
  

 

Abstract—Soil represents a major sink for metals that are 

released into the environment from various sources, including 

landfills. Some of these metals may be persistent due to their 

fairly mobile nature; whereas others are more mobile and have 

the potential to leach through soil profile at a higher rate, 

reaching the groundwater. Thus, a pollution problem arises 

when heavy metals are mobilized into soil solutions and 

transported to groundwater. Therefore, soil analysis is essential 

for identifying the characteristics of soil in a study area, relating 

it to leachate and leachate percolation, and defining the extent 

of contamination, if any. Due to the growing concern about the 

risk of groundwater contamination in landfills areas, especially 

in the widely used unengineered landfills, soil from three newly 

constructed boreholes in the vicinity of the Al Amirat 

unengineered landfill in Muscat was examined to determine the 

extent of soil contamination. The soil assessment indicated that 

soil samples in the vicinity of  Al Amirat landfill do not pose any 

toxicity because they are not considered hazardous. However, 

since most metals are mobile within the soil profile, an effect on 

groundwater might occur in the long run if no action is taken to 

prevent it. 

 
Index Terms—Heavy metals, landfill, soil, TCLP.  

 

I. INTRODUCTION 

One of the most significant environmental concerns is 

waste generation [1]. Waste management is an increasing 

environmental and health issue all over the world [2]. 

Landfills are used as a predominant method for waste 

disposal. They pose a significant threat to the environment 

since, during landfill operations, severe hazards, including 

gas and leachate, are produced, contaminating groundwater 

and soil if not properly managed [3], [4]. Leachate formation 

is currently one of the greatest problems that must be 

managed. When it gets in contact with the surrounding soil, 

surface, water, and groundwater, it can cause major pollution 

problems, having a detrimental effect on living organisms [5], 

[6]. Soil represents a major sink for metals that are released 

into the environment from a wide range of anthropogenic 

sources. Because of their fairly mobile nature, some of these 

metals could be persistent. Others are more mobile and have 

the potential to leach through the soil profile at a higher rate, 

reaching the groundwater [7]. Therefore, a pollution problem 

arises when heavy metals are mobilized into soil solutions 

and transported to groundwater. Therefore, soil analysis is 

essential for identifying the characteristics of soil in the study 

 
Manuscript received March 9, 2022; revised April 25, 2022. This work 

was financially supported by Sultan Qaboos University, which is gratefully 

acknowledged. 

S. A. Al Raisi was with Environment Authority, Oman (e-mail: 

sumaiyaalraisi@hotmail.com). 

areas, relating them to leachate and leachate percolation, and 

defining the extent of contamination, if any. Due to the 

growing concern about the risk of groundwater 

contamination in landfill areas, especially the widely used 

unengineered landfills that lack leachate collection systems, 

the soil from three different points in the vicinity of Al 

Amirat unengineered landfill in Muscat was examined to 

evaluate the total and leachable heavy metal content and the 

extent of soil contamination.  

 

II. METHODOLOGY 

A. Al Amirat Landfill Site Description 

Al Amirat's un-engineered landfill is located in the 

south-west of the city of Muscat as shown in Fig. 1. It lies at 

655303 E and 2597522 N. It started operations in 1982, 

receiving waste from three different regions. It was partially 

closed in 2010 and only receives demolition waste that has 

been compacted and covered with layers of soil. Leachate 

started to flow and collect on lower parts of land on one side 

of the landfill, forming pools. The site is located in a broad 

valley and is surrounded by mountains and gravel plains with 

scattered trees. According to Muscat and Quriyat geological 

maps [8], the Al Amirat landfill is located on an area of 

alluvial fans and terraces and is bounded by metagreywacke 

and schist. A wadi moves 1 km away from the filling area 

across the other edge of the landfill-allocated land. Another 

wadi flows from the other edge of the landfill, following the 

majority of the leachate pools that formed behind the landfill 

in the wadi channel.  

 

 
Fig. 1. The location of the Al Amirat unlined landfill. 

