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Once petroleum hydrocarbons (PHs) are released into the soil, the interaction between PHs and soil media is dependent not only upon the soil properties but also on the characteristics of PHs. In this study, the key factors influencing the interactions between PHs and soil media are discussed. The key factors include: 1) the characteristics of PHs, such as volatility and viscosity; and 2) soil properties, such as porosity, hydraulic properties and water status, and organic matter; and 3) atmospheric circumstances, such as humidity and temperature. These key factors can be measured either ex-situ using conventional laboratory methods, or in situ using portable or handheld instruments. This study overviews the current ex/in situ techniques for measuring the listed key factors for PH contaminated site assessments. It is a tendency to apply in situ methods for PH contaminated site characterisation. Furthermore, handheld/portable Fourier transform infrared spectroscopy (FTIR) instrument provides tremendous opportunities for in-field PH contaminated site assessment. This study also reviewed the non-destructive FTIR spectroscopy analysis coupling with handheld FTIR for in-field PH contaminated site characterisation, including determining the concentration of total PH, dominant PH fractions and soil key properties for PH transport modelling.
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INTRODUCTION
Highly sophisticated and varied mixtures of hydrocarbons form the majority of the components in petroleum products (Irwin et al., 1998; Weisman, 1998). Soil is a porous material and a highly reactive adsorbent. When an oil spill or leak occurs on soil, physical, chemical, and biological processes alter the composition, toxicity, and distribution of petroleum hydrocarbons (PHs) within the soil ecosystem, known as weathering processes (Brassington et al., 2007; Ayoubi et al., 2020; Ayoubi et al., 2021). The sequestration and distribution mechanisms of PHs within soil include adsorption, volatilization, transportation and transformation (Yong et al., 1992). Adsorbed PHs, including volatiles and oil or light non-aqueous phase liquid (LNAPL), undergo natural attenuation processes, including biodegradation by the intrinsic soil microbial community. Mullins and the team developed multicomponent diffusion models based on field data and column studies to simulate both oil and gas charges and degradation in soil, which are simple and provide excellent guidance to diffusion over geologic time (Zuo et al., 2015; Pan et al., 2016). Many studies have focused on the impacts on the soil ecosystem when oil pollution occurs (Uzoije and Agunwamba, 2011; Nudelman et al., 2002; Everett, 1978; Mercer and Cohen, 1990; Williams et al., 2002-2003; Barakat et al., 2001). PH pollution impacts both the chemical and physical properties of soil. Physical impacts include clumping soil particles into plaques, decreasing porosity, enhancing resistance to penetration, and increasing hydrophobicity (Uzoije and Agunwamba, 2011). Chemical impacts include boosting soil organic matter by creating anaerobic conditions that eliminate most aerobic microorganisms and reducing cation exchange capacity (Pan et al., 2016). (Everett, 1978; Nudelman et al., 2002).
The hydraulic and physical characteristics of the soil, as well as its water condition, influence multiphase sequestration and PH distribution in porous soil medium. The capacity of soils to filter, retain or release PHs is fundamental to understanding environmental contamination and remediation. In the 1990s, Mercer and Cohen reviewed the properties, models, characterisation and remediation of LNAPLs in subsurface soils (Mercer and Cohen, 1990). Yong et al. described the principles of the fate and transport of LNAPLs in soil media (Yong et al., 1992). Fine et al. evaluated and highlighted the key implications of soil components on the fate of petroleum products in soils, such as hydrocarbon retention, volatilization, and transport, as influenced by soil physical and chemical characteristics (Fine et al., 1997). More recently, Williams et al. (Williams et al., 2002-2003), investigated the fate and transport of PHs in soil and groundwater at contaminated sites in the U.S. According to Williams et al., once PHs are released into the soil, the interaction between PHs and soil media is dependent not only upon the soil properties but also on the characteristics of PHs (Williams et al., 2002-2003). Barakat et al. (2001), investigated compositional changes of naturally weathered oil residues in an arid terrestrial environment. Several aromatic PH compounds with varied ratios were found to be stable in oil residues throughout a wide range of weathering and hydrocarbon concentrations, according to their findings (Barakat et al., 2001).
Brassington et al. (2007), reviewed the key factors influencing the interactions between PHs and soil media for site characterisation, risk assessment and bioremediation of weathered hydrocarbons.
These key factors, summarized in Figure 1, include: 1) the characteristics of PHs, such as volatility and viscosity; and 2) soil properties, such as porosity, hydraulic properties and water status, and organic matter; and 3) atmospheric circumstances, such as humidity and temperature. These key factors can be measured either ex-situ using conventional laboratory methods, or in situ using portable or handheld instruments. The ex-situ methods are often traditional laboratory-based. Albeit with a large volume of soil samples, labour intensive and time-consuming, the conventional laboratory methods can provide higher accuracies and lower detection limits. On the opposite, in the field, portable instrument methods offer rapid results and better coverage, which could satisfy the requirements of locating hotspots (Rostron et al., 2014). It is a tendency to apply in situ methods for PH contaminated site characterisation. This study reviews the current ex/in situ techniques for measuring the listed key factors for PH contaminated site assessments.
[image: Figure 1]FIGURE 1 | The key factors influencing the interaction between PHs and soil media.
Fourier transform infrared spectroscopy (FTIR) has been widely applied for quantifying the total amount of PH in contaminated soil, and soil property analysis (Czarnecki and Ozaki, 1996a; Kebbekus and Mitra, 1998; Bradley, 2007; Griffiths and De Haseth, 2007) (Soriano-Disla et al., 2014). Thanks to the recent development of handheld FTIR, it is possible to determine PH and soil properties rapidly in the field. In previous studies, handheld FTIR was applied to quantify total PH (TPH) and classify dominated PH fractions for contaminated site assessment (Wang et al., 2019). Furthermore, soil properties were also studied using handheld FTIR to provide inputs for soil contamination transport models for site assessment (Wang et al., 2020). This study also critically reviewed the non-destructive FTIR spectroscopy analysis for in-field PH contaminated site characterisation.
