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Abstract

:

222Radon (Rn) was proposed in the late 1990s as a naturally occurring tracer for light non-aqueous phase liquids (LNAPLs) in the subsurface, due to its preferential partitioning behavior in the non-aqueous phase, resulting in a reduction in Rn activities in areas with LNAPLs in the subsurface compared to unimpacted areas (Rn deficit). The Rn deficit technique emerged as a cost-effective, non-invasive, and sustainable method to rapidly identify and quantify LNAPLs, for the characterization and monitoring of contaminated sites. This paper presents an overview of the technique and its field applications, with a specific focus on the use of the method in the vadose zone based on soil gas Rn measurements. Although various configurations have shown favorable outcomes, limitations persist in the application of the soil gas Rn deficit technique. Deep LNAPL contamination, soil matrix heterogeneity, and temporal variations in Rn emissions pose challenges to quantitative evaluations of LNAPL contamination. Recognizing these factors is crucial for site-specific assessments. This review aims to highlight both the strengths and limitations of the method, providing insights into potential areas for future research while acknowledging the positive outcomes achieved in different configurations over the past decades.
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1. Introduction


The hydrocarbon contamination of soil and groundwater, with the presence of light non-aqueous phase liquids (LNAPLs), is a major, global, environmental concern [1,2]. LNAPL results mainly from spills of fuels and oils, and its wide range of constituents represents some of the most commonly encountered organic contaminants in the subsurface environment [3]. The characterization of petroleum-contaminated sites has evolved over time, improving the efficiency of the interventions in terms of time and cost [4]. However, it is worth noting that the assessment of LNAPL occurrence and distribution at these sites typically involves the use of traditional methods, including the collection of soil cores to be analyzed in specialized laboratories and the installation of groundwater monitoring wells to measure the apparent thickness of the potentially present supernatant [5]. However, these methods may not always provide enough information for a complete site assessment and effective remediation planning and monitoring [6,7]. In order to address the challenges posed by both these technological and economic barriers, different techniques have been implemented and tested in real field conditions during the last decades [3,6,7,8,9,10,11,12,13,14,15,16]. A concise summary of these methods is provided in Section 2. The use of tracers to characterize and monitor LNAPL and to evaluate the effectiveness of in situ remediation has been investigated as one of the potential alternative approaches [17]. The potential use of 222Radon (Rn), as a natural tracer characterized by a preferential partitioning into LNAPL, has been studied in this regard, as a sustainable alternative, since the late 1990s, e.g., [18,19,20,21,22,23,24,25,26,27,28,29,30].



In 2015, Schubert [22] published a comprehensive review on the suitability of Rn as an NAPL tracer, providing background theoretical information on Rn partitioning behavior and discussing three potential applications of the technique, including NAPL investigations in soils and aquifers and groundwater remediation monitoring. This study provides an update of this review, with a specific focus on the use of the subsurface Rn deficit technique for the assessment of LNAPL contamination in the vadose zone, which was further studied and tested in the last decade. The theoretical background on the potential of soil gas Rn as an environmental indicator of LNAPL contamination is briefly summarized in Section 3. The paper then provides insight into the analytical description of subsurface soil gas Rn activity concentrations, the resulting deficit in the case of LNAPL contamination, and the prediction of LNAPL saturations, considering both subsurface equilibrium conditions and gas transport (Section 4). An overview of the practical application of the method tested over the past two decades, with a focus on field applications involving soil gas Rn measurements, is later discussed (Section 5), with particular emphasis on the different approaches used for sampling and analysis. The review summarizes the findings of the examined papers and the potential of the method, considering the positive results and the limitations that have emerged and that still need to be addressed in future research and experimentation (Section 6).




2. LNAPL Detection


There are two main drivers in the need for site characterization and LNAPL management: understanding the potential risks posed to receptors by current and possible future mobile LNAPL distributions, and comprehending LNAPL constraints on remediation selection, design, and operation [3]. Site characterization is both an initial assessment process and an ongoing process that may remain essential throughout the remediation program for a site. For large and complex sites, it may be advantageous to use an approach that incorporates multiple lines of evidence and various integrated multi-disciplinary techniques to gather high-quality data that can serve as a foundation for the development of management plans [31]. On smaller and less complex projects, the amount of investigation may be scaled down. For the identification of the presence of LNAPL, the determination of the state in which it is found, the extent of the contamination, and the monitoring in terms of spatial evolution and concentration, there are several possible approaches. Table 1 summarizes some of the tools available and highlights the information that can be obtained from their respective uses.



Soil characterization by soil sampling is one of the primary methods used to assess soil contamination and the relative contaminant concentrations. Soil sampling systems were originally developed to sample unconsolidated material from a given depth to characterize lithology and mineralogical composition. Soil contamination characterization typically involves the collection of soil samples at various depths and the laboratory analysis of the samples to determine chemical concentrations and composition, providing a direct quantitative estimate of the contamination [3]. The main advantages of soil characterization by soil sampling relate to its ability to provide a quantitative estimate of contamination and its composition. On the other hand, cost is its main disadvantage because of the expenses associated with drilling, sampling, and quantitative analysis [32]. Groundwater monitoring wells are typically installed at sites contaminated or suspected of being contaminated with petroleum products and are commonly used to monitor the possible presence of free LNAPL as supernatant on top of the water level in the well. However, this method alone is inadequate for quantifying LNAPL saturations or identifying LNAPL in all groundwater and contamination conditions. In fact, the absence of LNAPL in a monitoring well does not necessarily indicate the absence of LNAPL in the soil. The product may be present in concentrations that prevent it from moving freely in the subsurface (residual LNAPL), and, therefore, it may not enter the well screen as a supernatant product. Moreover, if present, the measurable in-well LNAPL thickness (apparent thickness) may differ from the actual thickness of the product in the aquifer [33]. Furthermore, groundwater table fluctuations due to seasonal variations or artificial pumping can bring a redistribution of LNAPL to the affected area of the subsurface (smear zone), affecting the occurrence of LNAPL in both the aquifer and wells [34,35]. In addition to traditional sampling methods, in situ penetration tests have become a popular approach for site investigation [32]. Direct push investigation tools can be coupled with sensors to provide information on subsoil contamination. Specifically, for LNAPL, probes such as the Membrane Interface Probe (MIP), the Laser-induced fluorescence (LIF), and the Optical Image Profiler (OIP) [3,15] are often used. Although promising, these methods are considered to provide screening-level data that need to be supplemented with analytical information and should not be used as a replacement for traditional soil sampling and monitoring wells. Instead, they should be used as an instrument to optimize the number of borings and monitoring wells needed to meet site characterization targets [7]. The use of nonintrusive methods is also considered a valuable alternative, as is the case of geophysical techniques such as electrical resistivity tomography (ERT), ground-penetrating radar (GPR), and induced polarization (IP) [7,8,9,16,36]. Surface geophysical methods are suitable for both large-scale investigations and small-scale site characterization and can be used to map subsurface properties that affect contaminant transport and, under specific conditions, to identify contamination indicators [7]. However, they are not suitable for the direct measurement of concentrations of specific contaminants. The interpretation of data obtained from geophysical methods can often be challenging and lead to unclear results, but the combination of different techniques can resolve potential ambiguities that may arise from the measurement of a single geophysical parameter [37]. It should also be noted that geophysical approaches such as ERT and IP require the installation of electrodes on the ground surface and good ground contact. The inability to drill on the concrete surface of some contaminated sites limits the use of these geophysical methods [7].



Direct soil gas monitoring in the vadose zone is also used as a screening tool for locating potential contamination sources and planning the localization of monitoring wells [6,38]. The results can be considered a qualitative indicator of LNAPL impacts for volatile and semi-volatile hydrocarbons. Soil gas investigation can also be used to investigate natural source zone depletion (NSZD) rates and hydrocarbon degradation [39]. It is important to note that soil gas analysis is considered qualitative or semi-quantitative and generally cannot quantify LNAPL in the source zone, but has been successfully used as a screening technique at many contamination sites and often led to a more focused and cost-effective investigation of source areas [3]. However, these methods can provide misleading results if subsurface contamination conditions are not adequately understood, as the results can be affected by various factors, such as complex vapor transport pathways, and have limitations when dealing with sites containing non-volatile LNAPL [6]. Different tracer-based methods have been developed and tested to determine their ability to estimate the location, amount, and distribution of NAPL contamination in laboratory and field conditions [3]. Various types of tracers have been studied in this context, including interfacial tracers that concentrate at the interface between NAPL and water, biogeochemical tracers used to estimate abiotic and biotic reactions, and partitioning tracers’ selective partitioning behavior into the NAPL [17]. In the latter approach, the partitioning tracers, such as alcohols (e.g., isopropanol and 2,2-dimethyl-3-pentanol), are injected in groundwater together with non-reactive tracers and their retardation factors are determined by measuring their concentrations in one or more control wells [17,40,41]. The migration of these tracers is then monitored at extraction wells. These data, together with specific partitioning characteristics of each tracer, dependent on the aquifer material and NAPL [42], can be used to locate and quantify NAPL contamination [20]. These methods were primarily tested for dense NAPLs (DNAPLs), which are typically found in the deeper zones of the aquifer. It should be noted that this approach involves injecting chemicals as tracers, which can be costly and raise additional environmental concerns [32]. A recently studied, viable alternative is the use of the subsurface naturally occurring 222Rn as a partitioning tracer for NAPL detection [15]. The following section provides some additional information on 222Rn, with a specific focus on its behavior as a gas in the subsurface.





 





Table 1. Comparison of the information provided by different LNAPL characterization tools. The solid symbol indicates that the method is capable of providing the information reported in the column. The empty symbol indicates that the method is potentially applicable or that can only provide semi-quantitative information.
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Technique

	
Information Provided




	
Mobile LNAPL

Presence

	
Residual LNAPL

Presence

	
LNAPL

Saturation

	
LNAPL

Composition

	
TPH Concentrations

in Soil

	
TPH Concentrations in Water






	
Soil sampling

	
○

	
●

	
○

	
○

	
●

	




	
Groundwater sampling

(monitoring wells)

	
●

	

	

	
●

	

	
●




	
Direct push

analytical technologies (MIP, LIF, OIP)

	
●

	
●

	
○

	

	
○

	
○




	
Surface geophysical

methods (ERT, IP, GPR)

	
●

	
●

	

	

	

	




	
Soil gas

sampling

	
○

	
○

	

	

	
○

	
○




	
Tracer

techniques

	
●

	
●

	
○

	

	

	
○




	
Radon

	
●

	
●

	
○

	

	
○

	
○








● The method is capable of providing the information reported in the column; ○ the method is potentially applicable or can only provide semi-quantitative information.












