located within Odukpani Central in Odukpani Local Government Area (LGA), Cross River State. It lies between latitude 

5o07’0” N and 5o10’0” N, and longitude 8o18’0” E and 8o22’0” E (Fig. 1).  

Geologically, Odukpani is underlain by the Calabar Flank which belongs to the Southern section of the Nigerian Sedimentary Basin which 

has the Oban Massif at its northern borders, and the Calabar hinge-line marking the Niger Delta basin at its southern borders. The NE–SW 

trending fault separates it to the west from the Ikpe Basin. It reaches the Cameroon Volcanic Ridge in the east (Ilori, 2016). Stratigraph-

ically, the Odukpani Group of Cretaceous strata is made up of mid–albian to early cenomanian mfamosing limestone formation with a 

continuous thick grey–black, carbonaceous cenomanian Ekenkpong Shale (Petters et al, 1995). On top of this lies the New Netim Marl 

(thick coniacian, calcareous). The carbonaceous black Nkporo Shale lies unconformably on top of it (Reyment, 1965) (Fig. 2). 
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Fig. 1: Location Map of the Study Area (ArcGIS, 2016). 

 

 
Fig. 2:  

 
Table 1: Velocity Ranges of Earth Materials (United States Bureau of Reclamation, 2002) 

Material Velocity 
 (feet per second) (meters per second) 

Moist fine-grained topsoil, sand, loam, loose gravel, dry silt, loose rock, and talus 600 - 2,500 200 – 800 

Indurated clays, compact till, gravel below water table*, sand, compact clayey gravel, and sand-clay 2,500 - 7,500 800 - 2,300 
Fractured, weathered, or partly decomposed rock 2,000 - 10,000 600 - 3,000  

Sound limestone, chalk  6,000 - 20,000  2,000 - 6,100  

Sound sandstone 5,000 - 14,000 1,500 - 4,000 
Sound shale 2,500 - 11,000 800 - 3,400 

Sound metamorphic rock 10,000 - 16,000  3,100 - 4,900  

Sound igneous rock  12,000 - 20,000 3,700 - 6,100 
*Water (saturated materials should have velocities equal to or exceeding that of water) 4,700 1,400 

 

The following equipment were employed to conduct the SRT survey: a multi-channel seismograph (Geometrics ES–3000 Seismograph 

24–channel); Receivers (24 P-wave geophones): Seismic source (sledgehammer and a base plate); Measuring tape; Transmitting cables; 

Battery (12V); Global Positioning System (GPS) and laptop computer; survey crew (cable hustlers). 

The following equipment were employed to conduct the ERT survey: A multi-channel resistivity meter (IGIS Resistivity Meter); Elec-

trodes; Transmitting cable reels; Hammer; DC Power Source; and Measuring tape.  

Using the in-line refraction profiling approach, seismic refraction tomography (SRT) data were gathered along profiles that are approxi-

mately close to locations of near-surface caves. The measurements' main purpose was to figure out the compressional wave velocities of 

ground conditions as well as the depth to bedrock at five distinct profiles across the research region. 

To record seismic data, twenty-four 10 Hz geophones were strung up in a straight line following prescribed profiles (Appendix 1) and 

linked to the seismograph. As an acoustic (energy) source, a 12 kg sledgehammer and a metal plate were used to create waves that were 

recorded by geophones (serving as receivers) as a function of time. Seismic refraction data were then acquired for each location. The profile 

length at each location was 69 m with inter geophone spacing of 3 m with an offset of 5 m from the first geophone. Data were collected in 

both forward and reverse direction. 

An Integrated Geo Instruments and Services (IGIS) resistivity meter was used to collect ERT data along four of the five SRT profiles 

(model SSR-MP-ATS). Along the collected profiles, a Wenner electrode design was employed with a unit electrode spacing of 5 m – 35 

m. The multiple electrode technique was used to accommodate the chosen profile length while also maintaining reasonable underground 

lateral resolution.  

Twenty-two (22) electrodes were inserted into the ground at equal distances apart to cover the proposed profile length and maintain rea-

sonable subsurface lateral resolution (Plate 1). The total profile length for ERT 1 was 120 m while ERT 2. ERT 3, and ERT 4 had a profile 

length of 105 m. The unit electrode spacing (a) ranging from 5 m, 10 m, 15 m, 20 m, 25 m, 30 m, and 35 m were used to measure seven 

segments of each of the four ERT profiles (Appendix 1) respectively. 
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Plate 1: Image Showing Field Data Acquisition. 

