Conducting a Comprehensive Physical Investigation on Uncontrolled Internal Soil Erosion Leading to Sinkholes
in Anambra State, Nigeria

Abstract:

Uncontrolled infiltration of water poses a significant environmental threat, capable of causing severe damage to
structures and farmland if left unaddressed. In the context of Anambra state, Nigeria, uncontrolled infiltration has
emerged as the primary cause of internal erosion, leading to the formation of numerous sinkholes scattered throughout
the region. Consequently, this study aimed to analyse the physical dynamics of the soils surrounding these sinkholes
within the state. The investigation was conducted across three distinct locations: Awka site 1 (6.2232°N and 7.0824°E),
Awka site 2 (6.2220°N and 7.0819°E), and Agulu (6.3401°N and 7.1233°E). A total of 24 soil samples were collected
and analysed, comprising of 15 samples from the immediate vicinity of the sinkholes and 9 samples obtained from areas
located at least 2Km or more from the sinkholes. The parameters examined included pH, Electrical Conductivity (EC),
Total Dissolved Solids (TDS), Organic Carbon (OC), Organic Matter (OM), erodibility Factor (K), Moisture Content
(MC), Bulk Density, Total Porosity and soil texture. The results revealed a range of pH values, with the piping zone
exhibiting a pH of 5 and below, while the non-piping zone predominantly displayed a pH of 6 and above. This
discrepancy indicates soil sodicity, suggesting potential challenges in terms of soil quality. Furthermore, the electrical
conductivity values varied from 2.21 to 7.21 puS/cm, signifying differing levels of ion concentration within the examined
areas. Additionally, the analyses indicated a substantial depletion of organic content, with the piping zone registering a
meager organic content value of 2.43. Investigations of soil texture within the piping regions highlighted a notably low
clay content, ranging from 2.5% to 6.7%. This finding suggested that significant drainage of the soil has potentially
influenced the overall soil stability and the observations underscoring the presence of dispersive processes within the
soil, further contribute to the prevailing conditions.
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Introduction

The movement of water through soil pores, known as infiltration, enables various processes such as nutrient absorption
by plants[1]-[3], groundwater recharge[4], and the accumulation of liquid minerals[1]. Infiltration depends on multiple
factors, including soil permeability, pressure gradient, gravitational force, and the velocity of flowing water[1], [3], [5].
[6]. Monitoring the velocity of infiltration is crucial for maintaining the chemical balance and elastic properties of the
soil[3], [7]. Low infiltration velocity is often identified as the primary cause of internal erosion, which happens when
water gradually carries away fine particles within the coarse soil matrix[6], [8], [9].

Internal erosion, commonly referred to as soil piping[10]-[13], is a phenomenon that can occur in any geographical
setting[6], [14]-[16]. Through extensive research and observations, researchers have found evidence of soil piping in a
wide range of soil types, such as duplex[17], [18], loess[18], [19], and uniform clay soils[15]. It should be noted that soil
piping failures have been witnessed not only in impermeable soils, but also in highly permeable ones that contain
expansive clays like montmorillonite and kaolinite[14], [20]. Additionally, the occurrence of soil piping has been
observed across diverse climatic regions, characterized by variations in temperature, rainfall, and the seasonal patterns of
rainfall[15], [21]. These findings emphasize the significance of understanding and addressing soil piping as a potential
geotechnical concern in various locations and soil conditions.

The complex nature of piping, which has been extensively studied, comes as a result of a multifaceted interplay between
physical and chemical processes, often associated with mechanical scouring, entrainment, or mass wasting [15]. These
processes can lead to significant environmental transformations and unconventional rainfall patterns [22]. It is worth



noting that human activities have been identified as significant contributors to the development of piping erosion
worldwide [17], [23].

Human interference can be categorized into two main groups: those affecting soil stability and those influencing the local
water balance. Clearing land for agriculture, overgrazing, irrigation, and construction works are among the commonly
cited activities that have detrimental effects on soil stability [23], [24]. Vegetation loss and livestock trampling result in
reduced soil protection, leading to a decrease in soil quantity [24]. This reduction in soil quantity subsequently lowers the
infiltration rate [22], [25]. Such changes can be attributed to alterations in soil chemical properties, which often result in
structural instability, including clay dispersion and the development of a thin surface seal [22], [26].

Consequently, a decrease in the infiltration rate allows precipitation to generate runoff, carrying soil and other particles.
The interaction between these particles during transport, including mechanical scouring, can lead to the creation of holes
in the soil, ultimately causing piping and changing the local water balance [27]-[29]. These findings underline the
importance of recognizing the role of human activities and their impact on soil stability, water balance, and the
subsequent development of piping erosion.

When rainwater interacts with bare soil, several processes come into play [22], [28], [29]. The impact energy of raindrop
compacts the soil surface and contributes to enhanced dispersion [28], [29]. Moreover, rainwater carries electrolytes that
increase the soil solution, affecting soil stability by elevating the salt or sodium content [22], [30]. In certain areas, the
presence of sodium can lead to the deterioration of soil structure, resulting in soil dispersion. It is important to note that
when a dispersive soil contains more than 6.0% exchangeable sodium (ESP), it becomes prone to piping phenomena
[22], [25], [31].

Dispersive soil solutions can be identified by assessing their pH and Electrical Conductivity (EC) values [22], [25], [31].
The pH of soil is a measure of the activity of hydrogen ions and is influenced by the relative amounts of absorbed
hydrogen and metallic ions. It provides valuable information about soil properties such as phosphorous availability and
base status. In the case of soils prone to soil piping, their pH values typically fall within the range of 5 to 8, resembling
those of sodic soils [24], [25].