PH CHARACTERISATION
Volatilization and Solubility
Volatilization is dominant in the loss of low molecular weight aliphatics and is the most substantial change in petroleum. Evaporation of PHs will result in the enrichment of high molecular weight, low volatile components in the residual hydrocarbon mixture (Fine et al., 1997). Volatilization is the process by which a compound evaporates in the vapour phase to the atmosphere (Yong et al., 1992). It is an important mechanism responsible for the loss of PHs from the soil to the air. Raoult’s and Henry’s laws can be applied to estimate the rate of Volatilization of a hydrocarbon compound from soil to air. More volatile compounds penetrate more rapidly from porous media than less volatile molecules. Volatilization losses are also dependent on many factors, such as soil properties, chemical properties and environmental conditions (Fine et al., 1997). The primary properties of a chemical controlling it’s volatilization are its vapour pressure and solubility in water. For example, the penetration of PHs increases with vapour pressure (Fine et al., 1997; Irwin et al., 1998). There is less than 5% of PHs will dissolve in water (Fine et al., 1997). Aromatic hydrocarbons, particularly BTEX (benzene, toluene, ethylbenzene, and xylenes), are the most water-soluble fraction of crude oil and other petroleum compounds, and because of their high toxicity and mobility in comparison to other petroleum hydrocarbons, they are frequently the main groundwater contaminant of concern at petroleum release sites (Williams et al., 2002-2003). The interaction of crude oil and reservoir aquifers has been mapped through the BTEX and other alkyl-aromatic compounds (Forsythe et al., 2017; Forsythe et al., 2019). In particular, the loss of alkylbenzenes, alkyl-naphthalenes and alkyl-phenanthrenes have been measured in crude oils as a metric of water washing. A series of related reservoirs have been shown to be water-washed sequentially, mild, moderate and severe based on the extent of water washing. Moreover, the loss of compounds from the crude oils was shown to tightly correlate to their water solubility (Forsythe et al., 2017; Forsythe et al., 2019). It is worth noting that soil adsorption reduces the activity of PHs by affecting vapour density and the subsequent volatilization rate. Further, the vapour density is also inversely related to the soil texture, moisture and organic matter contents in soil (Guenzi and Bear, 1974).
Viscosity and Density
The dispersal of PHs from surface spills is controlled by its density and viscosity. Viscosity can be described as a fluid’s resistance to flow. The higher a fluid’s thickness, the more resistive it is to flow. Increases in the viscosity of LNAPLs are accompanied by an increase in heavy fractions, which reduces the preferential volatilization of light fractions. The hydrocarbon vapour penetrates around two to three times faster than LNAPLs (Fine et al., 1997). Hence, during LNAPL infiltration into fine soils, the intrinsic infiltration rate is decreased with increases in viscosity. The erosion of polluted soils is often accompanied by the transfer of very viscous PHs. The viscosity ratio (oil to water) increases when the temp decreases, changing the fractional flow of water and oil and also the intrinsic soil permeability (Torabzadeh and Handy, 1984). Temperature and thus density are essentially constant in most underground habitats, and some researchers claim that viscosity does not affect relative permeability (Sandberg et al., 1958; Odeh, 1959). It is worth mentioning the heaviest components in PH, asphaltenes, are normally nanocolloidally suspended in crude oil and impart the viscosity. The molecular structure and other properties have been studied and reported (Schuler et al., 2015; Schuler et al., 2017).
The density of a substance is defined as its mass per unit volume, and it is an important component determining the vertical infiltration of fluids in soil by gravity (Torabzadeh and Handy, 1984). The density of LNAPLs is also vital for controlling the mobility, or the rate at which LNAPLs are transported in soil (Keller and Simmons, 2005). Density is affected by several factors, the most important of which is temperature. Knowing the density of petroleum spilt at a place is critical since it is used to estimate the volume of petroleum leaked. The density of LNAPLs can be presented as American Petroleum Institute (API) gravity, which is an inverse measure of the density relative to water, using a hydrometer, which is a sealed hollow glass tube with a larger bottom that is used to measure liquid densities using buoyancy.
Equivalent Carbon Numbers (Cn)
To represent PH fractions, equivalent carbon numbers (Cn) are used, with Cn values based on a variety of physical-chemical properties and simple partitioning models (otal Petroleum Hyd, 1005). In general, small linear PHs is in the gas phase while medium-sized linear PHs is LNAPL. The chains under C7, known as naphthas, are relatively light and quickly vaporised, and are commonly used as dry-cleaning solvents. For petrol, which is more volatile than water, the chains from C7 to C11 are commonly mixed and employed. Kerosene is next, from C12 to C15, followed by diesel and other heavier fuel oils, from C12 to C30. Branched PHs of intermediate size tend to be waxed with low melting points (Bray et al., 2020). Carbon chains in lubricating oils, such as engine and motor oils, ranging from C25 to C40. Long PHs (>C50) tend to be a solid phase, such as tars. Chemical structure, carbon number, and structure-activity connections are used to determine PH fractions (Interim Final Petroleum R, 1994). Heavier fractions of PHs are those with a greater Cn, or carbon chains that are longer. Higher viscosity, density, boiling temperatures, and longer residence durations in soil characterise the heavier PH fractions (Interim Final Petroleum R, 1994). Linear compounds up to C30, for example, may dissipate within a month. By contrast, those with up to C37 need at least 200 days. Indeed, the entire fraction can persist for 4 years or longer (Gudin, 1978). The properties of the alkanes with different Cn, can be found at the open chemistry database, PubChem (Sadler et al., 2003). The relationships between the Cn and their densities, boiling points and melting points, are collected from the database and summarized in Figure 2. At the range of 5–45 of Cn, all the values of these properties were increased logarithmically following the increase of the Cn. However, based on Figure 2A, the values of density were slightly increased when the carbon chain length was longer than 25 of Cn. While the boiling points are increased linearly after the alkane contains more than twenty carbons in the chain (Figure 2B). According to Uzoije et al. (Uzoije and Agunwamba, 2011), crude oil samples with heavier molecular weights or high carbon numbers provide higher impacts on the soil bulk density, percentage of organic matter and porosity. Cn can be determined by their boiling points using gas chromatography. Because crude oil and petroleum products have complicated chemical compositions with a lot of variation between them, it's impossible to isolate unique chemical “fingerprints” for each oil to determine where the weathered oil pollution originated (Wang and Fingas, 1995).
[image: Figure 2]FIGURE 2 | (A) The relationships between the Cn and their density. (B) The relationships between the Cn and their boiling point. (C) The relationships between the Cn and their melting point.
