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Modelling the Transport of Crude Oil in the Unsaturated Zone


ABSTRACT
This study modelled crude oil transport in the unsaturated zone using laboratory experiments, with sandy and loamy soils at varying column heights (15cm to 60cm). Polyvinyl chloride (PVC) soil columns were used, and after a 14-day drying period simulating drought, 0.0005m3 of crude oil was introduced in each column. Leaching times and Total Petroleum Hydrocarbon (TPH) concentrations were measured at different depths. For sand, permeability values ranged from 0.11cm/s to 0.63cm/s, with the lowest and highest values observed for the 50cm and 15cm column, respectively. In loam, the highest permeability was 0.14cm/s in 15cm column, while the lowest value was 0.10cm/s in the 30cm, 40cm and 50cm soil columns. In sandy soil, shorter columns had higher TPH concentrations and faster leaching, with times ranging from 37 to 3600 seconds. TPH concentrations decreased from 42,125mg/l to 1,997mg/l at the surface and 28,913mg/l to 103mg/l at depth (C2). In loamy soil, leaching times ranged from 33 to 1500 seconds, with TPH concentrations decreasing from 35,662mg/l to 3,018mg/l at the surface and 11,085mg/l to 309mg/l at depth (C2). Correlation coefficients revealed significant relationships between depth, permeability, leaching time and TPH concentrations, with sandy soil showing stronger correlations than loamy soils. Statistical analysis revealed significant difference in concentration at depth (C2) between sandy and loamy soils, with P-value of .002. From the measured data, empirical models based on dimensional analysis that could predict concentration at depth (C2) were developed for each soil type. With the R2 values obtained (0.97 for sandy soil model and 0.66 for loamy soil model), it is concluded that the sandy soil model showed better reliability for use in real-world scenario than the loamy soil. It is recommended that prediction be done cautiously with supplementary data when relying on the loamy soil model due to its moderate strength.
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1. INTRODUCTION
The extraction, purification and conveyance of unprocessed crude are essential elements of our worldwide energy framework; however, they impose significant risks on the environment and general human well-being. The consequences of these activities have a wide reach, affecting not only the immediate areas of operation but also contaminating the air, soil and water with pollutants that substantially threaten the ecosystem and human health. The need to address these concerns is emphasized by the numerous health problems associated with oil-related contamination, including cancer, respiratory illnesses and reproductive abnormalities (Johnston et al., 2019; Kponee et al., 2015). Gaining a comprehensive understanding of these contaminants in the environment is of utmost importance to formulate focused mitigation plans and enforce precautionary measures aimed at reducing the likelihood of negative health consequences. On the other hand, the unsaturated zone, also known as the vadose zone, is crucial in the complex process of pollutant movement in the environment. Contaminants that are discharged at or close to the earth's surface move through the unsaturated zone, impacting the underlying groundwater supplies and presenting a significant environmental problem (Zhuang et al., 2021). The ramifications of this process go beyond the immediate surface environment, with possible repercussions for water quality and consequently, human well-being. Studying transport in the unsaturated zone is necessary as it helps in the assessment and prediction of groundwater contamination. Since the unsaturated zone lies above the water table, understanding the processes occurring in this zone is crucial for predicting the fate and transport of contaminants before they reach the aquifer. This is particularly important for contaminants that originate from surface sources, such as agricultural runoff, industrial spills and leaking underground storage tanks (Koroša et al., 2020).
Many models over the years have been developed and used. The HYDRUS model, among other advanced modelling methodologies, has been crucial in accurately estimating the movement of contaminants in the unsaturated zone. These models provide vital information on the complex routes that pollutants follow, the speed at which they enter and the overall level of pollution in the vadose zone (El-Aassar et al., 2023). Through the utilization of these techniques, researchers acquire a more profound understanding of the intricate interplay of elements that influence the movement of contaminants. This, in turn, enables the development of more precise and efficient strategies for mitigating their effects.
Modelling plays a crucial role in understanding the fate and transport of crude oil in the unsaturated zone. Researchers have developed coupled flow and multicomponent transport models to simulate the movement of petroleum hydrocarbons in different soil textures, such as clay, sand and loam. These models help in assessing the impact of crude oil on water movement, solute transport and recharge processes in the unsaturated zone (Delin & Herkelrath, 2017; Srivastava & Valsala, 2023).