 

B. Soil Analysis 

Soil texture and heavy metal content were examined since 

soil analysis is required to assess the effect and extent of 
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leachate contamination. In this study, three different 

boreholes were constructed in the vicinity of the Al Amirat 

landfill site: BH-A (4 m deep), BH-B (1 m deep), and BH-C 

(4 m deep). Soil samples were collected from different depths 

of the newly drilled boreholes (Table 1, Table 2, and Table 3) 

and also from control locations outside the landfill site (S1, 

S2, and S3).  

Soil samples from every 0.25 m deep (BH-B) and 0.50 m 

(BH-A, BH-C) were analyzed to examine the total and 

leachable heavy metals content.  
 

TABLE I: SOIL SAMPLES FROM THE FIRST BOREHOLE (BH-A) 

 

 

 

 

 

 

 

 
 

TABL

E II: 

SOIL 

SAMP

LES 

FROM THE SECOND BOREHOLE (BH – B) 

Name Depth (m) 

BH-B(1) 0 – 0.25 

BH-B(2) 0.25 – 0.5 

BH-B(3) 0.5 – 0.75 

BH-B(4) 0.75 – 1 

 

TABLE III: SOIL SAMPLES FROM THE THIRD BOREHOLE (BH – C) 

Name Depth (m) 

BH-C(1) 0 – 0.5 

BH-C(2) 0.5 – 1 

BH-C(3) 1 – 1.5 

BH-C(4) 1.5 – 2 

BH-C(5) 2 – 2.5 

BH-C(6) 2.5 – 3 

BH-C(7) 3 – 3.5 

BH-C(8) 3.5 – 4 

 

C. Soil Texture 

Soil texture is an essential soil characteristic. The 

percentage of sand, silt, and clay in soil determine its textural 

class. Soil texture determines the rate at which water 

dissipates through saturated soil [9]. The hydrometer method 

is the best method to determine the texture of any soil. The 

hydrometer method was used to identify the textural classes 

of soil samples [10].  

D. Soil Heavy Metals Analysis 

Soil total and leachable heavy metals content were 

examined. Soil total heavy metals were analyzed using an 

x-ray fluorescence spectrometry (XRF) model, the Axios 

Max PW4400. The soil leachable heavy metals content was 

identified in which samples were extracted according to the 

environmental protection agency (EPA) toxicity 

characteristic leaching procedure (TCLP) method 1311 [11].  

 

III. RESULTS AND DISCUSSION 

A. Soil Analysis Results in BH-A 

1) Total heavy metals concentrations 

The results of the analysis have shown that soil total 

concentrations of Cr, Cd, Ba, Pb, Co, Cu, and Hg were below 

the limits set by the EPA for both residential soil and home 

garden soil at all the depths within the borehole, while the 

concentration of Ni was above the limits only at the depth of 

1.5–2 m. Ba and Rb were present in considerable 

concentrations. In general, the concentrations of most of the 

metals did not change much from 0 m deep to 4 m deep (Fig. 

2). Any difference in metals concentrations with depth might 

be related to different soil properties at each depth and heavy 

metal mobility [12]. The properties of soil are very important 

in the attenuation of heavy metals in the environment in 

which heavy metal species undergo several possible fates, 

like adsorption/desorption reactions and 

precipitation/dissolution reactions [7].  
 

 
Fig. 2. Total heavy metals concentrations in soil samples. 

 

2) Leachable heavy metals concentrations 

  The toxicity characteristic leaching procedure (TCLP) 

was also used to characterize soil to determine contaminant 

mobility in soil. Although this procedure was more 

labor-intensive and time-consuming than the total metals 

analysis, it was quite useful. This is because it recovers 

constituents that are easily soluble and not structurally 

contained in the samples [13]. Thus, determining the content 

of leachable heavy metals in soil is important in determining 

the extent of soil contamination [14] and the potential for 

groundwater contamination. Fig. 3 shows the amounts of 

heavy metals leached from different soil samples across the 

borehole depth. 

The levels of Cd, Cr, Pb, and Hg were within the EPA’s 

maximum concentration of toxicity characteristics. Thus, the 

soil samples within this borehole do not exhibit the 

characteristic of toxicity. The leachability of most of the 

heavy metals did not significantly change from 0 to 4 m of 

depth in the borehole. Most of the metals concentrations were 

below 0.9 mg/l. Cu and Zn concentrations were highest at the 

top (0–1 m) and the bottom of the borehole (3–4 m).  