PH Measurement
Ex Situ Measurement
It’s critical to understand the viscosity and density of petroleum at a spill site, as this information is often needed to estimate the amount of petroleum spilt. The oil’s kinematic viscosity can be measured using capillary tube viscometers. The oil sample is placed in a capillary glass tube and allowed to flow through the tube under gravity in this method. More viscous grades of oil take a longer flowing time. However, The viscosity of an oil is nonsensical unless the temperature at which it was measured is specified. The viscosity is usually measured at one of two temperatures: 40 or 100°C. The viscosity of most industrial oils is commonly measured at 40°C. Similarly, most engine oils are routinely measured at 100°C. The density of LNAPLs can be present as API gravity, which is an inverse measure of the density relative to water. A hydrometer can be used to measure API gravity.
To measure PH components in contaminated soil, they need to be extracted from soils before standardized soil extraction procedures. Methanol extraction is recommended for volatile substances including BTEX and gasoline, according to EPA method 5035, alternatively, direct headspace analysis can be used. Soxhlet, sonication, and supercritical fluid extractions are routinely used for semi-volatile substances (Weisman, 1998). To reach low detection limits, sample concentration methods, such as Snyder trapping column or nitrogen evaporation are adopted. There are several approaches for PH determinations including total PH (TPH), PH group type and individual PH component measurements (Weisman, 1998). Gas chromatography (GC) and infrared spectrometry (IR) are the two common analytical techniques employed for TPH determinations. High-performance liquid chromatography and GC are commonly used for PH group type analysis. GC with mass spectrometry (GC/MS) is commonly used for individual PH component measurements. It’s worth mentioning that non-petroleum substances detected by GC-based technologies may cause TPH concentrations to be overestimated. For example, chlorinated compounds in gasoline samples may be detected by GC-based methods and reported as TPH.
In Situ Measurement
Today, on-site real-time assessment of industrial chemicals with relatively rapid qualitative analysis using portable GC/MS, has been demonstrated in a number of literature (Meuzelaar et al., 2000; Leary et al., 2016; Visotin and Lennard, 2016). For example, the US military used a “HAPSITE Smart GC-MS system” to detect toxic gases (Leary et al., 2016). However, on-site measurement with a field-friendly method providing near laboratory quality data for rapid quantitative, conclusive and defensible sampling of airborne chemicals has remained challenging. A field-portable Torion-T9 GC-MS, which provides analytical information that is definitive for many types of samples containing the organic analyte(s) using solid-phase microextraction (SPME) and Needle Trap as the default sampling method. As demonstrated in our previous study (Wang et al., 2021a; Wang et al., 2021b), Torion-T9 portable GC-MS can provide results within minutes and is suitable for on-site analysis.
The handheld IR technique can be applied for analysing PHs sequestrated in soil, where the PHs can be identified based on the information of spectral peaks (Wang et al., 2020). The IR methodology takes significantly less time and costs to analyse than GC and HPLC-based technologies. However, it is difficult to interpret the raw IR spectral data as obtained and classify these petroleum products based on carbon chain lengths by mere observation. The interferences are represented by a sequence of more or less overlapping bands in the spectrum line form (band). These bands represent absorbed or scattered individual molecules (Czarnecki and Ozaki, 1996b; Kebbekus and Mitra, 1998; Bradley, 2007; Griffiths and De Haseth, 2007). When analysing a material with an unknown mixture of PHs, extracting information and identifying components from overlapping IR spectra is a critical problem. Separating heavily overlapping bands, according to Czarnecki and Ozaki, takes both an experienced researcher and some knowledge of the system under study (Czarnecki and Ozaki, 1996b). Therefore, IR analyses are commonly used for such chemical structure studies. Limited researches have been done on using these spectrum approaches to determine the PH fractions.
According to our previous study of using an handheld FTIR with diffuse reflectance infrared spectroscopy (DRIFTS) mode to classify dominant PH fractions, the similarity of the MIR peaks in the functional/group frequency region from 3,000–2,800 cm−1, indicates the major compounds in the petroleum products have identical molecular structures, which is the carbon-hydrogen bonding for long-chain alkanes due to–C-H stretching vibrations (Wang et al., 2019). Two bands coherent to the doublet were discovered at locations 2,954 and 2,872 cm−1, which can be used to determine the proportion of carbon chains (Wang et al., 2019). Another two doublets were found between 1,480 and 1,450 cm−1, as well as between 750 and 730 cm−1. Following the increase in Cn (Griffiths and De Haseth, 2007), the intensity of one coherent band was detected to increase in each of these regions. The cohesive bands intensity ratio can be used to determine the Cn (Wang et al., 2019).
It is worth noticing that there are two types of sampling modes for using the FTIR, DRIFTS and attenuated total reflections (ATR). According to recent studies (Koçak et al., 2021; Volkov et al., 2021), both techniques can be applied in soil analysis, but DRIFTS is more sensitive in soil applications. DRIFTS entails minimal sample preparation, i.e., drying and grinding, which is suitable for soil sample direct measurement. On the other hand, ATR can be applied as a complement to DRIFTS for soil minerals, organic matters with dark colour and in the presence of water.
Non-invasive geophysical subsurface imaging techniques including electromagnetic (EM) induction, ground-penetrating radar (GPR), nuclear Magnetic Resonance (NMR), Electrical Resistivity Tomography (ERT) and Induced Polarisation (IP) have been applied for PH, especially LNAPLs contaminated site characterisation, to detect and delineate PH contaminants in soil subsurface.
The principle of EM induction for subsurface PH detection is used to measure the electrical conductivity/resistivities in the subsurface (Johansen et al., 2005; Behroozmand et al., 2015; Ayoubi et al., 2020; Ayoubi et al., 2021). A sending coil generates a primary magnetic field in the space surrounding it—even underground—by passing through it a primary alternating electric current of known frequency and magnitude. The eddy currents generated in the ground cause a secondary current to flow via underground conductors, resulting in an alternating secondary magnetic field that is detected by the receiving coil. A phase lag distinguishes the second field from the primary field. The ratio of the magnitudes of the primary and secondary currents is proportional to the terrain conductivity. The depth of penetration is determined by coil separation and orientation. Unlike conventional resistivity techniques, no ground contact is required. This eliminates direct electrical coupling problems and allows much more rapid data acquisition.
