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PREFACE 

The occurrence of light non-aqueous phase liquids (LNAPL) in the subsurface is a 

significant issue at hydrocarbon-contaminated sites (US EPA, 1995). LNAPL primarily 

originates from releases of fuels and oils, and its wide range of components is among 

the most frequently encountered organic contaminants in the subsurface environment 

(CL:AIRE, 2014). The assessment of petroleum-contaminated sites has progressed 

over time, improving efficiency in terms of time and cost (Sweeney and Ririe, 2017). 

However, it is still common that the evaluation of the presence and distribution of 

LNAPL at these sites relies on traditional methods like the collection of soil cores for 

laboratory analysis, and the installation of groundwater monitoring wells to observe 

the apparent thickness of the floating free product (US EPA, 2004). However, these 

methodologies are often insufficient to provide exhaustive information for a 

comprehensive site assessment and the planning and monitoring of effective 

remediation activities (ITRC, 2018, 2019). To overcome such technological and 

economic barriers, several technologies have been introduced and tested in the field 

over the last few decades. These include Electrical Resistivity Tomography (ERT), 

Ground-Penetrating Radar (GPR), Laser-Induced Fluorescence (LIF) and the Optical 

Imaging Profiler (OIP) (Bertolla et al., 2014; McCall et al., 2018; Shao et al., 2019; 

Teramoto et al., 2019; García-Rincón et al., 2020; Lu et al., 2021; Meng et al., 2022; 

Mineo, 2023). Many of these methods, although promising, require further 

investigation to ensure their efficiency in the field, as the achievement of reliable 

results is often conditioned by the site characteristics (ITRC, 2019; Mineo, 2023). 

Among the available alternatives, the use of tracer techniques is another way to 

characterize and monitor LNAPL and assess the efficacy of in-situ remediation 

technologies implemented for LNAPL source zone remediation (Rao et al., 2000). The 

use of 222Radon (Rn), a natural partitioning tracer that selectively partitions into the 

NAPL, has been explored in recent years within this context. Rn is a naturally 

occurring radioactive gas, resulting from the decay of 226Radium, as an intermediate 

step in the radioactive decay chain of 238Uranium (Ball et al., 1991). A portion of the 

Rn atoms produced in soil grains and rocks is released from the solid matrix into the 

pore space (Nazaroff et al., 1989). Within the pore volume, Rn partitions among the 

different phases in the subsurface, being consequently present in the soil as sorbed 

to the soil grains, dissolved in water and dispersed in the soil gas, reaching a site-
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specific equilibrium concentration (Nazaroff, 1992). The presence of LNAPL in the 

subsurface causes Rn to preferentially partition into this additional phase, resulting in 

a change in the equilibrium concentration value that would be observed compared to 

that in the absence of contamination (ITRC, 2000). Indeed, different works have 

shown that Rn activities in soil gas or water in areas containing LNAPL are lower than 

those obtained from adjacent areas without LNAPL (background Rn value). 

Therefore, this method has the potential to identify and possibly quantify LNAPL in 

the subsurface by monitoring Rn in soil gas (Schubert et al., 2001; García-González 

et al., 2008; Yoon et al., 2013; Barbosa et al., 2014; Cohen et al., 2016; De Simone 

et al., 2017; Castelluccio et al., 2018; De Miguel et al., 2018, 2020; Mattia et al., 2020; 

Barrio-Parra et al., 2021; Briganti et al., 2024) or water (Hunkeler et al., 1997; Fan et 

al., 2007; Schubert et al., 2007a, 2007c; Galhardi and Bonotto, 2012; Yoon et al., 

2013; Ponsin et al., 2015; Briganti et al., 2020, 2024) and determining the Rn deficit 

between the two zones. Several configurations were tested for the applications of the 

method through Rn measurements in soil gas. The most prevalent configuration 

involves using temporary soil gas probes to take soil gas samples at a depth of about 

0.8 m to 1 m. Rn concentrations are then derived from those samples using portable 

field instrumentation. Although the results obtained are often qualitatively positive, 

some limitations have been identified and several aspects still need to be investigated 

for an effective implementation of the method. Difficulties encountered are associated 

with the heterogeneity of the soil's lithostratigraphy (Schubert, 2015; Cohen et al., 

2016), as variations in radium concentration due, for example, to differences in 

lithostratigraphic units among rock types, or the soil water content, can result in 

differences in Rn production (Nazaroff, 1992). These complexities have not yet been 

fully addressed or overcome and may still be considered an open topic. Another 

aspect related to subsoil characteristics is the potential impact of the distance between 

soil gas probes and the LNAPL source zone on the performance of the Rn deficit 

technique in the unsaturated zone (Cohen et al., 2019). Indeed, the applicability of the 

Rn deficit method may be limited in cases where there is a reduced Rn characteristic 

diffusion length, depending on the soil properties. Although some authors have 

previously mentioned this mechanism (e.g., De Miguel et al., 2020; Höhener and 

Surbeck, 2004), it was not thoroughly investigated.  

The objective of this thesis is to improve the comprehension of the dynamics 

governing the transport of Rn in soil gas, especially in the presence of LNAPL in the 
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subsurface and under less explored conditions, such as the occurrence of local 

advective phenomena. Furthermore, the research aims to provide theoretical and 

practical tools for the application of the soil gas Rn deficit technique for the 

assessment of LNAPL occurrence in the subsurface.  

To achieve these objectives, the initial effort consisted of a theoretical analysis 

focused on advancing the overall understanding of soil gas Rn diffusive transport in 

the subsoil (Chapter 3) (Cecconi et al., 2022). A 3-layer, one-dimensional steady-state 

analytical model was developed to investigate the variations of Rn in the gas profile 

within the subsurface in the presence of LNAPL. This first modeling effort 

concentrated on assessing the influence of specific site parameters (such as soil type, 

volumetric NAPL content, water table depth, and the vertical distance of the soil gas 

probe from the NAPL source) on the profiles of subsurface soil gas Rn concentrations 

and deficits, thus impacting the interpretation of field results. A second model was 

later developed to improve the understanding of Rn behavior in less traditional 

contexts, considering the presence of advective phenomena in the subsurface 

(Chapter 4). Although diffusion is typically the primary transport mechanism for gases, 

local advective phenomena cannot always be excluded, especially in specific 

scenarios such as water table fluctuations or the occurrence of methanogenesis (US 

EPA, 2015). The combination of diffusion and advection can have varied effects on 

Rn activity both in background areas and LNAPL impacted zones, depending on the 

nature of the advective flux. If left unaddressed, these effects can introduce additional 

confounding factors into the interpretation of Rn data to assess NAPL contamination 

(Cecconi et al., 2023b). In both these modeling works it has been shown, as also 

reported in literature, that the distance between the point where soil gas Rn is 

measured and the LANPL source area is a crucial factor for the effective application 

of the technique. However, the common application of the method involves the use of 

temporary soil gas probes, which typically only allow for superficial Rn measurements 

(less than 1 m). Therefore, the use of soil gas probes to apply the Rn deficit technique 

for estimating LNAPL would only be effectively applicable if the probes are installed 

in proximity to the source zone. To address this issue, we have developed an 

alternative Rn measurement protocol for the application of the Rn deficit technique 

(Chapter 5) (Cecconi et al., 2023a). In this approach, soil gas Rn can be monitored in 

the headspace of groundwater monitoring wells that are typically screened in the 

portion affected by the presence of LNAPL. To verify the method's performance, some 
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tests were conducted at two sites with known diesel or gasoline contamination, using 

portable instrumentation. The preliminary tests confirmed the method's applicability 

for determining the presence of residual phase in the unsaturated zone, with results 

consistent with those obtained with other lines of evidence. However, the 

interpretation of the Rn data still revealed some uncertainties, due to heterogeneities 

in the subsurface and to temporal variability of Rn emissions. To address the daily 

variability of soil gas Rn concentrations, an alternative sampling mode was tested 

(Chapter 6). Soil gas Rn measurements were still performed in groundwater 

monitoring wells but using passive Rn analyzers. The devices were installed in the 

headspace of the wells for a few days to provide Rn activity data representative of the 

point under investigation. This approach potentially improves the performance of the 

method and overcomes some of the limitations encountered, by allowing Rn 

measurements to be performed at a depth close to the NAPL source zone and also 

ensuring that detected Rn deficits are independent of daily Rn variations. 
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Environmental pollution is a major challenge in the 21st century, affecting the balance 

of ecosystems and profoundly impacting society. Pollution can be defined as an 

undesirable alteration in the physical, chemical, or biological characteristics of air, 

water, or soil (NRC, 1966). Among these impacts, soil contamination is primarily 

caused by human activities, including industrial practices, the use of chemicals in 

agriculture, and improper disposal of waste (Panagos et al., 2013). Of particular 

concern in this context is petroleum hydrocarbons contamination, due to their high 

toxicity and persistence as pollutants that pose a threat to all forms of life on Earth 

(Negi et al., 2021; Vandana et al., 2022). Oil exploration, transportation, storage, and 

refining in the petroleum industry at various facilities (such as fuel manufacturing 

plants, refineries, industrial facilities, gas stations, airports, military bases, and 

smaller-scale storage at residential properties) whether unintentional or due to human 

activities, are the main contributors to hydrocarbon pollution (CL:AIRE, 2002; Osin et 

al., 2017). Petroleum is a complex mixture of organic compounds. It is composed 

primarily of hydrocarbons, mostly aliphatic (C1-50), monoaromatic (BTEX), and 

polyaromatic hydrocarbons, with some heteroatomic components such as nitrogen, 

oxygen, and sulfur, and trace amounts of metals (King, 1988; Henry, 1998). The 

specific compounds found in petroleum can vary, but more than  500 different 

compounds have been identified (Fingas, 2022). Among these, hydrocarbons exhibit 

different properties based on the number of carbon atoms in their chain or the type of 

chemical bonds that link them (Greenshields and Rossini, 2002). However, organic 

compounds commonly found in petroleum products have low solubility in water due 

to their non-polar nature (CL:AIRE, 2014), resulting in the occurrence of a physical 

interface between these compounds and water (CL:AIRE, 2017). Therefore, spills of 

petroleum products in the subsurface can easily lead to the formation of Light Non-

Aqueous Phase Liquids (LNAPL), which is a separate phase that is immiscible with 

water and characterized by densities lower than that of water (US EPA, 1995). 

Consequently, LNAPL typically consists of a complex mixture of mostly hydrocarbon 

organic chemicals with a wide range of physical, chemical, and toxicological 

properties that can affect their environmental fate and risk (US EPA, 1995). LNAPL is 

of particular interest in environmental studies and is one of the most prevalent organic 

forms of pollution in the subsurface environment due to the widespread use of fuels 

and oils such as gasoline, diesel, and heating oils in various industries (CL:AIRE, 

2014; Ossai et al., 2020). The historical impact of accidental releases and inadequate 
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disposal practices further increases the prevalence of LNAPL contamination and adds 

complexity to the challenge of managing the environmental risks associated with this 

product (US EPA, 1995). In fact, the immiscibility of LNAPL with water and their 

distinct behaviors in subsurface systems pose challenges related to groundwater 

quality. To address this issue, the development of effective management and 

remediation strategies necessitates an understanding of LNAPL transport, fate, and 

distribution mechanisms (Alden et al., 2024; CL:AIRE, 2014).  
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1.1 LNAPL MOBILITY LIMITS IN THE SUBSURFACE 

Following the spill of petroleum products and during their movement through porous 

media, various processes can transform its constituent components, resulting in 

physical and chemical redistribution across the mineral, aqueous, and gaseous 

phases of the soil, based on their specific partition coefficients (Corapcioglu and 

Baehr, 1987; Parker, 1989). The equilibrium concentration of an organic compound 

in water at a specific temperature and pressure defines its solubility, thus revealing 

the contaminant's mobility in the liquid phase of both unsaturated and saturated 

zones. The maximum dissolved concentration in water, or effective solubility, of each 

compound of the spilled product is a function of its pure compound solubility and the 

mole fraction of the chemical in the organic phase (O’Reilly et al., 2001), as reported 

in  Eq. 1.1: 

Se,i = Si ∙ Xi Eq. 1.1 

where Se,i (mg L-1) represents the effective solubility of the i-th compound in the 

mixture, Si (mg L-1) the solubility of the pure compound, and Xi (-) represents its mole 

fraction. At equilibrium conditions, Henry's law describes the partitioning of a 

compound between the gas phase and the aqueous phase, providing an estimate of 

a contaminant's tendency to volatilize. The concentration of each component in the 

gaseous phase can then be derived from the following relationship: 

Cg,i = Hi ∙ Cw,i Eq. 1.2 

where Cg,i and Cw,i  (mg L-1) respectively refer to the concentration of the i-th component 

in the gaseous and aqueous phases, while H (-) denotes Henry's dimensionless 

constant. Note that when the maximum dissolved concentration in water is reached, 

Cw,i  corresponds to Se,i. The direct volatilization of the individual chemical compounds 

constituting the petroleum product can be described by Raoult's law, which defines 

the variation in a compound’s vapor pressure pi (Pa) in relation to its mole fraction Xi 

(-) and to the vapor pressure of the pure compound pi
0 (Pa).  

pi = Xi ∙ pi
0 Eq. 1.3 

Organic compounds also tend to partially adsorb to the organic carbon of the soil (Li 

and Gupta, 1994). The organic carbon partition coefficient Koc (L kg-1) reflects the 

tendency of a compound to partition between the soil organic fraction and water. The 
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concentration of the i-th component as sorbed phase Cs,i (mg kg-1) also accounts for 

the organic carbon fraction of the soil foc (-), and can be written as follows (ASTM E 

1739-95; ASTM PS 104-98): 

Cs,i = Koc,i  ∙ foc ∙ Cw,i  Eq. 1.4 

When the various constituent compounds of the released petroleum product reach 

their maximum adsorption, volatilization, or solubility value under equilibrium 

conditions, the saturation concentration of the soil is reached, and they generally form 

a separate phase. For a pure chemical, the saturation concentration (Csat) can be 

calculated as follows (ASTM E 1739-95; ASTM PS 104-98): 

Csat = Ksw ∙ S Eq. 1.5 

With Ksw (L kg-1) the soil-water partition coefficient that can be written as (ASTM, 

2000): 

Ksw =
Koc ∙ foc ∙ ρs + θw + H ∙ θg

ρs
 Eq. 1.6 

With ρs (kg m-3) the soil density, θw (-) the volumetric water content, and θg (-) the 

volumetric gas content of the soil.  

