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Abstract 

Nowadays through the world as well as in Iran, petroleum hydrocarbons have majority 

contribution in environmental ricks for human and other organisms. Therefore, this study 

evaluates hydrocarbon pollution effects on soil chemical properties, as well as soil 

magnetic susceptibility on a petroleum refinery compound in Isfahan province, Iran. It also 

examines the efficacy of using magnetic signatures to predict hydrocarbon pollution of 

soils. Two sites (polluted and unpolluted) with similar intrinsic soil properties and 

environmental attributes were selected. A total of 120 soil samples were collected at two 

depths of 0–10 and 10–30 cm. Laboratory analysis included measurement of electrical 

conductivity (EC), pH, aqua regial extractable Fe (FeA), dithionite extractable Fe (Fed), 

magnetic susceptibility at low frequency (χlf), total petroleum hydrocarbon (TPH), as well 

as powdery X-ray characterization. Polluted soils by petroleum hydrocarbons had 

significantly higher EC, χlf, FeA and Fed and lower pH values compared to the unpolluted 

soils. Positive significance (r = 0.88, p b .01) was obtained between TPH and magnetic 

mailto:ayoubi@cc.iut.ac.ir


2 
 

susceptibility. Enhancement of magnetic susceptibility presumably attributed to formation 

of ferrimagnetic minerals such as magnetite because of degradation of hydrocarbon 

compounds. A multiple linear regression model was developed between magnetic 

susceptibility and TPH, and the results showed that the developed pedotransfer function 

could explain 86% of the variability of TPH in the studied area, and provided a reliable 

function to predict TPH in polluted soils, as a cost-effective and fast technique to be 

implemented in the polluted sites by petroleum hydrocarbons. It seems that inclusion of 

additional magnetic measures may improve the accuracy of the predictive model. 

 

Keywords: Soil pollution, Pedotransfer function, Multiple linear regression, Oil refinery, 

Magnetic susceptibility 

 

 

1. Introduction 

 

Soil pollution is a growing threat to the health and quality of the human environment. 

This problem has been exacerbated due to the rapid growth of population and industry 

without considering natural resource constraints (Taghipour et al., 2011). Hydrocarbon 

pollution is one of the most common and dangerous pollutions caused by petroleum 

industries such as refineries, and oil pipelines and tanks leak causing environmental pollution 

(Marian et al., 2011). The negative impacts of oil pollutants, especially polycyclic aromatic 

hydrocarbons (PAHs), on soil productivity and plant growth have already been investigated 

by various researchers (Wild et al., 1991; Kayode et al., 2009). PAHs, as major components 
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of soil, have partially led to a higher level of lung cancer risk, particularly in developing 

countries (Xia et al., 2013; Liang et al., 2019). Furthermore, these pollutants may cause 

major threats to ground water resources through leaching the soils (Rijal et al., 2010). 

Rapid assessment and selection of proper remediation strategies require new 

 

approaches and technologies for exploring and monitoring hydrocarbon pollution in sediments 

and soils. Magnetic methods as a quick and nondestructive approach have been efficiently 

applied for detecting anthropogenic pollution in power plants (Heller et al., 1998; Kapicka et 

al., 2000; Ayoubi et al., 2018a; Ayoubi et al., 2018b); metallurgical dusts (Naimi and 

Ayoubi, 2013; Naderizadeh et al., 2016), urban airborne particulates (Dankoub et al., 2012) and 

road traffic (Gautam et al., 2005). 

Although magnetic measures are widely being used for various pollutants in soils and 

sediments, few studies have been done to monitor the pollution of soils and sediments by 

hydrocarbon pollutants. Hanesch and Scholger (2002) found a significant relationship 

between polycyclic aromatic hydrocarbon (PAH) content and soil magnetic susceptibility 

near the Donawitz steel mill in Austria. Halsall et al. (2008) showed that the combined 

PAHs and magnetic analysis could provide a precise means of identifying outdoor traffic-

derived pollution, and could also discriminate between different types of indoor pollution. 