NMR has already been validated by more than 50 years of development and innovation by the petroleum exploration industry. This technique has widely used in lithology to see fluids (such as LNAPLs) and gas distribution in porous media (Behroozmand et al., 2015). The very recent development of small‐diameter, economical, and portable NMR tools (Spurlin et al., 2019) now permits the non-invasive use of this technology within existing polyvinyl chloride (PVC)‐cased well infrastructure or open holes, which provides repeatability for long‐term monitoring with low costs, as well as a direct‐push approach that enables reconnaissance PH contaminated site characterisation. The physical principle of NMR logging is the same principle underlying magnetic resonance imaging technology used in medicine and NMR spectroscopy in chemistry, by emitting a series of radio-frequency pulses and recording the returning signal, referred to as “spin echoes” and the NMR tool measures the NMR response in the sensitive zone. The characteristics of the measured NMR signal reflect the quantity of hydrogen protons, where the total amplitude of the signal is directly proportional to the total amount of groundwater or PHs. NMR has been effectively applied to geology applications for soil water content and permeability characterisation (Spurlin et al., 2019). There is little difference in the detection of petroleum hydrocarbon fluids and water. However, the environmental application of NMR is still in its early stage.
GPR detects reflected signals from subsurface structures by using electromagnetic radiation at UHF/VHF frequencies in the radio spectrum (Jol, 2009) (Knight, 2001). When the electromagnetic energy emitted from GPR, encounters a buried object with different permittivity, it may be reflected or refracted or scattered back to the surface. A receiving antenna can then record the variations in the return signal (Jol, 2009). The disparity in dielectric characteristics between the contaminated region and the pristine region is the basis for employing GPR to image a contaminant (Knight, 2001). GPR has become a valuable method utilised by a variety of scientists, engineers and consultants from many disciplines. For PH contaminated site applications, GPR can be applied for locating and predicting the fate and transport of contaminants in the subsurface soil and shallow groundwater, for contamination site assessment (Daniels et al., 1995; Babcock and Bradford, 2014). The presence of a layer of LNAPL on top of the water table reduces the capillary fringe and results in steady reflected radar signal amplitudes (Singer, 2007). The water in the pore space is replaced by LNAPL, which lowers the conductivity and dielectric characteristic of porous soil, increasing the radar propagation velocity (Jol, 2009). Nevertheless, for mixed contamination, the presence of inorganic contaminants in the subsurface typically increases electrical conductivity through their dissolution into the groundwater. A further drawback, using GPR to characterise contaminated sites will depend on the specific nature. For example, GPR is highly suited to most applications in dry sands, where penetration depth can exceed 50 m with low-frequency antennas. However, in wet clays, penetration depths are typically less than 1 m.
For delineation of a PH contaminated site, subsurface imaging method ERT and IP are also applied (Aranda et al., 2012). ERT and IP are well-established methods in the area of hydro-geophysics. Both of the techniques apply to explore electrical properties (resistivity and capacity) of the subsurface using the same four-electrode measurement approach. The devices introduce a known current flow to two electrodes and record the potential and capacity values from another set of electrodes at a set distance away, hence the electrical resistivity and IP can be calculated accordingly using inversion algorithms, such as Res2Dinv. The difference is ERT uses the injected current values and the receiving voltages to calculate the Earth resistivity, while the time-domain IP methods measure considers the resulting voltage following a change in the injected current. Soil and contaminant properties and state variables are linked to electrical resistivity and capacity, which makes the techniques valuable to study contaminant spatial distribution. ERT can be used to relate soil hydrocarbon contaminant characteristics (Aranda et al., 2012). When only surface electrodes are used, ERT&IP suffer from a decrease of sensitivity and resolution with increasing depth. A way to overcome the resolution problem is to include borehole electrodes to measure either between two (or more) boreholes and surface (Ochs and Klitzsch, 2020). However, the combination of surface and borehole ERT and IP techniques have little been studied in locating contaminants in environmental applications.
SOIL PROPERTIES
Soil solids can retain PHs by trapping in soil capillaries and pores or adsorption on particle surfaces (Fine et al., 1997). Mineral particles account for around 50% of the volume of soil, followed by 25% water, 20% air, and 5% organic matter (Wild, 1993). The processes occurring within soil that are instrumental in controlling PHs distribution include entrapment, adsorption, volatilization and transport. Figure 3 shows a schematic of the weathering processes of PHs in soil. Less volatile components will permeate through soil pores in the form of LNAPL, being trapped in pores or adsorbed on mineral and organic matter surfaces. While the highly volatile fraction will rapidly volatilize into the gas phase in soil pores. Entrapment by soil and sorption decrease LNAPL volatilization, water dissolution and degradation rates (Greene-Kelly, 1954a; Greene-Kelly, 1954b; German and Harding, 1969; Olejnik et al., 1974; Nathwani and Philips, 1997). The degree of hydrocarbon entrapment and sorption is controlled by physical and chemical features of the soil solid phases, such as water content, texture, and organic matter concentration.
[image: Figure 3]FIGURE 3 | The schematic of the weathering processing of PHs in soil.
Soil Textural Information
Particles of variable size, shape, and chemical content represent the mineral elements of soils. A typical soil has about 50% porosity, however, the pores are normally filled with air or water depending on the moisture level. The entrapment of LNAPLs is strongly influenced by soil texture (Singer, 2007). The smaller soil particles have small porosity and permeability, with higher hydrocarbon adsorption and holding capacity. According to (Nye et al., 1994), clayey soils have very small pore spaces and have the highest hydrocarbon adsorption and holding capacity. It was found that the total sorption capacity of clayey soil for PHs was markedly greater than the of sandy soil. Silty soils have higher hydrocarbon adsorption and holding capacity than sandy soils but are highly erosive. Moreover, the porosity is also affected by polydispersity of soil practical size and shape (Schulze et al., 2015). Soil tortuosity and hysteresis phenomena result from pore shape irregularity, size and distribution, known as pore throat-size distribution (Rezanezhad et al., 2009; Ghanbarian et al., 2017). Soil hysteresis has been demonstrated to impact natural LNAPL depletion or mass migration within the LNAPL body by recent studies (Sookhak Lari et al., 2016).