3. Radon


Radon is a chemically inert, colorless, and odorless noble gas. It is the heaviest known gas, with a density of 9.72 g L−1 at 0 °C (i.e., 8 times higher than that of air). It is naturally present in the earth’s crust and it is a radiogenic gas, produced by the radioactive decay process of 226Ra, and is itself naturally radioactive, decaying directly into 218Po [43]. Radioactive decay is the phenomenon of emission of energy in the form of ionizing radiation, like alpha particles, beta particles, and/or gamma rays. It occurs in unbalanced atoms called radionuclides, which decay into different atoms, known as decay products. This process continues until a stable state is reached, at which point the atom is no longer radioactive. The radionuclides that undergo multiple decays are known as series radionuclides, and the sequence of decay products they produce is called the decay chain. All decay products within the chain are radioactive, except for the final stable atom. Each radionuclide has a specific decay rate, measured in terms of its half-life, the time required for half of the radioactive atoms present to decay [44].



Several isotopes of radon exist, depending on the referred decay chain. The naturally occurring isotopes that are found in greater quantities are [45]:




	
219Rn, actinon, which belongs to the radioactive series of 235U, is formed by the decay of 223Ra and decays in 215Po. It is characterized by a half-life of 3.92 s and is naturally present in very low amounts;



	
220Rn, thoron, which belongs to the radioactive series of 232Th, is formed by the decay of 224Ra and decays in 216Po. Thoron has a half-life of 55.6 s, but the isotope that produces it is instead quite abundant in nature;



	
222Rn, radon, a more stable isotope, which belongs to the radioactive series of 238U, is formed by the decay of 226Ra and decays in 218Po (Figure 1). It has the highest half-life of all isotopes, at 3.825 days, and is present in almost all mineral grains in the soils and rocks of the earth’s crust.








This paper discusses the behavior of the latter isotope, hereafter referred to as radon (Rn), which is the most studied and of interest in several fields due to its higher half-life and abundance in nature compared to the others.



Rn is considered a health hazard since exposure to the gas over a long period increases the risk of developing lung cancer [46]. Soil and rock are the primary sources of Rn exposure for people. The only other relevant sources are building materials [47]. During air inhalation, both Rn and its decay products can be inhaled. While Rn is normally expelled on exhalation due to its chemical properties, some of the decay products may remain in the respiratory system. These decay products emit alpha particles, which can affect the lung tissue and potentially cause the formation of cancer cells. Also, the presence of dissolved Rn in drinking water can cause an increased risk of cancer. However, the majority of the risk associated with Rn in water is due to inhalation of the fraction released into the air, rather than ingestion of the water itself [48].



In addition to its association with human health risks, Rn is also studied for its potential applications in the environmental field. Researchers are studying its behavior in the soil as a potential seismic precursor, and it is used in hydrological research to assess interactions between deep and surface waters due to its rapid dispersion in the air [49]. Additionally, it is being studied as an environmental tracer due to its ubiquitous presence in nature, detectability, and inert behavior. Since radium is present in almost all minerals, Rn is constantly produced in every soil or aquifer matrix [22]. As an environmental tracer, it has the advantage of not creating additional environmental contamination, not altering the physical and chemical balance of the studied medium, and being suitable for large-scale and long-term studies [50]. An overview of Rn applications as an environmental tracer in hydrogeological and geological investigations is provided by Sukanya et al. [51]. One of the applications briefly discussed is the use of Rn as an environmental tracer for the assessment of NAPL contamination [22] in both the saturated [18,24,28,30,52,53,54] and vadose zone [19,21,23,26,29,55,56,57,58,59,60], due to its tendency to preferentially partition into organic phases. To implement and use Rn as a tracer for environmental applications, it is crucial to comprehend the mechanisms of its production and behavior in the subsurface. The following section briefly summarizes these mechanisms.



3.1. Radon Migration Process in the Subsurface and Its Influence Factors


The geological characteristics of a site, such as lithology, porosity, and fluid contents, affect the Rn activity concentrations detectable in the subsoil. The activity of a radioactive sample containing a radionuclide at a determined energetic level is the number of spontaneous disintegrations produced in a unit of time, indicating how fast the substance disintegrates with time [45]. The activity of a radioactive element is measured in units of Becquerels (Bq), which represents the number of atoms required to create one radioactive decay per second. The activity concentration of a radionuclide can be defined in terms of volume, expressed in Bq m−3, or mass, expressed in Bq kg−1.



The activity concentration of soil and rock 226Ra corresponds to a production rate of 222Rn per unit mass of the material. The activity concentration A of a radionuclide is determined by the number of atoms N and its radioactive decay constant λ, where A = N·λ [61]. Thus, a 226Ra content of 1 Bq kg−1 corresponds to a production rate of 1 atom kg−1 s−1 for 222Rn, which is equivalent to 2.1 × 10−6 Bq kg−1 s−1 (using the radioactive decay constant λ for 222Rn of 2.1 × 10−6 s−1). The content of radium and uranium, Rn precursors, varies among different types of rocks (Table 2). For instance, acid igneous rocks such as granites, some types of bituminous shale, and phosphatic rocks typically exhibit higher average uranium concentrations.



Being an inert gas with no tendency to form chemical bonds, Rn can move through porous materials such as soil even at significant distances from the point of generation. It can migrate in the subsurface by diffusion through the pores in the opposite direction to the concentration gradient, pressure-induced advection, and convective transport by another fluid. As an example, several studies have reported high radon activities in soil gas due to advective transport facilitated by carrier gases through faults and fractured areas, characterized by high permeability, which may be further increased by seismic activity [63,64]. Rn can then be released from the soil surface into the atmosphere or enter buildings through cracks, porous building materials, and other pathways [47] if decay has not yet occurred. The different processes mentioned here, from generation to exhalation from the surface, are detailed below.



3.1.1. Emanation


When a 226Ra atom decays into a Rn atom, it generates alpha particles that move in the opposite direction of the Rn atom, which continues to move in its direction until it transfers its energy to another material. This distance, called recoil range, is typically 20–70 nm in common solid materials, 100 nm in water, and 63 μm in air [65]. Depending on the point of Rn generation in the soil material, and the geometry of the grains, therefore, three situations can occur: after having traveled a short distance, the atom remains inside the same grain of soil (case A of Figure 2); the atom passes through a pore and enters an adjacent grain (case B of Figure 2); the atom is ejected from the grain, arriving in the interstitial space, and is later expelled by soil gases (case C of Figure 2) or water (case D of Figure 2) [66]. The release of Rn into soil pores is primarily caused by the phenomenon of recoil. Emanation by diffusion can be disregarded due to the extremely low Rn diffusion coefficient in mineral matrices, which ranges from 10−31 to 10−69 m2 s−1, resulting in diffusion lengths between 10−7 and 10−26 μm [61].



The emanation coefficient is a crucial parameter that characterizes the physical behavior of Rn in the context of emanation. It represents the fraction of Rn atoms that escape from mineral grains into the interstitial space. Various methods exist to determine its value, all based on measuring the maximum Rn concentration emanating from a sample in a closed space after achieving secular equilibrium, along with measuring radium in the same sample [61].



Several factors can affect the emanation coefficient value. For instance, the distribution of 226Ra is not homogeneous throughout the volume of the soil grain but rather is concentrated on its surface [68]. Because smaller grains have a higher surface area-to-volume ratio, this results in larger amounts of radium and higher values of the emanation coefficient for finer-grained soils. Furthermore, with smaller grains, Rn is more easily carried out of the grain itself in the recoil phenomenon [61]. Additionally, as the water content increases, there is an increase in emission due to the smaller recoil range of Rn in water compared to air. This reduces the fraction of Rn atoms that enter an adjacent grain by recoil and increases the fraction of atoms that remain in the water and thus in the interstitial space [66]. It was also shown that, with a high water content in the soil, close to saturation conditions, the emission coefficient remains almost constant [47]. It was observed that the emanation coefficient reaches a maximum value for water content of 5% for general soil type, 1–2% for gravel, and 10–15% for clay [69].



It must be considered that there is a direct relationship between the Rn emanation coefficient in the soil and temperature. An increase in temperature causes a decrease in the physical adsorption of Rn onto grains. Consequently, the Rn diffusion coefficient increases, and its concentration in pore air increases as well [25,70]. The emanation coefficient at different temperatures can be estimated using the following equation [71]:


  ε =   ε   m   + 0.0021 · ( T −   T   m   )  



(1)




where ε (-) is the calculated emanation coefficient at the temperature T (°C), εm (-) is the measured or known emanation coefficient, and Tm (°C) is the soil temperature at the time of sampling.




3.1.2. Partitioning in Soil Pores


In the case of uncontaminated soil, the distribution of Rn atoms in the soil can be classified into four states: incorporated into solid soil grains, sorbed to the surface of soil particles, dissolved in the pore water, and dispersed in the pore gas phase. As discussed in the previous section, the diffusion of Rn inside the soil grain is extremely slow and can be neglected. The exchange of Rn atoms among the remaining three states may be rapid relative to the half-life of Rn [61]. Rn displays moderate solubility in water, with a value of 230 cm3 kg−1 at 20 °C and 1 atm [72]. As a result, it can dissolve in subsoil pore water and be transported by groundwater in the saturated zone. However, Rn absorption in water is reversible, and its tendency to be desorbed, considering the value of the water/air partition coefficient, is quite high. At a temperature of 20 °C, the dimensionless partition coefficient of Rn between water and air kw/g is in fact approximately 0.25. Therefore, the equilibrium Rn concentration in air is about four times that of Rn in water [19]. The dimensionless Henry’s constant for Rn, H (-), which is the inverse of kw/g, is a function of temperature T, following the relationship [61,73]


  H   T   =   1   ( 0.105 + 0.403 ·   e   − 0.0502 · T   )    



(2)




where T is expressed in °C. Note that the empirical relationship is consistent with experimental results, resulting in the coefficient values reported in Table 3 [74].



The interaction of Rn with the surface of soil grains can be a relevant factor in emanation and transport processes in dry soil conditions [61]. The partitioning of Rn between the gas and sorbed phases can be described by a linear sorption isotherm, and by the partition coefficient between the sorbed phase and gas phase ks/g (ks/g of 1.4 × 10−5 m3 kg−1 [75], for example, for a sandy clay loam). However, for typical environmental soil moisture levels, sorption effects are expected to be smaller and are often neglected [61].




3.1.3. Transport


On long-term averages, existing information indicates that Rn transport from the soil to the atmosphere occurs primarily via diffusion [61]. Due to the higher Rn concentrations in soil gas compared to the atmosphere, Rn atoms diffuse through interstitial pores and migrate toward the soil surface. Fick’s law describes the diffusive flux Jdiff (Bq m−2 s−1), directly proportional to the concentration gradient ∇Rn:


    J   d i f f   = −   D   e   · ∇ R n  



(3)




where Rn (Bq m−3) is the Rn activity concentration and De (m2 s−1) is the Rn effective diffusion coefficient. The effective diffusion coefficient in the subsoil generally varies with the properties of the species being diffused, the pore structure, the types of fluids present in the pores, the degree of fluid saturation, the temperature, and the adsorption properties of the solid matrix. Various models can be utilized to estimate its value, depending on these parameters, as those of Penman [76,77], Marshall [78], Millington and Quirk [79], and Millington and Shearer [80]. The soil’s water content significantly affects the effective diffusion coefficient of Rn in an inversely proportional manner since the Rn diffusion coefficient in water is about four orders of magnitude lower than that in air. Both values are shown below in Table 4. Note that when the soil is drier, Rn’s ability to migrate into the soil increases even though the rate of emanation decreases. Instead, when the water content increases, the rate of emanation also increases but the diffusivity and permeability of the soil are significantly reduced [81].