Comparing both total and leachable heavy metal 

Name Depth (m) 

BH-A(1) 0 - 0.5 

BH-A(2) 0.5 – 1 

BH-A(3) 1 – 1.5 

BH-A(4) 1.5 – 2 

BH-A(5) 2 – 2.5 

BH-A(6) 2.5 – 3 

BH-A(7) 3 – 3.5 

BH-A(8) 3.5 – 4 
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concentrations, it has been found that the total concentrations 

of Zn, Cu, Rb, Cr, and Ba were the highest in the BH-A. The 

high concentrations of leachable Zn and Cu from the same 

borehole indicate that these metals have high mobility in the 

soils analyzed. Then, the low leachable concentration of Rb, 

Cr, Ni, and Ba, which were found in high concentrations in 

soil, indicates the high adsorption and low mobility of these 

metals in the soil of the BH-A borehole. The total and 

leachable heavy metals levels in this borehole were 

comparable with the results achieved in Thala Valley landfill 

soil samples in Antarctica [14], concentrations of soil 

samples in the vicinity of iron and steel works at Galati, 

Romania [15], and concentrations of soil samples around 

hazardous waste disposal sites in Hyderabad, India [16].  
 

 
Fig. 3. Leachable heavy metals concentrations (TCLP). 

 

B. Soil Analysis Results in BH-B 

1) Total heavy metals content in soil samples 

Fig. 3 shows that most heavy metals content in soil of 

BH-B which was drilled closer to the leachate pool was 

within EPA limits for both residential soil and home garden 

soil at all the depths within the borehole. Ba and Rb were 

present in high concentrations. Except for Ba and Cr, the 

heavy metals content did not change significantly within the 

borehole depths, as shown in Fig. 4. The concentration of 

heavy metals in BH-B at all the depths was in the following 

order: Ba > Cr > Rb > Zn > Ni > Cu > Pb > Co > Cd > Hg in 

ranges of (274.1–390.6) mg/l, (157.3–275.3) mg/l, 

(68.2–82.5) mg/l, (35.9–43.6) mg/l, (19.3–25.8) mg/l, 

(20.2–22.6) mg/l, (7.2–9.5) mg/l, (7.8–8.4) mg/l, (BDL–0.1) 

mg/l and below detection limits (BDL), respectively.  
 

 
Fig. 4. Total heavy metals concentrations in soil samples. 

 

2) Leachable heavy metals concentrations in soil 

samples 

The levels of Cd, Cr, Pb, and Hg were within EPA’s 

maximum toxicity concentration characteristics. Therefore, 

the soil samples within this borehole do not exhibit toxicity 

characteristics. Except for Ba, Cu, and Zn, the leachability of 

most of the heavy metals did not significantly change from 0 

to 1 m depth of the borehole. All the metals concentrations 

were below 0.6 mg/l.  

When comparing the total heavy metal content of the soil 

samples within the borehole with the leachable content, it has 

been found that the highest heavy metal concentration (Ba) 

was also the most mobile heavy metal within the soil profile, 

indicating the high mobility of Ba in the BH-B borehole.  

 

 
Fig. 5. Leachable heavy metals concentrations in soil samples. 

 

 

1) Total heavy metals concentrations in soil samples 

The soil total concentrations of Cr, Cd, Ba, Pb, Co, Ni, Cu, 

and Hg were below the limits set by the EPA for both 

residential soil and home garden soil at all the depths within 

the borehole (BH-C). Ba and Rb were present in considerable 

concentrations. The concentration of most of the metals 

shown in Fig. 5 did not change much from 0 m depth to 4 m 

depth. The exceptions were Cr, Ba, Ni, Cu, and Rb. Ba, Rb, 

Zn, and Pb in which their concentrations were higher at the 

deepest point in the drilled borehole (3.5 – 4m), while the 

levels of Cr and Ni were highest at 0.5 – 1 m depth.  
 

 
Fig. 6. Total heavy metals concentrations in soil samples. 