In/Ex-Situ Measurement
Sufficient textural information should be obtained to permit the classification of soils. Particle Size Analysis is a reliable, reproducible technique widely applied in the laboratory (Bowman and Hutka, 2002). There are two major soil particle size analysis methods, hydrometer and pipette methods (Bowman and Hutka, 2002). The hydrometer method consists in using a hydrometer to measure the density of water suspension of soil at time intervals based on Stoke’s law. The pipette method consists in using a pipette to take a known volume of a water suspension of a soil sample from the desired depth after a specific stirring time. This is accomplished by allowing different-sized soil particles to settle out of the solution at different periods (small clay particles take the longest). The portion of sand, silt and clay are determined based on the sample weight after drying. For both of the methods, soil pre-treatment can be required to remove organic materials and salts to increase soil dispersion. Based on the relative proportions of sand, silt and clay as a percentage, the soil texture triangle is used to convert particle size distribution into a recognised texture class (Bowman and Hutka, 2002). For field measurement, the clay percentage of soil can be approximated using a sieve and hands. According to (McDonald et al., 1998), Firstly, a sample of soil can be sieved by a 2 mm diameter sieve. Wet the soil with some water, knead it into a bolus, and then extrude a 2 mm thick, 1 cm wide ribbon. The length of the formed ribbon can provide estimated information on soil texture.
Porosity is defined as the proportion of pore volume to total volume (bulk volume) (Saidian et al., 2014). Saidian et al., comprehensively studied the measurement methods for soil porosity, including gas porosimetry, saturation methods and NMR (Saidian et al., 2014). Gas porosimetry relies on the expansion of gas, i.e., helium, and measure the effective porosity of the media. This method is still controversial. The arguments include gas can penetrate pores that are much smaller than the viscous fluid can; on the other hand, surface tension with gas-liquids is much higher than liquids-liquids to gas entry through water-filled pore throats can be less than oil entry (Danesh). Saturation methods measure the effective porosity of the media depending on the saturation with a certain fluid. With suitable calibrations, portable NMR determines the concentration of hydrogen nuclei of soil in the field, which directly translates to pore volume and, as a result, porosity (Saidian et al., 2014).
Pore diameters are dispersed over a wide range of values in the vast majority of porous media. There is also a probability density function that describes the pore volume distribution for given pore size. The interstitial surface area of the spaces and pores per unit mass or unit bulk volume of the porous material is defined as the specific surface of the porous material. In several porous media applications, the specific surface area plays a significant role. Pore size distribution can be measured using the subcritical nitrogen adsorption technique (Saidian et al., 2014). Isotherms are used to measure pressure and temperature while nitrogen gas is being injected into the sample.
Infrared Spectroscopy
Instead of applying the conventional lab-based soil column measurement methods, handheld infrared spectroscopy can be employed to provide such information rapid in the field (Wang et al., 2020). For soil chemical properties, The most prevalent component of sand is quartz, which can be used to assess sand concentration in soils. Kaolinite is a prominent natural clay substance found in abundance in Australian soils, particularly in warm and humid climates. Smectite and illite are the other two common natural materials. Quantitative prediction of quartz and kaolinite (or other clay materials) can approximate sand and clay, and can thus act as a proxy for soil texture.
Our previous study provides more details about soil texture determination using the handheld FTIR with DRIFTS mode (Wang et al., 2020). Quartz could be calibrated at 1,080 cm−1, which relates to the Si-O stretching vibration (Soriano-Disla et al., 2014). As suggested by (Ayoubi et al., 2020), Si-O bending vibration at 796 cm−1 can also be considered as a quantitative peak. The Si-O stretching peak is observed at 1,080 cm−1, from quartz overlapped with other unknown peaks. Band composition was be applied to separate these two bands for quantification purposes. For clay, kaolinite, previous research suggested the calibration can utilize the strong O-H stretching vibration presenting as the doublets at 3,690–3,620 cm−1. Smectite and illite can be determined at 3,400–3,300 cm−1 (Soriano-Disla et al., 2014).
Soil Permeability
Permeability is an important measure for soil drainage, which can influence fluids infiltration, storage, surface run-off and groundwater recharge (Azadmard et al., 2020). It is also known as hydraulic conductivity, which measures the rate of transmission of fluids and gas in soil (Odeh, 1959) (Gardner, 1956). Permeability is a complex feature of soils, varying with the location, soil porosity, depth, soil water content (SWC) and direction of flow. Horizontal permeability is often higher than vertical permeability because of soil layers (horizons). Soils with low permeability, such as heavy clay-rich soil, have up to two times the retention capacity of soils with high permeability, such as light sandy soils (Fine et al., 1997). SWC and permeability have an inverse relationship in unsaturated soils, as permeability fluctuates with soil moisture content (Odeh, 1959).
Soil permeability can be calculated using Darcy’s law, as a simple proportional relationship between the instantaneous discharge rate through a porous medium, the viscosity of the fluid and the pressure drop over a given distance at a constant elevation. Effective porosity may be reduced by the presence of hydrocarbon films on soil surfaces, especially with the swelling of clay materials (Fine et al., 1997). The calculation can only provide approximate results because the velocity of fluid flow through a pore is proportional to the fourth power of its diameter (Poiseuille’s law), even a slight change in the effective diameter of the pores can have a big impact on permeability. For ex-situ measurement, single/double infiltration ring methods can be applied for measuring the permeability based on the soil texture. For in situ measurements, soil permeability can be measured using a permeameter, which is a tube-like instrument is inserted into soil to measure the rate at water flows into the underlying soil.
Soil Water Content (SWC)
The transport in soil describes and predicts the directional movement and the flow rate of the reservoir fluids. When oil is spilt on soil its transport includes infiltration and imbibition. Infiltration represents the consequence of the vertical movements influent by gravity and evaporation, and imbibition represents the influence of soil capillary suction or fluid absorption by adhesive force, which can occur horizontally without the influence of gravity (Keller and Simmons, 2005). Changes in the SWC can inversely change the soil adsorptive capacity for PHs – Water retained in small soil capillaries reduces the effective soil porosity and hinders LNAPL transport through the soil in imbibition (Fine et al., 1997). This is because the water in both the vapour and liquid phase competes for sorption sites with PHs in surface soil capillaries. According to Fine et al., at soil moisture equivalent to 70% of field capacity, the adsorption of hydrocarbons can be negligible (Fine et al., 1997). Another study demonstrated that clay’s sorption capacity can be doubled by using oven-dry rather than air-dry (Nye et al., 1994). Many studies have shown that increasing SWC reduces soil adsorptive capacity and enhances the PH into infiltrating (Acher et al., 1989; Yaron, 1989; Jarsjö et al., 1994) (van Darn, 1967).
Ex Situ Measurement
SWC can be measured gravimetrically as a fraction of the total soil weight. However, this method is destructive and time-consuming and is impractical for measuring SWC in the field. In moist soils, the evaporation of light carbon fractions of PHs from soil is maintained by the soil water (Yong et al., 1992). In the absence of other force fields, the soil diffusivity is presented by the ratio of the hydraulic conductivity and the differential water capacity or the flux of water per unit gradient of moisture content (Hayes et al., 2007). The pressure plate outflow method, which is based on volumetric outflow measurements of water over time from a soil sample subjected to variations in matric suction, is the most widely used laboratory method for assessing soil water diffusivity in unsaturated soils (Gardner, 1956).