Electrical conductivity, on the other hand, quantifies the ability of a soil-water mixture to conduct an electrical current. It
depends on the total concentration of ionized substances dissolved in the soil-water mixture [8], [32]. In the context of
soil, the focus has primarily been on the impact of Exchangeable Sodium Percentage (ESP) and electrolyte concentration
(EC) on excessive swelling, dispersion, hydraulic conductivity, and crust formation during drying [25]. When relatively
low EC water percolates through potentially dispersive soils, the leaching of salts from the soil profile may trigger
spontaneous dispersion, resulting in the formation of tunnels [24], [25].

Therefore, according to [33], the practical approach to preventing tunnel development is to divert water away from the
catchment areas of these tunnels and emphasizes the importance of understanding and managing pH levels, electrical
conductivity, and the leaching of salts to mitigate the risks associated with soil piping and tunnel formation.

Soil piping is not an instantaneous or sudden process; rather, it occurs gradually over time, influenced by the specific
characteristics of the area and the type of soil present [34], quoted by [35] identified two preconditions necessary for the
formation of piping erosion. Firstly, the soil must disperse into the water that flows through it, allowing the movement of
dispersed clay particles. Secondly, either the soil must possess sufficient permeability in the soil matrix or macropores to
facilitate the unobstructed movement of these clay particles.

Several physical properties contribute to the occurrence of piping. These include the slope and elevation of the land, the
rate of underground water flow, the structure, texture, porosity, and permeability of the erodible material [15], [29], [31],
[36], [37]. Additionally, the chemical properties of the soil, such as clay mineralogy, pH levels, presence of sodic soils,
and the electrical conductivity of the soil, also play a role in favoring piping[22], [30], [35].



It is important to note that all these factors need to align favorably to initiate soil erosion and piping. If any of these
factors are not conducive, the soil may not erode, and piping may not occur [25] quoting [34]. Understanding the
interplay between these physical and chemical properties is crucial for comprehending the potential occurrence of soil
piping in a given area.

Over the course of several decades, Anambra State in Nigeria has been plagued by numerous cases of soil piping,
particularly during periods of high rainfall [38]-[40]. This phenomenon has had significant repercussions for the local
communities, with reports indicating that farmlands often become inaccessible, residential structures face foundation
threats, and movement is hindered due to the collapse of pathways [41], [42]. The researchers have witnessed firsthand
the detrimental effects of soil piping on the lives of the people in this region.

Despite the government and other stakeholders in the state investing substantial financial resources in combating this
issue, progress has been limited. VVarious methods, including the use of cover-ups, have been employed, but success has
been elusive. It is evident that a more comprehensive understanding of the causes of soil piping is needed to effectively
address this challenge.

In light of this, our study aims to analyze the physico-chemical characteristics of dispersive soils that have contributed to
the natural occurrence of sinkholes in three erosion-prone areas within Anambra State. By delving deeper into the
underlying causes of soil piping, we hope to gain valuable insights that can inform more targeted and effective strategies
for mitigating this phenomenon.
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Figure 1. The study area with an insert of Anambra state and Nigeria (SH = Sinkholes, PA = Piping Area, NPA = Non-
piping area)

In this study, our focus is on two specific sites within the Awka South area and one site in the Aniocha Local
Government area of Anambra State, Nigeria (as shown in Figure 1). The first site, Awka Site 1, is situated at coordinates
(6.2232°N and 7.0824°E). Here, a soil pipe with a diameter of approximately 5 cm has caused significant damage to a
constructed road. This damage has resulted in the formation of double sinkholes, each with a diameter of around 70 cm
(refer to Figure 2a).



The Awka Site 2, located at coordinates (6.222°N and 7.0819°E), we find a soil pipe that has been present for
approximately three years. This pipe has caused the formation of multiple holes, each with an average diameter of 10 cm,
as well as a visible sinkhole measuring around 100 cm in diameter (as depicted in Figure 2b).

Lastly, our third site is situated in Agulu, with geographical coordinates (6.3401°N and 7.1233°E). By closely examining
these three sites, we aim to gain a deeper understanding of the characteristics and formation mechanisms of soil pipes in
areas prone to sinkholes.

Figure 2. (a) Sinkhole at Awka site 1 (b) Soil pipe at Awka site 2

Geology and Global Information System of Anambra state

Anambra State, located in the southern part of Nigeria, occupies a geographical area of latitude 5.7503°N and 6.7503°N,
and longitude 7.2502°'E and 7.7502°E. It is an integral part of the Anambra Sedimentary Basin, which is situated in the
southern region of Nigeria (as illustrated in figure 3a). The state covers an expansive area of approximately 40,000
square kilometers, as documented by [43]and [44].

The southern boundary of the Anambra Basin aligns with the delta swamps of the Niger Delta Basin, extending
northwards beyond the Bende Ameki Formation [45], [46]. It is widely believed that the formation of the basin occurred
concurrently with the folding and uplift of the Abakaliki-Benue area during the Santonian era [47]. Consequently, the
Anambra Basin serves as a significant center for the deposition of clastic deposits and deltaic sequences [47]. These
formations are a result of tectonic activity within the second Lower Benue Trough, which played a crucial role in the
geological evolution of the area (see figure 3a) [45].

Anambra basin boasts of a geological composition that is rich in ancient Cretaceous delta deposits, constituting the
sedimentary rocks found within the region. The basin is predominantly characterized by the Nnaka Sand, which dates
back to the Ecocene period [45], [47]. Overlying this sandy formation is the paralic Ogwashi-Asaba formation,
originating from the Oligocene epoch. On the other hand, the marine Imo shale underlies a significant portion of the
basin [47].