 

2) Leachable heavy metals concentrations in soil 

samples 

The levels of Cd, Cr, Pb, and Hg were within the EPA’s 

maximum concentration of toxicity characteristics. Thus, the 

soil samples within this borehole do not exhibit the 

characteristic of toxicity. The highest concentrations of Cu, 

Zn, and Cr were found at a depth of 2.5 to 2 m, while the 

highest level of Ba was found at a depth of 0 to 0.5 m. The 

values for the rest of the heavy metals did not significantly 

change across the 4 m deep borehole. The leachable heavy 

metal levels were in the order of Ba > Cu > Zn > Cr > Rb, 

followed by comparable concentrations of Pb, Co, and Ni. 
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Fig. 7. Leachable heavy metals concentrations in soil samples. 

 

When comparing both total and leachable heavy metal 

concentrations, it has been found that the leachable 

concentrations were higher for Ba, Cu, Zn, and Cr. The same 

heavy metals were the highest for total heavy metals analysis, 

indicating that these metals have high mobility in the soil 

samples analyzed.  

When the leachable heavy metals content of all the 

constructed boreholes was examined (Fig. 8), it was found 

that the soil leachable heavy metals concentrations were 

higher in the BH-C borehole than in the BH-A and BH-B 

boreholes. BH-A and BH-B were constructed in the vicinity 

of landfill leachate pools, while BH-C was constructed about 

1 km away from the leachate pools at the edge of the wadi 

that passes through the leachate pools. The landfill site’s soil 

type was found to be sandy clay loam, which exhibits low 

permeability. The color of the soil in the boreholes has not 

changed. Moreover, it was observed that soil was forming a 

strong crust at the areas of contact with leachate, reducing its 

dissipation to lower soil layers. Therefore, the high leachable 

heavy metals levels in BH-C are because of the infiltration of 

leachate which moves with the wadi flow during rainfall.  

The concentrations of total heavy metals within and in the 

vicinity of Al Amirat landfill were found to be higher than the 

concentrations detected in Bousher landfill, except for Ni 

[17]. 

The topsoil total heavy metals concentrations of all the 

boreholes were compared with soil from around hazardous 

waste disposal sites located in the north-western part of 

Hyderabad (India) [16]. It has been found that Cr, Cu, Ni, Pb, 

and Zn values were lower in BH-A and BH-B, while Cr and 

Cu concentrations were higher in BH-C than in the soil of 

hazardous waste disposal sites located in Hyderabad. 

Furthermore, soil samples’ leachable heavy metals 

concentrations in all boreholes were less than the leachable 

heavy metals concentrations of soil at waste disposal sites in 

Antarctica [14].  
 

 
Fig. 8. Average leachable heavy metals content in the boreholes. 

 

The heavy metal concentrations in the collected soil 

samples were found in considerable concentrations. However, 

these pollutants will continuously be migrated and attenuated 

through the soil strata, and after a certain period, they might 

contaminate the groundwater system if no action is taken to 

prevent this [12]. 

D. Control Samples Analysis 

Control soil samples were collected from areas away from 

the landfill site. The results of the total heavy metals 

concentration in control soil samples were compared with the 

top layer samples of all boreholes as shown in Fig. 9. 

 

 
Fig. 9. Total heavy metals concentrations in borehole and control soil 

samples. 

 

The results show that the total heavy metal content of 

control soils was less than the content of samples in the 

landfill vicinity. Moreover, Fig. 10 indicated that the 

leachable concentration of heavy metals in control samples 

was less than the leachable concentration of heavy metals in 

samples located near the landfill site, indicating that any 

contamination in the samples around the borehole and on the 

downstream side of the landfill is caused by the landfill 

because the heavy metals detected in the landfill leachate 

were also detected in the soil samples and considerable 

concentrations as leaching of the soluble components of the 

soil samples occur. Therefore, anthropogenic releases give 

rise to higher concentrations of metals relative to the normal 

background values. The same conclusion was made by [15] 

in which soil heavy metals levels in some locations exceeded 

the alert levels in Romania.  
 

 
Fig. 10. Leachable heavy metals concentrations in borehole and control soil 

samples. 

 

Because the leachable heavy metals concentrations were 

below the leachable maximum contamination levels around 

and downstream of the landfill area, the soil samples do not 

pose any toxicity since they are not considered hazardous. 

However, since most of the metals show mobility within the 

soil column and the concentration, of some metals increases 
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in the deepest points of some boreholes (BH-A, BH-C), an 

effect on environment might occur in the long run. 