In this study, a model based on dimensional analysis was developed. Dimensional analysis is a mathematical tool that is applied to simplify complex physical problems. This is accomplished through the process of converting variables into representations that are not dimensional. By identifying the key dimensionless groups that affect the behaviour of the system, this methodology contributes to the simplification of the modelling process (Bear & Cheng, 2010).
The models that are currently being utilized frequently struggle to effectively depict the actual complexities. Hence, the need for this study which is aimed at developing models based on dimensional analysis to effectively show interactions and relationships between variables that influence transport, and to predict the concentration of total petroleum hydrocarbon (TPH) over depth and time in the unsaturated zone.
2. MATERIALS AND METHODS
2.1. Crude oil and soil properties
The crude oil used in this study was obtained locally and analysed. The crude oil has the following properties: density (800kg/m3), specific gravity (0.8), API gravity (45.3750), flash point (40 – 830C) and sulphur content (< 0.2%). 
The soil used was sandy and loamy and was obtained locally. The soil sample was air-dried and analysed for the following properties: bulk density (1498kg/m3 and 1211.5kg/m3 for sand and loam respectively), permeability (see Figure 1) and particle size distribution (0.1 – 0.2mm for both soils). 
2.2. Experimental setup and procedure
A simple laboratory soil column experiment was carried out to study the transport of crude oil in sandy and loamy soil. The experimental method employed was devised and documented by Ugwoha et al., (2019), but with minor alterations to the materials utilized and the height of the soil.  
A 4-inch (100 mm) PVC pipe of heights 15cm, 20cm, 25cm, 30cm, 35cm, 40cm, 45cm, 50cm, 55cm and 60cm were used as the soil columns for both soil types (sandy and loam) studied. The soil was then deposited into the soil columns reaching heights of 10cm, 15cm, 20cm, 25cm, 30cm, 35cm, 40cm, 45cm, 50cm and 55cm. A void space of height, 5cm was left at the surface of each column to accommodate and prevent the spill of the contaminant introduced into the system. The soil in each column was compacted randomly to achieve varying values for permeability (k) (Ahmad et al., 2018), which is necessary to develop a predictive model. The selection of a 60 cm maximum height for the soil columns was driven by practical limitations such as the size and handling of the PVC pipes and the feasibility of experiments. As the height of the soil column increases, managing the soil compaction, permeability testing, and crude oil leaching becomes more complex and less precise. 
First, a permeability test was conducted to determine the permeability of the soil in each column. This was done using the standard method as reported by Frevert & Kirkham (1948) and Bierkens & Geerts (2014). The experiment was conducted using a PVC soil column to determine the soil's permeability through a falling head test. A PVC pipe, sealed at the bottom with a porous plate, served as the soil column. A graduated standpipe was attached to the top of the column for measuring water levels, and all connections were secured with leak-proof couplings. The setup also included a steady water supply for soil saturation.
The soil sample was carefully prepared by filling the PVC column with soil, each compacted randomly. The total length (L) of the soil sample within the column was measured. The soil was then saturated by allowing water to flow through the column, ensuring all air was removed.
The PVC column was placed vertically, and the standpipe was securely attached to its top. The standpipe was filled with water to a known initial height (h1), and the valve at the base of the column was opened to initiate the test. The time (t) taken for the water level in the standpipe to drop from its initial height (h1) to a lower height (h2) was recorded. This process was repeated multiple times to ensure consistent results.
Measurements were taken for the cross-sectional area of the PVC column and the standpipe, as well as the length of the soil specimen. Using these measurements, the permeability of the soil was calculated using Equation (1).
								(1)
Where a is the cross-sectional area of the standpipe, A is the cross-sectional area of the soil column, L is the length of the soil in the soil column, t is the time recorded, h1 and h2​ are the initial and final water levels in the standpipe respectively.
After the permeability test, the system was allowed to dry out naturally for 14 days to simulate a dry period where there is no rainfall for at least 2 weeks, after which, the soil in each soil column was polluted with equal volume (0.0005m3) of crude oil and then allowed to leach through the soil profile to the bottom of the column. The leaching time for crude oil was recorded and samples were collected at the surface and the bottom of the soil columns for analysis. 
The soil samples collected were analysed at the laboratory for Total Petroleum Hydrocarbon (TPH) using the standard method (USEPA 8015c). The TPH measured for each soil column of varying heights represents the TPH concentration at different depths in the unsaturated zone.
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Figure 1: Experimental setup of soil columns