It is also observed that the Rn diffusion coefficient decreases as the soil and sand grain size decrease, due to the decrease in porosity and increase in the bulk density [84].



It is important to note that advective transport can occur in the subsurface under the influence of pressure gradients, in addition to diffusive transport, which is typically considered predominant [85,86]. Darcy’s Law can be used to describe the advective transport of fluids in porous media when the flow is laminar and viscosity dominates the resistance to flow. From Darcy’s Law differential form, Rn advective flow Jadv (Bq m−2 s−1) can be expressed as


    J   a d v   = − R n ·     k   g     μ   · ∇ p  



(4)




where Rn (Bq m−3) represents the Rn activity concentration, kg (m2) is the gas permeability of the soil, μ (kg m−1 s−1) is the dynamic viscosity of the fluid, and ∇p (kg m−2 s−2) is the pressure gradient. Advection may be significant, particularly in the surface layer (approximately the first meter) of the soil due to barometric pressure gradients [87,88]. At greater depths, advection is typically caused by the presence of faults and fractures with the presence of gas carriers, such as CO2 and CH4 [89,90]. Local advection can also occur in conditions such as significant fluctuations of the groundwater table level [91,92,93] and can be enhanced in soil materials with high permeability and fractures that create preferential pathways in the soil gas [86,94].




3.1.4. Exhalation


Soil gas Rn is transported through the soil toward the surface and released into the atmosphere in a process known as exhalation. The exhalation rate is the number of Rn atoms released from a surface unit into the atmosphere that can be expressed per unit time (Bq m−2 s−1) or as a mass exhalation rate (Bq kg−1 s−1). Rn’s exhalation rate Jexh (Bq m−2 s−1) can be calculated as [67]


    J   e x h   =   ρ   s   · ε   · C   R a     ·   λ ·   D   e         1   2      



(5)




where ρs (kg m−3) is the soil density, ε (-) is the Rn emanation coefficient, CRa (Bq kg−1) is the radium activity concentration in the soil, λ (s−1) is the Rn decay constant, and De (m2 s−1) is the Rn effective diffusion coefficient.



The process of exhalation is influenced by various factors. Some of these, such as soil water content, porosity, grain size, and temperature, have an influence on the Rn emanation and diffusion coefficient and, therefore, indirectly affect the exhalation rate [67]. On the other hand, other factors, such as the pressure difference between the ground surface and the soil, have a more direct impact on the exhalation phenomenon. A negative pressure difference occurs when the pressure at the ground surface is lower than the deep soil pressure. This results in an increase in Rn exhalations, as soil gas is transported towards the surface from deeper layers, where Rn concentration is higher. Conversely, a positive pressure difference occurs oppositely, causing a downward advective motion of gas. Other external parameters that influence the exhalation rate include wind (which is directly proportional) and rainfall (which is inversely proportional in the case of heavy rainfall) [67,90]. Daily variations in the Rn flux are mainly attributed to soil temperature. It was observed that the Rn flux is highest in the afternoon when temperatures are at their highest and soil water content is at its lowest [90,95]. High exhalation rates are typically found in seasons characterized by lower precipitation and low water content [96,97,98,99].






4. Radon as a Natural Tracer for the Identification of LNAPL Contamination


As described in the previous section, Rn activity concentration in the subsoil tends to reach equilibrium conditions as a result of constant emission and decay mechanisms [61]. This equilibrium is governed by the soil matrix and can be perturbed by the existence of LNAPL in the soil pores [18]. In fact, Rn in soil pores tends to be partitioned into the LNAPL, leading to a decrease in Rn activity in both aqueous and gaseous interstitial phases (Figure 3). Studies [18,20,21,22,23,24,25] have shown that in areas of the subsurface contaminated with LNAPLs, a local reduction in Rn activity concentration in groundwater or soil gas occurs, compared to unaffected areas. This decrease is known as the Rn deficit. Thus, the Rn deficit technique [18] has been studied to assess the existence of LNAPL in the subsurface. With this approach, the mean Rn activity concentration in an unpolluted area can be assumed as the background value of the site. Note that the background value is a function of soil properties such as the radium content (from which Rn derives), the dimensionless Rn emanation coefficient, soil porosity, and soil density [100]. In the presence of LNAPL, Rn partitions between soil pores containing water, gas, and LNAPL phases [19]. Assuming linear partitioning, it is theoretically possible to estimate the activity of Rn in soil gas or groundwater in the presence of a known amount of LNAPL. Reciprocally, under real conditions, it is possible to derive the amount of LNAPL from the Rn activities determined in the field. Concerning soil gas, different approaches can be used to describe the relationship between the predicted or measured Rn deficit in soil gas and the subsurface LNAPL saturation in the investigated area. Two approaches, which have been used for both theoretical studies and practical applications, are described below. The first approach considers equilibrium conditions in the subsurface and does not account for the variation of soil gas Rn activity concentration in the vertical soil profile, while the second approach instead includes the transport of Rn in soil gas.



4.1. Radon Deficit in the Subsurface in Equilibrium Conditions


Under the assumption of equilibrium conditions, Rn activity concentration in the soil pores, in an uncontaminated (background) area Rn0 (Bq m−3), can be described as [100]


  R   n   0   =   ε   · C   R a   ·   ρ   s       θ   t      



(6)




where ε (-) is the Rn emanation coefficient, CRa is the 226Ra concentration of the solids (Bq kg−1), ρs is the dry soil bulk density (kg m−3), and θt is the soil porosity (-). Given the coexistence of water and gas in soil pores, the following relationship can be written [18]:


  R   n   0   = R   n   w , b     · S   w , b   + R   n   b   ·   S   g , b    



(7)




where Rnw,b (Bq m−3) and Rnb (Bq m−3) are, respectively, the Rn activity concentration in equilibrium conditions in the water and gas, and Sw,b (-) and Sg,b (-) are, respectively, the water and gas saturations in the soil in the background area, related to each other as follows, if only two fluids are present in the system:


    S   g , b   = 1 −   S   w , b    



(8)







Water and gas saturations can be calculated from the volumetric content of water and gas in the soil, respectively, as follows:


    S   w , b   =     θ   w , b       θ   t      



(9)






    S   g , b   =     θ   g , b       θ   t      



(10)







Considering a linear repartition between water and gas, the Rn partition coefficient kw/g (-) can be introduced:


    k     w   g     =   R   n   w     R n    



(11)







Equation (7) can be written as


  R   n   0   = R   n   b   · (   k     w   g       · S   w , b   +   S   g , b   )  



(12)







By combining Equations (6) and (12), Rn activity in the soil gas within a volume of soil, Rnb (Bq m−3), can be described as [101]


  R   n   b   =   ε   · C   R a     · ρ   s       θ   t   · (   k     w   g       · S   w , b   +   S   g , b   )    



(13)







All terms in the equation depend on soil characteristics. Therefore, assuming a homogeneous medium, the concentration of Rn in soil gas should remain constant, except for seasonal fluctuations caused mainly by variations in the emanation coefficient or for the decrease in Rn activity in the surface layers due to exhalation. Spatial or temporal variations in Rn values may indicate the existence of conditions affecting Rn distribution in the subsurface, including, for example, the local occurrence of LNAPL. Schubert et al. [19] derived an expression to determine the equilibrium Rn activity in soil pores in a NAPL-contaminated soil, Rn0 (Bq m−3).



When there are three phases present in the soil pores, namely water, gas, and NAPL, Equation (7) can be expressed as follows:


  R   n   0   = R   n   w     · S   w   + R n ·   S   g   + R   n   N   ·   S   N    



(14)




where Rnw (Bq m−3), Rn (Bq m−3), and RnN (Bq m−3) are, respectively, the Rn activity concentration in equilibrium conditions in the water, gas, and NAPL and Sw (-), Sg (-), and SN (-) are, respectively, the water, gas, and NAPL saturations in the NAPL-contaminated soil. Note that the following equation applies:


    S   g   = 1 −   S   w   −   S   N    



(15)







Combining Equations (6) and (14), the following is obtained [19,101]:


  R n =   ε   · C   R a     · ρ   s       θ   t   · (   k     w   g       · S   w   +   S   g   +   k     N   g     ·   S   N   )    



(16)







The following, kN/g (-), is the NAPL/gas partition coefficient:


    k     N   g     =   R   n   N     R n    



(17)







Rn deficit D (-) can be defined as the ratio between the Rn activity concentration in soil gas in the NAPL zone and the Rn activity concentration in the background area.


  D =   R n     R n   b      



(18)







This can also be written, from the ratio of Equation (16) to Equation (13), as [101]


  D =   1 +   S   w , b   · (   k     w   g     − 1 )   1 +   S   w   · (   k     w   g     − 1 ) +   S   N   · (   k     N   g     − 1 )    



(19)







This model, initially proposed by Semprini et al. [18] for groundwater and later expanded to the unsaturated zone by Schubert et al. [19], is based on the assumptions of Rn equilibrium, linear partitioning, and neglecting Rn sorption to the solid matrix. It also assumes uniform mineralogy and emanation throughout the investigated area, including both contaminated and uncontaminated zones.



Figure 4 provides an example of the theoretical relationship between Rn deficit and LNAPL saturation for sandy soil in the vadose zone (θw = 0.054, θt = 0.375, and from the ratio between the two Sw = 0.14 [5]) using two different partition coefficient values, corresponding to LNAPL with a typical composition of gasoline and diesel mixtures [53]. It can be observed that the Rn deficit varies greatly for low values of LNAPL saturation, and even a small change in the deficit value can result in large changes in SN. As SN increases, the Rn deficit tends asymptotically to zero. Therefore, the model is not sensitive to high LNAPL saturations [19].



The relationship for determining LANPL saturation in the subsurface SN (%), based on the measured Rn deficit, is derived from Equation (19) [101]:


    S   N   =     1 − D   +     S   w , b   − D ⋅   S   w     ⋅     k     w   g     − 1     D     k     N   g     − 1     ⋅ 100  



(20)







The LNAPL saturation can also be given as a total petroleum hydrocarbons (TPH) concentration C (mg kg−1), using [102]


  C =     θ   t   ⋅   ρ   N       ρ   S     ⋅     S   N     100   ⋅ 1   0   6    



(21)




where ρN is LNAPL density (g cm−3) and SN (%) is expressed in percentage.