By comparing the total and leachable concentrations of 

each heavy metal in each borehole, it was found that the 

leachable concentrations of heavy metals at some depths 

have followed the total heavy metals concentrations trend 

(Fig. 11–12), while it did not at other depths depending on 

the soil sample analyzed (Fig. 13–14). The difference in soil 

heavy metals mobility among different samples has been also 

observed by [14] in Thala Valley soil samples near waste 

disposal sites. 

 

 
Fig. 11. Total and leachable heavy metals concentrations of Ni in BH-A. 

 

 
Fig. 12. Total and leachable heavy metals concentrations of Zn in BH-A 

 

 

 
Fig. 13. Total and leachable heavy metals concentrations of Pb in BH-A. 

 

 
Fig. 14. Total and leachable heavy metals concentrations of Co in BH-B. 

 

The mobility of heavy metals in the different soil samples 

analyzed was variable. The mobility and adsorption of heavy 

metals in soil are influenced by different factors. 

Understanding the factors governing heavy metals migration 

in the soil is therefore important for predicting metal 

environmental impacts. Maintaining the pH of the soil 

solution neutral to slightly alkaline conditions, for example, 

shows the low mobility of all heavy metals. Also, the 

presence of soil organic matter plays an important role in 

heavy metals adsorption. Soil organic matter may immobilize 

heavy metals. Furthermore, soil texture affects metal 

mobility in soil. Texture reflects the particle size distribution 

of the soil and thus the content of fine particles like clay, 

which are well-known adsorption surfaces for heavy metals 

in soils. When compared with sandy soil, clay soil retains a 

high amount of metals [7]. Moreover, precipitation is 

frequently connected with neutral to alkaline soil conditions 

as well as clayey soil. As the soil analyzed in this study was 

alkaline and clayey, some heavy metals might be precipitated 

and adsorbed since differences in pH, clay mineralogy, and 

clay content contribute to differences in heavy metals 

adsorption [18].  

Other factors like temperature and competing ions also 

play important roles in heavy metals mobility [7]. For 

example, Zn that does not form highly stable complexes with 

organic matter is not as greatly affected by the presence of 

dissolved organic matter in the soil [19]. 

The extent of movement of heavy metals in the soil system 

is related to the chemistry of the soil and the specific 

properties of the metal. Soil properties such as pH, redox 

potential, surface area, cation exchange capacity, organic 

matter content, clay content, etc. have been correlated to 

cationic metal retention. In addition to soil properties, the 

type of metal, its concentration, and the presence of 

competing ions must be considered [19]. 

Because of the wide range of soil characteristics and 

various forms by which metals can be added to soil, 

evaluating the extent of metal retention by soil is site and soil 

specific [20]. Heavy metals mobility from different studies 

showed different mobility of heavy metals. The relative 

mobility of the metals concluded by [21] followed: Cd > Zn > 

Cu > Ni, while the mobility of heavy metals concluded by [22] 

followed the Pb > Zn > Cu > Ni > Cd order in contaminated 

soils of Southern Nigeria. 

Soil systems are dynamic and are thus constantly changing. 

Changes in the soil environment over time, such as the 

degradation of the organic waste matrix, changes in pH, 

redox potential, or soil solution composition, due to various 

processes or natural weathering processes, may also enhance 

metal mobility. The extent of vertical contamination is 

related to the soil solution and the chemistry of the soil 

matrix’s surface [19]. Temperature, for example, has a 

significant effect on metal availability. Soil extracts from 

25oC treatment had greater concentrations of Cd, Ni, and Zn 

than those at 15oC. It has been concluded that this may be 

attributed to the organic matter, which decomposes more 

rapidly at 25oC [23].  

In addition, heavy metals tend to migrate and percolate 

through the soil strata. Moreover, these pollutants tend to 

bio-magnify and induce a long-term adverse impact on the 
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environment if no action is taken to prevent them, and might 

contaminate the groundwater system after a certain period 

[12].  

In conclusion, soil assessment has indicated that soil 

samples in the vicinity of Al Amirat landfill do not pose any 

toxicity as it is not considered hazardous, but since most of 

the metals show mobility within the soil profile, an effect on 

environment might occur in the long run if no action is taken 

to prevent it.  
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