2.3 Model design
This study considered the dimensional analysis modelling approach. Dimensional analysis was considered due to its ability to account for the interaction between variables affecting transport.
Model concept based on dimensional analysis was developed considering these variables; depth (D), permeability (k), viscosity (μ), leaching time of crude oil (t), concentration at the surface (C1) and concentration at depth (C2). The derivation of the model concept is presented:
C2 = f (C1, D, μ, k, t)								(2)
With the consideration of D, μ, and k as repeating variables, 3 dimensionless π-terms were developed.
								(3)
								(4)
								(5)
Solving for π1 using the basic dimensions of the variables from Equation (3)
					(6)
Equation (6) was solved, with solutions: a = 1, b = -1 and c = 1. Rewriting Equation (3) gives the expression for the first π -term (π1).
									(7)
Solving for π2	using basic dimensions of the variables from Equation (4)
					(8)
Equation (8) was solved, with solutions: a = 1, b = -1, and c = 1. Rewriting Equation (4) gives the expression for the second π -term (π2).
									(9)
Solving for π3 using basic dimensions of the variables from Equation (5)
					(10)
Equation (10) was solved, with solutions: a = -1, b = 0, and c = 1. Rewriting Equation (5) gives the expression for the third π -term (π3).
										(11)
Equation (12) shows the relationship between the π-terms
									(12)
Writing Equation (12) in the power form gives
									(13)
Substituting Equation (7, 9 and 11) into Equation (13) gives:
								(14)
Rearranging Equation (14) for 
								(15)
Equation (15) is the model concept based on dimensional analysis, where A, B and C are model constants which are dependent on the soil type and contaminant properties.
2.4. Model assumptions
When considering the predictive models in this study of crude oil transport in the unsaturated zone, several necessary assumptions were made to simplify the complex real-world dynamics into manageable and mathematically tractable forms. These assumptions are stated below:
1. The models assume that the soil properties, such as permeability and texture, are homogeneous within each soil type and column.
2. The system simulates a dry period where there is no rainfall for at least 14 days.
3. Transport of contaminant is only in a one-dimensional vertical direction.
4. The models assume a steady state flow condition where the flow rate of crude oil through the soil media remains constant over time.
5. The viscosity of the contaminant is assumed to remain constant throughout the flow process.
6. The models do not account for chemical reactions between the contaminant and soil components or biological degradation of the contaminant.
7. It is assumed that the initial distribution of the contaminant at the surface is uniform. This simplification ignores the possibility of uneven distribution due to spills, runoff, or other localised contamination events.
8. The models assume that contaminants flow uniformly through the soil matrix, ignoring the presence of preferential flow paths such as cracks, root channels, or other macropores that can significantly affect transport dynamics.
3. RESULTS AND DISCUSSION
3.1 Soil permeability
Figure 2 shows the permeability of the soil columns of varying heights, the highest and lowest values and the soil column where they were observed. The highest permeability for sand was 0.63cm/s, which occurred at the column with 15cm soil depth, while the lowest permeability for sand was 0.11cm/s, which occurred at the column with 50cm soil depth. For loam, the highest permeability was 0.14cm/s, which occurred at the column with 15cm soil depth, while the lowest permeability for loam was 0.10cm/s, which occurred at the column with 30cm, 40cm and 50cm soil depth.
The permeability values obtained showed how soil depth, soil type and compaction affect water movement through the soil. For sand, the permeability varied significantly with the height of the soil columns, this is because each soil column was artificially compacted randomly to obtain varying permeability values needed for modelling. The highest permeability value, 0.63cm/s, was observed in the column with a 15cm height. This suggests that in this column, the sand's structure and particle arrangement allow for optimal water flow. In contrast, the lowest permeability value for sand, 0.11cm/s, was found in the 50cm column, this reduced permeability is due to increased compaction and tighter packing of sand particles, this agrees with the findings of Ranaivomanana et al. (2017). Similarly, the permeability values for loam varied with the height of the soil columns. The highest permeability for loam, 0.14cm/s, was also observed in the 15cm column, indicating that, more water flowed vertically downwards in this column due to less compaction. However, the lowest permeability for loam, 0.10cm/s, was consistently observed in the columns with heights of 30cm, 40cm and 50cm, although these columns were randomly compacted, it allowed water to flow through them at the same rate. The consistent low permeability across these depths supports the findings of Gleeson et al. (2011), who noted that loam's mixed particle size distribution and higher organic matter content create a stable soil matrix with uniform permeability rates. Although soil columns were randomly compacted, sandy soil showed higher values of permeability when compared to loamy soil. This is because sandy soil is coarser. Coarser soils typically exhibit higher permeability due to larger pore spaces (Ding et al., 2023).
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Figure 2: Soil permeability for sandy and loamy soil