It is worth noting that the presence of these sands, primarily the coastal plain sands, has contributed to ecological
challenges in the area. These sands exhibit a high susceptibility to erosion, leading to severe ecological problems within
the region. Underneath the weak lateritic and acidic soils lie unstable and poorly consolidated geological rocks and
materials [46], [47]. The sandy components of these geological units house substantial groundwater reservoirs, known as
aquifers [44]. However, these aquifers pose a threat when subjected to excessive pore water pressures, especially when
overlying structures bear uncompromising loads [43].



In addition to these geological characteristics, the lateritic and sandy soils are highly vulnerable to erosion caused by
storm water runoff. This erosion can further exacerbate the ecological issues faced by the region.

The state has a distinctive topography characterized by rugged reliefs and uplands (see Figure 3b) [48]. The study area
itself is situated entirely within the Awka-Orlu upland [48]. The state is generally well drained, except for the northern
parts, which experience poor drainage conditions and are highly susceptible to flooding (see Figure 3c).

The intricate network of rivers, lakes, and tributaries, along with their groundwater components, is distributed throughout
the state in a manner that significantly influences the formation, development, and dynamics of erosions and landslides.
These natural water bodies and their flow patterns play a crucial role in shaping the landscape of Anambra State.

The primary drainage system for the state is the Anambra River, which ultimately empties into the mighty River Niger.
Additionally, numerous tributaries can be found at various locations, effectively draining the state. Of notable mention is
the Agulu Lake, which serves as the closest natural drainage system to the study area.

Anambra State experiences a climate typical of the tropical rainforest zone. The climate is characterized by two distinct
seasons: the rainy season, which follows a conventional pattern from April to October, and the dry season, spanning from
November to March. During the rainy season, the state receives an average precipitation of 602mm [48].

One noteworthy weather phenomenon during the mid-dry season is the intrusion of a strong dry wind known as the
Harmattan, originating from the northern region of the country. This wind engulfs the entire state and contributes to the
drying out of the soil, resulting in caking. The Harmattan wind poses challenges to agricultural activities and soil
moisture retention in Anambra State [49]. Temperature variations are also prominent in the region. During the harsh dry
season, temperatures can soar as high as 35°C, while in the rainy season, they tend to be more moderate, reaching as low
as 18°C [49] (see Figure 3d).

From analyzes the records of land cover in Anambra State, it becomes evident that the region has experienced significant
loss of its natural land cover and an increase in bare lands due to the expansion of built-up areas (see Figure 3e). This
phenomenon is particularly pronounced in the central and western parts of the state, where the concentration of built-up
areas has grown larger and more aggregated over time[48].

Consequently, there has been a considerable increase in Land Surface Temperature (LST) across the state. The LST
trends reveal that the central and western parts of Anambra State exhibit higher temperatures compared to the outlying
areas of the northern and southern regions (see Figure 3f). This spatial variation in LST can be attributed to the
intensified urbanization and subsequent loss of vegetal land cover in the state [48].

The loss of vegetal land cover due to urbanization has several negative consequences. Firstly, it contributes to the
elevated Land Surface Temperature and aggravating the already poor condition of the soil. Secondly, the absence of
vegetal cover reduces erosion resistance, further exacerbating the vulnerability of the soil to erosion processes.
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Figure 3 (a) Geological map of Anambra state (b) Topography map of Anambra state (c) Soil drainage map of Anambra
state (d) 10 years average rainfall of Anambra state (e) Land cover map of Anambra state (f) First quarter of 2022 land
surface temperature map of Anambra state

Materials

To conduct this research, the following materials were utilized: auger, spade, container for soil samples, refrigerator (for
sample storage), oven (for drying sampled soils), pestle, a 2mm and 0.5mm mesh sieves for soil sieving, weighing
balance.

The parameters examined in this study include pH, Electrical Conductivity (EC), Total Dissolved Solids (TDS), Organic
Carbon (OC), Organic Matter (OM), erodibility Factor (Kf), Moisture Content (MC), Bulk Density (D5), Total Porosity

(P) and soil texture.

Method



In order to determine the values of the various parameters mentioned above, 24 soil samples were collected from both
sinkhole-affected localities and unaffected sections of the study area. The samples were taken at a depth of 0-5ft.
Specifically, 15 samples were collected from the piping area (PA) with sinkholes (SH), and 9 samples were collected
approximately 2Km away from a known piping area (non-piping area, NPA). The locations where each samples were
gotten are labeled using alphabetic notations: Al — A5 are site within the sinkhole vicinity in Awka site 1, A6 — A8 are
sit far from the sinkhole, B1 — B5 are site at Awka site 2, within the sinkhole vicinity while B6 — B8 are distance site
from the sinkhole. The alphabet C is used to denote the same approach for the Agulu site.

Analysis of Soil Samples
The following steps were taken to analyze the soil samples:
1. Soil samples were spread in a petri dish and dried in an oven at 105°C for a duration of 4 hours.

2. The dried soil samples were then ground and passed through a 2mm mesh aluminum sieve. Soil samples smaller than
2mm were stored in polythene bags for subsequent analysis.

3. The pH values of the soil samples were determined using the procedure outlined by [50]. 20g of soil was added to a
50mL beaker, followed by the addition of 20mL of distilled water. The suspension was stirred for 5 minutes and then
allowed to settle for 1 hour to enable the clay particles to settle. The pH readings were obtained using a Mettler Toledo
Seven Easy pH Meter.

4. For the measurement of Electrical Conductivity (EC), the prepared dried samples were weighed and placed in labeled
containers. 20mL of distilled water was added to each container, and the solution was vigorously stirred to aid the release
of acidity from the soil micelles, resulting in a homogeneous solution. An EC meter was then inserted into a clean, dry
beaker to determine the EC value. The TDS value was obtained by replacing the EC meter with a TDS meter and
recording the corresponding readings.