Studies in Western Lake Ontario in Canada (Morris et al., 1995), the Gulf of Santos in 

Mexico (Martins et al., 2007), the Bay of Bengal in India (Venkatachalapathy et al., 2011), 

and the Austrian tundra (Hanesch and Scholger, 2002) showed that magnetic susceptibility 

could be a reliable 
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and cost-effective approach for defining the extent of sediment pollution by PAHs. Rijal et 

al. (2010) concluded that changes in the magnetic properties could determine the 

fluctuations in the subterranean water surface of hydrocarbon contaminated areas. There was 

also a connection between the formation of new magnetite and the some characteristics of 

sediments such as total iron, pH and organic carbon. Rijal et al. (2011) established a 

positive and very strong relationship between magnetic susceptibility and oil 

hydrocarbons. They reported a correlation of 0.85 between total hydrocarbons and 

magnetic susceptibility, but they found a weak correlation between magnetic susceptibility 

and aromatic multi-rigorous hydrocarbons in hydrocarbon-contaminated soils and 

sediments at the former oil field Hänigsen, Germany. Some researchers have even 

successfully employed the variability in magnetic susceptibility for the exploration of oil 

reserves (Liu et al., 2006; Aldana et al., 2003 and Aldana et al., 2011). 

The oil industry is the main backbone of the Iranian economy, and subsequently 

petroleum refineries have been expanded throughout 

the country. Because of some accidental events and improper management, some soils 

around refineries have been polluted by petroleum hydrocarbons. This study is the first 

attempt in Iran conducted to: 

i) explore the influences of petroleum hydrocarbons on some dynamic properties (soil 

pH, EC, some forms of Fe) and magnetic measures and reasons of magnetic 

susceptibility enhancement following pollution, and ii) evaluate the efficacy of 

magnetic susceptibility measures to estimate the content of total petroleum hydrocarbons 

(TPHs) in some polluted soils at the Isfahan petroleum refinery, central Iran. 
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2. Materials and Methods 

 

2.1 Study sites and sampling 

 

The study area, near the Isfahan petroleum refinery, is located 30 km north of Isfahan 

city (51° 32′ E longitude, 32° 46′ N latitude), central Iran (Fig. 1). Based on the recorded 

documents and visual observations in the field, two adjacent sites including an 

unpolluted site and a petroleum polluted one were selected near the refinery (Fig. 1). 

At the Isfahan province, an oil refinery complex was established in 1979 and now 

has a vital contribution in refining of crude oil. According to our observations because 

of recent leakage of crude oil in surface soil only 30 upper horizons were affected and 

0–30 was considered for evaluation our hypothesis. An illustration of surficial 

pollution of studies soils is given in Fig. 2. As it is seen in figure, surficial leakage and 

existence of an impermeable layer at 30–50 cm inhibited leaching of crude oil to 

subsurface horizons. Hence, surface layers including two depths of 0–10 and 10–30 cm 

were investigated. These sites share similarity in intrinsic soil properties and 

environmental attributes. Similar variations in clay, silt and sand in two sites 

confirmed this hypothesis. Forty locations in the polluted site and 20 in the 

unpolluted one were randomly selected with distances varied from 200 to 400 m apart 

away (Fig. 1). For each location, soil samples were collected from two depths (0–10 

and 10–30 cm), thus obtaining a total of 120 soil samples. Soil samples were air-

dried and sieved through a 2 mm sieve before laboratory analyses. Soils at the 

studied sites classified dominantly as Typic Torriorthents and Typic Calcigypsids in 

some areas according to Soil Survey Staff (2014). 
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2.2 Laboratory analyses 

 

The magnetic susceptibility of the soil samples was measured by a MS2 Meter 

(Bartington Instruments Dual Frequency) at low frequency (χlf). Selected chemical properties 

were determined for the soil samples. The soil electrical conductivity (EC) and pH were 

measured in a 1:2.5 soil to water ratio suspension. The percentage of calcium carbonate 

equivalent (CCE) was determined by the calcimetric method (Burt, 2004). Particle size 

distribution was measured using the sieving and pipette methods (Gee and Bauder, 1986). 