The presented model describes the Rn activity concentration in the pores of a homogeneous soil under equilibrium conditions. However, it is rare to find uniform homogeneous formations in real-site conditions. Identifying a Rn deficit caused by LNAPL presence becomes more complex in heterogeneous areas. In fact, site heterogeneity greatly influences Rn measurements, as the presence of distinct horizons and formations in the site lithography, such as clay lenses, alters the characteristic diffusion length and production rate of Rn.




4.2. Soil Gas Radon Transport in the Presence of LNAPL—Modeling Approaches


The governing equation for Rn transport in unsaturated, uncontaminated soil is provided by van der Spoel et al. [103,104]. The governing equation for Rn transport in unsaturated soil with the presence of LNAPL is based on equations used for diffusion tracer transport [105], modified to take into account the Rn production and radioactive decay [61,103]. The equation is based on the assumption that each considered layer of unsaturated soil is a homogeneous porous medium with constant and uniform properties. It is assumed that 226Ra activity is uniform, and, therefore, that Rn is uniformly produced. The porous medium consists of soil gas, soil water, LNAPLs (all assumed to be immobile), and the solid matrix. Rn partitioning between the soil phases is described assuming instantaneous, reversible, linear equilibrium between the phases. Radioactive decay is considered the only reaction and is described by a single first-order rate constant. For analytical modeling, a steady state is assumed for both gas transport and radioactive decay.



The governing equation for one-dimensional Rn diffusion-dominated transport in the porous medium in the presence of NAPL can be written as follows [21]:


    f   i     · D   e , i   ·     ∂   2   R n   ∂   z   2     − λ · R n +   f   i     · P   i   = 0  



(22)







For Rn diffusive–advective transport in the porous medium in the presence of NAPL, the equation can be written as [106]


    f   i   ·   D   e , i   ·     ∂   2   R n   ∂   z   2     −   f   i     · u   i   ·   ∂ R n   ∂ z   − λ · R n +   f   i     · P   i   = 0  



(23)




where Rn is the Rn activity concentration in soil gas (Bq m−3); z is the vertical direction (m); Pi is the Rn production rate in the pore space in the layer i (Bq m−3 s−1); fi (-) is the fraction of Rn in the air phase of the layer i; De,i is the effective diffusion coefficient of Rn in the layer i (m2 s−1); ui is the soil gas velocity (m s−1); and λ is the Rn first-order decay constant (s−1). The Rn production rate in the pore space in the layer i, Pi (Bq m−3 s−1), is related to the 226Ra activity concentration of the solids, which corresponds to the number of Rn atoms produced per unit of mass and time, and can be expressed in terms of Rn activity considering a Rn radioactive decay constant λ. Pi (Bq m−3 s−1) can be written as [103]


    P   i   =     C   R a   · λ · ε ·   ρ   s   · ( 1 −   θ   t , i   )     θ   g , i      



(24)




where CRa is the 226Ra activity concentration of the solids (Bq kg−1), ε (-) is the Rn emanation coefficient, ρs is the solid density (kg m−3), θt,i is the soil porosity of the layer i, and θg,i is the volumetric gas-filled soil porosity of the layer i. The fraction of Rn in the air phase of the layer i, fi (-), can be calculated as follows [105]:


    f   i   =   1   1 +     ρ   s   · ( 1 −   θ   t , i   ) ·   k   s / w       k   g / w     · θ   g , i     +     θ   w , i       k   g / w   ·   θ   g , i     +     k   N / g     · θ   N , i       θ   g , i        



(25)




where θN,i is the volumetric NAPL content of the layer i, θw,i is the volumetric water content of the layer i, ks/w is the partition coefficient of Rn between the solid and water phase, kg/w is the partition coefficient of Rn between the gas and water phases (i.e., Henry’s dimensionless constant), and kN/g is the partition coefficient of Rn between gas phase and NAPL.



The effective diffusion coefficient De is usually described, in this context, using the Millington and Quirk [79] model:


    D   e   =   D   a   ·     θ   g     10   3         θ   t   2     +     D   w       k   g / w     ·     θ   w     10   3         θ   t   2      



(26)




where Da and Dw are the diffusion coefficients in air and water, respectively (m2 s−1).



The soil gas velocity u can be estimated using the following equation [86]:


    u   i   =     k     g   i       μ   ·   d   p   i     d z    



(27)




where kg,i (m2) is the effective permeability to soil gas flow, μ (kg m−1 s−1) is the dynamic viscosity of soil gas, and dpi/dz (kg m−2 s−2) is the pressure variation in the soil profile.



For a two-layer profile, the diffusive transport Equation (22) was solved analytically using mathematics-based software by Höhener and Surbeck [21]. They also used the analytical solution for a 3-layer model, although the solution was not shown for the sake of brevity. The objective was to predict Rn soil gas profiles for homogeneous and heterogeneous sandy profiles where LNAPL contamination was restricted to selected depth intervals. An analytical solution for a 3-layer model was provided by Cecconi et al. [107]. The solution was used to investigate the feasibility of using soil gas data collected at some distance from the source zone for the application of the Rn deficit technique, considering the influence of different site-specific parameters. For a two-layer profile, the diffusive–advective transport Equation (22) was solved analytically and it is reported in Cecconi et al. [106]; the solution was used to evaluate the applicability of the soil gas Rn deficit technique in the presence of local advective fluxes resulting from groundwater fluctuations or biodegradation processes in the source zone.



Concerning numerical simulations for Rn diffusive transport, Cohen et al. [60] utilized the MIN3P reactive transport code [108], which was enhanced to account for Rn production, phase partitioning, and decay in the gas phase. The simulations were used to assess Rn profiles in both uncontaminated and NAPL-contaminated heterogeneous vadose zones, investigating the effect of different Rn production and/or NAPL distributions. Barrio-Parra et al. [109] have developed and made available a multilayer model of Rn production–partition–diffusion in unsaturated porous media using Matlab®. The modeling effort aimed to evaluate the effect of influential parameters on the interpretation of the results of the Rn deficit technique. These parameters include lithological variations and heterogeneities, changes in NAPL and water saturations along the soil profile, and fluctuations in air and soil temperatures. The original Matlab® code developed by Barrio-Parra et al. [109] has then been adapted to account also for Rn advective transport in the subsurface [106], and compared with the analytical solution presented in the same work.




4.3. Rn Partition Coefficients


The theoretical aspects described above demonstrate the importance of understanding the mechanisms of Rn partitioning between the liquid, gas, and separated phases in the soil. The distribution of Rn between water and air is a well-known phenomenon governed by the distribution coefficient kw/g, which can be determined as the inverse of the value of Henry’s constant (see Section 3.1.2). The distribution of Rn between water or air and LNAPL can still be described as linear. The literature values are available for the partition coefficients of Rn in pure organic compounds, while it is more difficult to find the same unique and established data for the partition in NAPL mixtures, due to the variability in their composition. In studies investigating the Rn partition coefficient between LNAPL and water kN/w, researchers have examined the behavior of Rn with LNAPL samples of different compositions, such as gasoline and diesel. In their laboratory experiments to determine kN/w, Hunkeler et al. [52] used a diesel mixture and reported a value of 40 ± 2.3. Schubert et al. [53] proposed instead a value of 60 ± 1.3, which was similar to the value of 60.7 ± 6.1 found by Le Meur et al. [110] for fresh diesel. Briganti et al. [54] obtained intermediate values (47.7) using LNAPL sampled from a diesel-contaminated site for their experiments. Höhener and Surbeck [21] used a similar value of the partition coefficient kN/w, of about 51.5, resulting from a value of 11.7 for the partition coefficient between diesel and air (kN/g), and considering a value of 4.4 [111] for the dimensionless Henry’s constant. Furthermore, Le Meur et al. [110] studied the effect of different physical processes that could potentially lead to a change in diesel composition over time by evaluating differences in partition coefficients in altered diesel sample. The results showed partition coefficient values ranging from 25.1 ± 2.5 to 74.8 ± 7.5, considering phenomena such as evaporation and UV degradation. Le Meur et al. [110] found a minor variability in the coefficient value, due to the alteration of the LNAPL sample by these phenomena, also considering gasoline for their experiments. The kN/w for fresh gasoline resulted, in fact, in 37.4 ± 5.6, while with the alteration effects, they were in the range of 30.8 ± 4.6 and 37.4 ± 5.6. Comparable results were obtained by Schubert et al. [53], who suggested a value of 38.9 ± 0.9 for a typical gasoline fuel mixture. Based on the information above, it is believed that a range of values for kN/w between 30 and 60 is appropriate for both diesel and gasoline, as suggested by Le Meur et al. [110]. The values of the Rn partition coefficient between LNAPL and water reported in the literature for some pure compounds and some LNAPL mixtures are summarized in Table 5.





 





Table 5. Dimensionless Rn partition coefficient between LNAPL and water (kN/w) measured for some pure LNAPL components and LNAPL mixtures; dimensionless Rn partition coefficient between LNAPL and gas phase (kN/g), derived by dividing the reported kN/w values by the dimensionless Henry’s constant H (calculated using Equation (2) at 20 °C, unless otherwise noted).






Table 5. Dimensionless Rn partition coefficient between LNAPL and water (kN/w) measured for some pure LNAPL components and LNAPL mixtures; dimensionless Rn partition coefficient between LNAPL and gas phase (kN/g), derived by dividing the reported kN/w values by the dimensionless Henry’s constant H (calculated using Equation (2) at 20 °C, unless otherwise noted).





	
Substance

	
kN/w (-)

	
kN/g (-)






	
Hexane

	
57.2 ± 3.1 [53]

	
14.45 ± 0.8




	
Ethanol

	
27.9 ± 0.4 [112]

	
7.05 ± 0.1




	
Benzene

	
40.8 ± 5.7 [53]

	
10.31 ± 1.4




	
Toluene

	
42 (10 °C) [52]

	
14.66 (10 °C)




	
46.8 ± 0.4 [53]

	
11.82 ± 0.1




	
Gasoline

	
30.8 ± 4.6 (evaporated) [110]

	
7.78 ± 1.2 (evaporated)




	
33 ± 4.9 (UV-degraded) [110]

	
8.34 ± 1.2 (UV-degraded)




	
37.4 ± 5.6 (fresh) [110]

	
9.45 ± 1.4 (fresh)




	
38.9 ± 0.9 [53]

	
9.83 ± 0.2




	
50.9 ± 5.8 [19]

	
12.86 ± 1.5




	
Kerosene

	
40.6 ± 8.3 [19]

	
10.26 ± 2.1




	
47.4 ± 0.2 [53]

	
11.98 ± 0.1




	
Diesel

	
25.1 ± 2.5 (evaporated) [110]

	
6.34 ± 0.6 (evaporated)




	
40 ± 2.3 (12 °C) [52]

	
13.03 ± 0.7 (12 °C)




	
43.8 ± 4.6 [19]

	
11.07 ± 1.2




	
47.7 [54]

	
12.05




	
60.0 ± 1.3 [53]

	
15.16 ± 0.3




	
60.7 ± 6.1 (fresh) [110]

	
15.34 ± 1.5 (fresh)




	
74.8 ± 7.5 (UV-degraded) [110]

	
18.90 ± 1.9 (UV-degraded)




	
Crude oil

	
38.5 ± 2.9 [113]

	
9.73 ± 0.7











5. Applications of the Rn Deficit Technique


Theoretical and practical aspects of the Rn deficit technique were studied through laboratory experiments [20,53,55,57,60,110], modeling approaches [18,21,59,60,109], and field experiences [19,25,26,29,30,54,56,59,114,115,116]. This section presents an overview of the technique’s utilization in soil gas, especially from a field perspective. A brief discussion of groundwater applications is also provided. A summary of the field applications included in this overview is given in Table 6.