3.2 TPH concentration and leaching time
Figure 3 presents the TPH concentration at the surface, TPH concentration at depth and the leaching time of crude through each soil column, for sandy soil. For leaching time, the longest duration was 3600 seconds through a depth of 55cm, and the shortest duration was 37 seconds through a depth of 10cm. Regarding concentration at the surface, the highest value of 42,125mg/l was observed on the column with 10cm soil depth, while the lowest value (1,997mg/l) was observed for the soil column with 55cm soil depth. For concentration at depth, the highest value (28,913mg/l) occurred on the soil column with 10cm soil depth and the lowest value (103mg/l) on the column with 55cm soil depth. 
This result demonstrated a clear trend where the TPH concentration at the surface and depth decreased with increasing soil depth and leaching time. The leaching time followed an inverse pattern. The results suggested that sandy soil, with its larger particle size and higher permeability, allows for rapid movement of contaminants at shallower depths but slows significantly as depth increases due to compaction and reduced pore spaces. The rapid decrease in TPH concentration with increasing depth and leaching time in sandy soil aligns with the findings of Ugwoha et al. (2019), who reported that contaminants in sandy soils tend to move quickly through the upper layers but slow down significantly at greater depths, indicating that more groundwater contamination would occur with a thin unsaturated zone than with a thick unsaturated zone.


[bookmark: _Toc180419064]Figure 3: TPH concentrations and leaching time for sandy soil

Considering the loamy soil, Figure 4 shows the leaching time, concentration at the surface and concentration at depth. For leaching time, the longest duration was 1500 seconds through the depth of 55cm, and the shortest duration was 33 seconds through the depth of 10cm. For concentration at the surface, the highest value of 35,662 mg/l was observed on the column with 10cm soil depth, while the lowest value was 3,018mg/l and observed for the column of 55cm depth. Concentration at depth ranged from 309mg/l (lowest) to 11,085mg/l (highest), with the highest and lowest values obtained for the soil column with 10cm soil depth and 55cm soil depth, respectively. Like sand, the concentration of TPH at the surface and depth decreased with increasing soil depth and leaching time, while the leaching time increased with increasing soil depth. Loamy soil, with its balanced mixture of sand, silt, and clay, demonstrated a consistent pattern, but of slower contaminant movement when compared to sandy soil, reflecting its lower permeability and higher water retention capabilities. The observed trends are consistent with the findings of several studies. For instance, Ding et al. (2023) noted that soil texture significantly influences the movement of contaminants, with coarser soils like sand facilitating faster movement due to larger pore spaces. Similarly, Gleeson et al. (2011) highlighted that loamy soils with their mixed particle sizes exhibit slower contaminant movement due to their higher water retention and lower permeability. 
The slower movement of TPH in loamy soils implies that contaminants may remain closer to the surface for longer periods, potentially affecting surface water but with less immediate risk to deeper groundwater resources. The slower contaminant movement in loamy soils also means that remediation efforts may need to focus more on surface treatments.