The dithionite-citrate bicarbonate (DCB) approach was used to determine Fed 

(Sheldrick, 1984). Aqua regial extractable Fe (FeA) was extracted by digestion of soil 

samples with aqua regia (Rodriguez Martin et al., 2006). This method results in 

concentrations normally referred to as pseudo-total, as the method does not completely 

destroy the silicates (Facchinelli et al., 2001). Following the extraction of FeA, and Fed, 

the concentrations of different forms were determined by Atomic Absorption 

Spectrometry (AAS). The accuracy of the procedure was determined by analyzing the 

certified reference material San Joaquin #2709 (National Institute of Standards and 

Technology, USA). The detection limit of ASS for Fe was 0.1 mgL−1and the precision (n 

= 3) obtained was below 5%. 

Regulatory bodies have introduced total petroleum hydrocarbon (TPH) concentrations 

as an indicator for the level of soil pollution by petroleum products. In this study, TPH 

content in all collected samples was measured by the Soxhlet extraction method EPA 3450. 

Soxhlet extraction is regarded as an efficient technique commonly used in extracting semi-

volatile organic compounds from soil (Good et al., 1995; Buddhadasa et al., 2001). 
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Crushed soil samples were examined with a Bruker AXS D8 ADVANCE X-ray 

diffractometer (XRD) using Cu K-alpha radiation, a step size of 0.02° and a time per step 

of 1 s. X-ray scanning ranged from 10° to 80° 2-theta. Relative peak positions and 

intensities were identified as the basis for semi-quantitative estimates of ferrimagnetic 

minerals (magnetite and maghemite) percent (Soil Survey Staff, 2014). 

 

2.3 Statistical analysis 

 

Classical descriptive statistics were computed using SPSS 16.0 (Swan and Sandilands, 

1995). Likewise, the correlation coefficients between magnetic susceptibility (χlf) and the 

different variables (Fed; FeA, EC, pH and TPH) were calculated using SPSS 16.0 (Swan 

and Sandilands, 1995). Multiple-linear regression (MLR) in SPSS Ver. 16 was employed 

to predict the concentrations of TPH using the magnetic measurements and soil 

chemical properties. MLR modeling was done using the initial variables (x) and 

transformed variables [x−1, x2, log(x), ln(x), exp.(x) and x0.5] as predictors. The factors 

included in the qualified model were selected based on probability≤.05 following 

Freund and Littell (2000). Also, a paired Student's t-test (P b .05) 

was applied to compare the variables between the polluted and the unpolluted soils. 
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3. Results ad Discussion 

 

3.1 Descriptive analysis 

 

The descriptive statistics of the studied variables in two sites (polluted and 

unpolluted) at two depths of 0–10 and 10–30 cm are given in Tables 1 and 2. 

According to the results of Table 1, almost all variables were normally distributed except 

for EC in two depths of the unpolluted site based upon the skewness values that ranged 

from −1 to +1. The magnetic susceptibility varied from 20.23 to 76.3 × 10−8 m3 

kg−1 with a mean of 42.9 and 32.9 × 10−8 m3 kg−1 in the 0–10 and 10–30 cm soil 

layers, respectively. The mean value of χlf is very similar to those of the natural soils 

of Isfahan province (40 × 10−8 m3 kg−1) as reported by Ayoubi et al. (2002). Low 

mean values of 0.21 and 0.17 kg kg−1 in the 0–10 and 10–30 cm soil layers, 

respectively, were observed for the TPH. The highest coefficient of variation (CV) was 

observed for EC and TPH, and the lowest variability was observed for pH (CV~4%) for 

this site. High variability in EC and low variability in pH is consistent with the findings of 

Karimi et al. (2011) and Dankoub et al. (2012) in similar soils of Isfahan. Based upon the 

CCE values  (45–50%), the studied soils can be classified as calcareous and carbonate 

enriched soils. 

The descriptive statistics of the variables in the polluted site are given in Table 2. 

Like the unpolluted site, the highest variability was observed for EC and TPH. Also, χlf 

showed a high variability with mean CV of 94% and 92% for the 0–10 and 10–30 cm soil 

layers, respectively. Lowest variability was observed for pH, similar to the unpolluted 

site. Valaee et al. (2016), Paz Gonzalez et al. (2002) and Lopez Granados et al. (2002) 
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also obtained the lowest coefficient of  variation for pH. The mean TPH content varied 

from 0.10 to 35.8 kg kg−1 in the 0–10 cm layer, and 3.1 to 31.2 kg kg−1 in the 10–