5.1. Groundwater Applications of the Rn Deficit Technique


The first theoretical and practical studies of the Rn deficit technique focused on identifying NAPL in the saturated zone of the subsurface. The initial studies on the use of Rn as a partitioning tracer for the detection and quantification of NAPL contamination date back to the 1990s [52,122,123]. Hunkeler et al. [52] applied the Rn deficit technique to detect diesel contamination in aquifers. The research involved laboratory experiments with quartz sand contaminated with diesel fuel, to determine the diesel–water partition coefficient, as well as field observations in a diesel fuel-contaminated aquifer. The results from the laboratory experiments and field observations showed, as expected, a decrease in Rn activity in the water phase in the presence of LNAPL contamination. This decrease was used to estimate the average diesel fuel saturation in the aquifer, with the calculated values aligning with those found in excavated aquifer material. Semprini et al. [18] developed a steady-state Rn partitioning model, useful to predict residual NAPL saturation from the theoretical Rn deficit in the aquifer. They also presented a one-dimensional flow and transport model, illustrating the response of Rn concentration as groundwater flows through a zone of residual NAPL contamination in the aquifer. Their simulations showed a reduction in Rn concentration as groundwater flows through the NAPL-contaminated zone. They also observed that Rn concentration gradually returned to background levels, leaving the contaminated zone, due to the continued Rn emanation from the aquifer solids.



In the field application of this technique, Rn is analyzed in groundwater samples collected from wells located at sites with confirmed or presumed NAPL presence [121]. Groundwater samples were collected from both affected and non-impacted areas to establish average background Rn activity concentrations for the tested site. With this approach, the activity of Rn in groundwater sampled in the field is typically measured in the laboratory rather than at the site [20,24,28,30,113]. The time from sample collection to analysis can be different depending on the sampling and analytical method used (i.e., less than 4 h for Fan et al. [28] or between 3 and 36 h in the case of Ponsin et al. [113]). However, field-based techniques that allow for the direct analysis of collected samples can also be applied [119,124]. Using a different approach, Davis et al. [20,118] assessed the potential of single-well “push–pull” tracer tests employing Rn as a natural partitioning tracer to quantitatively determine NAPL saturations and found that the method has the potential to be a cost-effective alternative to traditional inter-well partitioning tracer tests. Based on the results of various field studies [24,28,30,112,119,120], the overall suitability of the use of Rn as a natural partitioning tracer for the detection of residual NAPL source zones in the saturated zone has been confirmed.




5.2. Soil Gas Applications of the Technique


Höhener and Surbeck [21] conducted an experimental and theoretical study on a soil gas application for the technique. They observed a decrease in Rn in soil gas, measured as a result of the increase in n-Dodecane (chosen as a model LNAPL) in alluvial sand in batch experiments. Additionally, they developed a one-dimensional analytical reactive transport model to derive Rn profiles for homogeneous and heterogeneous soil profiles with LNAPL at selected depths. The authors compared the modeled results with those obtained from lysimeter experiments with positive outcomes. They concluded that Rn can be effectively used as a tracer in the vadose zone, provided that the contamination level is sufficient, and the site can be assumed to have a uniform Rn production.



Regarding the field applications, different configurations were developed and successfully applied to assess the occurrence of residual LNAPL also in the unsaturated portion of the aquifer (vadose and smear zones) [23,25,26,29,56,58,115,117]. Radon activity can be monitored in soil gas with different approaches, depending on the equipment used, the sampling method selected, and the characteristics of the site under investigation.



The following text provides a brief overview of the most commonly used measurement methods for these applications. It then proceeds to describe the field applications of the technique and the methods used in the literature reviewed.



5.2.1. Soil Gas Radon Measurements


The identification and estimation of Rn activity concentration in environmental matrices typically involves procedures that utilize its alpha emitter properties. The energy of alpha particles, emitted from Rn itself or its decay products, varies between 5.5 and 7.7 MeV [43]. Two main sampling approaches are generally used to detect Rn gas: passive mode, where Rn enters the instrument through natural diffusion, and active mode, where Rn is pumped into a Rn-detecting device [125]. Furthermore, three types of Rn sampling methods can be employed: instantaneous or grab sampling, continuous sampling, and integration techniques [126]. Instantaneous techniques involve the collection of samples over a short period, such as 10 min, to be analyzed shortly thereafter, usually within 4 h [127]. For each sample, it provides a single activity concentration value, valid for the specific conditions at the time of the survey. It can be performed on-site using a portable instrument that allows for the sampling and quick measurement of Rn activity concentration, or by taking samples in special containers to be later analyzed in specialized laboratories [128]. The detectors commonly used for this type of application are scintillation cells, ionization chambers, and semiconductor detectors. The signals are then converted into measurable pulses using appropriate processing electronics and algorithms. Measuring Rn or Rn progeny continuously involves simultaneous sampling and analysis, providing real-time results. This is particularly useful in situations where Rn activity concentrations can change significantly and rapidly. Measurement intervals typically range from 15 to 60 min, with useful results obtained after 2 to 3 h of continuous sampling and counting. Continuous Rn and Rn progeny monitors offer real-time Rn concentration data and can measure other parameters such as temperature, pressure, or humidity. Additionally, they allow for the analysis of time trends in real-time recorded parameters. However, these instruments are expensive and complex, requiring trained personnel to operate [127]. Integrating methods provide a single Rn activity concentration value that is representative of the average activity concentration over an observation period that can range from a few days to a year [51]. Integrated measurement with passive instrumentation is usually the most commonly used.



Other criteria that differentiate them are the applicability of field measurements, portability, and cost. Various technologies can be used to measure Rn in the different configurations mentioned above. Some examples of this technology with further details are given below, classified according to the type of sampling.



Active mode measurement methods, such as scintillation cells, ionization chambers, and semiconductor detectors, are typically utilized for field measurements or in situations where continuous measurement is required.



Scintillation cells (Figure 5a), also known as Lucas cells [129], are hermetically sealed containers that are filled with a sample containing the Rn gas, or the emanated Rn from water, to be analyzed. Rn gas can be collected inside the cell either using a pre-evacuated scintillation cell or flow mode. A filter is typically included to prevent dust and Rn decay products from entering the cell and affecting the counting process [126]. The internal coating of the scintillation cell is made of silver-activated zinc sulfide ZnS, which scintillates when alpha particles resulting from Rn decay strike it. Light photons are produced when alpha particles from Rn and its decay products interact with zinc sulfide in the cell [130]. The photons can then be counted using, for instance, a photomultiplier tube, and the resulting data, usually expressed in terms of Bq m−3, are sent to a digital data logger.



Ionization chambers (Figure 5b) typically comprise cylindrical volumes with metal walls and two electrodes: one consisting of the walls themselves and the other of a central wire acting as an anode. An electrical field is established between the electrodes. Filtered air is either allowed to diffuse into the chamber or is pumped in. Electrons are produced through the ionization of sampled air by alpha particles of Rn and its decay products [131]. The charged electret collects the ions, and the charge decreases as a function of the integrated Rn activity over the exposed time. The measurement can be performed either by measuring the total ionization in the chamber or by counting the pulses caused by individual alpha particles separately [51]. These instruments are adequate for high-precision measurements but are usually complex and expensive [132].



Semiconductor detectors (Figure 5c) use a semiconductor material (usually silicon) that is sensitive to the presence of charged particles, in particular transforming alpha radiation into an electrical signal. Charged particles passing through the device generate electron–lacuna pairs and are collected by the electrodes, creating ionization currents [133]. The detector material converts the stored energy into an electrical signal from the electrostatic collection of Rn and its decay products. The sample gas is introduced into the detector chamber either passively (by diffusion) or actively (by pumping). These detectors’ major advantage is their ability to distinguish each incoming alpha particle in terms of emitted energy [126].



Passive instrumentation is commonly used for integrated measurement. Commonly used devices for different fields and applications are solid-state nuclear track detectors (SSNTDs), electret ionization chambers, or activated carbon. Although passive instrumentation has not been widely used, SSNTDs are the most extensively studied and tested method in the field of Rn deficit technique. Additionally, new carbon-based devices have also been tested (see Section 5.2.3).



SSNTD (Figure 6a) relies on the use of materials that are sensitive to alpha radiation, which causes damage to the chemical bonds of the material itself, leaving traces known as tracks [134]. These traces are distinguishable from the intrinsic irregularity and damage to the crystal structure and can be made visible under an optical microscope by chemically treating them with a basic solution [135]. The traces can then be analyzed using optical or electronic techniques. SSNTDs are suitable for long-term measurements and provide a measure of the average Rn activity concentration during the exposure period [132]. Several sensitive materials are used for this purpose, such as LR-115 (cellulose nitrate), CR-39 (polyallydiglycol carbonate), and Makrofol (polycarbonate) [136].



Electret ionization chambers (Figure 6b) consist of an electrically conducting chamber with an electret at the bottom and a filtered inlet at the top. The electret is usually a piece of polytetrafluoroethylene that has been electrically charged and processed to exhibit a stable charge. It collects ions generated by Rn and its associated decay products inside the chamber, causing a drop in the surface voltage of the electret [137]. The detector acts as a time integrator of Rn exposure.



The method of activated carbon (Figure 6c) utilizes passive diffusion to collect Rn from the environment by adsorbing it onto activated charcoal, which has an affinity for many gases, including Rn. The collector, containing charcoal with adsorbed Rn and decay products, is sealed after exposure. Counting is typically performed at least 3 h after exposure to ensure equilibrium between Rn and its progenitors [127]. The measure can be performed employing two detection methods: gamma counting and liquid scintillation. Rn activity concentration can be determined by counting gamma rays emitted by Rn progeny during the decay process [138], using a standard gamma-ray spectrometer equipped with high-purity germanium HPGe or sodium iodide doped with thallium NaI (Tl) detectors [51]. Liquid scintillation uses the high solubility of Rn in aromatic solvents such as toluene. To analyze charcoal exposed to Rn using this technology, it is mixed with a liquid scintillation cocktail in which Rn readily dissolves. The sample is stored for three hours before the measurement to allow for equilibrium between Rn and its decay products [139]. The activity of Rn and its progeny is determined by detecting the photon count from the scintillation fluid.