In geotechnical engineering, Atterberg limits are frequently used to identify, describe, and classify soils, as well as to make early assessments of the critical water contents (Nazir, 2011; Zolfaghari et al., 2015a; Zolfaghari et al., 2015b) (Das, 2006). For example, soil Atterberg limits were applied to indicate soil properties and land use in Western Iran (Zolfaghari et al., 2015a; Zolfaghari et al., 2015b). Atterberg limits or consistency limits are characterised by shrinkage, plastic and liquid limits (Nazir, 2011). The liquid limit represents the minimum water content at which soil particles flow under their weight. The plastic limit is the minimum water content at which soil is moulded without breaking. The water content at which further moisture loss will not result in any further volume reduction is known as the shrinkage limit. These limits control the consistency of the soils as wetting conditions change. These tests are most commonly employed on clayey or silty soils, which expand and shrink as a result of moisture content. Clays and silts change size and shear strength as a result of their reactions with water (Das, 2006).
In Situ Measurement
In the field, SWC can be determined by measuring a related variable that is affected by the amount of soil water through calibration curves (Bittelli, 2011). Dielectric sensors, for example, take advantage of changes in soil dielectric characteristics as a function of SWC. Heat dissipation and flux sensors measure soil’s thermal properties and heat capacity variations (Hanks and Ashcroft, 1980). The neutron scattering approach relies on high-energy neutrons colliding with other atoms, particularly hydrogen in the water molecule, to lose energy (Bittelli, 2011). Alternatively, the hydraulic soil status can be estimated by using a GPR, and the working theory has been mentioned (Hubbard et al., 1997).
Using infrared spectroscopy, SWC can be measured using the oxygen-hydrogen stretching bonding, a broad peak centred at around 3,400 cm−1. By increasing the water content, the intensity of the characteristic water peak was enhanced while the peaks from the sand were impaired. The loss in spectral quality in the sand is due to significant surface reflection from water film (Soriano-Disla et al., 2014). Since kaolinite can be determined using the IR region similar to water, water content needs to be minimized especially for measuring clay soils. When FTIR with DRIFT mode, the presence of water in the field can have a negative impact on the IR spectra. Hence, ATR mode should be applied to the FTIR for measuring a soil sample with significant SWC. To calculate the water content, the water characteristic peak is broad and robust. The absorbance area or intensity of the peak can be applied directly for calibration.
Soil Organic Matter (SOM)
The SOM consists of plant and animal wastes in various stages of decomposition, soil microbes and chemicals synthesised by them (Falahatkar et al., 2014; Havaee et al., 2014). The most abundant components of SOM are humic substances, which include humic acids, fulvic acids and humins. Other components primarily consist of polysaccharides, polypeptides, and altered lignin (Hayes et al., 2007). A study conducted by Benka-Cooker and Ekundayo indicates that SOM dominates LNAPL absorption when it is present at greater than 1% (Benka-Cooker and Ekundayo, 1995). Soils with a higher organic matter content adsorbed more PHs (Benka-Cooker and Ekundayo, 1995; Uzoije and Agunwamba, 2011). At low SOM, the adsorptive capacity of clays and other mineral matter may become vital, especially when they are dry (Benka-Cooker and Ekundayo, 1995). In contrast to LNAPL, in the case of vapour absorption, free mineral surfaces rather than organic matter seize control (Karickhoff, 1981). On the other hand, the presence of dissolved organic matter can also reduce the soil adsorption capacity due to competitive adsorption on mineral surfaces (Yong et al., 1992).
It is useful to express the partitioning of organic substances in soil by the soil organic carbon-water partitioning coefficient (Koc). Koc is the ratio of the mass of a chemical that is absorbed in the soil per unit mass of organic carbon over the equilibrium chemical concentration in solution. The mobility of organic soil pollutants can be predicted using Koc values. Large Koc values represent slowly mobile organic chemicals and low Koc values represent high mobile organic chemicals. For example, BTEX compounds have a lower Koc than most of the common aromatic hydrocarbons. Benzene (Koc of 59) is considered to be highly mobile in soil, toluene (Koc of 182) is considered to be moderate to highly mobile in soil, and xylenes (Koc of 363–407) are considered to be moderately mobile in soil (National primary drinking, 1995). Because of their low volatility, the majority of PAHs are categorised as semi-volatile organic compounds. PAHs are difficult to dissolve in water in general. Because of their low solubilities and high Koc, they are more likely to partition into sediments and soils than groundwater. As a result, the transport of PAHs from soils tends to be associated primarily with the transportation of the solid phase by the erosion of contaminated soils and sediments. As adsorption is an exothermic process, the Koc values usually decrease inversely with temperature (Yong et al., 1992). A 10% decrease in Koc would be expected for temperature rises from 20 to 30°C, and an18% increase would be expected for a temperature drop from 20 to 5°C (Yong et al., 1992).
Laboratory Measurement
SOM is mostly made up of soil organic carbon (SOC), which accounts for roughly 58 percent of the total mass, with the rest made up of water and other elements, such as potassium, calcium, magnesium, nitrogen, phosphorous and sulphur contained in organic residues (Combs and Nathan, 1998). Because SOM is often difficult to measure directly in laboratories, scientists prefer to measure SOC instead, and then multiply SOC by 1.72 to get SOM (Hoyle, 2013). SOC is most commonly analysed using either the Walkley-Black digestion method or the weight loss on ignition (LOI) method (Hayes et al., 2007). The Walkley-Black method uses chromic acid to measure the oxidisable organic carbon in soil samples. Oxidisable organic carbon is oxidised by 1 N K2Cr2O7 solution. The reaction is assisted by the heat generated when two volumes of H2SO4 are mixed with one volume of the dichromate. Ferrous sulphate is used to titrate the residual dichromate. The amount of organic carbon in the soil sample has an inverse relationship with the titre. The weight LOI method is based upon measuring the weight loss at different temperatures from 300 to 550°C for 2 h, then correlated to oxidisable organic carbon to determine SOM (Abella, 2007; Yerokun et al., 2007). According to the study of the comparison of determining SOM using the Walkley-Black method and the LOI procedure at 300, 360, 400, 500 and 550°C, a temperature of around 360°C was found to be optimal because it burned the most organic carbon, damaged the least inorganic carbon, caused the least clay structural water loss, and utilised the least amount of electrical energy (Salehi et al., 2011). An instrument known as a LECO carbon analyser or LECO method can be applied to measure SOC by combusting the organic carbon and measuring the resulting carbon dioxide produced (Gazulla et al., 2012). Before analysis, soil samples need to be acid-treated to remove inorganic carbon, i.e. carbonates from rocks. The amount of organic carbon is directly proportional to the amount of carbon dioxide produced. The Walkley-Black method has higher accuracy for measuring low SOM soils (<2%), while the weight-loss method is more suitable for measuring soil with greater than 6% SOM (Hayes et al., 2007).