For mixtures of chemicals that are partially soluble in water, like petroleum products, 

the concentration at which the mixture will be present in the soil’s phases is a function 

of its composition (Brost and De Vaull, 2000). The soil saturation limit for the mixture 

can be described with (Johnson et al., 1992): 

∑
Csat ∙ Xi ∙ ρs

Si(θw + Koc,i ∙  foc ∙ ρs + Hi ∙ θg)

N

i=1

= 1 Eq. 1.7 

When the saturation concentration is exceeded, the soil can be considered as a four-

phase system so that the contaminants can exist in aqueous, vapor, adsorbed, and 

separated phases. The last one can occur as an immobile phase due to capillarity and 

the effect of surface tension of the particles, but as the concentration increases, the 

contaminant may no longer be mechanically retained by the soil, bringing to the 

presence of mobile, separate phase in the subsoil (ITRC, 2018). While immobile 

LNAPL (residual phase) exists as isolated pools of fluid trapped in the soil pores 

(Figure 1.1), the additional presence of mobile LNAPL (LNAPL body) can be 

conceptualized as a continuous, connected body of liquid in the porous media that is 
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able to move under applied pressure gradients (Figure 1.2) (ITRC, 2009). Changing 

conditions, such as varying water table levels, can cause LNAPL to move between 

the state of being mobile and immobile (Johnston and Trefry, 2010).  

 

Figure 1.1. Conceptualization of a LNAPL spill creating residual, immobile LNAPL in the 
subsurface (CL:AIRE, 2014). 

 

 

Figure 1.2. Conceptualization of a LNAPL spill creating both residual LNAPL and free, mobile 
phase (LNAPL body) in the subsurface (CL:AIRE, 2014). 
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The term residual concentration Cres (mg kg-1) can then be defined as the 

concentration below which the NAPL, if present, will not migrate due to gravity, and 

can be specified as (Brost and De Vaull, 2000): 

Cres =
θr,N ∙ ρN

ρs
∙ 106 mg kg−1  Eq. 1.8 

With θr,N (-) the residual non-aqueous phase volume fraction, defined as in Eq. 1.9, ρN 

(g cm-3) the density of LNAPL and Sr,N (-) the fraction of residual LNAPL filled void.  

θr,N = Sr,N ∙ θt  Eq. 1.9 

Brost and De Vaull (2000) provide data to define conservative Cres values that can 

screen sites for NAPL mobility. Table 1.1 presents a comparison between calculated 

Csat, soil values, and measured Cres, soil values for specific chemicals and 

hydrocarbon mixtures.  

Table 1.1 Residual NAPL concentration and soil saturation limit (Brost and De Vaull, 2000) 

Compound/mixture Sr,N (-) Cres (mg kg-1) Csat (mg kg-1) ρN (g cm-3) 

Benzene 0.24 53 000 444 0.88 

o-Xylene 0.01 2000 143 0.88 

Gasoline 0.02 – 0.6 3400 – 80 000 106 0.78 

Diesel 0.04 – 0.2 7700 – 34 000 18 0.94 

Fuel oil 0.08 – 0.2 17 000 – 50 000 18 0.94 

Mineral oil 0.1 – 0.5 20 000 – 150 000 3 0.81 
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1.2 LNAPL TRANSPORT 

To describe the behavior and distribution of LNAPL in the subsurface, it is assumed 

that LNAPL coexists with water and interstitial air within soil pores. The Vertical 

Equilibrium Model (VEQ) replaces the pancake model, which historically depicted 

LNAPL as floating above groundwater in a stratified way (Farr et al., 1990; Lenhard 

and Parker, 1990). According to the VEQ model, the movement and distribution of 

LNAPL are primarily governed by the force of gravity, the characteristics of the LNAPL 

(e.g., viscosity, density, and surface tension), and capillary pressure (Farr et al., 1990; 

Lenhard and Parker, 1990). Capillary pressure can be defined as the pressure 

difference created at the interface between two non-miscible fluids in contact with 

each other (Hillel, 1982), such as LNAPL/water, air/LNAPL, and air/water. After a spill, 

the product tends to move vertically and fill soil pores that were previously filled with 

air or water (ITRC, 2018). But for the LNAPL to enter the soil pores, and continue to 

migrate, it must overcome the capillary resistance or entry/displacement pressure of 

the soil porosities, displacing the water and gases within a pore space in the vadose 

zone or saturated area (Mercer and Cohen, 1990; API, 2007). Figure 1.3 shows an 

example of LNAPL held in pore space by the surrounding water. The curvature of the 

interface at point A indicates that the pressure in the LNAPL side of the interface (pN) 

is greater than the pressure immediately adjacent in the water phase (pw) (CL:AIRE, 

2014). In the shown example, the entry pressure for the non-wetting fluid (LNAPL) to 

enter a wetting fluid (typically water), is given by:  

pN − pw =
2 ∙ σ ∙ cos(αc)

r
  Eq. 1.10 

With pN (kg m-1 s-2) NAPL pressure, pw (kg m-1 s-2) the water pressure, σ (kg s-2) the 

interface tension αc (°) the contact angle at the interface between the two fluids, and 

r (m) the pore entry radius. 
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Figure 1.3. Schematic of non-wetting LNAPL and its contact angle with soil surfaces in the 
presence of water (CL:AIRE, 2014). 

The resistance to LNAPL movement is greater in the saturated zone than in the 

vadose zone due to the entry pressure being higher for a water-saturated pore than 

for an air-occupied pore. As a result, LNAPL will migrate until it comes across a 

physical barrier, like low permeability strata, or it encounters the greater resistance to 

vertical migration when the product reaches the capillary fringe and the piezometric 

surface of the aquifer (CL:AIRE, 2014; ITRC, 2018; Boumaiza et al., 2022). However, 

for significant petroleum product releases, if LNAPL has sufficient pressure, once it 

reaches the capillary fringe, it will still penetrate deep into the aquifer, displacing water 

to a depth proportional to its driving force, while partially moving laterally along the 

upper boundary of the water-saturated zone. LNAPL will continue to vertically 

penetrate the saturated zone if the downward force due to the LNAPL head or the 

pressure due to LNAPL release exceeds the opposing forces due to the resistance of 

the soil matrix and the capillary forces (ITRC, 2018), and the product will continue to 

expand until the forces are balanced. Once this occurs, the mass can be considered 

stable, unless there are further releases or hydraulic changes in the subsurface 

(CL:AIRE, 2014). Typically, the system configuration will be that of a multiphase 

system in which the pores of the medium contain varying amounts of water, NAPL, 

and gas. In particular, the vadose zone becomes a three‐fluid zone consisting of 

variable saturations of air, water, and LNAPL that together fully saturate the pore 

spaces. The presence of the gaseous phase decreases with depth, entering the 

capillary fringe, until the LNAPL penetration of the water table creates a two‐fluid zone 

consisting of variable saturations of LNAPL and water (Figure 1.4) (Hamper and 

Seyedabbasi, 2023).  



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                       Page 20 of 230 

 

Figure 1.4. Variations in multi-phase system types are observed through a typical LNAPL body 
profile. Three-phase systems exist within the partially saturated zone and upper portions of the 
capillary fringe, while two-phase systems exist within the lower portions of the capillary fringe 
and saturated zone (CL:AIRE, 2014). 

In a standard scenario of homogenous sandy soil and unconfined conditions, the 

vertical distribution of LNAPL saturation will usually follow a pattern referred to as a 

shark's fin (Frollini and Petitta, 2018), shown on a plot of percent LNAPL saturation 

versus depth. The area of highest saturation is typically found around the capillary 

fringe and extends simultaneously above and slightly below the water table. 

Saturation levels decrease both above and below this point (Farr et al., 1990; Lenhard 

and Parker, 1990). With complex conditions, LNAPL saturations deviate from the 

idealized shark fin description and vary significantly with depth due to the influence of 

soil heterogeneity and water table variability over time (Huntley and Beckett, 2002; 

Lenhard and García-Rincón, 2024). Changes in the water table due to seasonal 

variations or artificial pumping can affect the occurrence of LNAPL in both the aquifer 

and wells (Kemblowski and Chiang, 1990). Observed decreases in the thickness of 

LNAPL in an unconfined well within an aquifer with a fluctuating water table result 

from the distribution and redistribution of mobile LNAPL within the LNAPL body. For 

an unconfined and homogeneous aquifer, Cavelan et al. (2022) effectively illustrate 

the initial vertical equilibrium shark’s fin distribution (Figure 1.5 i) and the changes that 

typically occur with changing water table level. As the water table lowers (Figure 1.5 

ii), trapped LNAPL will drain, leading to an increase in LNAPL thickness in the well. 



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                       Page 21 of 230 

Instead, during the peak of the water table level (Figure 1.5 iv), LNAPL may become 

completely or partially trapped within the formation, resulting in either reduced or no 

thickness in the well. However, this ideal concept may not always apply because of 

the heterogeneity and water table location during the initial spill. 

Figure 1.5. Variation in the multi-phase systems observed in the typical LNAPL body profile 
according to changes in water table levels (Cavelan et al., 2022). 

Although capillary forces can retain NAPL in the pores and make it immobile, there 

still remains the possibility that its components might reach the aquifer through 

meteoric seepage, dissolve soluble constituents, and lead to a contaminated plume. 

Similarly, the most volatile components, particularly in the early stages of a spill, can 

pose a risk to human health by producing contaminated vapor plumes and, in some 

cases, potentially leading to vapor intrusion processes (US EPA, 2015; Verginelli, 

2024). For these reasons, it is important to note that both mobile and immobile forms 

of LNAPL pose critical environmental issues, making them primary sources of long-

term contamination. 
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1.3 LNAPL MASS REMOVAL 

The acceptance of natural attenuation processes being important in hydrocarbon 

attenuation began in the early 1990s (Chapelle, 1999). The earliest models of mass 

balance in hydrocarbon source zones were inaccurate in assuming that mass removal 

of hydrocarbons only accounted for processes occurring in the aqueous phase without 

affecting the source zones of LNAPL (Garg et al., 2017). Over the past decade, a new 

scientific term, Natural Source Zone Depletion (NSZD), has emerged. NSZD refers to 

the collective naturally occurring processes that lead to a reduction of total LNAPL 

mass in the subsurface (ITRC, 2009). These processes include the transfer of 

chemical components to the aqueous and gaseous phases, aqueous phase 

biodegradation, and direct contact product biodegradation (Ng et al., 2014). 

Physical processes involving the redistribution of LNAPL components in either the 

aqueous or gas phase gradually decrease the total mass of the contaminant in the 

subsurface. LNAPL usually contains volatile organic compounds (VOCs) that can 

vaporize during and after LNAPL migration in the subsurface, leading to the 

development of a vapor-phase plume in the partially saturated zone. This mass 

transfer depends on the vapor pressure of the single components and in a multi-

component LNAPL this is approximated by Raoult’s Law (Eq. 1.3). Additionally, 

soluble components are leached from LNAPL by groundwater flow or atmospheric 

precipitation, leading to the formation of a dissolved-phase plume (ITRC, 2009). The 

equilibrium dissolved-phase concentration (effective solubility) of the individual 

components may be again approximated by Raoult’s Law (Eq. 1.1). Although this 

contribution may be significant, it is now recognized that NSZD mainly occurs through 

direct oil biodegradation, biodegradation of solubilized hydrocarbons at the oil/water 

interface, LNAPL volatilization and biodegradation in the vadose or smear zone, and 

only to a lesser extent, dissolution into groundwater and biodegradation in the 

saturated zone (Karimi Askarani et al., 2024). In particular, methanogenesis combined 

with the transport of gases such as methane, carbon dioxide, and volatile organic 

compounds through the vadose zone is accepted as the main mechanism of LNAPL-

mass depletion (Garg et al., 2017). Naturally occurring microorganisms can degrade 

many of the compounds found in LNAPL by using them as a carbon substrate in 

microbially mediated redox reactions resulting in by-products such as carbon dioxide, 

methane, and water (Rivett and Thornton, 2008). In aerobic environmental conditions, 
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aerobic biodegradation (using oxygen as an electron acceptor) of most contaminants 

will occur preferentially, due to a greater energy yield relative to anaerobic processes 

(using other electron acceptors) such as denitrification, Fe/Mn reduction, or 

methanogenesis. Methanogenesis is a complex, multi-step process involving 

syntrophic interaction between two groups of organisms for the degradation of 

complex organic compounds (Garg et al., 2017): fermenters break down 

hydrocarbons in anaerobic LNAPL zones, resulting in the creation of dissolved 

hydrogen and/or acetate, which methanogens use to produce methane. This process 

is common in methanogenic ecosystems where anaerobic electron acceptors are rare 

or absent, but it can also occur in higher redox environments or in the presence of 

electron acceptors (Gieg et al., 2014). Anaerobic biodegradation may be slower than 

aerobic for many components but can account for most plume mass metabolized at 

LNAPL-release sites (CL:AIRE, 2014). At the Bemidji (US) site, where numerous 

NSZD studies have generated valuable field data to enhance the current 

understanding of the process, it has been shown that methanogenesis accounts for 

85% of the contaminant degradation in both the vadose zone and the smear zone 

(Molins et al., 2010).  

The gaseous expression of NSZD’s conceptual model is illustrated in Figure 1.6 (Garg 

et al., 2017). Methanogenic organisms consume hydrocarbons in the saturated zone, 

capillary fringe, or lower unsaturated zone, where the majority of the LNAPL product 

is expected, generating CO2 and CH4, from a reaction similar to that shown in Eq. 1.11 

for octane: 

C8H18 + 3.5 H2O → 1.75 CO2(g) + 6.25 CH4(g)  Eq. 1.11 

CH4 and CO2 are transported upward into the vadose zone, along with smaller 

amounts of VOC, if volatilization processes are still occurring depending on LNAPL 

composition and the age of the spill. The upward transport of CH4, and possibly VOC, 

is opposed to the downward transport of atmospheric oxygen. When methane and 

oxygen come together in the vadose zone, in the hydrocarbon oxidation zone, CO2 is 

produced according to Eq. 1.12 (CRC CARE, 2018): 

CH4 + 2 O2 → CO2(g) + 2 H2O(g)  Eq. 1.12 

Ultimately, the primary outcome of the subsurface processes described is the release 

of CO2 to the surface. When superficial LNAPL contamination occurs, as is often the 
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case in the initial stages of a spill, aerobic degradation processes are activated that 

limit the diffusion of oxygen to the underlying layers (CRC CARE, 2018). 