30 cm layer. For the magnetic susceptibility at low frequency, mean values of 

195.4 and 202.4 × 10−8 m3 kg−1 for the 0–10 and 10–30 cm soil layers, 

respectively, were recorded. However, the χlf of the polluted soils are much higher 

than the values of the natural soils of Isfahan (Ayoubi et al., 2002), and even higher 

than the polluted soils caused by urbanization in Isfahan city (χlf = 74.34 × 10−8 

m3 kg−1, Karimi et al., 2011; χlf = 80.20 × 10−8 m3 kg-1, Dankoub et al., 2012) 

and industrialization (χlf =  107.5  ×  10−8 m3 kg−1, Naimi and Ayoubi, 2013). 

The higher value of magnetic susceptibility at this site is mainly attributed to 

changes induced by hydrocarbon pollution which is discussed in the next section. 

 

3.2 Variability of soil properties induced by TPH pollution 

 

The results of the analysis of variance (ANOVA, results not shown here) indicated that 

there was a significant (P b .05) difference among almost all the studied variables in both 

sites. Fig. 3 compares the means of the variables for the polluted and unpolluted sites, 

and for the two soil sampling depths. As observed in Fig. 3A, the polluted soils show higher 

values of EC for both depths compared to unpolluted soils. It seems that increase of 

salinity following oil pollution leads to release of elements to soil solution (Balanchandran 

et al., 2012). Moreover, measurements of crude oil in the Isfahan refinery showed that it 

had salt levels of EC of 0.4 dS/m and its pollution of the soils have enhanced soil salinity. 

The results of the chemical analysis also show that pH levels are higher in the polluted soils 

compared with the unpolluted soils (Fig. 3B). Although in carbonatic soils such as the study 
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area soils, carbonate has significant contribution in regulating the soil pH (Lindsay, 

1979), but inclusion of TPH has reduced the pH significantly, probably because of the 

addition of petroleum with high concentration of –OH and –COOH bonds in the hydrocarbon 

compounds leads to lowering of pH values. These results are in accordance with the findings 

of Tang et al. (2012) who reported that inclusion of petroleum hydrocarbons to soils led to 

lower pH. The lowering of pH may be attributed to activities of specific bacteria that are 

involved in TPH degradation that generate weak acids (Das and Chandran, 2011; Tang et 

al., 2012). Moreover, crude oil has some acidic compounds such as Naphthenic acid, 

Stearic acid, and Valeric acid that may lead to lowering soil pH after inclusion to soil. 

In addition, the results of ANOVA (results not shown) showed significant differences (p b 

.05) for the studied forms of iron, including aqua regial extractable Fe (FeA) and DCB 

extractable iron (Fed) between contaminated and non-contaminated soils (Fig. 3). In 

general, all studied forms of Fe showed higher values in soils polluted by petroleum 

hydrocarbons, confirming that these pollutants contain meaningful values of metals such 

as Fe. Analytical results of crude oil by atomic absorption spectroscopy (ASS) revealed 

that total Fe was 42 mg Kg−1 and the enhancement of Fe in polluted soils mainly attribute 

to Fe that released to soil following pollution. Brown (1983), using ICP analysis, showed 

that Fe content in petroleum varied from 27 to 35 μg/g. Many studies have reported that 

the soils near the petroleum refinery stations have been heavily polluted by heavy metals 

in addition to hydrocarbons (Atagana, 2011; Dong et al., 2013). Also, other researchers 

(Mariana et al., 2011; Uquetan et al., 2017) have confirmed that one of the most 

important influences of crude oil pollution is the addition of heavy metals such as Fe, 

Mn and Pb to the soils. 

 



 

11 
 

3.3 Variability of magnetic susceptibility and its association with TPH 

 

According to the results of the mean comparisons, there are significant differences (p b 

.05) between the polluted and unpolluted sites for magnetic susceptibility at low 

frequency. The mean magnetic susceptibility in the polluted site samples were much 

higher than those of the unpolluted site for both sampling layers, about 4.6 times higher in 

the 0–10 cm layer, and 6.3 times higher in the 10–30 cm soil layer. Many researchers 

have confirmed the pollution of soils by hydrocarbon enhanced magnetic susceptibility 