Infrared Spectroscopy
According to (Soriano-Disla et al., 2014; Asgari et al., 2020), for organic matter, alkyl groups are monitored using mid-IR at 2,930–2,850 cm−1, protein amide at 1,670–1,530 cm−1, 1720 cm−1 for carboxylic acid, and 1,600–1,570 cm−1 for aromatic groups. Humic acid is a dark colour chemical, and the IR spectra at high levels of humic acid produced a low signal to noise ratio. When using FTIR with DRIFTS mode, the dark colour of humic acid substances may absorb more IR energy and cause less signal reflected in the IR signal receiver. Hence, ATR mode should be applied to the FTIR for SOM measurement. Since humic acid is not a single compound, all the peaks which indicated different functional groups should be used for calibration. According to (Irwin et al., 1998), numerous quartz peaks below 2000 cm−1 almost overlap entirely with the soil organic matter, which is composed mainly of humic acid. According to our previous study (Wang et al., 2020), it is noted that there are minor peaks resembling noise at roughly 3,500 cm−1 and 1720–1,630 cm−1, which can be considered as humic acid compounds. When humic acid content was greater than 10%, small peaks at about 2,930 cm−1 were found, which can be used for humic acid calibration in pristine soil. However, this area can only represent one humic acid functional group. Moreover, soil Vis/Near IR spectroscopy at the region between 350 and 1,150 nm wavelength can also provide significant characterising signals for SOM determination (Asgari et al., 2020).
Soil Microbiological Characterisation
Indigenous soil microbes represent approximately 5% of the total organic matter but play important roles in degrading PHs (Head et al., 2003). The natural bacteria or fungi transform, decrease or eliminate PHs by degrading or transforming more complex petroleum components into relatively simple components that pose less risk in the environment. This is referred to as biodegradation (Head et al., 2003). Biodegradation is an important natural attenuation process in soil and a primary weathering process for petroleum. Most soils and sediments contain bacteria and other organisms capable to degrade PHs (Potter and Simmons, 1998). In unpolluted environments, hydrocarbon-degrading bacteria can be found in small numbers, however, once they adapt to energy-rich PHs, they can attain great densities (Head et al., 2003). Biodegradation rates fluctuate depending on microbial densities and hydrocarbons, as well as the geochemical and hydrological conditions present in the subsurface soil (Potter and Simmons, 1998). Zones with different biodegradation rates can be identified using geochemical and microbiological data. In optimal environmental conditions, biodegradation rates of low to intermediate molecular weight aliphatic, alicyclic, and aromatic hydrocarbons can be accelerated. As the molecular weight of the hydrocarbon grows, so does its resistance to biodegradation (Wiedemeier et al., 1995). Peters and Moldowan developed a pH biodegradation classification scheme, known as PM scale, to rank the level of biodegradation of PHs from one to ten (Peters and Moldowan, 1993). The PM scale has been widely applied for light and conventional oils. There are other scales developed for a more comprehensive list of compounds and heavy oils (Wenger et al., 2002; Larter et al., 2012). According to Head (Head et al., 2003), more than 70% of PAH and 80% of benzo [a]pyrene in petroleum were partitioned to the residual LNAPL. Weathered PHs have low bioavailability, are resistant to environmental degradation and exist in the soil for a long time (Guerin, 2000).
Optimising the environmental conditions by bio-stimulation and bio-augmentation, including temperature, PH, moisture, permeability and oxygen level are vital for the degradation of weathered PHs. There are ample microbial processes and growth models have been developed to simulate the biodegration for optimisation. Sookhak Lari et al. have reviewed the models expecially for natural source zone depletion (NSZD) of LNAPL (Sookhak Lari et al., 2019). Garg et al. overviewed the control factors of processing LNAPL in NSZD (Garg et al., 2017). In the common pratice, Mesophilic temperatures, between 20 and 45°C, soil pH range of 5.0–9.0 and SWC between 50–80% by weight of the water-holding capacity are used for bioremediation (Brassington et al., 2007; Frysinger et al., 2003; E (2000). Contamina, 2000). In addition, the saturated permeability (Ksat) for soil should be greater than 10−3 cm/s, to maintain the aerobic metabolism condition with essential oxygen in soil water (Head et al., 2003). However, the soil can become anaerobic if oxygen is consumed faster than it can be replenished from the atmosphere. Biodegradation can also be conducted in anaerobic conditions albeit with a reduction of degradation rate and synthesis of unpleasant odorous compounds, such as hydrogen sulphide and methane (Head et al., 2003). Soil nutrients, such as phosphorus and nitrogen, are also critical for microorganism and bacteria. Therefore, optimising the environmental conditions is an essential factor for the stimulation and augmentation of biodegradation. Computer simulations are commonly used for understanding the basic processes and the rate-determining factors for biodegradation in different environmental conditions. For example, Gogoi et al., conducted laboratory and field pilot bioremediation studies on PH contaminated sites in India based on computer simulation methods (Gogoi et al., 2003).
Ex Situ Measurement
There are two commonly used microbiological characterisation methods, enumeration studies and soil respirometry. Microbial enumeration is a qualitative measurement that employs plate counts to determine relative numbers of total microbial hydrocarbon degraders (Head et al., 2003). Soil respirometry measures oxygen depletion and carbon dioxide production in soil and provide an indirect measurement of biological activities (Head et al., 2003). The existence of catabolic genes and enzymes play essential biochemical roles to enable the soil endemic microbes to consume the PHs for carbon and energy by decomposition (Srinivasulu and Rangaswamy, 2006). Hence, soil enzymatic activities and microbial biomass carbon (Cmic) are two crucial biological activities that regulate PH attenuation (Alrumman et al., 2015). Well-known enzymes include amylase, arylsulphatases, b-glucosidase, cellulose, chitinase, dehydrogenase, phosphatase, protease, and urease (Das and Varma, 2011). To measure soil enzyme activities, different methodological approaches have been critically and thoroughly examined to distinguish among the various categories of soil enzymes (Nannipieri et al., 2002).