Consequently, undegraded methane may be present in the upper layers and be 

detectable as flux from the surface.  

 

Figure 1.6. Conceptual model for the gaseous expression of natural source zone depletion 
processes, illustrating the main transport zones, gases involved, and potential control factors 
(Garg et al., 2017). 

Figure 1.6 also provides a list of potential controls that could impact NSZD processes 

in each of the previously mentioned zones. 
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1.4 LNAPL DETECTION TECHNIQUES 

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 (CL:AIRE, 2014). 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 

(CL:AIRE, 2002). 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 extent of the contamination, its mobility, and the monitoring in 

terms of spatial evolution and concentration, there are several possible approaches. 

Some of the methods and technologies available are briefly described below. 

1.4.1 Soil sampling 

Soil characterization by soil sampling is one of the primary methods used to assess 

soil contamination and the relative contaminant concentrations (Figure 1.7). It 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 (CL:AIRE, 2014). Analysis of soil 

samples can also be useful in assessing the distribution of LNAPL and evaluating the 

vertical variability and penetration depth of the product, valuable information for 

defining LNAPL behavior in the subsurface and understanding potential associated 

risks (ITRC, 2018). The selection of boring locations and depths should be based on 

available information regarding the hydrogeologic and contaminant conditions at the 

site. Ideally, the vertical investigation should continue to the zone of deepest LNAPL 

penetration (Mercer and Cohen, 1990). Field activities for conducting soil surveys may 

include contamination screening directly in the field, using instruments like portable 

photoionization detectors (PID), flame ionization detection (FID), or fluorescence 

analysis for headspace evaluation. Additionally, shaker tests, dye shaker tests, paint 
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filter tests, and paper towel tests serve as effective approaches to conveniently screen 

for LNAPL presence (CL:AIRE, 2014).  

 

Figure 1.7. Collection of soil samples (© Earth Environmental & Geotechnical Ltd) 

For LNAPL contamination, information on contaminant quantification with soil sample 

analysis is typically provided in terms of Total Petroleum Hydrocarbons (TPH). TPH 

includes volatile petroleum hydrocarbons, ranging from C6 to C10, and extractable 

petroleum hydrocarbons, from C10 to C28 (Kuppusamy et al., 2019). To approximate 
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the saturation of a multi-component complex LNAPL based on TPH data, the following 

equation can be used (Parker et al., 1996).  

SN =
ρs ∙ TPH

ρN ∙ θt ∙ 106
  Eq. 1.13 

Where SN (-) represents the NAPL saturation of the pore space, ρs (g cm-3) denotes 

the soil bulk density ρN (g cm-3) stands for the NAPL density, θt (-) denotes the 

porosity, and TPH units are expressed in mg kg-1.  

Soil sampling and analysis can be useful for performing GC fingerprinting analysis of 

petroleum compounds in the soil (Yang et al., 2014). This method provides a profile 

and distribution of the chemical components found in the LNAPL, making it an 

effective tool for characterization, particularly in cases where multiple fuel types or 

sources are present or suspected. Furthermore, different types of fuel and oil exhibit 

distinctive GC fingerprints, which can be used to evaluate the extent of weathering 

and the combination of degradation processes that the LNAPL has undergone 

(CL:AIRE, 2014). Information upon petroleum hydrocarbon fingerprinting or 

weathering patterns, can also be used as an age dating and source identification 

technique (Christensen and Larsen, 1993). These techniques are employed in the 

field of environmental forensics to investigate contamination, an include other options 

like corrosion models for underground storage tanks, identifying the date when a 

chemical or additive became commercially available, biomarker analysis, stable 

isotope analysis and radiometric methods based on 228Th/228Ra ratios (Christensen 

and Larsen, 1993; Morrison, 2000, 2000; Oudijk, 2009; Lauer and Vengosh, 2016; 

Briganti et al., 2023).  

The main advantages of the 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 (Tsai et al., 2020). Furthermore, this technique 

may miss contaminants in locations where survey data are not available or contribute 

to new contamination pathways. It has also been noted that the small size of core 

samples may be insufficient to provide reliable average NAPL saturation (Mayer and 

Miller, 1992). When using soil TPH concentrations as an indicator of LNAPL presence, 

caution is advised by ITRC (2018) due to the potential impact of non-hydrocarbons 

such as soil organic matter and the analytical method chosen. 
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1.4.2 Monitoring wells 

Groundwater monitoring wells are typically installed at sites contaminated or 

suspected of being contaminated with petroleum products. As well as groundwater 

sampling and analysis, wells can often be used to monitor for the possible presence 

of free LNAPL as a supernatant on top of the water in the well. Well screens in LNAPL 

monitoring wells should be long enough to ensure that the entire free LNAPL layer is 

within the screened interval during seasonal water table fluctuations and sand pucks 

should be coarser than the surrounding media to ensure movement of NAPL into the 

well (Mercer and Cohen, 1990). An interface meter can be employed to measure 

groundwater and LNAPL elevations, detecting the LNAPL-air and LNAPL-water 

interfaces within a well (CL:AIRE, 2014). Measurements of LNAPL height and 

thickness in monitoring wells can also be performed using hydrocarbon detection 

paste on a steel tape, that displays the top of floating hydrocarbons as a wet line and 

the top of water as a distinct color change, or a transparent bottom-loading bailer, that 

can be used to measure and sample LNAPL. LNAPL elevations measured in wells 

are generally assumed to represent the surface of the LNAPL in the surrounding 

formation (Mercer and Cohen, 1990). However, it should be noted that this 

assumption may not always be true. Although monitoring wells can help determine 

the presence or absence of LNAPL, they should not be the sole assessment tool. 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, and therefore it may not enter the well screen as a 

supernatant product. It is equally important to be careful when monitoring the progress 

of remediation activities because if the measurable in-well LNAPL thickness becomes 

unmeasurable after remediation, it is not accurate to infer that there is no residual 

LNAPL in the surrounding subsurface. LNAPL could still be present in pores that are 

not continuous and at saturations lower than those required for lateral migration or 

mobilization into a monitoring well (ITRC, 2018). When the supernatant is visible in 

the well, its free phase thickness is often considered as an important factor. However, 

it is important to note that the thickness of measured LNAPL in wells (apparent 

thickness) differs from the actual thickness in the aquifer (Lenhard and Parker, 1990). 

The apparent thickness can be up to 2 to 10 times greater than the corresponding 

thickness of a formation saturated with LNAPL. This occurs because LNAPL perched 

above the water-saturated zone flows into the well and depresses the well water level. 
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In general, the difference between the two increases as the formation grain size 

decreases, the capillary fringe height increases, and the LNAPL density increases 

(Mercer and Cohen, 1990). Additionally, the influence of groundwater fluctuations on 

oil mobility and supernatant thickness is well recognized (Atteia et al., 2019), as 

previously described (Figure 1.8). 

 

Figure 1.8. Mobilization of LNAPL in the subsurface and  apparent thickness of LNAPL in wells 
as a function of groundwater table conditions (Teramoto et al., 2020) 

Monitoring wells are also typically used to obtain groundwater samples for laboratory 

analysis of dissolved contaminant concentrations. Groundwater concentrations can 

support the determination of the presence of LNAPL, but they should not be 

considered absolute indicators. The concentrations of dissolved components can be 

affected by the variation in product compositions and degrees of weathering, making 

it impossible to identify a specific concentration in groundwater that indicates the 

presence of LNAPL. However, measurements of groundwater concentration closer to 
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the effective solubility indicate a higher likelihood of the presence of LNAPL (ITRC, 

2018). 

1.4.3 Direct push methods 

In addition to traditional sampling methods, in-situ penetration tests have become a 

popular approach for site investigation (Tsai et al., 2020). Penetration tests usually 

involve the standard penetration test (SPT) and cone penetration test (CPT). These 

tests are conducted in boreholes using direct-push tools to deliver the sensor probes, 

sampling, and analytical devices to the desired depths. This method provides rapid 

results for site investigations, but it should be noted that the devices may not be 

suitable for all types of ground conditions, like gravel or highly consolidated soils 

(USDA, 2012). Furthermore, data is unreliable under unsaturated conditions, 

especially in clayey soils (USDA, 2012). 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) (CL:AIRE, 2014; Mineo, 2023) are often 

used.  

MIP is a tool that provides a semi-quantitative estimate of the distribution of VOC in 

unconsolidated formations (Figure 1.9). The MIP membrane is positioned in direct 

contact with the geological formation, allowing for the diffusion of subsurface VOC, 

which are collected in a carrier gas stream and subsequently detected using methods 

such as photoionization detector (PID) or flame ionization detector (FID) (ASTM, 

2012). The method is able to quickly identify areas for further investigation by locating 

areas of high VOC concentrations and plumes but does not differentiate between 

contaminant phases. It is 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 but instead be used as means to 

optimize a reduced number of boreholes and monitoring wells to achieve site 

characterization and long-term monitoring objectives (ITRC, 2019).  
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Figure 1.9. MIP probe (Wu et al., 2022) 

LIF is an in-situ field screening technique used to detect LNAPL in real-time in the 

vadose zone, capillary fringe, and saturated subsurface soil. It provides detailed 

qualitative to semi-quantitative information about the distribution of subsurface 

contamination that fluoresces, such as petroleum products containing polycyclic 

aromatic hydrocarbons (Teramoto et al., 2019). Hydrocarbon mixtures produce 

overlapping spectra, making it impossible to identify individual species. However, they 

do provide some information about the relative concentrations and the type of LNAPL 

present (García-Rincón et al., 2020). To optimize detection capabilities for the unique 

chemistry of one class of NAPL, different LIF systems are required. The Ultra Violet 

Optical Screening Tool (UVOST®) and Rapid Optical Screening Tool (ROST®) LIF 

systems are two similar UV-laser-based systems optimized for detecting petroleum 

products, oils, and lubricants (ITRC, 2019).  

The OIP provides photographic images of hydrocarbon fuel fluorescence in the 

subsurface, using a downhole ultraviolet light-emitting diode to induce fluorescence 

of fuel LNAPL. The photographic information provided by the OIP can enhance the 

understanding of LNAPL behavior in the subsurface, aiding in the interpretation of 

https://www.dakotatechnologies.com/services/uvost
https://www.dakotatechnologies.com/services/uvost
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lithology and formation characteristics (McCall et al., 2018). The ability of the OIP to 

detect contaminants is influenced by various physical and chemical factors. 

Confirmatory samples and analysis are necessary to assist with interpreting potential 

interferences, as false positive results can occur due to interferences such as mineral 

fluorescence (ITRC, 2019). ITRC (2019) recommends using UVOST® or OIP logging 

methods for a more accurate and efficient LNAPL assessment when using direct push 

technologies. 

1.4.4 Surface geophysical methods 

The investigation methods mentioned in the previous sections rely mainly on a grid of 

drilling and sampling approaches that provide a relatively limited temporal and spatial 

resolution, with in situ direct push techniques offering higher resolutions, while soil 

borings and monitoring well installation offer generally lower resolutions (Griffin and 

Watson, 2002). The use of nonintrusive methods is a valuable alternative, as is the 

case of geophysical techniques such as electrical resistivity tomography (ERT), 

ground-penetrating radar (GPR), and induced polarization (IP). The noninvasive 

geophysical methods mentioned above have been used for detecting NAPL in the 

shallow subsurface (Biosca et al., 2020). Geophysical methods measure contrasts in 

the physical properties of different materials and are used to infer or estimate 

parameters of interest in the subsurface over large areas. Surface geophysical tools 

are also indirect methods, so they require correlation or interpretation and can be 

subject to misinterpretation and for these reasons, are most powerful when used in 

combination with conventional measurements when they have the potential to reduce 

characterization and monitoring costs (ITRC, 2019). Electric Resistivity Tomography 

(ERT) is used to noninvasively determine the spatial variations (both laterally and with 

depth) of the electrical resistivity of the subsurface (Figure 1.10), which is a function 

of lithology (porosity, surface area), pore-fluid characteristics (for example, saline 

water, fresh water, NAPL), water content, and temperature (CL:AIRE, 2014). ERT has 

been proven to be a reliable survey method for high-resolution delineation of the 

spatial distribution of an oil plume (Arato et al., 2014; Mineo, 2023), but although a 

new release of electrically resistive NAPL that forms a continuous, sufficiently thick 

layer can be detected, ERT is highly unlikely to directly detect an aged NAPL release 

in the subsurface (ITRC, 2019).  
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Figure 1.10. Scheme of electrical resistivity subsurface measurement (Robles et al., 2022) 

Ground-penetrating radar (GPR) is a widely accepted tool for imaging and 

characterizing subsurface features, by reflecting high-frequency electromagnetic 

pulses or waves transmitted from a radar antenna (CL:AIRE, 2014). Its effectiveness 

depends strongly on site conditions, but it was proven to effectively survey the 

distribution of LNAPL in the subsurface, especially when there is a high percentage 

occupancy of pore space (US EPA, 2004). However, NAPL identification with GPR is 

typically limited to recent, shallow releases that exhibit little weathering of the NAPL 

via biodegradation (ITRC, 2019).  

Induced polarization (IP) utilizes low-frequency polarization mechanisms in earth 

materials, measuring the ability of the soil to store electrical charges by measuring 

both the conductive and capacitive properties of the subsurface (Castelluccio et al., 

2018). Some authors have identified a relationship between chargeability and organic 

pollutants. However, varied results have been achieved in field surveys of NAPL-

contaminated ground (Johansson et al., 2015).  

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 
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geophysical parameter (Biosca et al., 2020). 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. 