5. The values of soil organic carbon and organic matter were determined using the Walkey-Black method [50]. The
prepared dried samples were further sieved, and 1g of the 0.5mm sample fraction was weighed and transferred into a
conical flask. A measured amount of potassium dichromate (K2Cr207) and sulfuric acid (H2SO2) were added to the
sample, resulting in an exothermic reaction. The solutions, one with the soil sample and one without, were allowed to
cool in a ventilated environment. Subsequently, 100mL of distilled water was added to each solution, generating heat.
The cooled samples were titrated using three drops of ferroin as an indicator against Ferrous Sulphate solution until a
maroon color end-point was observed. A blank titration was conducted at the beginning without the soil solution. The
equation (1) and (2), shows the mathematical process.

10(B =T)
B % 0.03 x 100s (1)

B = titre value of blank sample in mL.
T = titre sample for soil sample in mL.
S = weight of soil in gram

%%O0rganic Carbon =

Y%O0rganic Matter = %0rganic Carbon x 1.729 (2)

6. For the value of soil moisture content, the weight of the wet the soil content and container were gotten using the
gravimetric method. The weight in which the sample was to be placed and the sample were oven dried for 24 hours
separately. The weight of the container and the weight of the container when the sample was placed in it were measured
respectively. The water content of the soil (w) is obtained using the relation in equation (3) below.

Oty — W, — W

Wy = Weight of container



W5 = weight of container + weight of moist soil

W3 = weight of container + weight of dry soil

7. For the particle size analysis, the Bouyoucous Hydrometer method of [50] was used to determine particle size
distribution. The dried sieved 2mm soil samples were weighed and transfer into a beaker. Each soil sample received a
calgon solution (sodium hexametaphosphate) that was left to spread and penetrate the samples for 24 hours. The
dispersed calgon oiled samples were moved into a 1000mL measuring cylinder and filled with 950mL of distilled water.
The soil hydrometer and thermometer were used to take the first reading after each 40 seconds to obtain Hyand T;. The
measuring cylinder containing the soil mixture was allowed to stand for 2 hours to determine H> and T=. The particle size
distribution was then calculated using equation 4 - 6

Yhsand = 100 — (H, + 0.2(T, — 68) — 2)2 ()
Yosilt = 100 — (%clay + Y%sand) (6)

8. The erodibility factor was determined by computing the results from the soil particle sizes and organic matter in the
equation below [51]. Table 1 and table 2 show the standard erodibility indices of the soil, which were used as guide for
the calculation (equation 7) for this research.

K. — 2173107 12— 0 M) M >4 +3.25(5-2) +25(P—3) @)
f= 100

S = soil structure class (table 1), P = permeability class (table 2)

9. Bulk density, an indication of soil compaction was determined using the core method analysis of Anderson and Ingram
[*]. Total porosity, which is the percentage of bulk volume of soil not occupied on the study area, was calculated from
the bulk density using the formula in equation (8) below [51].

P.=100(1—Dg/Dp) (8)
D,, = Particle density assumed to be 2.65g/cm® [52].

Table 1. Structural Class Indices of Soil [52]

Soil Structure Class Index
Very fine granular (<1mm) 1
Fine granular (1 — 2mm) 2
Medium or coarse granular (2 — 5mm) 3
Massive (blocky, platy, columnar, primitive) 4

Table 2 Permeability Code of soil [53]

Permeability Type (cm/h) permeability Code




Very slow infiltration(<0.125)

Slow infiltration (0.125 — 0.5)

Slow to moderate infiltration (0.5 — 2)
Moderate infiltration (2 — 6.25)

Moderate to rapid infiltration (6.25 — 12.5)
Rapid infiltration (> 12.5)

RNWS~Oo

Results

The results, as depicted in Table 3, Figure 4a, and Figure 4b, show the soil textures analyzed at various depths from the
surface of the study area. Upon examination, it becomes evident that both the piping areas and the non-piping areas
exhibit a predominant sandy composition. The mean value of sand content ranges between 69.7% and 81.2%.
Additionally, the analysis reveals the presence of an low amount of silt soils, with a mean value that ranges from 1.3% to
6.4%,. Furthermore, a considerably low amount of clay soils 14.8% to 24.2%, ranging from was also observed.
Remarkably, the highest percentage of sandy soil, amounting to 81.2%, was recorded in location A2 within the piping
region and the lowest percentage of clay soil, measuring 1.3%, was found at location C3, also situated in the piping
region. Both of these locations are of particular interest due to their association with the investigated sinkholes.

From the soil textural analysis, figure 5b shows that the soil in the study area falls within sandy loam for area located
particularly on the non-piping sides of the research area. The loam sandy, sandy loam and sandy clay loam characterized
the textural class of the piping region (see figure 5a).

The results, as depicted in Table 4, Figure 4c, and Figure 4d, indicate that the mean value of organic carbon at various
depths from the surface of the study area ranges from 0.15% to 0.83%. Notably, the highest concentration of organic
carbon was observed at location C6, which belongs to a non-piping region. Conversely, the lowest concentration of
organic carbon was found at location A2, which is situated in a piping region. Similarly, the mean value of organic
matter at different depths also ranges from 0.26% to 0.83%, and the highest and lowest values of organic matter align
with those of organic carbon. This correlation arises from the direct derivation of organic matter values from organic
carbon measurements. For the erodibility factor, the mean distribution across the different analyzed depths in the study
area ranges from 0.1 to 0.35. The highest and lowest values of the erodibility factor were observed in the piping region.