One of the popular techniques is to measure microbial growth and enzyme activity against Cmic throughout incubation with carbon and nitrogen treated soil samples (Srinivasulu and Rangaswamy, 2006). Another popular method is to measure both intracellular and extracellular enzyme activities due to the lysis of microbial cells after CHCl3 fumigation or ultrasonic treatment (Srinivasulu and Rangaswamy, 2006). The most common procedure to determine Cmic, is the chloroform fumigation-extraction approach. According to (Setia et al., 2012), in this method, soils are exposed to chloroform vapour for more than 24 h to lyse the microbial cells. With extraction using 0.5 M K2SO4, the difference between fumigated and non-fumigated carbon is related to Cmic with calibration curves.
In situ Measurement
Gas Flux Measurement
Emerging research has recently improved the gaseous expression of PH degradation (Amos et al., 2005; Davis et al., 2005; Johnson et al., 2006; Sihota et al., 2011; McCoy et al., 2014). Soil microbes, methanogenesis comsume PHs and produce methane (CH4) in an anaerobic condition, then the methane is oxidised by soil oxygen to CO2 (CARE, 2018). LNAPL degradation rates in soil subsurface can be determined indirectly using gas flux measurement devices in the field (CARE, 2018). There should be are three soil gas flux methods: gradient method with monitoring sensors (O2, CO2, CH4 and VOC); passive flux trap (PFT) method with caustic CO2 sorbents in a static chamber; and dynamic closed chamber (DCC) with a field gas analyser connected to a ground-mounted chamber. According to CRC CARE technical report 2018 (CARE, 2018), gradient method is suitable for short and long term measurement for NSZD. While the pre-concentrated methods, PFT and DCC are more sensitive and can be applied at sites where CO2 is migrating via diffusion and advection.
Infrared Spectroscopy
Recent research found clay/bacteria interactions can be observed at the range of 1,400–1800 cm−1 wavelength, where Ca-MMT/P. syringae biomass activities can be observed (Fung-Khee, 2020). IR spectroscopy can only provide indications for functioning groups and is not able to distinguish the living and dead organic matter in soil. To determine soil biological activities, instead of locating the characterise IR peaks, an alternative method is to build a calibration model with chemometric regression methods using the IR spectral data. Nath et al. applied spectroscopy data with partial least square regression to predict soil biological activities such as soil microbial biomass, soil enzymes, and Q10 (Nath et al., 2021). The same approach was employed by Janu et al. to determine biochar and biomass (Janu et al., 2021). In their application, multiple linear regressions, such as principal component analysis (PCA) were applied to determine the most important IR peak regions that contributed to soil bio-properties.
ATMOSPHERIC CIRCUMSTANCES
Temperature and Pressure
Increasing the atmospheric temperature and pressure can increase the molecular kinetic movements and cause a decrease in the surface soil adsorption capacity. The soil adsorption capacity can be decreased by nearly 20% by raising the atmospheric temperature from 5 to 20°C (Yong et al., 1992). Theoretically, an increase in temperature and pressure usually increase the loss of PHs in surface soils by increasing the volatilization rate. However, there is no substantial evidence to support this theory in a practical condition (Spencer, 1970). Adversely, the loss of light PHs might not be affected by the temperature and pressure due to the balance of the soil adsorption process (Spencer, 1970). Volatilization might continue in frozen temperature soils due to the diffusion (Spencer, 1970). Furthermore, Barometric pressure changes or wind may drive the advection of PH vapours. When the atmospheric pressure is lower than the pressure in the subsurface, PH vapours are drawn out to the atmosphere. When the atmospheric pressure is greater than the pressure in the subsurface, PH vapours may be forced into the subsurface (Spencer, 1970).
Humidity and Rainfalls
As previously stated, modifying the SWC affects the soil adsorptive capacity and the PH’s volatilization process. Changes in air humidity and temperature are the sole factors that affect surface SWC (Ravi et al., 2004). Changes in air humidity can have a major impact on surface SWC in arid environments as changes in the SWC can inversely change the soil adsorptive capacity for PHs (Ravi et al., 2004). When the water evaporates, the PHs may hold firmly onto dry soils. The volatilization rate and the vapour density of PHs become reduced by adsorption especially on the dry soil (Yong et al., 1992). As mentioned before, the loss of compounds from the crude oils was shown to tightly correlate to their water solubility (Forsythe et al., 2017; Forsythe et al., 2019). The PHs adsorbed on the surface soil particles can be moved by wind erosion which is widespread in arid and semi-arid regions, where soils are drier and with sparse vegetation cover (Ravi et al., 2004). Intense rainfalls can significantly increase the SWC, until the saturated condition, where the adsorption of hydrocarbons can be reduced to negligible. Rainfall will cause saturation and the PHs in LNAPLs initially adsorbed on the surface soils will be carried to on top of the runoff water with the overland flow as erosion.
CONCLUSION
Sorption, volatilization, transport and biological transformations occur within soil, and are instrumental in controlling PHs distribution. The degree of hydrocarbon entrapment and sorption is controlled by the physical and chemical properties of the solid phase of soils, such as texture, water, and organic matter content. The smaller soil particles have low porosity and permeability, resulting in significant hydrocarbon adsorption and holding capacity. Changes in the SWC will inversely change the soil adsorptive ability for PHs. For the atmospheric circumstances, both soil adsorption capacity and the volatilization rate of PHs can be affected by the atmospheric temperature and pressure. However, there is no reliable evidence related to these two factors and the loss of PHs in surface soil. It was found that hydrocarbon adsorption occurs predominantly by partitioning into organic matter in the soil. Bacteria and other species capable of decomposing petroleum hydrocarbons can be found in nearly all soils and sediments. Different microbial populations, hydrocarbons, and geochemical and hydrological conditions in the subsoil affect biodegradation rates.
There are pros and cons for both ex-situ and in-situ measurement methods. It is often true that the ex-situ methods can provide higher accuracies and lower detection limits while in situ methods provide rapid results and better coverage. Nevertheless, it is a tendency to use a portable and handheld instrument for fast in-field contaminated land characterisation.
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