1.4.5 Soil gas analysis 

Investigative LNAPL identification methods can benefit from vadose zone soil gas 

surveys as a screening tool for locating potential contamination sources and planning 

the localization of monitoring wells (Mercer and Cohen, 1990; ITRC, 2018). Direct soil 

gas monitoring in the vadose zone can be a qualitative indicator of LNAPL impacts for 

volatile and semi-volatile hydrocarbons. Several chemical characteristics indicate 

whether a measurable vapor concentration can be detected. Ideally, the compounds 

detectable using soil gas analysis will partition significantly from water to soil gas, 

have sufficient vapor pressure to diffuse significantly upward in the vadose zone, be 

persistent, and also susceptible to detection and quantitation by affordable analytical 

techniques (Mercer and Cohen, 1990). Soil gas monitoring can be conducted using 

either permanent or temporary soil gas probes or flux chambers. These surveys use 

passive (sorbent collectors) or active (direct gas) sampling techniques to determine 

the spatial extent of VOC and, by inference, LNAPL at the water table or residual 

LNAPL in the partially saturated zone (CL:AIRE, 2014). Gas samples can be analyzed 

on site using portable equipment (Figure 1.11) or shipped to a laboratory. Field soil 

gas screening tools such as PID or FID detectors can be used along with visual 

observations of the soil core, as the borehole progresses, to verify the presence of 

contamination, and possibly LNAPL, in the borehole area (ITRC, 2019).  
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Figure 1.11. Active soil gas sampling using portable equipment (© ENVGUIDE) 

Soil gas investigation can also be used to investigate NSZD rates and hydrocarbon 

degradation. This can be done by monitoring oxygen, carbon dioxide, methane, 

volatile organic compounds, and temperature in a vertical soil profile (ITRC, 2009; 

Kulkarni et al., 2022; Ririe and Sweeney, 2022). CO2 respirometry can also assist in 

identifying potential sources of LNAPL by measuring CO2 efflux in soil gas at ground 

level through a dynamic closed chamber, and differentiate between natural soil 

respiration CO2 (Sihota et al., 2011). This can be done measuring background CO2 

flux associated with natural soil respiration, in a background location, or performing 

radiocarbon 14C-CO2 analysis (Karimi Askarani et al., 2024), to correct CO2 efflux 

measures to be used for LNAPL assessment. Another feasible option is to use the 

passive flux trap method (Zimbron et al., 2014), which provide integral measurements 

of CO2 efflux over the period of deployment . The traps consist of an upper and a 

lower solid phase sorbent that convert CO2 into solid phase carbonates. The CO2 

mass accumulated in the bottom sorbent elements is used to calculate the soil CO2 

flux (McCoy et al., 2015). 
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It is important to note that soil gas analysis is considered qualitative or semi-

quantitative and generally cannot quantify NAPL 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 (CL:AIRE, 2014). 

However, these methods can provide misleading results if subsurface 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 NAPL (ITRC, 2018).  

1.4.6 Tracers 

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 (CL:AIRE, 2014). Various types of tracers have been 

studied in this context, including interfacial tracers that accumulate at the interface 

between NAPL and water, biogeochemical tracers used to quantify abiotic and biotic 

reactivity, and partitioning tracers that selectively partition into the NAPL (Rao et al., 

2000). In the latter approach, retardation factors for injected partitioning tracers, such 

as alcohols, are determined by measuring partitioning and nonreactive tracer 

concentrations in one or more monitoring wells (Annable et al., 1998). The migration 

of these tracers is then monitored at extraction wells. These data, together with each 

tracer's specific partitioning characteristics, dependent on the aquifer material and 

LNAPL (US EPA, 2005), can be used to locate and quantify NAPL contamination 

(Davis et al., 2002). These methods were primarily tested for Dense Non-Aqueous 

Phase Liquids (DNAPL), 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 (Tsai et al., 2020). 

Alternatively, the use of 222Radon, a natural partitioning tracer that selectively 

partitions into the NAPL, has been explored in recent years within this context (Mineo, 

2023). 
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CHAPTER 2 

2 RADON 

Most of this chapter is taken from “Cecconi, A., Verginelli, I., Baciocchi, R., 2024. 

Assessing LNAPL in the subsurface using the soil gas Rn deficit technique: a literature 

overview of field studies. Manuscript submitted for publication.” 
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Radon (Rn) 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 that of 

air). It is naturally found 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 (Stacks, 2015). 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 (Rösch, 2019) 

Several isotopes of radon exist, depending on the referred decay chain. The naturally 

occurring isotopes that are found in greater quantities are (Gutiérrez Villanueva, 

2008): 

• 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 

seconds 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 seconds, 

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. 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 chapter 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.  
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Figure 2.1. 238Uranium decay series. Only main decays are shown. Gamma emitters are not 
indicated. 

Rn is considered a health hazard since exposure to the gas over a long period 

increases the risk of developing lung cancer (NRC, 1999). Soil and rock are the 

primary sources of Rn exposure for people. The only other relevant sources are 

building materials (Nazaroff et al., 1989). 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 (WHO, 2008). 
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2.1 RADON MIGRATION PROCESS AND ITS INFLUENCE 

FACTORS 

The geological characteristics of a site, such as lithology, porosity and fluid contents, 

affect the Rn activity concentrations. 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 (Gutiérrez Villanueva, 2008). Activity can be expressed in units 

of Becquerels (Bq), which corresponds to the number of atoms of any radioactive 

element required to produce one radioactive decay per second. The activity 

concentration of a given radionuclide can therefore be defined for unit of volume, 

expressed in Bq m-3, or mass, expressed in Bq kg-1. Typically, the 226Ra content of 

soil and rocks is expressed as an activity concentration per unit mass, which is 

equivalent to the total production rate of 222Rn in the soil (Nazaroff, 1992). For 

instance, a 226Ra content of 1 Bq kg-1 is equivalent to a total 222Rn production rate of 

1 atom kg-1 s-1. Since the activity concentration of a radioisotope A is related to the 

number of atoms N and its radioactive decay constant λ (with A = N·λ), a total 222Rn 

production rate of 1 atom kg-1 s-1 corresponds to 2.1 ·10-6 Bq kg-1 s-1 (considering 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. For instance, acid igneous rocks such as granites, some types of bituminous 

shale, and phosphatic rocks typically exhibit higher average uranium activity 

concentrations (Table 2.1).  
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Table 2.1. Typical Uranium activity concentrations in certain rock types (UNSCEAR, 1977) 

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 

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. Then it can be released from the soil surface 

into the atmosphere or enter buildings through cracks, porous building materials, and 

other pathways (Nazaroff et al., 1989) if decay has not yet occurred. The different 

processes mentioned here, from generation to exhalation from the surface, are 

detailed below. 

2.1.1 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 (Tanner, 

1980). Depending on the point of Rn generation in the soil material, and to the 

geometry of the grains, therefore, three situations can occur: after having traveled a 
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short distance, the atom remains inside the same grain of soil; the atom passes 

through a pore and enters an adjacent grain; the atom is ejected from the grain, 

arriving in the interstitial space, and is later expelled by soil gases or water (Sakoda 

et al., 2011). 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 (Nazaroff, 1992). 

 

Figure 2.2. 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 Sakoda et al. (2011)).  

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 (Hassan et al., 2009).  

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 (Krishnaswami and Seidemann, 1988). 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 (Sakoda et al., 2011). Additionally, as the water content 
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increases, there is an increase in emission due to the smaller recoil range of Rn in 

water compared to air, since this reduces the probability of a Rn atom  to enter an 

adjacent grain by recoil and increases the probability of terminating its recoil in a pore 

that is at least partially saturated with water rather that in one that is dry (Nazaroff, 

1992). It was also shown that with a high water content in the soil, close to saturation 

conditions, the emission coefficient remains almost constant (Nazaroff et al., 1989). It 

was observed that the emanation coefficient reaches a maximum value for water 

content of 5% for general soil type, for 1–2% for gravel and 10-15% for clay at 10–

15% (Markkanen and Arvela, 1992). 

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 (Stranden et al., 1984; 

Barrio-Parra et al., 2021). The emanation coefficient at different temperatures can be 

estimated using the following equation (Iskandar et al., 2004): 

 ε = εm + 0.0021 ∙ (T − Tm) Eq. 2.1 

where εm (-) is the measured or known emanation coefficient, Tm (°C) is the soil 

temperature at the time of sampling, and ε (-) is the calculated emanation coefficient 

at temperature T (°C). 

2.1.2 Partitioning in soil pores 

In the case of uncontaminated soil, the distribution of Rn atoms in the soil can be 

classified into four states: bound within solid soil grains, sorbed onto the surface of 

soil grains, dissolved within water contained in the soil pores, and dispersed within 

the gas contained in the soil pores. As discussed in the previous section, the diffusion 

from the mineral matrix can be disregarded due to the low Rn diffusion coefficient in 

the solid phase. The exchange of Rn atoms among the remaining three states may 

be rapid relative to Rn's half-life (Nazaroff, 1992). Rn has moderate solubility in water, 

with a value of 230 cm3 kg-1 at 20°C and 1 atm (NCRP, 1988). 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 
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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 (Schubert et al., 2001). The dimensionless 

Henry’s constant for Rn is a function of temperature T, following the relationship 

(Nazaroff, 1992; Perrier et al., 2009): 

H(T) =
1

(0.105 + 0.403 ∙ e−0.0502∙T)
 Eq. 2.2 

Where T is expressed in °C. Note that the empirical relationship is consistent with 

experimental results, resulting in the coefficient values reported in Table 2.2 (Lee et 

al., 2010). 

Table 2.2. Dimensionless Henry’s constant values for Rn (Lee et al., 2010). 

Rn interactions with the surfaces of soil grains may play a significant role in the 

emanation and transport processed in dry soils. However, sorption effects are likely 

to be smaller under typical soil moisture conditions in the environment (Schery et al., 

1989). The partitioning of Rn between the water (or gas) and sorbed phases can be 

described by a linear sorption isotherm (Nazaroff, 1992).  

2.1.3 Transport 

On a long-term average basis, available evidence suggests that Rn transport from the 

soil into the atmosphere occurs predominantly by molecular diffusion (Nazaroff, 

1992). 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: 

Jdiff = −De ∙ ∇Rn Eq. 2.3 

Temperature °C Dimensionless Henry’s constant 

0 1.875 ± 0.155 

10 2.365 ± 0.255 

20 3.65 ± 0.27 

30 5.27 ± 0.34 
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Where Rn (Bq m-3) is the Rn activity concentration and De (m2 s-1) is 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, (1940a, 1940b), 

Marshall (1958), Millington and Quirk (1961) and Millington and Shearer  (1971). The 

soil's water content significantly affects the effective diffusion coefficient of Rn in an 

inversely proportional manner, since Rn diffusion coefficient in water is about 4 orders 

of magnitude lower than that in air. Both values are shown below in Table 2.3. Note 

that when the soil is drier, Rn 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 (Strong and Levins, 1982). 

Table 2.3. Rn diffusion coefficients in air and water at 20°C. 

Parameter Value Reference 

Rn diffusion coefficient in air Dmg 1.2·10-5 m2 s-1 (Tanner, 1964) 

Rn diffusion coefficient in water Dmw 1.16·10-9 m2 s-1 
(Broecker and 
Peng, 1974) 

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 

(Chauhan et al., 2008).  

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 (Hillel, 1982; Scanlon et al., 2002). Darcy's Law describes 

the advective transport of a fluid through a porous medium when the flow is laminar 

and the resistance to flow is dominated by the viscosity of the fluid. In its differential 

form, Darcy's Law can be expressed as: 

Jadv = −
kg

μ
∙ ∇p Eq. 2.4 
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Where Jadv (m3 m-2 s-1) represents the volumetric advective flow, 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 (Auer et al., 1996; Forde et al., 2019). At greater depths, advection is 

typically caused by pressure changes, such as faults and fractures, and the presence 

of gas carriers, such as CO2 and CH4 (Etiope and Lombardi, 1995; Čeliković et al., 

2022). Local advection can also occur in conditions such as significant fluctuations of 

the groundwater table level (Qi et al., 2020; Man et al., 2021; Cavelan et al., 2022) 

and can be enhanced in soil materials with high permeability and fractures that create 

preferential paths in the soil gas (Cunningham and Williams, 1980; Scanlon et al., 

2002). Chapter 4 presents a more detailed analysis of the impact of advection on Rn 

transport in soil gas. 

2.1.4 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 can be expressed per unit 

time (Bq m-2 s-1) or as a mass exhalation rate (Bq kg-1 s-1). Rn exhalation rate Jexh (Bq 

m-2 s-1) can be calculated as (Hassan et al., 2009): 

Jexh = ρs ∙ ε ∙ CRa ∙ (λ ∙ De)
1
2 Eq. 2.5 

Where, ρs (kg m-3) is the soil density, ε (-) is 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 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 

(Hassan et al., 2009). 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 leads to an increase in 

Rn concentration in the layers near the ground surface. Air, rich in Rn, is drawn 

upward from deeper layers (where the Rn concentration is higher than that near the 



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                       Page 47 of 230 

ground surface) to the upper layer, resulting in a smooth increase in the Rn exhalation 

rate. Conversely, a positive pressure difference occurs oppositely. Other external 

parameters that influence exhalation rate include wind (which is directly proportional) 

and rainfall (which is inversely proportional in the case of heavy rainfall) (Hassan et 

al., 2009; Čeliković et al., 2022). Daily variations in Rn flux are mainly attributed to soil 

temperature. It was observed that Rn flux is highest in the afternoon when 

temperature is highest and soil water content is lowest (Yang et al., 2014; Čeliković 

et al., 2022). High exhalation rates are typically found in seasons characterized by 

lower precipitation and low water content (Kitto, 2005; Zhuo et al., 2008; Hirao et al., 

2010; López-Coto et al., 2013).  
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2.2 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 (Stacks, 2015).  Two main sampling approaches are generally used 

to detect Rn: passive mode, where Rn enters the instrument through natural diffusion, 

and active mode, where Rn is pumped into an Rn detecting device (Janik et al., 2014). 