5.2.2. Soil Gas Applications Using Active Sampling


One of the most frequently used methods for soil gas sampling involves the utilization of temporary soil gas probes (refer to Figure 7a). These probes are constructed from stainless-steel hollow bars with free, pointed bottom ends (“lost” tips). The probes are then installed to a depth of 0.7–1 m, either manually or using tools such as electric drills [19,23,25,29,115]. This depth range is typical when using temporary probes and is mainly defined by the necessity to sample soil gas at a depth that will be minimally affected by atmospheric variables, such as temperature, atmospheric pressure, and wind velocity. However, it is important to take into account the feasibility of temporary probe installation [140], since the penetration of a hollow probe to depths beyond those mentioned above may not be practical, depending on the properties of the soil or the existence of subsurface facilities [29]. Schubert et al. [19,117] conducted some field experiments to test the use of soil gas Rn activity concentration to detect LNAPL contamination using this configuration. In particular, three sites contaminated with petroleum and kerosene with the presence of floating LNAPL were chosen. These sites had previously been investigated to delineate the LNAPL plumes. For the Rn surveys, a grid of soil gas sampling points was installed at each site using temporary soil gas probes. Soil gas samples were collected at a depth of 70 cm, and Rn activity concentrations were measured using a pulsed ionization chamber mobile Rn monitor. The results showed that the minimum Rn activity concentrations detected matched the respective LNAPL plumes previously traced by conventional means, highlighting the limitations related to geological complexities and the characteristic diffusion length of Rn. During the blind field test conducted by García-González et al. [29], soil gas was collected using a stainless-steel hollow probe that was inserted into the soil to a depth of 75–100 cm. Rn in soil gas was measured with a semiconductor detector. The data from eight monitoring wells have been used to determine the subsurface extent of the LNAPL plume. Despite the uncertainties associated with the map of mobile product thickness, there is a clear inverse correlation between the thickness of free product in the subsurface and Rn activity concentration in soil gas. Despite its simplicity, cost-effectiveness, and good reproducibility, the authors note that emanometry revealed some limitations during field trials, such as the need to ensure low humidity conditions to ensure good instrument performance or the potential problem of inserting the hollow probe into the ground. In a field test performed by Barbosa et al. [56], soil gas data were collected at a gas station using ten temporary soil gas probes to investigate the correlation between Rn activity and VOC concentrations in the subsurface soil. Over the entire survey area, there was no significant correlation between Rn and VOC concentrations in soil gas. However, the area near the fuel leak showed the highest VOC concentration and the lowest Rn activity. Castelluccio et al. [23] used a multi-method approach to monitor LNAPL contamination in two study areas in Italy and India. They performed soil gas Rn measurements at a depth of 80 cm using a semiconductor Rn monitor connected to a hollow probe. The Rn activity concentration was measured by counting the decay of Rn daughters after the soil gas was collected, dried, and filtered. The extent of contamination in the upper part of the unsaturated aquifers was determined by deriving the Rn deficit through a comparison with average soil Rn in reference to unpolluted areas. Additionally, residual fractions of contaminants in the vadose zone were estimated using the measurements. A direct correlation was found between the Rn deficit at shallow depths and the highest electrical resistivity at greater depths, which increases the reliability of the results of the methods. De Miguel et al. [115] used temporary soil gas probes to measure soil gas Rn through hollow rods buried 75–100 cm in the subsoil, at a site with lithological discontinuities through a blind test. Rn was measured using alpha spectroscopy monitors, following a regular sampling design with a 20 m2 grid and adding some external points to assess the background Rn activity concentration in soil gas at the site. Although the soil gas Rn activity concentration was primarily influenced by the possible path of a fault and a lithologic discontinuity, the characterization of the background emission in each lithologic unit allowed for the identification of areas that may be impacted by LNAPL. Cohen et al. [59] compared the performance of multiple in situ gas measurements over soil coring for defining LNAPL source zones in the subsurface characterized by limited diffusion potential due to the presence of fine-grained soils. They used a network of gas probes at a depth of approximately 1 m and analyzed VOCs, O2, CO2, CH4, and Rn, comparing the results to independent LNAPL analysis by coring at the site. Rn monitoring was conducted using scintillation vials placed under vacuum to sample soil gas from dedicated soil gas probes in the field, and a photomultiplier. The data suggested that O2, CO2, and CH4 have longer diffusion lengths and provide a clearer indication of the presence of LNAPL at the site, while the migration of VOCs and Rn did not show a strong correlation with LNAPL, probably because it only occurs over short distances in such heterogeneous media. In the same study, numerical simulations were performed using a code for flow and reactive transport in variably saturated media [108] to characterize the production and transport processes of the studied gas in the vadose zone. The simulations aim to understand the role of the presence of LNAPL on gas profiles, using simplified scenarios. This modeling approach was then further explored in a following paper [60] in order to enhance the comprehension of the suitability of the Rn deficit technique in soil gas for the identification of subsurface LNAPL contamination in heterogeneous vadose zones and to determine the critical factors that affect the field implementation of the technique. The performance of the soil gas Rn deficit technique was also evaluated by Barrio-Parra et al. [25,109] at a site where a complex DNAPL mixture contaminated the soil profile. Soil gas samples were collected using a syringe and introduced into a previously vacuumed ionization chamber. Samples were collected using hollow rods at two depths (0.8 m and 1.7 m) and purged to prevent dilution effects due to atmospheric air. Rn measurements were performed using a pulse ionization detector. A negative spatial correlation was found between soil gas Rn activity concentrations and organic contaminant levels in the top layers of the soil profile, indicating that the method correctly identified surface contaminant hotspots at the site. However, the same correlations were not found for deeper contamination, which is the typical location of DNAPL in the aquifer. Therefore, according to the authors, the inability to describe the deeper vertical profile of contaminant concentration along the soil profile using only shallow soil gas samples likely invalidates the Rn deficit technique as a screening tool for deep DNAPL accumulations. Barrio-Parra et al. [109] developed a numerical multilayer model of Rn production–partitioning–diffusion in unsaturated porous media. They also included a laboratory protocol to obtain site-specific input parameters for the model. The model predictions were compared with field information obtained from sampling campaigns measuring soil gas Rn at a site where the vadose zone was affected by the presence of a DNAPL mixture. The model successfully predicted the vertical profile of soil gas Rn activity concentrations, including the effects of soil moisture, which varied due to water table fluctuations and soil temperature.



In other contexts where soil gas monitoring may be necessary, such as in vapor intrusion assessments, it is common to install dedicated soil gas probes for extended periods of time. One option for installing these probes is by excavating a pre-drilled hole to the desired depth and installing a PVC or stainless-steel pipe inside. Alternatively, it is possible to use direct push drilling methods to insert the pipe directly into the ground [141]. The borehole is filled with coarse sand at the bottom and sealed with bentonite for the rest of its length [142], and the head of the probe is usually provided with a gas-tight connection that can be directly attached to the sampling hose. For the application of the soil gas Rn deficit technique, this setup usually does not provide substantial benefits in data quality over the temporary probe sampling method. De Miguel et al. [26] proposed an adaptation of the conventional method using PVC pipes installed directly in the soil, designed with a perforated base for the entry of soil gas into the probe, and fitted with an airtight top valve that can be opened for the purge of the system and the sampling phase. This configuration was applied in a blind field test, conducted to evaluate the performance of the Rn deficit technique for a complex mixture of organic contaminants. The results obtained with this approach were comparable to those obtained in other studies that used temporary probes. For the area investigated by De Miguel et al. [26], the pollution hotspots inferred from the Rn campaigns aligned with the analytical data on the location of the pollution source zones obtained from traditional sampling campaigns. However, the authors identified the variation of Rn activity concentrations with diurnal changes in ground-level air temperature and the maximum depth of the investigation as limitations to the applicability of the technique. According to the authors, for an effecting application of the Rn deficit technique, the influence of temperature can be accounted for and minimized by averaging replicated measurements during different days. Regarding the maximum depth of investigation, the authors concluded that variations in soil gas Rn activity concentrations are spatially correlated with changes in soil contamination only if the depth of the sampling point is within the maximum diffusion radius of Rn from the source zone. This latter limitation was considered statistically significant only if no significant advective or co-advective transport of Rn in soil gas is assumed at the site. Mattia et al. [27] measured Rn in soil gas by extracting it from two vapor extraction wells from a Soil Vapor Extraction (SVE) system, at different depths, and analyzing the samples in the laboratory using a semiconductor detector connected in a closed loop. Rn deficit observed in soil gas was used together with the more abundant Rn data obtained from groundwater sampling from the wells at the site, to identify the location of residual LNAPL. Soil gas samples were not used for quantitative estimations due to their lower abundance compared to groundwater samples.



With respect to the specific aspect of the vertical distance between soil gas probes for Rn measurements and the LNAPL source zone in the subsoil, an alternative method was proposed [101] for the use of the soil gas Rn deficit technique, utilizing the headspace of groundwater monitoring wells (Figure 7b). This protocol is based on the use of portable active Rn detectors for the rapid determination of Rn soil gas activity in the smear zone, which allows for measurements to be made in the unsaturated soil where residual LNAPL is typically present. A first evaluation of the applicability of this method was performed at two Italian sites where an accidental release into the subsurface of gasoline and diesel from fuel tanks occurred. Despite the limited number of tests conducted, the results indicate that measuring Rn in the headspace of monitoring wells is a reasonably viable option for measuring Rn near the LNAPL source zone.




5.2.3. Soil Gas Applications Using Passive Sampling


Another approach is to use solid-state nuclear track detectors (Figure 7c). The detectors are exposed for a variable period (days or weeks) before being analyzed to determine the average Rn activity for the exposure period. Schubert et al. [55] conducted a soil gas Rn survey using solid-state nuclear track detectors LR-115. The purpose was to evaluate the efficiency of these instruments as a cost-effective method for the application of the technique. At the field site, the detectors were exposed for 8 days inside samplers buried in the soil at a depth of 70 cm. After exposure, all detectors were etched with a NaOH solution to reveal the alpha particle impacts as etching tracks. The resulting Rn distribution pattern indicated areas with concentrations at least 90% lower than the local background level, spatially matching the LNAPL contamination present in the subsurface. Mateus and Pecequilo [58] evaluated the Rn deficit technique in soil gas using passive detection methodology with CR-39 solid-state nuclear track detectors. The method was tested by placing the detectors inside special diffusion chambers within 1 m long PVC tubes buried in the soil. The detector was suspended inside the PVC pipe at a depth of 70 cm, together with a permeable bag containing silica gel, to prevent moisture, which can complicate alpha particle interactions. After 20 days of exposure, the detectors were removed and analyzed to obtain track densities and the relative Rn activity concentrations. For the monitoring points assumed as contaminated locations, Rn activity concentrations diminished in a range from 92% to 98% when compared with the results for the non-contaminated areas. The authors discovered that the monitoring point with the lowest Rn activity concentration was located outside the LNAPL area estimated with classical environmental investigation techniques. However, during additional excavation in the area, evidence of oil-impregnated soil was found, confirming the results of the Rn monitoring technique.