3. Results and discussion 

The acquired SRT data were processed and interpreted using SeisImager, a seismic interpretation software suite that includes software 

package such as Pickwin Version 4.4.1.0, and Plotrefa Version 2.9.2.6, etc. To produce time-distance curves, the first stage involves accu-

rately choosing the initial breaks from the seismic signal for P-wave using the Pickwin software for each shot record. The time-distance 

curves were then created using the first arrival time, survey line distance, source location, and geophone spacing as inputs. Modelling the 

velocity-depth profiles from the recorded seismic velocity by appending the chosen initial breaks and generating a tomographic inversion 

of the velocity-depth model were the second and third stages of processing, respectively, using the Plotrefa program. 

RES2DINV inversion software's concatenate function was used to combine the individual segments of each of the four ERT profiles into 

a single profile. For Wenner setup, the apparent resistivity was calculated as the product of resistance and the geometric factor. To compare 

the data and detect sedimentary boundaries, smooth and robust inversions were used. The data collected during field measurements of ERT 

is traditionally presented as pseudo-sections of apparent resistivity, which provide a rough estimate of subsurface resistivity. A baseline 

model was developed based on a priori data from averaged geophysical data gathering, and apparent resistivity data was modelled accord-

ing to the survey geometry. The computed data was compared to field measurements, and the model was adjusted to account for the 

discrepancy between observed and estimated findings. This process was repeated until the produced data matched the real readings within 

a certain margin of error. The inversion technique results in a more accurate depth estimate for cross-section plots, transforming pseudo-

sections into accurate estimates of subsurface variation. 

Analysed travel-time curves and corresponding velocity models for each of the SRT profiles (SRT 1 – SRT 5) are presented as shown in 

FIGs 3 – 12. The results as obtained from the profiles revealed SRT 1 with four layers having modelled P-wave velocities of 300 ms-1 for 

the first layer, 1,216 ms-1for second layer, 1,895 ms-1for the third layer, and 3,000 ms-1 for the fourth layer (FIG. 4). SRT 2 revealed three 

layers with modelled VP of 300 ms-1 for the first layer, 980 ms-1 for the second layer, and 3,000 ms-1 for third layer (see FIG. 6). Three 

layers were delineated from the results of profile SRT 3 with modelled VP of 300 ms-1 for the first layer, 1,000 ms-1 for the second layer, 

and 2,000 ms-1 for the third layer (FIG. 8). SRT 4 and SRT 5 shared the same traverse end-to-end revealing three layers with average 

modelled VP of 300 ms-1 for first layer, 1,000 ms-1 for the second layer, and 2,000 ms-1 for the third layer (FIG. 10 and FIG. 12). 

From the modelled velocity profiles for SRT 1 – 5, near surface caves were inferred on layer two at an approximate depth of 11.0 m – 20.0 

m; layer two at an approximate depth of 3.5 m – 7.0 m, layer two at an approximate depth of 4.0 m – 7.0, m and 3.0 m – 9.0 m; layer two 

at an approximate depth of 0 m – 13.2 m; and layer two at an approximate depth of 6.0 m – 13.2 m respectively. 

 

 
Fig. 3: Travel-Time Curve for SRT 1. 

 

Suspected Cavity 
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Fig. 4: Velocity Model for SRT 1. 

 

 
Fig. 5: Travel-Time Curve for Srt 2. 

 

 
Fig. 6: Velocity Model for SRT 2. 

 

 
Fig. 7: Travel-Time Curve for Srt 3. 
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Fig. 8: Velocity Model for Srt 3. 

 

 
Fig. 9: Travel-Time Curve for Srt 4. 

 

 
Fig. 10: Velocity Model for Srt 4. 

 

 
Fig. 11: Travel-Time Curve for Srt 5. 
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Fig. 12: Velocity Model for Srt 5. 

 

The corresponding apparent resistivity pseudo sections for the four ERT profiles are presented in FIGs 13 – 16. 

Simultaneous iterated results were obtained for the same SRT profiles from the ERT data. ERT 1 revealed inverse modelled resistivity 

sections with values ranging from 2.23 Ωm to 826 Ωm with a suspected surface cave at a depth of approximately 12.5 m – 16.0 m with a 

resistivity value of 826 Ωm (FIG. 13). ERT 2 showed inverse modelled resistivity sections with values ranging from 12.8 Ωm to 120 Ωm 

with suspected caves at a depth of approximately 3.5 m – 9.3 m with resistivity values of approximately 53 Ωm – 120 Ωm (FIG. 14). ERT 

3 revealed inverse modelled resistivity sections with resistivity values varying between 2.8 Ωm and 182 Ωm with suspected caves at 

resistivity sections with values of 116 Ωm and 182 Ωm at depths of approximately 3.5 m to 6.4 m and 4.0 m to 15.8 m respectively (FIG. 