(Baedecker et al., 1993; Porsch et al., 2014). Some mechanisms in the presence of 

hydrocarbons have been proposed for enhancement of magnetic susceptibility. Porsch et 

al. (2014), in a controlled experiment through incubation of six soils by gasoline 

hydrocarbon and microcosms, showed that magnetic susceptibility increased in four out of 

the six soils because of degradation of hydrocarbon to Fe(III) leading to formation of 

ferromagnetic minerals such as magnetite. Following stabilization of magnetic 

susceptibility during the experiment, organic matter and ferrihydrite were added up to the 

samples to prove that bioavailability of iron had more contribution to enhancement of 

magnetic susceptibility. Measurement of magnetic susceptibility showing diamagnetic 

behavior of crude oil with magnetic susceptibility lower that zero (−1× 10−8 m3 kg−1). 

Therefore any changes in magnetic susceptibility of soils following oil pollution is 

attributed to processes that occurred in transformations of iron forms in soil. 

Ferromagnetic minerals are well known phases formed in crude oil during oil 

biodegradation (McCabe et al., 1987) and further decomposition following inclusion of 

microorganisms to the soil (Lovley et al., 1989; Hamamura et al., 2006; Borch et al., 

2010). Some Fe3+-reducing microorganisms can use hydrocarbons as carbon sources and 
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reduce Fe3 + to Fe2+ (Lovley and Anderson, 2000; Lovley et al., 1989). Both Fe3+ 

microbial regeneration and Fe2+ oxidation can lead to magnetite formation (Lovely et al. 

1989). Fe(III) reducers could reduce poorly crystallized ferrihydrite as well as higher 

crystalline Fe(III) minerals such as magnetite, hematite and goethite (Konhauser et al., 

2011). Other studies have shown that hydrocarbon contaminants in soils and sediments 

also affect Fe3+ reducing agents and Fe2+ oxidants. In turn, Fe (II) could be oxidized 

by aerobic and anaerobic Fe (II) oxidizing microbes which can also drive magnetite 

formation (Kappler and Straub, 2005; Konhauser et al., 2011; Dippon et al., 2012). These 

processes can lead to changes in the variability of magnetic minerals and consequently 

affect the magnetic susceptibility. 

Positive and significant correlation among studied forms of Fe (Aqua regial extractable Fe, 

extractable with DCB and extractable with oxalates) with magnetic susceptibility (Fig. 4) 

confirmed the prominence of variability of iron forms on magnetic susceptibility that is 

regulated by hydrocarbon degradation in the studied soils. Fig. 5 shows XRD patterns of 

representative samples of the polluted and the unpolluted soils. According to the XRD 

patterns, Fe-oxides minerals, magnetite/ maghemite (d-spaces of 0.1488, 0.252, and 0.296 

nm),  hematite (d-space of 0.368 nm) and goethite (d-space of 0.418 nm) were identified in 

both samples, but magnetite/maghemite as the ferromagnetic phase was significantly higher in 

the polluted soils (Fig. 5). 

The results of the correlation analysis (Table 3) show that magnetic susceptibility 

displays negative relationships with electrical conductivity (p b .01, r = −0.33) and calcium 

carbonate equivalent (p b .05,    r = −0.19). Other researchers have confirmed that, in arid 

soils including gypsum, carbonates and soluble slats, may lead to reduction of magnetic 

susceptibility because of the diamagnetic behaviours of these minerals (Marwick, 2005; 
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Naimi and Ayoubi, 2013). 

Also, the results of correlation analysis indicated that there was a significant (r = 0.883, p b 

.01) and positive linear relationship between magnetic susceptibility and TPH content (Fig. 

4). As already discussed, magnetite/maghemite formation following hydrocarbon degradation 

may be the major process for enhancing magnetic susceptibility. Hence, higher content of 

TPH has led to higher content of ferrimagnetic minerals and, consequently, to higher values of 

magnetic susceptibility. Similarly, Venkatachalapathy et al. (2011) in their study in sediment 

cores from the north east coast of Tamilnadu, Bay of Bengal, India, found positive and 

significant (r = 0.86, p b .01) relationships between petroleum hydrocarbons and magnetic 

susceptibility. Rijal et al. (2011), in a study of the relationship between magnetic 

susceptibility and hydrocarbon pollution in soils and sediments at the former oil field at 

Hänigsen, Germany, showed that there was a positive and significant relationship (r = 

0.85) between magnetic susceptibility and TPH. Moreover, Martins et al. (2007) studying 

sediment cores from the Santos Estuary, Brazil, and Meliana (2017) in Wonocolo oil 

field, Indonesia, showed a high potential of magnetic susceptibility for exploration of 

hydrocarbon pollutions in soils and sediments. 