Examining the moisture content, as depicted in Table 5, Figures 4e, and 4f, the total mean values at different depths
range from 4.45% (observed at location Al, a sinkhole) to 15.08% (found at location A8, a non-piping region). The bulk
density, which serves as an indicator of soil compaction, shows a mean values range from 1.51 g/cm?® to 1.63 g/cm®. The
highest bulk density value was recorded at locations Al and A2, a piping region, while the lowest value was observed at
locations B7, B8 and C8, the non-piping regions. Lastly, the average total porosity at different depths within the study
area ranges from 37.18% (noted at location A1, the sinkhole) to 41.92% (observed at location B8, a non-piping region)

[1].

The mean values of soil pH at different depths within the study area range from 4.3 to 7.2, as indicated in Table 6,
Figures 4g, and 4h. This range can be described as ranging from acidic to alkaline. Notably, the highest and lowest pH
values were observed at location Al, which is a sinkhole, and location A8, a non-piping region, respectively. For the
electric conductivity, the average distribution across the different depths in the study area ranges from 11.30 dSem™ to
56.97 dsem™. The lowest value was recorded at location C2, while the highest value was observed at location B3. These
findings are supported by Table 3 and Figures 4e and 4f. It is worth noting that total dissolved solids (TDS) can serve as
a proxy for electric conductivity.
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Figure 4. (a) A graph soil texture at the piping area (b) A graph of soil texture at the non-piping area
(c) A graph of OM, OC and K at the piping area (d) A graph of OM, OC and K at the non-piping area
(e) A graph of MC, Dg and P; at the piping area (f) A graph of MC, Dz and P; at the non-piping area

(9) A graph of pH, EC and TDS at the piping area (h) A graph of pH, EC and TDS at the non-piping area
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Figure 5. (a)  Ternary graph for soil texture class at the piping area

(b) Ternary graph for soil texture class at the non-piping area



Table 3. Mean Values of soil texture at different Soil Depth

S/N Code Elevation Latitude Longitude Sand (%) Clay (%) Silt (%) Remark
Soil Depth (ft.) Soil Depth (ft.) Soil Depth (ft.)
0.5 1.5 2.5 Mean 0.5 15 2.5 Mean 05 15 25 Mean

1 Al 212.9 6.1967 7.0959 85.2 723 742 772 14 236 231 202 08 41 27 25 SH

2 A2 216.3 6.1916 7.0936 80.4 83 79.5 81.0 15.9 14.1 144 148 37 29 61 42 PA
3 A3 218.2 6.1884 7.1028 81.3 781 812 80.2 185 17.5 102 154 02 44 86 44 PA
4 Ad 209.8 6.2063 7.0936 79 74 75 76.0 19.2 22.3 204 206 18 37 46 34 PA
5 A5 210.1 6.2045 7.1055 72 703 79 73.8 25.2 27.4 201 242 28 23 09 20 PA
6 A6 229.9 6.1134 7.0577 70 75 73 72.7 232 22.1 224 226 68 29 46 438 NPA
7 A7 225.8 6.1217 7.0715 73.2 672 753 71.9 23.2 26.6 165 221 36 62 82 60 NPA
8 A8 216.8 6.1631 7.0623 69 70.1 73 70.7 22.5 20.1 204 210 85 98 66 83 NPA
9 B1 199 6.2261 7.0434 74 78 79.3 771 24.2 20.6 185 211 18 14 22 18 SH
10 B2 200.3 6.2367 7.0554 83.2 775 771 79.3 16.1 21.1 193 188 07 14 36 19 PA
11 B3 199.4 6.2362 7.0296 75 801 782 77.8 222 14.1 153 172 28 58 65 50 PA
12 B4 204.3 6.2192 7.0535 75.4 782 694 743 20.1 16.8 273 214 45 5 33 43 PA
13 B5 206.2 6.2137 7.0317 772 79 73.2 765 20.8 18.2 232 207 2 28 36 28 PA
14 B6 229.1 6.1562 7.0227 73 75.1 71.6 73.2 225 19.4 241 220 45 55 43 48 NPA
15 B7 227.1 6.1429 7.0319 69.2 756  66.3 70.4 24.1 221 261 241 67 23 76 55 NPA
16 B8 231.6 6.1351 7.0186 70.1 70.5 73.1 71.2 26.2 24.2 201 235 37 53 68 53 NPA
17 c1 237.1 6.0941 7.0241 70.2 774 751 74.2 221 20.1 203 208 77 25 46 49 SH
18 c2 238.2 6.0923 7.0223 83.2 705 793 777 125 24.2 192 186 43 53 15 37 PA
19 C3 230.1 6.0983 7.0204 88.5 745 741 79.0 11.2 237 242 197 03 18 17 13 PA
20 c4 2421 6.0854 7.0315 79.2 754 764 77.0 19.5 19.3 182 190 13 53 54 40 PA
21 C5 2444 6.0757 7.0191 75.2 69.3 772 73.9 19.2 271 129 197 56 36 99 64 PA
22 C6 240 6.1346 7.0001 70.1 68.3 71.2 69.9 22.1 26.4 221 235 78 53 67 6.6 NPA
23 c7 241.4 6.1024 6.9827 69 737  66.3 69.7 233 221 272 242 77 42 65 61 NPA
24 C8 241 6.0753 6.9933 70.1 67.5 79.1 72.2 23.1 28.1 20.2 238 68 44 07 40 NPA




Table 4. Mean Values of Organic Carbon, Organic Matter and Erodibility Factors at different Soil Depth

SIN  Code Elevation Latitude Longitude Organic Carbon (%) Organic Matter (%) Erodibility Factor Remark
Soil Depth(ft) Soil Depth (ft) Soil Depth (ft)
0.5 1.5 25 Mean 0.5 1.5 25 Mean 0.5 15 25 Mean