15). FIG. 16 shows inverse modelled resistivity sections for ERT 4 with resistivity values varying from 14.4 Ωm to 254 Ωm having a 

suspected cave at a resistivity section of 121 Ωm to 172 Ωm at a depth of approximately 9.5 m to 20.0 m which extends up to about 120.0 

m from the edge of the highway (study area). 

 

 
Fig. 2: Apparent Resistivity Model for Ert 1. 

 

 
Fig. 14: Apparent Resistivity Model for Ert 2. 

 

 
Fig. 15: Apparent Resistivity Model for Ert 3. 
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Fig. 16: Apparent Resistivity Model for Ert 4. 

 
TABLE 2: Table Showing Geophysical Properties of Near-Surface Cavity in the Study Area 

SRT 

Profile 

ERT 

Profile 

Cavity 

Layer 

Modelled P-Wave 
Velocity (meters per 

second) 

Mean Depth to 
Top Surface 

(meters) 

Lateral Ex-
tension (me-

ters) 

Mean Apparent 
Resistivity (ohms-

meter) 

Depth to Top 
Surface (me-

ters) 

Lateral Ex-
tension (me-

ters) 

1 1 2 1,216 15.5 53.0 826 14.3 40.0 

2 2 2 980 5.3 65.0 87 6.4 50.0 

3 3 2 1,000 11.5 69.0 149 14.9 70.0 

4 4 2 1,000 13.2 70.0 147 14.8 55.0 
5  2 1,000 9.6 65.0    

4. Conclusion 

Geophysical properties of near-surface cavities were determined in the Odukpani Central section of Calabar-Ikom Highway, Cross River 

State Nigeria. An integrated geophysical approach was employed for this study which comprised of SRT and Electrical ERT in an effort 

to complement the results of each geophysical technique. 

Four to five survey lines/profiles were run for both the SRT and ERT measurements besides, opposite, and behind the near-surface cavity 

opening to determine the depth and lateral extensions of the suspected near-surface caves with prior consideration to the geology of the 

study area. 

From the modelled velocity profiles for SRT 1 – 5, near surface caves were inferred on layer two at an approximate depth of 11.0 m – 20.0 

m; layer two at an approximate depth of 3.5 m – 7.0 m, layer two at an approximate depth of 4.0 m – 7.0 m and 3.0 m – 9.0 m; layer two 

at an approximate depth of 0 m – 13.2 m; and layer two at an approximate depth of 6.0 m – 13.2 m respectively with all five layers having 

an average VP of 1,039 ms-1 (TABLE 2). 

In addition, near-surface cavities were detected in the study area which revealed apparent resistivity values of 826 Ωm for ERT 1, 87 Ωm 

for ERT 2, 149 Ωm for ERT 3, and 147 Ωm for ERT 4 (TABLE 2). 

With the above observations, it is recommended amongst others that for the detected cavity which runs underneath the study area (as 

revealed by SRT and ERT profiles 2 and 3 respectively), the Government should commence an immediate mitigative construction (like 

installation of underground culverts/drainage) be carried out to forestall an impending ground surface subsidence of the study area (the 

Oducpani Central Section of Calabar-Ikom Highway).  

Integration of two or more geophysical methods in the study of the earth’s structure has always proved productive and resourceful because 

where one method is limited the other method compensates. This has been the case according to various related studies conducted by 

renowned geophysicists. Similar geophysical integration was carried out in this study, and the findings showed that the properties of near 

surface caves gotten from the seismic refraction tomography (SRT) measurements corresponded with the results gotten from electrical 

resistivity tomography (ERT) measurements.  

Consequently, being that ERT profiles 2 and 3 (FIG. 14 and FIG. 15 respectively); and SRT profiles 2 and 3 (FIG. 6 and FIG. 8 respectively) 

mapped out the extension of the caves around the Odukpani Central section of Calabar-Ikom Highway, the findings inferred that the surface 

cave (that is already visible by the highway) extends laterally underneath and across the highway. 

Recommendation is also made for the use of other geophysical techniques like Ground Penetration Radar (GPR) for further studies in 

conjunction to SRT and ERT to get higher resolution imagery of the study area. 

Appendices 

Appendix 1: Table of Profile Coordinates 

S/N SRT Profile ERT Profile Coordinates Elevation (m) Direction of Traverse Traverse Length (M) 

1. SRT 1 ERT 1 N 05o08’273” E 008o20’572” 27.2 EW 69, 120 

2. SRT 2 ERT 2 N 05o08’285”  E 008o20’575” 17.1 NS 69, 105 

3. SRT 3 ERT 3 N 05o08’192” E 008o20’344” 24.0 NS 69, 105 
4. SRT 4 ERT 4 N 05o08’173” E 008o20’389” 25.0 NS 69, 105 

5. SRT 5  N 05o08’173” E 008o20’389” 25.0 NS 69, 105 
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