Furthermore, three types of Rn sampling methods can be employed: instantaneous 

or grab sampling, continuous sampling, and integration techniques (Sumesh et al., 

2024). Instantaneous techniques involve the collection of samples over a short period, 

such as 10 minutes, to be analyzed shortly thereafter, usually within 4 hours (George, 

1990). 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 sampling and quick measurement of Rn activity 

concentration, or by taking samples in special containers to be later analyzed in 

specialized laboratories (Papastefanou, 2007). 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 minutes, 

with useful results obtained after 2 to 3 hours of continuous sampling and counting. 

Continuous Rn and Rn progeny monitors offer real-time Rn activity 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 (George, 1990). 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 (Sukanya et al., 

2022). Integrated measurement with passive instrumentation is usually the most 

commonly used. 
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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. 

2.2.1 Active mode 

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, also known as Lucas cells (Lucas, 1957), 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 by flow mode. A filter is typically included to prevent dust 

and Rn decay products from entering the cell and affecting the counting process 

(Sumesh et al., 2024). 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 (Sethy et al., 2014). The photons can then 

be counted using, for instance, a photomultiplier tube, and the resulting data, usually 

expressed in terms of Bq m-3, is sent to a digital data logger.  

 

Figure 2.3. Schematic of a scintillation cell coupled with a photomultiplier tube. 
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Ionization chambers 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 by the ionization of sampled air by alpha particles of Rn and its decay 

products (Fortmann, 1993). Ions generated by Rn decay products are collected by the 

charged electret, and the charge decreases proportionally to the integrated Rn activity 

concentration over the exposure period. The measurement can be done either by 

measuring the total ionization in the chamber or by counting the pulses caused by 

individual alpha particles separately (Sukanya et al., 2022). These instruments are 

adequate for high-precision measurements but are usually complex and expensive 

(Nunes et al., 2023). 

 

Figure 2.4. Schematic of an ionization chamber. 

Semiconductor detectors 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. The energy deposited in the detector material is directly converted to an 

electrical signal based on the electrostatic collection of Rn and its progeny. The gas 

is made to enter into the collection chamber either by passive diffusion or by active 
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methods like pumping through a filter paper. The main advantage of these detectors 

is their capacity to electronically discriminate the energy of each incident alpha particle 

(Sumesh et al., 2024). 

 

Figure 2.5. Schematic of a semiconductor detector. 

2.2.2 Passive mode 

Passive instrumentation is commonly used for integrated measurement. The 

commonly used devices are Solid State Nuclear Track Detectors (SSNTD), electrets 

ionization chambers, or activated carbon. 

SSNTD 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 (Nikezic and Yu, 2004). 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 (Miles and 

Sinnaeve, 1986). 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 (Nunes et al., 

2023). Several sensitive materials are used for this purpose, such as LR-115 

(cellulose nitrate), CR-39 (polyallydiglycol carbonate), and Makrofol (polycarbonate) 

(Gewali et al., 2021).  
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Figure 2.6. Schematic of a solid state nuclear track detector. 

Electret ionization chambers are portable and passive integrating devices that 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. Rn passively diffuses 

in the chamber, and the alpha particles emitted by the decay process ionize the gas 

collected inside the chamber (Kotrappa et al., 1988). The surface charge of the 

electret produces an electrostatic field that collects ions generated by the ionization 

produced by Rn and its associated decay products inside the chamber, causing a 

drop in the surface voltage of the electret (Kotrappa et al., 1992). The charge reduction 

on the electret surface is measured by a specially designed electret voltage reader, 

and the result can be used as a time integrator of Rn exposure. 

The method of activated carbon utilizes passive diffusion to collect Rn from the 

environment by adsorbing it onto activated charcoal, which has an affinity for many 

gases, including Rn (George, 1984). The collector, containing charcoal with adsorbed 

Rn and decay products, is sealed after exposure. Counting is typically performed at 

least 3 hours after exposure to ensure equilibrium between Rn and its progenitors 

(George, 1990). 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 (ISO, 

2019), using a standard gamma-ray spectrometer equipped with high-purity 

germanium HPGe or sodium iodide doped with thallium NaI (Tl) detectors (Sukanya 

et al., 2022). 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 
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a liquid scintillation cocktail in which Rn readily dissolves (L’Annunziata, 2012). The 

alpha activity concentrations of Rn and its decay products are then measured by 

detecting the rate of photons emitted from the scintillation fluid using a liquid 

scintillation counter. 
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2.3 RADON AS A NATURAL TRACER FOR THE 

IDENTIFICATION OF LNAPL CONTAMINATION 

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 

(Baskaran, 2016). 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 

(Schubert, 2015). 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 (Quindos Poncela et al., 2013). Additionally, Rn has been shown to tend to 

preferentially partition into organic phases. For this reason, several authors suggested 

using Rn as an environmental tracer for the assessment of NAPL contamination 

(Schubert, 2015) in both the saturated (e.g., Hunkeler et al., 1997; Semprini et al., 

2000; Fan et al., 2007; Schubert et al., 2007b; Yoon et al., 2013; Briganti et al., 2020, 

2023) and vadose zone (e.g., Schubert et al., 2001; Höhener and Surbeck, 2004; 

Schubert et al., 2005; García-González et al., 2008; Barbosa et al., 2014; De Simone 

et al., 2015; Mateus and Pecequilo, 2015; Cohen et al., 2016; Castelluccio et al., 2018; 

Cohen et al., 2019; DeMiguel et al., 2020). 

As described in the previous sections, Rn activity concentration in soil pores reaches 

equilibrium conditions due to continuous emanation and decay processes (Nazaroff, 

1992). This equilibrium is regulated by the solid matrix of the soil, and it is disturbed 

in the presence of LNAPL (Semprini et al., 2000). Rn in soil pores will tend to partition 

into the NAPL, resulting in a decrease in concentration in both water and interstitial 

gases (Figure 2.7). Indeed, it has been shown (e.g., Semprini et al., 2000; Davis et 

al., 2002; Höhener and Surbeck, 2004; Schubert, 2015; Castelluccio et al., 2018; 

Briganti et al., 2020; Barrio-Parra et al., 2021) that in the NAPL-contaminated portions 

of the subsurface there is a local decrease of Rn, known as Rn deficit, in groundwater 

or soil gas compared to the background concentration in unaffected areas. Thus, the 

Rn-deficit technique (Semprini et al., 2000) can be used to predict the presence of 

NAPL in the subsurface. In this technique, Rn concentration in an uncontaminated 
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soil can be considered as the background value of the area: it is related to the radium 

activity concentration (from which Rn originates), the dimensionless emanation 

coefficient of Rn, soil porosity and soil density (Andrews and Wood, 1972). In the 

presence of NAPL Rn will partition in the soil pores between water, gas, and the NAPL 

phase (Schubert et al., 2001). Considering linear partitioning, it is possible to retrieve 

Rn concentration in soil gas or groundwater in the presence of NAPL.  

 

Figure 2.7. Schematic of Rn behavior in the subsurface, in the LNAPL zone (minor expected 
activity, on the right) and the background uncontaminated zone (major expected activity, on the 
left) (modified from CL:AIRE (2014)). 

Additional information on the theory behind the technique and the configurations 

tested for its application is provided in the following paragraphs. 

2.3.1 Radon deficit 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 

(Andrews and Wood, 1972): 

Rn0 =
ε ∙ CRa ∙ ρ

s

θt
 Eq. 2.6 

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 

Modified from CL:AIRE, 2014
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coexistence of water and gas in soil pores, the following relationship can be written 

(Semprini et al., 2000): 

Rn0 = Rnw,b ∙ Sw,b + Rnb ∙ Sg,b Eq. 2.7 

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: 

Sg,b = 1 − Sw,b Eq. 2.8 

Water and gas saturations can be calculated from the volumetric content of water and 

gas in the soil, respectively, as follows: 

Sw,b = 1 − θw,b Eq. 2.9 

Sg,b = 1 − θg,b Eq. 2.10 

Considering a linear repartition between water and gas Rn partition coefficient kw/g 

can be introduced: 

kw
g

=
Rnw

Rn
 Eq. 2.11 

Eq. 2.7 can be written as:  

Rn0 = Rnb ∙ (kw
g

∙ Sw,b + Sg,b) Eq. 2.12 

By combining Eq. 2.6 and Eq. 2.12, Rn activity in the soil gas within a volume of soil, 

Rnb (Bq m-3), can be described as (Cecconi et al., 2023a): 

Rnb =
ε ∙ CRa ∙ ρ

s

θt ∙ (kw
g

∙ Sw,b + Sg,b)
 Eq. 2.13 

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 of Rn activity in the surface layers due to exhalation. 

Changes in Rn values in space or time can indicate processes or conditions affecting 
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Rn distribution in the subsurface, such as the presence of NAPL. Schubert et al. 

(2001) developed an equation to describe the equilibrium Rn activity in the soil pores 

within a volume of NAPL-contaminated soil, Rn0 (Bq m-3).  

When there are three phases present in the soil pores, namely water, gas, and NAPL, 

Eq. 2.7 be expressed as follows: 

Rn0 = Rnw ∙ Sw + Rn ∙ Sg + RnN ∙ SN Eq. 2.14 

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: 

Sg = 1 − Sw − SN Eq. 2.15 

Combining Eq. 2.6 and Eq. 2.14, it is obtained (Schubert et al., 2001; Cecconi et al., 

2023a): 

Rn =
ε ∙ ARa ∙ ρ

s

θt ∙ (kw
g

∙ Sw + Sg + kN
g

∙ SN)
 Eq. 2.16 

With kN/g (-) Rn NAPL-gas partition coefficient: 

kN
g

=
RnN

Rn
 Eq. 2.17 

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 =
Rn

Rnb
 Eq. 2.18 

This can also be written, from the ratio of Eq. 2.13 to Eq. 2.16, as (Cecconi et al., 

2023a): 

D =

1 + Sw,b ∙ (kw
g

− 1)

1 + Sw ∙ (kw
g

− 1) + SN ∙ (kN
g

− 1)
 Eq. 2.19 

This model, initially proposed by Semprini et al. (2000) for groundwater and later 

expanded to the unsaturated zone by Schubert et al. (2001), is based on the 
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assumption of secular 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 2.8 provides an example of the theoretical relationship between Rn deficit and 

NAPL saturation, for sandy soil in the vadose zone, for two different partition 

coefficient values, corresponding to NAPL with a typical composition of gasoline and 

diesel mixtures (Schubert et al., 2007b). It can be observed that the Rn deficit varies 

greatly for low values of NAPL 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 NAPL saturations (Schubert et 

al., 2001). 

 

Figure 2.8. Theoretical relationship between Rn deficit and NAPL saturation, from Eq. 2.19, for 
sandy soil in the vadose zone, for two different NAPL with a typical composition of diesel and 
gasoline mixtures. 

From Eq. 2.19 it is possible to derive the relationship for estimating the fraction of 

LNAPL in the subsoil, SN (%), based on the observed Rn deficit (Cecconi et al., 

2023a): 
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SN =

(1 − D) + (Sw,b − D ⋅ Sw) ⋅ (kw
g

− 1)

D (kN
g

− 1)

⋅ 100 Eq. 2.20 

The NAPL saturation can also be expressed in terms of TPH concentration C (mg kg-

1), using the following relation (Brost and De Vaull, 2000): 

C =
θt ⋅ ρ

N

ρ
S

⋅
SN

100
⋅ 106 Eq. 2.21 

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 

NAPL presence becomes more complex in heterogeneous areas. In fact, site 

heterogeneity greatly influences Rn production and transport, 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.  

2.3.2 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 2.1.2). The 

distribution of Rn between water or air and NAPL can still be described as linear. 

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. For the Rn 

partition coefficient between NAPL and water kN/w, for LNAPL with a typical diesel 

mixture composition, Hunkeler et al. (1997) found a value of 40 ± 2.3. Schubert et al. 

(2007a) proposed a value of 60 ± 1.3, and Le Meur et al. (2021) also found similar 

values (60.7 ± 6.1) for fresh diesel. Höhener and Surbeck (2004) used a value of 11.7 

for the partition coefficient between diesel and air (kN/g), which, considering a Henry's 

constant of 4.4 (Wilhelm et al., 2002) results in a kN/W of about 51.5. Furthermore, 
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considering the potential physical phenomena that can lead to an alteration of the 

diesel mixture (e.g., evaporation and UV-degradation) values ranging from 25.1 ± 2.5 

to 74.8 ± 7.5 were found by Le Meur et al. (2021) for the diesel mixture studied. 

Similarly, for LNAPL with a typical gasoline mixture composition, Schubert et al. 

(2007a) proposed a value of 38.9 ± 0.9. Le Meur et al. (2021) also found similar results 

for fresh gasoline (37.4 ± 5.6) and observed a certain variability due to the above-

mentioned degradation phenomena, finding kN/W values ranging between 30.8 ± 4.6 

and 37.4 ± 5.6. Considering the data mentioned above, it may be considered 

reasonable to choose a range of values for kN/W between 30 and 60 for both diesel 

and gasoline, as also suggested by Le Meur et al. (2021). Table 2.4 presents a 

summary of the values of the Rn partition coefficient between NAPL and water, as 

reported in the literature for some pure compounds and some NAPL mixtures. 