1 Al 212.9 6.1967 7.0959 051 022 013 0.29 088 038 022 0.50 003 023 015 013 SH
2 A2 216.3 6.1916 7.0936 022 014  0.09 0.15 038 024 016 0.26 020 015 035 0.23 PA
3 A3 218.2 6.1884 7.1028 031 018  0.09 0.19 054 031 016 0.33 001 025 049 025 PA
4 Ad 209.8 6.2063 7.0936 062 03 0.03 0.32 107 052  0.05 0.55 008 020 026 0.8 PA
5 A5 210.1 6.2045 7.1055 042 018  0.05 0.22 073 031 009 0.37 014 013 004 010 PA
6 A6 229.9 6.1134 7.0577 134 021 012 0.56 232 036 021 0.96 034 015 025 025 NPA
7 A7 225.8 6.1217 7.0715 061 021 007 0.30 1.05 036 012 0.51 017 038 045 0.33 NPA
8 A8 216.8 6.1631 7.0623 102 053 014 0.56 176 092 024 0.97 043 055 036 045 NPA
9 B1 199 6.2261 7.0434 061 033 01 0.35 1.05 057 017 0.60 009 007 011  0.09 SH
10 B2 200.3 6.2367 7.0554 071 021 013 0.35 123 036 022 0.61 003 007 020 010 PA
11 B3 199.4 6.2362 7.0296 052 041 013 0.35 090 071 022 0.61 015 031 037 027 PA
12 B4 204.3 6.2192 7.0535 121 081 015 0.72 209 140 026 1.25 022 022 019 021 PA
13 B5 206.2 6.2137 7.0317 102 072 025 0.66 176 124 043 1.15 009 013 020 014 PA
14 B6 229.1 6.1562 7.0227 091 043 0.03 0.46 157 074 005 0.79 023 028 024 025 NPA
15 B7 227.1 6.1429 7.0319 1.08 07 0.2 0.66 187 121 035 1.14 035 010 045 0.30 NPA
16 B8 231.6 6.1351 7.0186 051 031 01 0.31 088 054 017 0.53 019 030 038 0.29 NPA
17 C1 237.1 6.0941 7.0241 112 021 0.09 0.47 194 036 016 0.82 041 013 025 0.26 SH
18 c2 238.2 6.0923 7.0223 121 043 02 0.61 209 074 035 1.06 017 031 007 018 PA
19 C3 230.1 6.0983 7.0204 084 051  0.09 0.48 145 088  0.16 0.83 001 008 009 006 PA
20 c4 242.1 6.0854 7.0315 063 022 005 0.30 109 038  0.09 0.52 006 030 031 022 PA
21 c5 244.4 6.0757 7.0191 041 015  0.05 0.20 071 026 009 0.35 028 021 055 035 PA
22 C6 240 6.1346 7.0001 131 089 03 0.83 226 154 052 1.44 036 027 037 033 NPA
23 c7 241.4 6.1024 6.9827 1.05 09 0.25 0.73 182 156 043 1.27 040 019 038 032 NPA
24 C8 241 6.0753 6.9933 0.9 052 0.5 0.49 156 090  0.09 0.85 033 026 003 021 NPA




Table 5. Mean Values of Moisture Content, Bulk Density and Total Porosity at different Soil Depth

S/IN  Code Elevation Latitude Longitude Moisture Content (%) Bulk Density (g/cm®) Total Porosity (%) Remark
Soil Depth (ft) Soil Depth (ft) Soil Depth (ft)
0.5 1.5 25 Mean 0.5 1.5 25 Mean 0.5 1.5 25 Mean

1 Al 212.9 6.1967 7.0959 1.71 3.22 8.42 4.45 172 163 155 163 3385 3731 4038  37.8 SH
2 A2 216.3 6.1916 7.0936 2.65 8.22 1323 803 173 162 153 163 3346  37.69 4115  37.44 PA
3 A3 218.2 6.1884 7.1028 4.71 1011 1011 831 166 154 148 156 36.15 4077  43.08  40.00 PA
4 A4 209.8 6.2063 7.0936 412 5.11 1382 768 151 156 150 152 4192 4000 4231 4141 PA
5 A5 210.1 6.2045 7.1055 1.18 8.11 1321 750 162 154 150 155 37.69 4077 4231  40.26 PA
6 A6 229.9 6.1134 7.0577 4.61 1221 1581  10.88 152 154 149 152 4154 4077 4269 4167 NPA
7 A7 225.8 6.1217 7.0715 1071 1622 1831 1508 162 164 152 159 3769 3692 4154 3872 NPA
8 A8 216.8 6.1631 7.0623 1171 1020 1221 1137 165 154 150 156 36.54 4077 4231  39.87 NPA
9 B1 199 6.2261 7.0434 2.10 5.81 9.30 5.74 164 160 153 159 36.92 3846 4115 3885 SH
10 B2 200.3 6.2367 7.0554 8.50 1120 1220  10.63 152 162 154 156 4154 3769 4077  40.00 PA
11 B3 199.4 6.2362 7.0296 8.82 1311 1925 1373 162 150 150 154 37.69 4231 4231 4077 PA
12 B4 204.3 6.2192 7.0535 2.72 8.11 1012 698 171 154 150 158 3423 4077 4231 3910 PA
13 B5 206.2 6.2137 7.0317 1.80 4.12 8.18 4.70 154 158 153 155 4077 3923 4115  40.38 PA
14 B6 229.1 6.1562 7.0227 1.22 6.11 8.13 5.15 161 150 148 153 38.08 4231 4308  41.15 NPA
15 B7 227.1 6.1429 7.0319 9.71 1311 1815  13.66 152 152 150 151 4154 4154 4231 4179 NPA
16 B8 231.6 6.1351 7.0186 4.72 10.35 865 7.91 154 150 149 151 4077 4231 4269 4192 NPA
17 C1 237.1 6.0941 7.0241 1.28 2.05 1311 548 171 152 150 158 3423 4154 4231  39.36 SH
18 c2 238.2 6.0923 7.0223 3.01 121 811 7.44 161 157 153 157 38.08 3962 4115  39.62 PA
19 c3 230.1 6.0983 7.0204 1.30 1.11 6.21 2.87 171 152 150 158 3423 4154 4231  39.36 PA
20 c4 242.1 6.0854 7.0315 3.71 3.11 1402 695 151 162 156 156 4192 3769 4000  39.87 PA
21 c5 244.4 6.0757 7.0191 1.48 6.32 1122  6.34 152 158 152 154 4154 3923 4154 4077 PA
22 Cé 240 6.1346 7.0001 5.31 11.22 1881 1178 154 158 149 154 4077 3923 4269  40.90 NPA
23 c7 241.4 6.1024 6.9827 2.71 8.11 1952 1011 164 153 148 155 3692 4115 4308  40.38 NPA
24 C8 241 6.0753 6.9933 9.40 4.31 1320 897 152 152 150 151 4154 4154 4231 4179 NPA