Figure 4: TPH concentration and leaching time for loamy soil
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3.3 TPH concentration versus soil depth, leaching time and permeability
Table 1 and Table 2 presented the correlation coefficients between influencing variables: soil depth (D), leaching time (t), permeability (k), surface concentration (C1) and depth concentration (C2), for sandy soil and loamy soil, revealing the relationships that affect the transport of contaminants in the unsaturated zone. 
For sandy soil, soil depth (D) showed a positive correlation with leaching time (t), with a coefficient of 0.88. This indicates longer leaching time at greater depth. Soil depth had a negative correlation with permeability (k), surface concentration (C1), and depth concentration (C2), with coefficients of -0.67, -0.97 and -0.98, respectively. This implies that as depth increases, permeability and both concentrations at the surface and depth decrease. Leaching time (t) was negatively correlated with permeability (-0.67), surface concentration (-0.77), and depth concentration (-0.89), showing that longer leaching times are associated with lower permeability and lower concentrations. Permeability, however, was positively correlated with surface concentration (0.65) and depth concentration (0.69), suggesting that higher permeability is linked to higher contaminant concentrations. On the other hand, surface concentration (C1) had a very strong positive correlation with depth concentration (0.97), indicating that higher surface concentrations are associated with higher depth concentrations. 
For loamy soil, soil depth (D) showed a positive correlation with leaching time (t), with a coefficient of 0.74, indicating that greater depths are associated with longer leaching time. Soil depth (D) had negative correlations with permeability (k), surface concentration (C1), and depth concentration (C2), with coefficients of -0.27, -0.95 and -0.78, respectively, indicating that as depth increases, permeability and concentrations decrease. Leaching time (t) had a very weak positive correlation with permeability (0.05). It also showed negative correlations with surface concentration (-0.54) and depth concentration (-0.40), indicating that lower concentrations are associated with longer leaching times. Permeability (k) showed a moderate positive correlation with surface concentration (0.43) and a very weak positive correlation with depth concentration (0.08), indicating that higher permeability is linked to higher concentrations. Surface concentration (C1) showed a strong positive correlation with depth concentration (0.84), suggesting that higher surface concentrations are associated with higher depth concentrations. 
[bookmark: _Toc180419037]The relationships between these variables for sandy and loamy soil are not out of place as they align well with other researches (Ding et al., 2023; Gleeson et al., 2011; Ranaivomanana et al., 2017; Ugwoha et al., 2019).
Table 1: Correlation of variables for sandy soil
	 
	D(cm)
	t(s)
	k (cm/s)
	C1 (mg/l)
	C2 (mg/l)

	D(cm)
	1.00
	
	
	
	

	t(s)
	0.88
	1.00
	
	
	

	k (cm/s)
	-0.67
	-0.67
	1.00
	
	

	C1 (mg/l)
	-0.97
	-0.77
	0.65
	1.00
	

	C2 (mg/l)
	-0.98
	-0.89
	0.69
	0.97
	1.00
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Table 2: Correlation of variables for loamy soil
	 
	D(cm)
	t(s)
	k 
(cm/s)
	C1 (mg/l)
	C2 (mg/l)

	D(cm)
	1.00
	
	
	
	

	t(s)
	0.74
	1.00
	
	
	

	k (cm/s)
	-0.27
	0.05
	1.00
	
	