Table 2.4. Dimensionless Rn partition coefficient KN/w for some pure NAPL components and 
NAPL mixtures; dimensionless Rn partition coefficient kN/g, derived by dividing the reported kN/w 
values for the dimensionless Henry’s constant H (calculated using Eq. 2.2 at 20°C, unless 
otherwise noted) 

Substance kN/w (-) kN/g (-) 

Hexane 57.2 ± 3.1a 14.45 ± 0.8 

Ethanol 27.9 ± 0.4b 7.05 ± 0.1 

Benzene 40.8 ± 5.7a 10.31 ± 1.4 

Toluene 
42 (10°C) e 
46.8 ± 0.4a 

14.66 (10°C) 
11.82 ± 0.1 

Gasoline 

30.8 ± 4.6 (evaporated)d 

33 ± 4.9 (UV-degraded)d 

37.4 ± 5.6 (fresh)d 
38.9 ± 0.9a 

50.9 ± 5.8c 

7.78 ± 1.2 (evaporated) 
8.34 ± 1.2 (UV-degraded) 

9.45 ± 1.4 (fresh) 
9.83 ± 0.2 

12.86 ± 1.5 

Kerosene 
40.6 ± 8.3c 

47.4 ± 0.2a 

10.26 ± 2.1 
11.98 ± 0.1 

Diesel 

25.1 ± 2.5 (evaporated)d 
40 ± 2.3 (12°C) e 

43.8 ± 4.6c 

60.0 ± 1.3a 

60.7 ± 6.1 (fresh)d 
74.8 ± 7.5 (UV-degraded)d 

6.34 ± 0.6 (evaporated) 
13.03 ± 0.7 (12°C) 

11.07 ± 1.2 
15.16 ± 0.3 

15.34 ± 1.5 (fresh) 
18.90 ± 1.9 (UV-degraded) 

a) Schubert et al., 2007a; b) Schubert et al., 2007b; c) Schubert et al., 2001; d) Le Meur et al., 2021; e) 
Hunkeler et al., 1997 
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2.4 APPLICATIONS 

Theoretical and practical aspects of the Rn deficit technique were studied through 

laboratory experiments (e.g., Davis et al., 2002; Schubert et al., 2005, 2007a; De 

Simone et al., 2015; Cohen et al., 2019; Le Meur et al., 2021), modeling approaches 

(e.g., Semprini et al., 2000; Höhener and Surbeck, 2004; Cohen et al., 2016, 2019; 

Barrio-Parra et al., 2022), and field experiences (e.g., Schubert et al., 2001; García-

González et al., 2008; Yoon et al., 2013; Barbosa et al., 2014; Cohen et al., 2016; De 

Simone et al., 2017; De Miguel et al., 2018, 2020; Mattia et al., 2020; Barrio-Parra et 

al., 2021; Briganti et al., 2023). This section presents an overview of the technique's 

utilization in soil gas, especially from a field perspective, and with some mention of 

modeling efforts. Some brief discussion of groundwater applications is also provided. 

A summary of the field applications included in this overview is given in Table 2.5. 
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Table 2.5 .Summary of Rn deficit technique field applications 

Ref. Application Sampling NAPL type Soil type Rn measure Main results 

(Hunkeler et 
al., 1997) 

GW - Fuel 
station 

GW-MW LNAPL  Coarse LSC 
Rn reduction in MW within NAPL zone, and with 
dissolved HC. No quantitative correlations 

(Semprini et 
al., 2000) 

GW - Controlled 
test site 

GW-MW DNAPL Coarse LSC 
Rn reduction (of a factor of 2-3) in NAPL zone. Rn 
downgradient re-equilibrated within a few meters to 
the upgradient value 

(Schubert et 
al., 2001, 
2002) 

UZ a) Fuel 
station b) 
Military site 

T-SGP LNAPL  
a) Fine 
b) Coarse 

IC Area of Rn deficit closely match the NAPL zone 

(Davis et al., 
2002, 2005) 

GW - Former 
industrial site 

In-well push-
pull tests with 
tracers 

LNAPL  Coarse LSC 

Higher Rn retardation in test in the NAPL zone. 
Uncertainty in estimated saturations. Research is 
needed to investigate the differences between 
injection and extraction-phase retardation factors 

(Schubert et 
al., 2005) 

UZ - a) Former 
airfield b) 
Radium bearing 
soil 

a)  T-SGP b) 
SSNTD 

LNAPL  Coarse 
a) IC b) 
SSNTD 

a) Rn reduction (up to 10% of the background 
value) closely match the NAPL zone b) SSNTD can 
be used for Rn distribution patterns in upper soil 
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Ref. Application Sampling NAPL type Soil type Rn measure Main results 

(Fan et al., 
2007) 

GW - Industrial 
site 

GW-MW LNAPL  
Heterogen
eous 

LSC 

Rn reduction found in MW within NAPL zone. 
NAPL concentration from Rn deficit agrees with 
soil chemical analysis. To effectively use the 
technique, Rn emanation rate must be virtually 
homogeneous in the aquifer 

(Schubert et 
al., 2007c) 

GW - Former   
fuel station 

GW-MW LNAPL  

Heterogen
eous; 
coarse 
aquifer 

On-site 
stripping from 
GW samples + 
IC + LSC 

Estimated NAPL saturation from Rn deficit agrees 
with chemical analysis. No Rn deficit in areas with 
only dissolved BTEX 

(Schubert et 
al., 2007a) 

GW - Industrial 
site 

GW-MW LNAPL  

Heterogen
eous; 
coarse 
aquifer 

On-site 
stripping from 
GW samples + 
IC 

Rn data allowed differentiation between NAPL 
source zone and NAPL plume (not possible by GW 
samples alone). NAPL quantification was possible, 
but complicated by mineralogical heterogeneities 

(García-
González et 
al., 2008) 

UZ - Fuel station T-SGP LNAPL  
Heterogen
eous 

SC 
Rn reduction (5 - 10 times lower) in soil gas above 
accumulations of HC. Uncertainty in Rn 
background value 

(Galhardi and 
Bonotto, 2012) 

GW - Fuel 
station 

GW-MW LNAPL  
Heterogen
eous 

Laboratory 
stripping from 
GW samples + 
IC 

Dissolved HC tend 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 

(Yoon et al., 
2013) 

GW - Industrial 
site 

GW-MW DNAPL 
Heterogen
eous 

LSC 
Low correlation between TCE concentration in GW 
and Rn, reflecting the local heterogeneity of the 
aquifer 
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Ref. Application Sampling NAPL type Soil type Rn measure Main results 

(Barbosa et 
al., 2014) 

UZ - Fuel station 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 is 
85% lower than in the upstream areas 

(Yang et al., 
2014) 

GW - Industrial 
site 

GW-MW DNAPL 
Backfill soil 
over 
bedrock 

SC in closed 
loop mode 

The changing trend of Rn activities in relation to the 
relative contaminant concentrations can be useful 
tool in residual contaminant tracing 

(Mateus and 
Pecequilo, 
2015) 

UZ - Former 
Industrial site 

SSNTD LNAPL 
Heterogen
eous 

SSNTD 
Rn reduction (from 92% to 98%) found within NAPL 
zone. No correlation for second contaminated 
location 

(Ponsin et al., 
2015) 

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. Large 
uncertainties in quantification of residual 
contamination based on Rn 

(Cohen et al., 
2016) 

UZ - Railway 
site 

T-SGP LNAPL  
Heterogen
eous 

Scintillation + 
photomultiplier 
+ scale count 

Low correlation between Rn and NAPL lens, due 
to heterogeneity of the sediment. Also for VOC, 
O2, CO2, CH4, diffusive gas transfer is locally 
restricted  
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Ref. Application Sampling NAPL type Soil type Rn measure Main results 

(De Simone et 
al., 2017) 

UZ T-SGP LNAPL  Coarse 
Two SC in 
series 

Residual NAPL estimation from Rn deficit agreed 
with direct determination of HC concentrations. 
Estimated saturations from very high deficits can 
be affected by large uncertainties (high errors from 
Rn measurements) 

(Castelluccio 
et al., 2018) 

UZ T-SGP LNAPL  

a) Coarse 
b) 
Heterogen
eous 

SC 

Rn reduction found within contaminated zone, but 
the estimation was influenced by seasonal soil 
conditions. Direct correlation between Rn deficit at 
shallow depth and highest electrical resistivity at 
greater depth 

(De Miguel et 
al., 2018) 

UZ - Industrial 
site 

T-SGP LNAPL  

Fractured 
system 
(active 
fault)  

Portable α 
monitors 

Rn reduction in one section respond to a 
discontinuity in the subsurface rather than NAPL 
contamination. Rn reduction in other section 
suggest possible NAPL contamination. Rn 
emanation above background levels explained 
with presence of a fractured system (co-advective 
transport) 

(Briganti et al., 
2020) 

GW - Former   
fuel station 

GW-MW LNAPL  
Backfill soil 
over 
ignimbrites 

Laboratory 
stripping from 
GW samples + 
SC 

Rn deficit allowed to identify areas with residual 
NAPL after 15 years from the spill. No realistic 
evaluation of saturation was possible because 
required assumptions of aquifer homogeneity are 
not respected 

(Cho et al., 
2020) 

GW - Industrial 
site 

GW-MW DNAPL 

Backfill soil 
over 
fractured 
bedrock 

Laboratory 
stripping from 
GW samples. 
α 

Rn measurements were not successful to 
characterize residual TCE because of the 
heterogeneity of the fractured bedrock. Other 
noble gases (Ne, Ar, Xe) could be useful for 
characterization of the TCE contaminated site 
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Groundwater; UZ: Unsaturated zone; MW: Monitoring well; GW-MW: Groundwater samples from monitoring wells; T-SGP: temporary soil gas probes; P-SGP: Permanent soil 
gas probes; LSC: Liquid scintillation counting of water samples, IC: Ionization chamber portable Rn detector; SC: Semiconductor portable Rn detector; α: alpha spectroscopy; 
PDMS-AC: polydimethylsiloxane + activated carbon; HC: hydrocarbons.

Ref. Application Sampling NAPL type Soil type Rn measure Main results 

(De Miguel et 
al., 2020) 

UZ - Former 
industrial site 

P-SGP DNAPL 
Heterogen
eous 

Pulse IC 

Rn deficits corresponds with contamination hot 
spots obtained using standard direct and indirect 
prospecting techniques and are coherent with 
location of historical pollution sources 

(Mattia et al., 
2020) 

GW - Fuel 
station 

GW-MW LNAPL  
Backfill soil 
over 
ignimbrites 

Laboratory 
stripping from 
GW samples + 
SC 

Minimum Rn values corresponded to highest 
dissolved concentrations and describe the residual 
source zone. Low Rn levels detected downstream 
of the recharge wells, possibly due to the injection 
of treated GW treated, depleted in Rn 

(Barrio-Parra 
et al., 2021) 

UZ - Former 
industrial site 

T-SGP DNAPL 
Heterogen
eous 

Pulse IC 

Rn measurements dependent of atmospheric 
temperature.  Negative spatial correlation of 
rescaled Rn and contaminant load in the upper 
layers. Inability to detect deep DNAPL 

(Mattia et al., 
2023) 

GW and UZ – 
Fuel station 

GW-MW 
P-SGP   

LNAPL 

a) Backfill 
soil over 
ignimbrites 
b) alluvial 
deposits 

Laboratory 
stripping from 
GW samples + 
SC 

Rn deficit validated with multi-parameter 
monitoring (Rn, NAPL, GW levels) and chemical 
analysis. Rn deficit in GW and SG allowed to 
identify areas with residual NAPL. NAPL saturation 
estimated based on GW Rn deficit values 

(Briganti et al., 
2024) 

UZ and GW - 
Active fuel 
stations 

PDMS-AC in 
MW, in UZ and 
GW  

LNAPL  

a) 
Heterogen
eous b) 
fractured 
system 

Passive 
accumulators 

PDMS-AC passive accumulators can be useful to 
determine Rn vertical variations in UZ and GW 
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2.4.1 Groundwater applications 

The first theoretical and practical studies of this technique focused on identifying 

NAPL in the saturated zone of the subsurface. Initial studies on the use of Rn as a 

partitioning tracer for the detection and quantification of NAPL contamination date 

back to the 1990s (Semprini et al., 1993, 1995; Hunkeler et al., 1997). Hunkeler et al. 

(1997) 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 NAPL 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. (2000) 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 to 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 measured in groundwater samples 

collected from wells installed at sites with known or suspected NAPL contamination 

(Cho et al., 2020). This is done in both the contaminated and unaffected areas to 

determine background Rn activity concentrations for the site. In this context, Rn 

activity in groundwater samples collected on site is typically measured not in the field, 

but through laboratory analysis (Davis et al., 2002; Fan et al., 2007; Yoon et al., 2013; 

Ponsin et al., 2015; Briganti et al., 2020), although also field-based techniques that 

enable the direct analysis of collected samples can be used (Schubert et al., 2007a; 

Wang et al., 2019). The results of the different field surveys (e.g., Fan et al., 2007; 

Schubert et al., 2007a, 2007c; Galhardi and Bonotto, 2012; Yoon et al., 2013; Briganti 

et al., 2020) confirmed the general applicability of Rn as a naturally occurring 

partitioning tracer to detect residual NAPL source zone in the saturated zone. Davis 
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et al. (2002, 2005) evaluated the use of single-well, “push–pull” tracer tests using Rn 

as a natural partitioning tracer to quantify NAPL saturations, finding that the test has 

the potential to provide a low-cost alternative to inter-well partitioning tracer tests. 

2.4.2 Soil gas applications 

Höhener and Surbeck (2004) 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 NAPL) 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 NAPL at selected depths. The authors compared the 

modeled results with those obtained from lysimeter experiments with positive 

outcomes. They concluded that NAPL 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 evaluate the presence of residual LNAPL also in the vadose 

zone and the smear zone (Schubert et al., 2002; García-González et al., 2008; 

Barbosa et al., 2014; Mateus and Pecequilo, 2015; Castelluccio et al., 2018; De 

Miguel et al., 2018, 2020; Barrio-Parra et al., 2021). Rn activity can be analyzed 

directly in the soil gas, using different configurations depending on the equipment 

employed, the sampling method selected, and the features of the site being studied.  

2.4.2.1 Active measurements 

The prevailing technique for soil gas sampling involves the use of temporary soil gas 

probes, which consist of stainless-steel hollow rods equipped with free, sharpened 

lower ends (“lost” tips). These probes are inserted into the ground, either manually or 

with equipment such as electric drill hammers, to a depth of 0.7 - 1 m (Schubert et al., 

2001; García-González et al., 2008; Castelluccio et al., 2018; De Miguel et al., 2018; 

Barrio-Parra et al., 2021). This is the typical sampling depth range when using 

temporary probes, and it is dictated primarily by the need to sample soil gas at a depth 

that minimizes the impact of atmospheric variables (e.g., temperature, atmospheric 

pressure, wind speed). On the other hand, it is important to consider the practicality 
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of temporary probe installation (Neznal et al., 2004), as the insertion of a hollow probe 

to greater depths may not be possible depending on the characteristics of the soil or 

in the presence of underground infrastructures (García-González et al., 2008).  