For development of a pedotransfer function for TPH, stepwise multiple regression was 

applied using magnetic susceptibility (χlf) as predictor. Also, untransformed variables (x) 

and transformed variables [log (x), Ln(x), x2, x−1, x0.5 and exp.(x)] were used as 

predictors in the analysis. The developed model with the highest coefficient of 

determination (R2) and lowest root mean square error (RMSE) was identified as follow: 

 

%𝑇𝑇𝑇𝑇𝑇𝑇 = 6.516 − 144.67 × � 1
𝜒𝜒𝑙𝑙𝑙𝑙
� + 2.31 × 10−5 × (𝜒𝜒𝑙𝑙𝑙𝑙)2  ;   R2=0.86,  RMSE=0.02 %         [2] 
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Eq. (2) shows that 1/χlf and χlf2 were the best predictors explaining about 86% of the 

variability of TPH in the studied area. It is plausible to use this model to reliably predict 

TPH with easily measured magnetic properties as compared to expensive and time 

consuming chemical protocols. It is concluded that magnetic measurements are a 

suitable, cheap and rapid method for detailed study of petroleum hydrocarbon pollution 

in the polluted soils around the refinery petroleum compounds. 

 

4. Conclusion 

 

The motivation for the present investigation was the hypothesis that soil magnetic 

susceptibility measurements could be a cost-effective and a quick process for assessing 

localized hydrocarbon pollution in the field. Petroleum hydrocarbon contaminants have 

significantly changed the soil properties. The electrical conductivity and total Fe content 

were increased and pH was lowered in the polluted soils compared to unpolluted ones. 

Magnetic susceptibility at low and high frequencies were enhanced significantly in the 

polluted soils by hydrocarbons mainly due to the bio-degradation of hydrocarbons that 

induced formation of ferrimagnetic minerals such as magnetic or maghemite. The results 

of XRD analysis confirmed the higher presence of these minerals in the polluted soils. 

High positive and significant relationship between magnetic susceptibility and TPH 

confirmed enhancement of magnetic susceptibility with increasing hydrocarbons in the 

soils. The developed MLR model revealed that magnetic measures could be used as a 

costeffective, fast and efficient way for evaluating soil pollution by hydrocarbons in 

petroleum refinery compounds. It is speculated that inclusion of complementary magnetic 
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measures such as natural remanent magnetization and natural isothermal remanent 

magnetization to the MLR model might improve the efficacy of this technique. 
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Table 1. Descriptive statistics of some chemical properties of the soil samples in the unpolluted site. 

 

Variable Depth (cm) Unit Min Max Mean SD Skew Kurt %CV 

EC 0–10 dS m−1 0.30 11 2.4 3.04 2.3 4.4 126 

 10–30  0.20 7.2 1.8 2.23 1.6 1.4 123 

pH 0–10 -Log[H+] 7.0 7.8 7.5 0.30 −0.50 −0.9 4 

 10–30  7.0 7.9 7.4 0.30 0.05 −1.07 4.05 

χlf 0–10 ×10−8 m3 kg−1 22.3 76.3 42.9 17.1 0.4 −1.0 39.8 

 10–30  20.23 51.3 32.9 10.5 0.40 1.3 31.9 

TPH 0–10 kg kg−1 0.2 0.6 0.21 1.9 1.04 −0.07 90.5 

 10–30  0.15 0.3 0.17 1.2 0.6 −1.0 85.7 

FeA 0–10 mg kg−1 6543 12,580 9000 1773 0.7 −0.5 19.7 

 10–30  6875 12,123 9367 1609 0.20 −1.1 17.2 

Fed 0–10 mg kg−1 1072 2445 1700 377 0.6 0.3 22.2 

 10–30  980 2691 1704 455 0.7 0.7 26.7 

CCE 0–10 kg kg−1 13.4 92.3 52.8 26.4 0.06 −1.4 50 

 10–30  12.05 81.2 47.4 22 0.03 −1.1 46.4 

Min: Minimum; Max: Maximum; SD: Standard deviation; Skew: Skewness; Kurt: Kurtosis; CV: Coefficient of variation; EC: Electrical 
conductivity; χlf: Magnetic susceptibility at low frequency; TPH: Total petroleum hydrocarbons; FeA: Aqua regial extractable Fe, Fed: CBD 
extracted Fe; CCE: Calcium carbonate equivalent. 