	C1 (mg/l)
	-0.95
	-0.54
	0.43
	1.00
	

	C2 (mg/l)
	-0.78
	-0.40
	0.08
	0.84
	1.00
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3.4 Statistical analysis
The one-way analysis of variance (ANOVA) was carried out using the Microsoft XLSTAT package to test for variation between the concentration at depth (C2) for sandy and loamy soil. Results from the analysis showed that the P-value is .002 and is less than the significance level of 5% (.05). This indicates that the observed differences are statistically significant, confirming that the type of soil significantly affects the concentration at depth. This is in agreement with the research of Ding et al. (2023) who noted that soil texture significantly influences the movement of contaminants, with coarser soils like sand facilitating faster movement due to larger pore spaces. Gleeson et al. (2011) on the other hand, noted that loamy soils, with their mixed particle sizes, exhibit slower contaminant movement due to their higher water retention and lower permeability. Higher concentrations of contaminants at depth in sandy soil can lead to greater risks of groundwater contamination due to its higher permeability and faster leaching times. On the contrary, loamy soil, with its lower permeability, may slow the transport of contaminants, potentially reducing the immediate risk to groundwater but potentially allowing for more surface runoff. These differences highlight the need for tailored remediation strategies based on soil type to protect water resources and minimise environmental damage.
[bookmark: _Toc180418980]3.5 Predictive model for TPH concentration at depth (C2)
Equation (16) presents the model for predicting the concentration at depth (C2) for sandy soil, while Equation (17) presents that of loamy soil. The data from which the model concept in Equation (14) was calibrated are shown in Tables 3 and 4 with concentration at depth (C2) as the dependent variable and soil depth (D), permeability (k), viscosity (μ), leaching time (t) and concentration at the surface (C1) as the independent variables. The models were calibrated using the 2019 version of Microsoft XLSTAT. 
These models were developed based on dimensional analysis and calibrated based on the relationships observed between these variables and the concentration at depth. The difference in the two models developed is supported by various studies (Morrison et al., 2022; Pontoni et al., 2016; Soares et al., 2015) and can be attributed to sandy and loamy soils having distinct physical and chemical properties that affect the transport of contaminants. These differences are reflected in the varying coefficients and exponents in the models, indicating different influences of the independent variables on the concentration at depth for each soil type. The models developed are dependent on the respective soil type (soil and loam) studied, and contaminant (crude oil) properties and consider only one-dimensional transport in the vertical direction.
						(16)
						(17)
[bookmark: _Toc180419039]Table 3: Data table for sandy soil
	D(cm)
	t (s)
	k (cm/s)
	C1 (mg/l)
	C2 (mg/l)

	10
	37
	0.20
	42125
	28913

	15
	38
	0.63
	40283
	28107

	20
	137
	0.38
	37450
	28037

	25
	180
	0.48
	24432
	19019

	30
	410
	0.31
	16527
	17596

	35
	563
	0.23
	11226
	12272

	40
	830
	0.30
	9163
	11262

	45
	1386
	0.16
	9103
	8423

	50
	2700
	0.11
	2541
	142

	55
	3600
	0.13
	1997
	103




[bookmark: _Toc180419040]Table 4: Data table for loamy soil
	D(cm)
	t (s)
	k (cm/s)
	C1 (mg/l)
	C2 (mg/l)

	10
	33
	0.11
	35662
	11085

	15
	35
	0.14
	32961
	3943

	20
	37
	0.11
	23059
	2789

	25
	41
	0.12
	19085
	2275

	30
	80
	0.10
	10995
	1963

	35
	92
	0.11
	10051
	1681

	40
	133
	0.10
	6619
	1148

	45
	141
	0.11
	6062
	811

	50
	900
	0.10
	5814
	625

	55
	1500
	0.12
	3018
	309
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3.6 Model validation
Figures 5 and 6 show the actual and predicted concentration at depth (C2). The R2 values obtained from Microsoft XLSTAT were 0.97 for sandy soil and 0.66 for loamy soil. 
The R² value for sandy soil indicates an excellent fit between the actual and predicted values, showing that the model for sandy soil can excellently predict the concentration at depth. This can be attributed to the relatively uniform structure and high permeability of sandy soil, which allows for more predictable and consistent movement of contaminants.
In contrast, the R² value for loamy soil indicates a moderate fit between the actual and predicted values. This moderate fit may be due to the more complex and heterogeneous nature of loamy soil, which contains a mix of sand, silt and clay particles. This complexity can lead to more variable and less predictable contaminant transport, making it harder for the model to capture all the influencing factors accurately. Factors such as variations in organic matter content, soil compaction, and micro-structures within loamy soil may contribute to this variability. 
The moderate predictive reliability of the loamy soil model indicates that while the model provides a reasonable approximation, it may not capture all the variability in contaminant transport in loamy soils. This suggests a need for caution when relying solely on model predictions. Environmental assessments using the loamy soil model should be supplemented with additional field data and monitoring to ensure accurate characterisation of contamination. Remediation strategies in loamy soils may need to be more flexible and adaptive, taking into account the potential for greater variability and unexpected conditions. Supporting research aligns with these findings. Studies by Gao et al. (2019) and Hamamoto et al. (2009) have shown that sandy soils, with their larger particles, typically exhibit higher permeability and faster contaminant transport rates, making the behaviour of contaminant in sandy soils less complex and more predictable, supporting the higher R² value for the sandy soil model. On the other hand, Soares et al. (2015) found that organic matter content and soil composition can significantly alter contaminant transport dynamics, highlighting the complexity of loamy soils and the moderate fit of the loamy soil model.
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Figure 5: Actual and predicted C2 for sandy soil