Briganti et al. [54] conducted a study to evaluate the feasibility of determining the vertical distribution of Rn at various soil depths to detect LNAPL contamination, using the passive Rn accumulator proposed by Voltaggio et al. [143] (Figure 7d). These passive accumulators, made of polydimethylsiloxane (PDMS) mixed with activated carbon (AC), were designed to measure Rn in both soil gas and groundwater due to the water-impermeable (PDMS) and Rn-adsorbing (AC) properties of the two materials. The accumulators were inserted at varying depths into monitoring wells and left inside for two weeks to absorb ambient Rn that diffuses within the material. After the recovery process, each sample was counted in the laboratory using a high-resolution gamma spectrometer equipped with an HPGe detector. These experimental results appear to be consistent with the presence of residual LNAPL in the vadose zone, also indicated by detected peaks of VOC. From this initial field test, the authors found that PDMS-AC passive accumulators yielded positive results for environmental Rn sampling.



Based on the results presented in the above studies, passive samplers appear to be an adequate and less expensive tool for determining Rn distribution patterns in the upper soil.






6. Conclusions, Limitations, and Future Research


The Rn deficit technique has emerged as a useful method for the initial assessment of sites impacted by complex organic compound mixtures associated with the occurrence of non-aqueous phases. The results obtained with different applications of the technique, in terms of identifying the location of NAPL contamination hotspots, were often consistent with those obtained using standard direct and indirect exploration techniques or with historical information about the site’s contamination sources, e.g., [22,25,28,29,51,53,111]. Compared to conventional investigation tools such as drilling and soil groundwater sampling and analysis, Rn measurements can provide nearly real-time results with the potential for much higher spatial density at a lower cost [26,51]. Furthermore, the method can detect the presence of LNAPL in the subsurface even when it exists in residual phase [24], which is usually more challenging since, unlike the free product, it cannot be detected by conventional monitoring of groundwater wells at the site. Similarly, it may be useful to distinguish areas of pure dissolved phase plume from areas of actual separate phase presence [112,119].



Although the setups described in the previous section have yielded positive results, there are still some limitations to the applicability of the soil gas Rn deficit technique. Published work on the subject has identified different categories of limitations, mostly associated with the fluctuations of Rn activity in the soil over time and space and the distance between the soil gas measurement point and LNAPL depth. Modeling efforts have been utilized to evaluate the performance of the use of Rn monitoring for subsurface LNAPL detection under different site-specific conditions, either by considering the more typical case of diffusive-only transport in soil gas or by including advective transport in the evaluations [21,25,60,106,107]. The results of these works provided suggestions for both field workers and researchers on the practical application of the technique and the interpretation of the resulting data. However, analytical models may be limited in their ability to model complex scenarios due to the assumptions required. For future research opportunities, new numerical modeling developments could be beneficial in these circumstances and may help to identify potential areas for improvement over current field approaches. Nevertheless, the key parameters identified by the modeling work also resulted from the field investigations conducted with different configurations.



Different authors [19,24,26,59,112,117] highlighted that Rn activity concentrations in the field may be affected by the geochemical, lithological, granulometric, and mineralogical characteristics of the soil. This may be due to the uneven distribution of 226Ra, from which Rn originates, in the soil, and to variations in the emanation mechanism based on soil characteristics. Specifically, the concentration of 226Ra can vary significantly among different rock types. For instance, granites (acidic igneous rocks), some types of bituminous shales, and phosphate rocks typically have higher average radioactivity concentrations [61]. Therefore, variations in Rn activity concentrations may arise due to heterogeneities in lithostratigraphic units, and not necessarily be related to the presence of LNAPL in the subsoil. As an example, Rn measurements were performed in soil gas in a site characterized by a significant heterogeneity of the subsurface and did not find a clear pattern in Rn concentrations above the LNAPL zone [59]. Additionally, the characteristics of the soil matrix, such as grain size and permeability affect both Rn emanation and soil gas transport, and, therefore, its activity concentration in soil gas along soil profiles. These latter aspects can also complicate the application of the method in identifying the appropriate area to use as the reference Rn background value for the site for estimating the deficit. The development of strategies that consider the heterogeneity of the soil matrix is crucial for the future advancement of the technique. To this end, additional field investigations in a wide range of geological settings are necessary to increase the availability of field data, and thereby increase its applicability in different scenarios.



Another important consideration in the application of this technique is the possible temporal variability of Rn measurements. Soil gas behavior in the shallowest soil layers, specifically those less than 1 m deep, is affected by weather conditions such as temperature, atmospheric pressure, and wind speed [86]. Concerning pressure, a consistent Rn variability was not observed with the diurnal variation in barometric pressure [25]. It has been assumed in various applications that measuring Rn down to a depth of 75–100 cm can minimize the influence of atmospheric factors [25,29,55,115]. However, temperature was found to have a significant effect on Rn concentrations in surface soils to varying degrees depending on the sampling and measurement methods used [25,26,144]. It was also observed that the vertical temperature gradient in the soil may have an influence on depths around 1 m, which is typical of the method’s application [25]. If not properly accounted for, the thermal effect can result in a confounding effect in the interpretation of Rn deficits. To avoid this effect on Rn concentration measurements in surface soil gas, it was recommended [25] to use the arithmetic mean of the data set for each campaign. Passive instruments, such as SSNTDs, could be considered as an alternative option for Rn measurement, as they integrate Rn activity concentrations over a longer exposure time, flattening out some of the possible variability. It is important to account for the temperature effect when comparing the results of different field campaigns, as seasonal and diurnal variations may also be relevant [145,146]. Future research could aim to determine if the observed variability is predictable and to develop new monitoring methods that account for temporal fluctuations in Rn. This could potentially improve the consistency and reliability of the technique results.



Although the soil gas Rn method has shown positive qualitative results in most tested cases for identifying zones with LNAPL presence in the subsurface, there are still few studies related to quantifying LNAPL contamination using this technique in the unsaturated zone [22,23]. In fact, the quantification of the extent of the contamination requires a greater knowledge of subsurface characteristics, the nature and composition of the contaminant, and overall site-specific parameters. In this context, an important aspect to consider is the variability of the partition coefficient value depending on the composition of the LNAPL and the possible degradation phenomena it may have undergone over time [110].



Another factor that can impact the effectiveness of the Rn deficit method in the vadose zone is the distance of the Rn measurement point from the LNAPL source zone. In the case of deep contamination or of inhibited Rn transport, e.g., for a low soil permeability or higher water content, there may be a decrease in the characteristic gas diffusion length of Rn, thus restricting the capability of the Rn deficit technique [19,21,22,26,115,147]. For instance, Schubert et al. [117] described a positive outcome of the method to delineate an area with mobile subsurface kerosene but pointed out the difficulties associated with the lithological complexity and the reduced Rn diffusion distance. A further example is the outcome of different field campaigns performed by Barrio Parra et al. [25], which demonstrated a clear correlation between low Rn activities and the major contaminant concentrations in the upper soil. However, there was no evidence of the same correlations for the contamination found in the underlying soil layers. It should be noted that some authors [26,115] have suggested that the existence of a fractured system can promote Rn transport in the subsurface through possible co-advective transport mechanisms, thus modifying soil gas and Rn dynamics in the subsurface. To directly measure soil gas Rn activity at the source zone, headspace Rn measurements in groundwater monitoring wells have been proposed and tested as an alternative to permanent or temporary soil gas probes, with successful qualitative outcomes [101].



Based on the available information and knowledge summarized in this overview, it is believed that the method has the potential to be used as a rapid, inexpensive, minimally invasive, and sustainable approach to subsurface LNAPL investigation, even in the presence of residual phase, for an initial screening during the site characterization, as well as for LNAPL monitoring over time and during remediation activities. Despite the method’s promise for qualitative identification, challenges such as soil matrix heterogeneity (with both passive and active instrumentation) and temporal variations in Rn emissions (with active instrumentation) have been recognized to affect quantitative evaluations. In this view, future research, and collaboration among researchers and industry professionals, should aim to refine both established and emerging methods under diverse site-specific conditions, addressing limitations associated with soil matrix heterogeneity and temporal Rn variability to improve the reliability and applicability of the technique for the assessment of LNAPL contamination. Furthermore, improving the technique with advanced and smart-oriented approaches, as well as refining current methodologies to enhance their sustainability, can help reduce environmental impacts and more efficiently manage concerns related to LNAPL contamination.
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Figure 1. 238U decay series. Only the main decays are shown. Gamma emitters are not indicated. 
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Figure 2. Scheme of Rn emanation phenomenon. Cases C and D represent the emanation phenomena. Cases A and B non-emanation. The black dots indicate the starting point of Rn generation, from 226Ra decay. The red arrows represent an indication of the recoil range, not in scale (after [67]). 
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Figure 3. Conceptual representation of the behavior of Rn in the subsurface, illustrating the reduction in Rn activity (expressed in % of the local background activity) expected in the LNAPL-affected area of the subsoil (LNAPL zone), due to the Rn partitioning in LNAPL, compared to the higher Rn activity in the unaffected area (background zone). The figure also includes two illustrations at the soil porosity level, which show the mechanisms of Rn emanation and partitioning (between the gas phase, aqueous phase, and LNAPL, if present), both in the background zone and in the LNAPL zone (after Schubert et al. [19]). 
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Figure 4. Theoretical relationship between Rn deficit and LNAPL saturation, from Equation (19), for sandy soil in the vadose zone both in the background and LNAPL area, for two different LNAPL compositions characterized by different LNAPL/gas partition coefficients, typical of a gasoline (kN/g = 9.8) and diesel composition (kN/g = 15.2), according to Schubert et al. [53] (see also Table 5). 
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Figure 5. Schematics of technologies that can be used to detect Rn in soil gas by active sampling: a scintillation cell coupled with a photomultiplier tube (a), an ionization chamber (b), and a semiconductor detector (c). 
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Figure 6. Schematics of technologies that can be used to detect Rn in soil gas by passive sampling: solid-state nuclear track detector (a), electret ionization chamber (b), and activated carbon devices (c). 
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Figure 7. Schematic of soil gas Rn sampling methods for the application of the soil gas Rn deficit technique: active sampling using temporary probes (a), passive sampling using solid-state nuclear track detectors (b), active sampling using the headspace of groundwater monitoring wells (c), and passive sampling using PDMS-AC accumulators in vapor/groundwater wells (d). 
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Table 2. Typical uranium activity concentrations in certain rock types [62].
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	Rock Type
	238U (Bq kg−1)





	Igneous—Acidic (e.g., granite)
	59.2



	Igneous—Intermediate (e.g., diorite)
	22.9



	Igneous—Mafic (e.g., basalt)
	11.5



	Igneous—Ultrabasic
	0.4



	Sedimentary—Limestone
	27.7



	Sedimentary—Carbonate
	26.6



	Sedimentary—Sandstones
	18.5



	Sedimentary—Shale
	44.4










 





Table 3. Dimensionless Henry’s constant values for Rn [74].
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	Temperature °C
	Dimensionless Henry’s Constant (H)





	0
	1.875 ± 0.155



	10
	2.365 ± 0.255



	20
	3.65 ± 0.27



	30
	5.27 ± 0.34










 





Table 4. Rn diffusion coefficients in air and water at 20 °C.
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	Parameter
	Value
	Reference





	Rn diffusion coefficient in air Dmg
	1.2 × 10−5 m2 s−1
	[82]



	Rn diffusion coefficient in water Dmw
	1.16 × 10−9 m2 s−1
	[83]










 





Table 6. Summary of the reviewed Rn deficit technique field applications.
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	Authors
	Application
	Sampling
	NAPL
	Soil
	Rn

Measurement
	Main Results





	[52]
	GW—FS
	GW-MW
	LNAPL
	Coarse
	LSC
	Rn deficit (ranging between 0.54 and 0.69) in MW within LNAPL zone, and with dissolved HC. No quantitative correlations.