Table 6. Mean Values of pH, Electric Conductivity and Total Dissolved Solid at different Soil Depth

S/N Code Elevation Latitude Longitude pH EC TDS Remark
Soil Depth (ft) Soil Depth (ft) Soil Depth (ft)
0.5 1.5 2.5 Mean 0.5 1.5 2.5 Mean 0.5 1.5 2.5 Mean

1 Al 212.9 6.1967 7.0959 41 48 4 4.3 221 152 11 16.10 141.44 97.28 70.4 103.04 SH

2 A2 216.3 6.1916 7.0936 48 54 47 5.0 451 126 12 23.23 288.64 80.64 76.8 148.69 PA
3 A3 218.2 6.1884 7.1028 71 7 71 71 31.5 23 131 22.53 201.6 147.2 83.84 144.21 PA
4 A4 209.8 6.2063 7.0936 68 67 66 6.7 62.1 41 211 41.40 397.44 262.4 135.04 264.96 PA
5 A5 210.1 6.2045 7.1055 51 56 47 51 212 265 01 15.93 135.68 169.6 0.64 101.97 PA
6 A6 229.9 6.1134 7.0577 58 51 52 54 521 311 102 3113 333.44 199.04 65.28 199.25 NPA
7 A7 225.8 6.1217 7.0715 55 69 57 6.0 321 231 102 21.80 205.44 147.84 65.28 139.52 NPA
8 A8 216.8 6.1631 7.0623 72 72 72 72 521 511 321 4510 333.44 327.04 205.44 288.64 NPA
9 B1 199 6.2261 7.0434 41 52 5 4.8 415 321 152  29.60 265.6 205.44 97.28 189.44 SH
10 B2 200.3 6.2367 7.0554 64 66 58 63 61.1 307 215  37.77 391.04 196.48 137.6 24171 PA
11 B3 199.4 6.2362 7.0296 59 54 57 57 212 5.6 141 13.63 135.68 35.84 90.24 87.25  PA
12 B4 204.3 6.2192 7.0535 61 66 59 6.2 51 372 145 3423 326.4 238.08 92.8 219.09 PA
13 B5 206.2 6.2137 7.0317 63 58 63 6.1 321 382 9.1 26.47 205.44 244.48 58.24 169.39 PA
14 B6 229.1 6.1562 7.0227 68 68 67 68 411 201 121 2443 263.04 128.64 77.44 156.37 NPA
15 B7 227.1 6.1429 7.0319 48 55 45 49 211 211 112 17.80 135.04 135.04 71.68 113.92 NPA
16 B8 2316 6.1351 7.0186 52 51 52 52 312 251 201 2547 199.68 160.64 128.64 162.99 NPA
17 cl 237.1 6.0941 7.0241 48 54 51 51 201 241 132 19.13 128.64 154.24 84.48 122.45 SH
18 c2 238.2 6.0923 7.0223 49 49 46 48 156 8.2 101 11.30 99.84 52.48 64.64 7232 PA
19 c3 230.1 6.0983 7.0204 55 53 42 50 521 361 141 3410 333.44 231.04 90.24 21824 PA
20 c4 242.1 6.0854 7.0315 71 69 69 7.0 251 201 12 15.47 160.64 128.64 7.68 98.99  PA
21 cs 244.4 6.0757 7.0191 65 63 6 6.3 281 131 201 2043 179.84 83.84 128.64 130.77 PA
22 c6 240 6.1346 7.0001 49 47 44 47 321 412 101 27.80 205.44 263.68 64.64 177.92  NPA
23 c7 241.4 6.1024 6.9827 49 52 51 51 29.6 301 112  23.63 189.44 192.64 71.68 151.25 NPA
24 c8 241 6.0753 6.9933 51 51 52 51 112 261 91 15.47 71.68 167.04 58.24 98.99  NPA




Discussion

The soils within the study area exhibit a predominantly sandy composition, which demonstrates a decreasing trend with
increasing depth, as indicated in Table 3. This characteristic can be attributed to the study area's proximity to the origin
of Nanka sands. These sands originate from the Imo shale, a shale unit that derives from a coastal sandy mudstone.
Notably, the Nanka sands are well-known for their distinct porous structure, which composed of coarse-grained and
pebbly quartz sands. The relatively low presence of silt and clay soils may be attributed to the soil's susceptibility to
leaching, which occurs in the Nanka sandy zones. The leaching process contributes to the unstable nature of the soil in
these areas [47].