Figure 6: Actual and predicted C2 for loamy soil


4. CONCLUSION
The analysis of soil permeability in sandy and loamy soil columns of varying heights showed how soil depth and compaction affected water movement through these soil types. For sandy soil, the highest permeability value of 0.63 cm/s was observed in the 15 cm column, suggesting that optimal water flow occurred in this column due to the sand's structure and particle arrangement. On the other hand, the lowest permeability value of 0.11 cm/s was found in the 50 cm column, which was attributed to increased compaction and tighter packing of sand particles. This variation in permeability indicated that artificial compaction significantly impacted water flow in sandy soil, with less compacted columns facilitating higher permeability. Similarly, for loamy soil, the highest permeability value of 0.14 cm/s was observed in the 15 cm column, indicating that water flowed more easily through this less compacted column. The lowest permeability value of 0.10 cm/s was consistently observed in columns with heights of 30 cm, 40 cm and 50 cm, indicating that loam maintained uniform permeability rates across these depths despite random compaction. This consistency indicated that loam's mixed particle size distribution and higher organic matter content created a stable soil matrix with uniform permeability.
When comparing the permeability values, sandy soil consistently showed higher permeability than loamy soil. This was attributed to the coarser nature of sandy soil, which typically exhibited higher permeability due to larger pore spaces. This study demonstrated that soil type and compaction significantly influenced permeability. Understanding this could inform strategies to optimize water flow and mitigate risks of groundwater contamination in different soil environments.
 For sandy soil, the TPH concentration at the surface was highest at 42,125 mg/l for the column with a soil depth of 10 cm and lowest at 1,997 mg/l for the column with a soil depth of 55 cm. This demonstrated a clear trend where the TPH concentration at the surface decreased with increasing soil depth and leaching time. At depth, the highest TPH concentration was 28,913 mg/l at 10 cm, while the lowest was 103 mg/l at 55 cm, showing that the concentration at depth decreased as soil depth increased. The leaching time followed an inverse pattern, with the shortest duration being 37 seconds through a depth of 10 cm and the longest being 3,600 seconds through a depth of 55 cm. These results suggested that sandy soil, with its larger particle size and higher permeability, allowed for rapid movement of contaminants at shallower depths but slowed significantly as depth increased due to contaminant and soil particle interaction.
For loamy soil, the TPH concentration at the surface was highest at 35,662 mg/l for the column with a soil depth of 10 cm and lowest at 3,018 mg/l for the column with a 55 cm soil depth. At depth, the highest TPH concentration was 11,085 mg/l at 10 cm, and the lowest was 309 mg/l at 55 cm. The leaching time for loamy soil was shortest at 33 seconds through the 10 cm soil depth and longest at 1,500 seconds through the 55 cm soil depth. Similar to sandy soil, the concentration of TPH at the surface decreased with increasing soil depth and leaching time, and the concentration at depth decreased as soil depth increased. Leaching time increased with increasing soil depth. Loamy soil, with its balanced mixture of sand, silt and clay, demonstrated a consistent pattern of slower contaminant movement compared to sandy soil, reflecting its lower permeability and higher water retention capabilities.
High TPH concentrations at the surface and shallow depths in sandy soils indicated a potential for rapid surface contamination and quicker spread of pollutants in environments with sandy soil. This could lead to more extensive contamination of surface water and shallow groundwater resources. On the other hand, the slower movement of TPH in loamy soils showed that contaminants may remain closer to the surface for longer periods, potentially affecting surface water but with less immediate risk to deeper groundwater resources. The slower contaminant movement in loamy soils also means that remediation efforts may need to focus more on surface treatments, while in sandy soils, deeper and more comprehensive remediation strategies may be necessary. The increased leaching time with depth in both soil types also showed that contaminants can persist for longer periods in the soil, posing long-term environmental risks.
Correlation coefficients between variables for sandy soil showed that depth had a positive correlation with leaching time (0.88) and negative correlations with permeability (-0.67), surface concentration (-0.97) and depth concentration (-0.98). This indicated longer leaching times at greater depths, with reduced permeability and concentrations. Leaching time was negatively correlated with permeability (-0.67), surface concentration (-0.77) and depth concentration (-0.89), while permeability showed positive correlations with surface (0.65) and depth concentrations (0.69). Surface concentration had a strong positive correlation with depth concentration (0.97).