Table 2. Descriptive statistics of some chemical properties of the soil samples in the polluted site. 

 

Variable Depth (cm) Unit Min Max Mean SD Skew Kurt %CV 

EC 0–10 dS m−1 0.30 11.2 2.7 2.4 1.6 3.2 88.8 

 10–30  0.20 11 2.8 2.8 1.6 1.8 100 

pH 0–10 −Log[H+] 7.0 7.9 7.3 0.27 0.6 0.08 3.7 

 10–30  7.0 7.95 7.30 0.30 0.4 −0.3 4.1 

χlf 0–10 ×10−8 m3 kg−1 18.8 1089 195.4 184.5 3.2 14.2 94.4 

 10–30  40.5 1045 202.4 186.4 2.7 10 92.1 

TPH 0–10 kg kg−1 0.1 35.8 6.9 5.4 4.1 22 78.2 

 10–30  3.1 31.2 7.26 4.8 3.5 16 66.1 

FeA 0–10 mg kg−1 5805 49,110 16,118 8607 1.6 4.3 53.4 

 10–30  6921 48,994 15,340 8872 2.1 5.3 57.8 

Fed 0–10 mg kg−1 770 4230 2301 728 0.6 0.6 31.6 

 10–30  1230 4196 2283 730 1.2 1.8 37.4 

CCE 0–10 kg kg−1 14.5 85 43.3 15.8 0.2 0.7 36.5 

 10–30  12.9 83 46.3 18.8 0.1 −0.7 40.6 

Min: Minimum; Max: Maximum; SD: Standard deviation; Skew: Skewness; Kurt: Kurtosis; CV: Coefficient of variation; EC: Electrical 
conductivity; χlf: Magnetic susceptibility at low frequency; TPH: Total petroleum hydrocarbons; FeA: aqua regial extractable Fe, Fed: CBD 
extracted Fe; CCE: Calcium carbonate equivalent. 



Table 3. Correlation coefficients between soil properties, magnetic measures and total petroleum hydrocarbons content of the 120 soil samples. 

 

Variable   CCE pH EC TPHS Fed FeA 

χlf −0.19⁎ −0.26⁎⁎ −0.33⁎⁎ 0.88⁎⁎ 0.71⁎⁎ 0.83⁎⁎ 

TPHs 0.08 −0.15⁎ 0.33⁎⁎ 1 0.59⁎⁎ 0.63⁎⁎ 

 

χlf: Magnetic susceptibility at low frequency; TPH: Total petroleum hydrocarbons. 
⁎⁎ Significant at 0.01 probability level; * Significant at 0.05% probability level. 

 



 

 

Fig. 1. Location of the study area in the petroleum refinery of Isfahan, Isfahan city, 

central Iran, distribution of sampling points are shown by red points (unpolluted soils) 

and yellow ones (polluted soils). 

 

 



 

Fig. 2. Some illustrations of surface leakage of crude oil around 

the studied oil refinery at Isfahan city, Central Iran. 



 

Fig. 3. Comparisons of the means of the variables of the polluted and unpolluted sites 

and for two depths of 0–10 and 10–30 cm in the study area. A) EC, B) pH, C) Magnetic 

susceptibility at low frequency, Fet, D) FeA, E) Fed; F) clay, silt and sand distribution. 

 



 

Fig. 4. Linear relationships between some studied soil properties and TPH content 

and magnetic susceptibility. a) χlf vs. TPH, b) χlf vs. FeA, c) χlf versus Fed. 



 

 

Fig. 5. X-Ray diffractograms of some studied soils for detecting iron bearing minerals. 

a) unpolluted soil, b) polluted soil. Hm: Hematite, Mt.: Magnetite, Mh: Maghemite, 

Gt:” Goethite. 
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