By analyzing Figure 4a and 4b, it becomes apparent that the soil composition near the sinkhole structure exhibits a higher
proportion of sandy soil and a lower proportion of clayey soil compared to areas located further away (e.g., B1, B2, and
C2). This observation can be explained by the process of dispersion, which reduces infiltration and leads to water runoff.
Consequently, fine particles are carried and deposited, exacerbating the formation of soil piping. As a result, areas in
close proximity to erosion sites typically exhibit higher levels of sand content and increased porosity. This result is
consonance with the works of [22], [32].

The relatively low presence of organic carbon in the study area can be attributed to various factors, encompassing both
natural processes and human activities. Sheet erosion and leaching of the soil contribute to the dispersal of organic
matter, resulting in its reduced quantity. Additionally, the rapid expansion of urban structures leads to a significant
reduction in soil vegetative cover, further exacerbating the decline in organic matter levels.

The aforementioned removal of vegetation can also be linked to the diminished values of organic carbon. This removal
potentially causes the loss of nitrates within the soil, thus negatively affecting the organic matter content. According to
the work of [54], soils with organic matter lesser than 2% are at their critical level, while [55] opined that are less than
3.5% organic carbon content can be considered erodible.

When examining the distribution of organic carbon (OC) and organic matter (OM) based on the values presented in
Table 4, it becomes evident that there is no discernible pattern or order. Both low and extreme low values of OC and OM
are observed in areas affected by soil piping as well as non-piping areas across different regions, these result obtained is
similar to the works [37], [56].

Moisture content, representing the amount of water present in the soil, serves as a valuable indicator of the soil's
responses to erosion and soil loss. Extremes in moisture content, whether high or low are typically associated with higher
erosion rates. Conversely, intermediate moisture levels tend to exhibit greater resistance to erosion, particularly for soils
comprised of finer particles. However, for coarse-grained soils, moisture content can have a negative impact on erosion
resistance. Previous studies have determined that a moisture content range of 22% to 24% is desirable for heavy loamy
soils [1], [57]. However, the observed moisture contents in the study area, especially in regions close to soil piping areas,
are generally low, as indicated in table 5, which is similar to the work of [57], in Nnewi, Anambra state . This may
explain the recurring instances of gully erosion and soil piping documented in the state.

Bulk density, a parameter commonly employed to assess soil compaction, is determined by the ratio of soil weight to the
combined volume of soil particles and the voids between them. A bulk density value greater than 1.4 g/cm?® indicates low
soil porosity and compaction [37]. The diminished presence of air and water movement through the soil resulting from
these low values can significantly reduce fluid permeability. Consequently, runoff, soil loss, and erosion are more likely
to occur on sloping land.

Table 5 highlights the highest bulk density value of 1.63 g/cm® found in area Al, a region characterized by soil piping,
while the lowest total porosity value of 41.92 % is recorded in area B8, a non-piping area.

The pH level of soil serves as an indicator of its acidity or alkalinity. Soils that contain high levels of salt tend to have an
elevated pH value. Sodicity in soil refers to the presence of higher sodium (Na+) content, while the levels of other ions



such as H+, Al+, Mg+, and K+ are relatively low [25]. Consequently, sodic soils exhibit a significant alteration in the
plasticity of clay minerals, leading to dispersion and swelling [30], [35]. These changes often result in poor soil structure
and reduced infiltration rates.

In the study areas, where the topsoil consists of sand and the subsoil is composed of dense clay, sodicity in the soil is
commonly observed. This combination of soil types contributes to the favorability of sodicity. As a result, the pH range
and distribution shift from slightly acidic to alkaline conditions.

Table 6 indicates that the soils surrounding areas A4, A3, A8, B6, C4, and C5 exhibit the highest pH values. These soils
are known to have high salt content, which promotes dispersion and sealing. Consequently, water runoff may occur in
these areas, leading to the diffusion of water towards regions with slightly acidic conditions. The acidity of these regions
may conduct water into the ground abnormally (increasing the velocity of infiltration). This process may erode the soil
and cause soil piping.

Soil salinity is often described using parameters such as electric conductivity (EC) and total dissolved solids (TDS). EC
is a measure of the soil's ability to conduct electric current[58]. This conductivity depends on factors such as the total
concentration of dissolved ions, the ionic strength, and the temperature of the soil. As water is known to conduct electric
current, EC values are commonly used to assess the velocity of water infiltration in the soil. Higher EC values indicate a
greater flow of water through the soil's pore spaces [58].

Soils with high sandy content, high porosity and low compaction tend to exhibit higher EC values [25]. These soil
characteristics have been found to be positively associated with erosion occurrence. While TDS, on the other hand,
represents the total concentration of dissolved ions in the soil and is commonly used as an indicator of the soil's salt
content [4], [32], [58]. While the relationship between EC and TDS is not always linear, a strong correlation exists
between the two, as noted by [58]. This correlation is significantly influenced by the salinity content of the soil.

Analyzing the investigation's findings, it is evident that the distribution of EC and TDS throughout the study area ranges
from low to moderate values. Table 6 highlights that areas Al, A2, B2, B3, B7, and C3 recorded the highest EC and TDS
values. Conversely, areas A3, C2, and C4 exhibited the lowest values.

Conclusion

The findings unveiled a range of soil acidity, varying from slightly acidic to alkaline, within the study areas. Moreover, it
was observed that the soil exhibited poor clayey content and high porosity, resulting in increased sodicity, dispersion,
and sealing. Consequently, these factors have contributed to inadequate infiltration and heightened runoff. The discussion
further indicates that the prevalence of various forms of erosion within the state can be attributed to the elevated rate of
runoff and unfavorable soil conditions, which have consequently led to the occurrence of sinkholes and soil subsidence.

In light of these findings, it is imperative to encourage further research aimed at addressing and ameliorating the state's
soil conditions. To facilitate this, it is crucial for the government and other stakeholders to allocate financial resources for
grants, thereby fostering the advancement of knowledge in this crucial field.
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