 

Figure 2.9. Schematic of soil gas Rn active detection using temporary probes for the application 
of the soil gas Rn deficit technique. 

Schubert et al. (2001, 2002) conducted some field experiments to test the use of soil 

gas Rn concentration to detect NAPL contamination using this configuration. In 

particular, three sites contaminated with petroleum and kerosene with the presence 

of floating NAPL were chosen. These sites had previously been investigated to 

delineate the NAPL 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 concentrations were measured using a pulsed 

ionization chamber mobile Rn monitor. The results showed that the minimum Rn 

concentrations detected matched the respected NAPL plumes previously traced by 

conventional means, highlighting, however, the limitations related to geological 

complexities and the characteristic diffusion length of Rn. 

During the blind field test conducted by García-González et al. (2008) 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. Data from 
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eight monitoring wells were used to estimate the location of the subsurface plume of 

free product. Although the map of free-product thickness is uncertain, there is a clear 

inverse correlation between the thickness of free product in the subsurface and Rn 

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. (2014), soil gas data was 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. (2018) used a multi-method approach to monitor NAPL 

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 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. (2018) 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 concentration in soil gas at the site. 

Although the soil gas Rn concentration was primarily influenced by the possible path 

of a fault and a lithologic discontinuity, characterization of the background emission in 

each lithologic unit allowed the identification of areas that may be impacted by NAPL. 
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Cohen et al. (2016) compared the potential of several in situ gas measurements to 

soil coring for LNAPL source delineation at a contaminated site with limited diffusion 

potential due to the presence of fine sands and silts. They used a network of gas 

probes at a depth of approximately 1 meter 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 collect soil 

gases directly from the soil gas probes on site, 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 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 (Mayer et al., 2002), 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 NAPL on gas profiles, using simplified scenarios. This modeling approach 

was then further explored in a following paper (Cohen et al., 2019), to better 

understand the applicability of Rn gas method for identifying LNAPL sources in 

chemically heterogeneous unsaturated media, and to determine the relevant 

parameters that affect the field application of this method.  

The performance of the soil gas Rn deficit technique was also evaluated by Barrio-

Parra et al. (2021, 2022) 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 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.  



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                       Page 72 of 230 

Barrio-Parra et al. (2022) 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 

concentrations, including the effects of soil moisture, which varied due to water table 

fluctuations, and soil temperature. 

For other applications involving soil gas measurements, such as vapor intrusion 

studies, permanent soil gas probes can also be used for soil gas monitoring. These 

probes consist of PVC or stainless-steel pipes, inserted into the unsaturated soil to 

the desired depth, using direct push drilling techniques (ASTM, 2012) or using 

previously excavated boreholes (ITRC, 2006). The borehole is then packed with filler 

material, consisting of clean sand near the probe tip, and of a sealing material, such 

as bentonite, for the rest of the borehole length (CalEPA, 2015). Probes are typically 

equipped with a gas-tight fitting that can be connected to the sampling tube. This 

configuration is usually not cost-effective and does not offer significant advantages in 

terms of data quality compared to the temporary probe approach, for the application 

of the soil gas Rn deficit technique, which requires a relatively large number of 

monitoring points to delineate the LNAPL source. In this view, an alternative to the 

traditional method was proposed by De Miguel et al. (2020) who employed PVC pipes 

directly inserted into the ground, with the bottom perforated to allow soil gas to enter 

the probe, and equipped with an air-tight outlet valve that is only opened during 

purging and sampling. 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. (2020), 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 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 
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measurements during different days. Regarding the maximum depth of investigation, 

the authors concluded that variations in soil gas Rn 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. (2023) 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 NAPL. Soil gas samples were not used for quantitative estimations 

due to their lower abundance compared to groundwater samples. 

2.4.2.2 Passive measurements 

Another approach is to use solid-state nuclear track detectors, which are passive, low-

cost, and compact devices that do not require a power supply or suction systems (see 

section 2.4.2.2). 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. (2005) 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 NAPL contamination present in the subsurface. 

Mateus and Pecequilo (2015) evaluated the Rn deficit technique in soil gas by 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, 
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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 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 concentration was located outside the NAPL area 

estimated by 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. 

 

Figure 2.10. Schematic of soil gas Rn passive detection for the application of the soil gas Rn 
deficit technique. 

Briganti et al. (2023) 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 and Spadoni (2013). 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 a HPGe detector. These experimental 
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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.  

2.4.3 Limitations identified and need for further study 

The Rn deficit technique has proven to be an effective tool for the preliminary 

evaluation of sites contaminated with complex mixtures of organic contaminants with 

the presence 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 (Hunkeler et al., 1997; Fan et al., 2007; García-González et al., 2008; 

Schubert, 2015; De Miguel et al., 2018; Barrio-Parra et al., 2021; Briganti et al., 2024). 

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 and at a lower cost (De Miguel et al., 

2020; Sukanya et al., 2022). Furthermore, the method can detect the presence of 

LNAPL in the subsurface even when it exists in residual phase (Briganti et al., 2020). 

which is usually more challenging since, unlike the free product, it cannot be detected 

by conventional monitoring of groundwater wells at the site (see section 1.4.2). 

Similarly, it may be useful to distinguish areas of pure dissolved phase plume from 

areas of actual separate phase presence (Schubert et al., 2007a, 2007c). 

In spite of the favorable outcomes observed with each of the configurations mentioned 

in the previous section, certain limitations still exist concerning the applicability of the 

Rn deficit technique. Published work on the subject has identified different categories 

of limitations, mostly related to the variability of Rn activity in the soil over time and 

space, and to the distance between the soil gas measurement point and LNAPL 

depth. 
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Schubert et al. (2001, 2002, 2007c); Cohen et al. (2016); De Miguel et al. (2020); 

Briganti et al. (2020), among others, highlighted that the detection of Rn activity 

concentrations in the field may be affected by the geochemical, 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 activity concentrations (see Table 2.1) (Nazaroff, 1992). 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, Cohen et al. (2016) performed Rn measurements 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. Additionally, the characteristics 

of the soil matrix, such as grain size and permeability affect both Rn emanation and 

soil gas transport, and therefore its 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.  

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 meter deep, is affected by weather conditions 

such as temperature, atmospheric pressure, and wind speed (Scanlon et al., 2002). 

Concerning pressure, it was not observed a consistent Rn variability with the diurnal 

variation of barometric pressure (Barrio-Parra et al., 2021). 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 (Schubert et al., 2005; García-González et al., 

2008; De Miguel et al., 2018; Barrio-Parra et al., 2021). 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 (Schubert and 

Schulz, 2002; De Miguel et al., 2020; Barrio-Parra et al., 2021). It was also observed 

that the vertical temperature gradient in the soil may have an influence on depths 

around 1 meter, which is typical of the method's application (Barrio-Parra et al., 2021). 

If not properly accounted for, the thermal effect can result in a confounding effect in 
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the interpretation of Rn deficits. To avoid this effect on Rn concentration 

measurements in surface soil gas, Barrio-Parra et al. (2021) recommends using 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 campaign, as seasonal variations as well as 

diurnal may also be relevant (King and Minissale, 1994; Hutter, 1996).  

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 NAPL contamination using this technique in the 

unsaturated zone (Castelluccio et al., 2018; Schubert, 2015). In fact, the quantification 

of the extent of the contamination requires a greater knowledge of subsurface 

characteristics, 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 (Le Meur et al., 

2021). 

Another factor that can impact the performance of the Rn deficit technique in the 

unsaturated 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, the characteristic gas diffusion length of Rn 

can be reduced, and thus the application of the Rn deficit method can become limited 

(Schubert et al., 2001; Höhener and Surbeck, 2004; Schubert, 2015; Castelluccio et 

al., 2015; De Miguel et al., 2018, 2020). For instance, Schubert et al. (2002) reported 

a successful performance of the method to identify an area with the presence of free 

phase kerosene, but highlighted the limitations related to the geological complexity 

and the characteristic diffusion length of Rn. A further example are the results of seven 

field campaigns carried out at one site, described by Barrio-Parra et al. (2021), which 

showed a good correlation between the points of low Rn concentration and the areas 

of highest contamination in the upper soil layers, although the same conclusions could 

not be drawn for the contamination of the deeper soil layers. This aspect is particularly 

relevant in cases where transport is purely or almost exclusively diffusive. Some 
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authors (De Miguel et al., 2020, 2018) have suggested that the presence of a fractured 

system that enhances Rn migration through co-advective transport in the subsurface 

can modify these dynamics. However, this aspect has not yet been thoroughly 

explored from either a modeling or application perspective. In this view, a systematic 

study evaluating the feasibility and effectiveness of using Rn measurements under 

different site-specific conditions for subsurface LNAPL detection would be beneficial, 

either by considering the more typical case of diffusive-only transport in soil gas or by 

including advective transport in the evaluations. These aspects have been evaluated 

and addressed, as part of this thesis, through modeling (Chapters 3 and 4) and 

through field application perspectives (Chapters 5 and 6). 
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CHAPTER 3 
3 MODELING OF SOIL GAS RADON AS AN IN SITU 

PARTITIONING TRACER FOR LNAPL CONTAMINATION  

Most of this chapter is taken from “Cecconi, A., Verginelli, I., Baciocchi, R., 2022. 

Modeling of soil gas radon as an in situ partitioning tracer for quantifying LNAPL 

contamination. Sci. Total Environ. 806, 150593. 

https://doi.org/10.1016/j.scitotenv.2021.150593” 
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ABSTRACT 

This work examines the feasibility of using soil gas data collected at some distance 

from the source zone for the application of the Rn deficit technique for the identification 

and quantification of NAPL contamination. To this end, we used a steady-state 1-D 

analytical solution that is based on a 3-layer model that allows to simulate the 

transport and distribution of Rn in the source zone, capillary fringe and overlying 

unsaturated soil. The analytical solution was first validated against a more detailed 

numerical model available in the literature. Then, a series of simulations were carried 

out to evaluate the vertical concentration profiles of Rn in soil gas above the source 

zone and in background location not impacted by NAPL. Simulation results showed 

that the parameters that most influence the migration and distribution of Rn in the 

subsurface are the distance of the soil gas probe from the source zone and, to a lower 

extent, the type of contamination (e.g. diesel or gasoline) and the soil texture. On the 

basis of these results, we developed some easy-to-use nomographs to estimate the 

residual NAPL phase based on the observed Rn deficit in soil gas and on the probe 

to source distance and soil and NAPL characteristics. According to the obtained 

results, the Rn deficit technique results a feasible method for a qualitative identification 

of residual NAPL when Rn in soil gas is measured at distances lower than 2 m from 

the contaminated zone. However, for an accurate quantitative estimation of the NAPL 

phase content, soil gas probes should be preferably located at distances lower than 

1 m from the source zone. 
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3.1 INTRODUCTION 

In the field application of the soil gas Rn deficit technique one of the key aspects that 

can affect the performance of the method in detecting LNAPL in the subsurface is the 

distance of the soil gas probe from the LNAPL source zone. Indeed, if the 

contamination is deep or if the soil has lower permeability or higher water content, the 

characteristic gas diffusion length of Rn can be reduced and thus the application of 

the Rn deficit method can become less significant. Although this aspect was 

highlighted by some authors (e.g., Höhener and Surbeck, 2004; De Miguel et al., 

2020) to our knowledge there is no systematic study assessing the feasibility and 

effectiveness of using Rn measurements in soil gas for the detection of LNAPL in the 

subsurface. In order to fill this gap, in this work we developed a model to examine how 

Rn concentration in the soil gas varies in the presence of LNAPL, considering different 

soil textures, volumetric NAPL contents, source depths and vertical distances of the 

soil gas probe from the source of contamination. The model is based on an analytical 

1-D solution for Rn transport in the subsurface, obtained following an approach similar 

to the one previously adopted by Höhener and Surbeck (2004). The developed 

analytical solution allows to estimate the vertical concentration profiles of Rn in soil 

gas at steady state in a stratified soil assuming a diffusion dominated transport of Rn. 

To this end, we developed a 3-layer analytical solution that can be used to describe 

the transport of Rn in the capillary fringe, source zone and in the overlying unsaturated 

soil. After a description of the analytical solution, the results of several simulations are 

reported and discussed. In particular, the capability of the analytical solution is first 

tested by comparing its results with those obtained by a more sophisticated numerical 

model (Cohen et al., 2019). Then, a sensitivity analysis of the parameters that may 

influence the estimate of the volumetric LNAPL content (e.g. thickness of the source 

zone or depth of aquifer) is reported. Finally, we provide some nomographs that can 

be easily used to estimate the residual LNAPL phase as a function of the Rn deficit 

observed in soil gas and of the site-specific conditions such as the soil gas probe 

depth or the soil type.  
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3.2 MATERIAL AND METHODS 

3.2.1 Governing equation and assumptions 

The analytical model used in this work was derived following an approach similar to 

the one previously applied by Höhener and Surbeck (2004). Specifically, the 1-D 

steady state analytical solution for Rn transport in the subsurface was obtained 

assuming a homogenous soil with a constant diffusion coefficient and considering a 

uniform and constant Rn emanation from the solid matrix. Like previous modeling 

studies (e.g., Höhener and Surbeck, 2004; Cohen et al., 2019), Rn decay was 

assumed to be the only reaction occurring and was described by a first-order decay 

constant (λ). The partitioning of Rn in soil gas, water and NAPL was assumed to be 

instantaneous and reversible and was described using linear equilibrium partitioning 

constants (Werner and Höhener, 2002).   

Under these assumptions, the governing equation for Rn diffusive transport at steady 

state in a homogeneous layer i of unsaturated soil, can be written as: 

fi ∙ De,i ∙
∂2Rn

∂z2
− λ ∙ Rn + fi ∙ Pi = 0 Eq. 3.1 

Where Rn is the Rn activity concentration in soil gas (Bq m-3); fi (-) is the fraction of 

Rn in the air phase of the layer i; Pi is the Rn production rate in the pore space in the 

layer i (Bq m-3 s-1); De,i is the effective diffusion coefficient of Rn in the layer i (m2 s-1), 

which can be written as (Millington and Quirk, 1961): 

De,i = Dm,g ∙
θg,i

10/3

θt,i
2 + Dm,w ∙

θw,i
10/3

kg/wθt,i
2  Eq. 3.2 

where Dm,g and Dm,w are Rn molecular diffusion coefficients (m2 s-1) in gas phase and 

water respectively, θg,i is the volumetric gas content in the layer i, θw,i  is the volumetric 

water content in the layer i, θt,i is the total soil porosity in the layer i and kg/w is Rn 

partition coefficient between gas phase and water phase (i.e. the dimensionless 

Henry’s law constant). 