For loamy soil, depth had a positive correlation with leaching time (0.74) and negative correlations with permeability (-0.27), surface concentration (-0.95) and depth concentration (-0.78). Leaching time had a weak positive correlation with permeability (0.05) and negative correlations with surface (-0.54) and depth concentrations (-0.40). Permeability showed a moderate positive correlation with surface concentration (0.43) and a very weak positive correlation with depth concentration (0.08). Surface concentration had a strong positive correlation with depth concentration (0.84). In areas with sandy soil, groundwater protection strategies must account for the rapid transport of contaminants. In contrast, loamy soils require strategies to address long-term contamination risks. The need for stringent environmental regulations and policies to control the release of contaminants into the environment cannot be overemphasized. Policymakers must consider soil type and properties when developing regulations to ensure they effectively address the specific risks associated with different soils.
A one-way analysis of variance (ANOVA) was conducted using the Microsoft XLSTAT package to test for variation in the concentration at depth (C2) between sandy and loamy soil. The results revealed a P-value of .002, which is less than the significance level of 5% (.05). This indicated that the observed differences are statistically significant, confirming that the type of soil significantly affected the concentration at depth. These differences highlight the need for tailored remediation strategies based on soil type to protect water resources and minimize environmental damage.
The models for predicting the concentration at depth (C2) for sandy and loamy soil were developed. These models were developed using observed data, where the concentration at depth (C2) is the dependent variable. The independent variables used in developing these models are depth (D), permeability (k), viscosity (μ), leaching time (t) and concentration at the surface (C1). The models were developed based on dimensional analysis and calibrated according to the observed relationships between these variables and the concentration at depth. Although these models came from the same root they vary from each other. These variations could be attributed to the distinct physical and chemical properties of loamy and sandy soils, which affect the transport of contaminants. The models developed are dependent on the respective soil type (sandy or loamy) studied, and the properties of the contaminant (in this case, crude oil) and consider only one-dimensional transport in the vertical direction. These factors were crucial in accurately predicting the concentration at depth, as they influence how contaminants interact with the soil matrix. 
The models provide valuable tools for understanding and predicting contaminant transport in different soil types. They enable more effective planning and implementation of remediation strategies tailored to the specific characteristics of sandy and loamy soils, ensuring better protection of groundwater and surface water resources from contamination.
[bookmark: _GoBack]The actual and predicted concentration at depth (C2) for sandy and loamy soils were plotted against soil depth (D). The R² values from Microsoft XLSTAT were 0.97 for sandy soil and 0.66 for loamy soil.
The R² value of 0.97 for sandy soil indicated an excellent fit between actual and predicted values, indicating that the model could accurately predict the concentration at depth. This high accuracy was attributed to the uniform structure and high permeability of sandy soil, allowing for predictable contaminant movement. The strong correlation implied that the model effectively captured key factors affecting contaminant transport in sandy soil.
In contrast, the R² value of 0.66 for loamy soil indicated a moderate fit due to the complex and heterogeneous nature of loamy soil, which contained a mix of sand, silt and clay particles. This complexity led to more variable contaminant transport, making it harder for the model to capture all influencing factors accurately. Variations in organic matter content, soil compaction and microstructures within loamy soil may have contributed to this variability.
The high predictive accuracy of the sandy soil model showed its reliable use in real-world scenarios, aiding environmental assessments and remediation planning. This model, when used for prediction, could reduce the need for extensive field sampling and monitoring. Conversely, the moderate reliability of the loamy soil model indicates a need for caution and supplementary data when relying on its predictions. Remediation strategies for loamy soils should be more flexible and adaptive.
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