	[18]
	GW—Controlled test site
	GW-MW
	DNAPL
	Coarse
	LSC
	Rn deficit (ranging between 0.3 and 0.5) in the NAPL zone (with a saturation of 4.5%). Rn downgradient re-equilibrated within a few meters to the upgradient value.



	[19,117]
	UZ—FS
	T-SGP
	LNAPL
	Fine
	IC
	Area of Rn deficit (down to 0.2) closely matches the LNAPL zone.



	[19,117]
	UZ—Military site
	T-SGP
	LNAPL
	Coarse
	IC
	Area of Rn deficit (down to 0.3) closely matches the LNAPL zone.



	[20,118]
	GW—Former IS
	In-well push–pull tests with tracers
	LNAPL
	Coarse
	LSC
	Higher Rn retardation in test in the LNAPL zone. Uncertainty in estimated saturations. Research is needed to investigate the differences between injection and extraction-phase retardation factors.



	[55]
	UZ—Former airfield
	T-SGP
	LNAPL
	Coarse
	IC
	Rn deficit (down to 0.1) area closely matches the LNAPL zone.



	[28]
	GW—IS
	GW-MW
	LNAPL
	Heterogeneous
	LSC
	Rn deficit (around 0.31) found in MW within the LNAPL zone. LNAPL saturation (around 5.18%) from Rn deficit agrees with soil chemical analysis. To effectively use the technique, Rn emanation rate must be virtually homogeneous in the aquifer.



	[112]
	GW—Former FS
	GW-MW
	LNAPL
	Heterogeneous; coarse aquifer
	On-site stripping from GW samples + IC + LSC
	Estimated LNAPL saturation (around 1.5%) from Rn deficit (around 0.55) agrees with chemical analysis. No Rn deficit in areas with only dissolved BTEX.



	[119]
	GW—IS
	GW-MW
	LNAPL
	Heterogeneous; coarse aquifer
	On-site stripping from GW samples + IC
	Rn data allowed differentiation between

LNAPL source zone (deficit of 0.18–0.4) and LNAPL plume (not possible by GW samples alone). LNAPL quantification (saturations of 8.1–2.7%) was possible but complicated by mineralogical heterogeneities.



	[29]
	UZ—FS
	T-SGP
	LNAPL
	Heterogeneous
	SC
	Rn deficit (ranging between 0.1 and 0.2) in soil gas above accumulations of HC but with uncertainty in Rn background value.



	[120]
	GW—FS
	GW-MW
	LNAPL
	Heterogeneous
	Laboratory

stripping from GW samples + IC
	Dissolved HC tends to increase Rn concentration in water, due to the preferential partition. Rn can indicate the dissolved plume, but it did not provide information on residual concentrations.



	[30]
	GW—IS
	GW-MW
	DNAPL
	Heterogeneous
	LSC
	Low correlation between TCE concentration in GW and Rn, reflecting the local heterogeneity of the aquifer.



	[56]
	UZ—FS
	T-SGP
	LNAPL
	Fine
	IC
	No significant correlation between Rn and VOCs, but the ratio between the minimum and maximum Rn values indicates that Rn near the fuel leak the Rn deficit is around 0.15 with respect to upstream areas.



	[95]
	GW—IS
	GW-MW
	DNAPL
	Backfill soil over bedrock
	SC in closed-loop mode
	The variation in the Rn activities with respect to the associated contaminant concentrations can be a helpful tool for tracing residual contamination but may give ambiguous results in case of heterogeneity of the subsurface matrix.



	[58]
	UZ—Former IS
	SSNTD
	LNAPL
	Heterogeneous
	SSNTD
	Rn deficit (down to 0.02) found within the LNAPL zone. No correlation for the second contaminated location.



	[113]
	GW
	GW-MW
	LNAPL
	Coarse over fine
	SC in closed-loop mode
	Rn was measured successfully when a pump-and-skim system was active. Low Rn activities suggest zones of good recovery, while high activities were not always related to poor recovery. Rn deficit was down to 0.03 with estimated LNAPL saturations up to 68% but with large uncertainties in quantification of residual contamination based on Rn



	[59]
	UZ—Railway site
	T-SGP
	LNAPL
	Heterogeneous
	Scintillation +

photomultiplier + scale count
	Low correlation between Rn and LNAPL lens, due to the heterogeneity of the sediment. Also, for VOC, O2, CO2, and CH4, diffusive gas transfer is locally restricted



	[114]
	UZ
	T-SGP
	LNAPL
	Coarse
	Two SCs in series
	Residual LNAPL saturation (1.7–24.1%) from Rn deficit (0.65–0.06) agreed with direct determination of HC concentrations. Estimated saturations from very high deficits can be affected by large uncertainties (high errors from Rn measurements).



	[23]
	UZ
	T-SGP
	LNAPL
	Coarse
	SC
	Direct correlation between Rn deficit and the highest electrical resistivity but no correlation with induced polarization. VOC concentrations were not linked with Rn reduction (old spillage).



	[23]
	UZ
	T-SGP
	LNAPL
	Heterogeneous
	SC
	Rn deficit (about 0.61 and 0.16 for two areas) found within a contaminated zone, but the LNAPL saturation (about 0.71 and 11.6% for two areas) was influenced by seasonal soil conditions. Direct correlation between Rn deficit at shallow depth and the highest electrical resistivity at greater depth.



	[115]
	UZ—IS
	T-SGP
	LNAPL
	Fractured

system (active fault)
	Portable α

monitors
	Rn reduction in one section responds to a discontinuity in the subsurface (not to LNAPL). Rn deficit (0.5–0.7) in the other section suggests possible LNAPL contamination. Rn emanation above background levels due to co-advective transport in the fractured system.



	[24]
	GW—Former FS
	GW-MW
	LNAPL
	Backfill soil over bedrock
	Laboratory

stripping from GW samples + SC
	Rn deficit (ranging from 0.21 to 0.75) allowed for the identification of areas with residual LNAPL after 15 years of the spill. No realistic evaluation of saturation was possible because the required assumptions of aquifer homogeneity were not respected.



	[121]
	GW—IS
	GW-MW
	DNAPL
	Backfill soil over fractured bedrock
	Laboratory

stripping from GW samples
	Rn measurements were not successful in characterizing residual TCE because of the heterogeneity of the fractured bedrock. Other noble gases (Ne, Ar, and Xe) could be useful for the characterization of the TCE-contaminated site.



	[26]
	UZ—Former IS
	P-SGP
	DNAPL
	Heterogeneous
	Pulse IC
	Rn deficits correspond with contamination hotspots obtained using standard direct and indirect prospecting techniques and are coherent with the location of historical pollution sources.



	[116]
	GW—FS
	GW-MW
	LNAPL
	Backfill soil over bedrock
	Laboratory stripping from GW samples + SC
	Rn deficit (0.49–0.88) areas corresponded to the highest dissolved concentrations areas and described the residual source zone. Low Rn levels were detected downstream of the recharge wells, possibly due to the injection of treated GW, depleted in Rn.



	[25]
	UZ—Former IS
	T-SGP
	DNAPL
	Heterogeneous
	Pulse IC
	Rn measurements dependent on atmospheric temperature. Negative spatial correlation of rescaled Rn and contaminant load in the upper layers. Inability to detect deep DNAPL.



	[27]
	UZ—FS
	P-SGP
	LNAPL
	Backfill soil over

ignimbrites
	Laboratory SC
	Inverse correlation between Rn and VOC agrees with the Rn deficit. Rn deficit in SG (down to 0.01) allowed for the identification of areas with residual LNAPL.



	[27]
	GW—FS
	GW-MW
	LNAPL
	Alluvial

deposits
	Laboratory

stripping from GW samples + SC
	Rn deficit validated with multi-parameter monitoring (Rn, LNAPL, and GW levels) and chemical analysis. Rn deficit in GW (down to 0.01) allowed for the identification of areas with residual LNAPL. LNAPL saturation (up to 54%) estimated based on GW Rn deficit values.



	[101]
	UZ—Active FS
	SG-MW
	LNAPL
	Heterogeneous
	SC
	Rn measures in the headspace of MW are a promising approach for detecting mobile and residual LNAPL. Rn deficits in MW ranged from 0.05 to 0.82 for different sites. The quantitative assessment is still to be evaluated.



	[54]
	GW—Active FS
	PDMS-AC in MW in GW
	LNAPL
	Heterogeneous
	Passive

accumulators
	PDMS-AC passive accumulators can be useful to determine Rn vertical variations in the soil profile. For GW, quantitative estimations (LNAPL saturations of 1.2–2.5%) were also possible.



	[54]
	UZ—Active FS
	PDMS-AC in MW in UZ
	LNAPL
	Heterogeneous fractured

system
	Passive

accumulators
	PDMS-AC passive accumulators can be useful to determine Rn vertical variations in the soil profile. For UZ, quantitative estimations were considered not feasible.







FS: fuel station; GW: groundwater; GW-MW: groundwater samples from monitoring wells; HC: hydrocarbons; IC: ionization chamber portable Rn detector; IS: industrial site; LSC: liquid scintillation counting of water samples; MW: monitoring well; PDMS-AC: polydimethylsiloxane + activated carbon; P-SGP: permanent soil gas probes; SC: semiconductor portable Rn detector; SG: soil gas; SG-MW: soil gas samples from the headspace of monitoring wells; T-SGP: temporary soil gas probes; UZ: unsaturated zone; and α: alpha spectroscopy.
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