The Rn production rate in the pore space in the layer i, Pi (Bq m-3 s-1) is related to 

226Ra activity concentration of the solids, which corresponds to the number of Rn 

atoms produced per unit mass and time, and can be expressed in terms of Rn activity 
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considering Rn radioactive decay constant λ. Pi (Bq m-3 s-1) can then be written as 

(Van Der Spoel et al., 1997): 

Pi =
CRa ∙ λ ∙ ε ∙ ρs ∙ (1 − θt,i)

θg,i
 Eq. 3.3 

with CRa the 226Ra concentration of the solids (Bq kg-1), λ the Rn first order decay 

constant (s-1), ε (-) the Rn emanation coefficient and ρs the solid density (kg m-3). 

The fraction of Rn in the air phase of the layer i, fi (-), can be calculated as follows 

(Werner and Höhener, 2002): 

fi =
1

1 +
ρs ∙ (1 − θt,i) ∙ ks/w

kg/w ∙ θg,i
+

θw,i

kg/w ∙ θg,i
+

θN,i

kg/N ∙ θg,i

 
Eq. 3.4 

where θN,i is the volumetric NAPL content of the layer i, ks/w is the partition coefficient 

of Rn between the solid and water phase and kg/N the partition coefficient of Rn 

between gas phase and NAPL. 

Note that all parameters with the subscript i are dependent on the characteristics of 

the soil layer considered. 

3.2.2 Analytical solution 

Van Der Spoel et al. (1997) provided the analytical solution of Eq. 3.1 for a 

homogeneous vadose zone in the absence of NAPL. For heterogeneous layered 

soils, Eq. 3.1 has been solved analytically by Höhener and Surbeck (2004). 

Specifically, they provided an analytical solution for a 2-layer model to describe the 

transport of Rn in the presence of NAPL that they have obtained using a mathematics-

based software. In this work, we present an analytical solution for a 3-layer model that 

can be used to describe the transport of Rn in the capillary fringe, source zone and in 

the overlying unsaturated layer. It is worth noting that also Höhener and Surbeck 

(2004), using a mathematics-based software, proposed a 3-layer model although they 

did not provide the analytical solution they obtained for sake of brevity. The domain of 

the 3-layer model developed in this work is depicted in Figure 3.1. The domain was 

divided into three zones: a non-contaminated layer of the vadose zone (denoted by 

the subscript V), a layer of the vadose zone with presence of residual NAPL (denoted 
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by the subscript VN), and a third layer represented by the capillary fringe, with 

presence of residual NAPL (denoted by the subscript CF). 

 

Figure 3.1. Domain of the model, consisting of three soil layers: uncontaminated vadose zone, 
vadose zone with presence of NAPL, and capillary fringe with presence of NAPL. The origin 
of axis z is placed at the ground level, and it is positive with increasing depth. In the figures are 
also described the boundary conditions assumed to derive the analytical solution. 

To solve Eq. 3.1, four boundary conditions were considered. 

The Rn concentration was considered zero in air, so Rn was imposed equal to zero 

at the soil surface (z = 0): 

Rn = 0 at  z = 0 Eq. 3.5 

The Rn concentration at the interfaces for z = LN and for z = LCF was imposed as 

follows: 

z=0

Rn(0)=0

Rn’(LW)=0

Vadose zone

Vadose zone with 

NAPL

Capillary fringe with 

NAPL

z=LN

z=LCF

z=LW

Rn(LN)=RnVN

Rn(LCF)=RnCF
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Rn = RnVN at  z = LN Eq. 3.6 

Rn = RnCF at z = LCF  Eq. 3.7 

Since the presence of the water table is simulated for z = LW, no Rn flux was assumed 

at this location, giving: 

∂Rn

∂z
= 0 at  z = LW Eq. 3.8 

By imposing these boundary conditions, the following solutions, describing the Rn 

concentration profile in the domain, were derived:  

- For  0 < z ≤ LN: 

Rn(z) = RnVN ∙ [1 −

sinh (
z

Lc,V
)

sinh (
LN
Lc,V

)
] +

PV ∙ fV

λ
[1 −

sinh (
LN − z

Lc,V
) + sinh (

z
Lc,V

)

sinh (
LN
Lc,V

)
] Eq. 3.9 

- For LN < z ≤ LCF: 

Rn(z) =

(RnVN −
PVN ∙ fVN

λ
) ∙ sinh (

LCF − z
Lc,VN

) + (RnCF −
PVN ∙ fVN

λ
) sinh (

z − LN
Lc,VN

)

sinh (
LCF − zN

Lc,VN
)

  Eq. 3.10 

- For LCF < z ≤ LW: 

Rn(z) =

(RnCF −
PCF ∙ fCF

λ
) ∙ cosh (

LW − z
Lc,CF

)

cosh (
LW − zCF

Lc,CF
)

+
PCF ∙ fCF

λ
  Eq. 3.11 

With Lc,i the characteristic diffusion length of Rn in the layer i: 

Lc,i = √
fi ∙ De.i

λ
 Eq. 3.12 

Next, by imposing the continuity of the fluxes at the interface of the contiguous layers, 

the expressions of the concentrations RnVN (at z = LN) and RnCF (at z = LCF) were 

derived. 

In particular, the concentration at the interface between the vadose zone with residual 

NAPL and the capillary fringe with residual NAPL, RnCF, is given by: 
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RnCF =
Α + Β + Χ + Δ

Ε + Φ
 Eq. 3.13 

With: 

Α =
DV ∙ DVN

LC,V ∙ LC,VN
∙

PV ∙ fV

λ
∙ tanh (

LN

2LC,V
) ∙ csch (

LCF − LN

LC,VN
) Eq. 3.14 

Β =
DVN

LC,VN
∙

PVN∙fVN

λ
∙ tanh (

LCF−LN

2LC,VN
) ∙ [

DVN

LC,VN
∙ csch (

LCF−LN

2LC,VN
) +

DV

LC,V
∙ coth (

LN

LC,V
)]  Eq. 3.15 

Γ =
D2

VN

L2
C,VN

∙
PVN ∙ fVN

λ
∙ coth (

LCF − LN

LC,VN
) ∙ tanh (

LCF − LN

2LC,VN
) Eq. 3.16 

Δ =
DCF

LC,CF
∙

PCF∙fCF

λ
∙ tanh (

LW−LCF

LC,CF
) ∙ [

DV

LC,V
∙ coth (

LN

LC,V
) +

DVN

LC,VN
∙ coth (

LCF−LN

LC,VN
)]  Eq. 3.17 

Ε =
D2

VN

L2
C,VN

+
DV ∙ DVN

LC,V ∙ LC,VN
∙ coth (

LN

LCV
) ∙ coth (

LCF − LN

LC,VN
) Eq. 3.18 

Φ =
DCF

LC,CF
∙ tanh (

LW − LCF

LC,CF
) ∙ [

DV

LC,V
∙ coth (

LN

LC,V
) +

DVN

LC,VN
∙ coth (

LCF − LN

LC,VN
)] Eq. 3.19 

The concentration at the interface between the vadose zone and the vadose zone 

with residual NAPL, RnN, can be calculated as follows: 

RnVN =
Λ + M

N
 Eq. 3.20 

With: 

Λ =
DVN

LC,VN
∙ RnCF ∙ csch (

LCF − LN

LC,VN
) +

DV

LC,V
∙

PV ∙ fV

λ
∙ tanh (

LN

2LC,V
)       Eq. 3.21 

M =
DVN

LC,VN

∙
PVN ∙ fVN

λ
∙ tanh (

LCF − LN

2LC,VN

) Eq. 3.22 

N =
DV

LC,V
∙ coth (

zN

LC,V
) +

DVN

LC,VN
∙ coth (

LCF − LN

LC,VN
) Eq. 3.23 

In the absence of NAPL, the domain is reduced to only two layers, i.e. a non-

contaminated layer in the vadose zone and the capillary fringe. In this case, Eq. 3.9, 

Eq. 3.10 and Eq. 3.11 reduce to the following: 

- For  0 < z ≤ LCF: 
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Rn(z) = RnCF ∙ [1 −

sinh (
z

𝐿c,V
)

sinh (
LCF
𝐿c,V

)
] +

PV ∙ fV

λ
∙ [1 −

sinh (
LCF − z

𝐿c,V
) + sinh (

z
𝐿c,V

)

sinh (
LCF
𝐿c,V

)
] Eq. 3.24 

- For LCF < z ≤ LW: 

Rn(z) = [
(RnCF −

PCF ∙ fCF

λ
) ∙ cosh (

LW − z
Lc,CF

)

cosh (
LW − LN

Lc,CF
)

] +
PCF ∙ fCF

λ
  Eq. 3.25 

with: 

Rn′
CF =

DV
Lc,V

∙
PV ∙ fV

λ
∙ tanh (

LCF
2Lc,V

) +
DCF
Lc,CF

∙
PCF ∙ fCF

λ
∙ tanh (

LW − LCF
Lc,CF

)

DV
Lc,V

∙ coth (
LCF
Lc,V

) +
DCF
𝐿c,CF

∙ tanh (
LW − LCF

Lc,CF
)

 Eq. 3.26 

This latter 2-layer analytical solution is analogous to the one previously obtained by 

Höhener and Surbeck (2004).  
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3.3 RESULTS 

3.3.1 Comparison with a numerical model 

To confirm the validity of the 3-layer model proposed in this work, we compared the 

analytical results with the ones previously obtained by Cohen et al. (2019) using the 

numerical code MIN3P (Mayer et al., 2002) adapted to account for Rn production, 

dissolution of Rn into NAPL, and Rn decay in the gas and NAPL phases. In particular, 

Cohen et al. (2019) simulated a column configuration with four different NAPL 

distributions. All configurations represent a 1.9 m alluvial sand column, with the first 

12 cm at the bottom consisting of saturated sand. The top of the column was simulated 

open to the atmosphere. 

In the first configuration (Case 1), above the first layer of saturated sand, the authors 

simulated a 50 cm sand layer with NAPL occupying the entire water-free porosity (θN 

= 0.37). In the second realization (Case 2), the contaminated layer was characterized 

by a NAPL content of 0.25 over a thickness of 74 cm. Case 3 contains a layer of 

residual NAPL (θN = 0.12) of 15 cm of thickness that was located on the top of a fully 

saturated NAPL layer (θN = 0.37) of 45 cm. Similarly, in Case 4, a layer of residual 

NAPL (θN = 0.12) of 52 cm was located above a 33 cm of a fully saturated NAPL layer. 

For these configurations, Cohen et al. (2019) provided the Rn concentration vertical 

profiles obtained by the numerical simulations. 

Figure 3.2 shows the concentration profiles obtained by Cohen et al. (2019) with the 

numerical model (points) and the ones simulated with the analytical solution 

presented in this work (continuous lines) using the same input data (see Table 3.1). 

Note that these results refer to the concentration profiles obtained in the unsaturated 

zone (i.e. not considering the 12 cm of saturated layer simulated in the numerical 

model). The four scenarios considered by Cohen et al. (2019)  were simulated with 

the analytical model using Eq. 3.24 and Eq. 3.25 for Case 1 and Case 2 and Eq. 3.9, 

Eq. 3.10 and Eq. 3.11 for Case 3 and Case 4.  



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                       Page 89 of 230 

 

Figure 3.2. Rn concentration profiles for different NAPL distributions calculated with the 
analytical model (continuous lines) and the numerical model (dots) from Cohen et al. (2019). 
The dashed lines represent the depths of the layers with NAPL in the different configurations 
(Case 1, Case 2, Case 3 and Case 4 respectively in figure a, b, c and d). 
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Table 3.1. Parameters used for the validation of the model (see Figure 3.2). 

PARAMETER SYMBOL UNIT 
VALUE 

(Figure 3.2) 

Solid density ρs kg m-3 2550 

Total porosity θt - 0.4 

Residual water saturation Swr - 0.08 

Rn partition coefficient between gas and water 
(Henry's law constant) 

kg/w - 4.4 

Rn partition coefficient between NAPL and 
water 

kN/w - 60 

Rn first order decay constant λ s-1 2.1·10-6 

226Ra concentration of the solids multiplied by 
Rn emanation coefficient 

CRaε Bq kg-1 0.92 

Rn molecular diffusion coefficient in gas phase Dmg m2 s-1 1.1·10-5 

Rn molecular diffusion coefficient in water 
phase 

Dmw m2 s-1 1.1·10-9 

Van Genuchten parameters 

α 

n 

 m 

m-1 

- 

- 

80 

2.7   

0.6 

Case 1  

H1a 

θN1a 

θw1a 

H1b 

θN1b 

θw1b 

m 

- 

- 

m 

- 

- 

1.3 

0 

0.032 

0.48 

0.37 

0.061 

Case 2 

H2a 

θN2a 

θw2a 

H2b 

θN2b 

θw2b 

m 

- 

- 

m 

- 

 

1.06 

0 

0.032 

0.72 

0.25 

0.051 
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PARAMETER SYMBOL UNIT 
VALUE 

(Figure 3.2) 

Case 3  

H3a 

θN3a 

θw3a 

H3b 

θN3b 

θw3b 

H3c 

θN3c 

θw3c 

m 

- 

- 

m 

- 

- 

m 

- 

- 

1.2 

0 

0.032 

0.15 

0.12 

0.033 

0.43 

0.37 

0.054 

Case 4 

H4a 

θN4a 

θw4a 

H4b 

θN4b 

θw4b 

H4c 

θN4c 

θw4c 

m 

- 

- 

m 

- 

- 

m 

- 

- 

0.950 

0.032 

0.52 

0.12 

0.033 

0.31 

0.37 

0.065 

The volumetric gas content θg,i and the volumetric water content θw,i of each layer of 

the simulated porous media were calculated using the  equation (Genuchten and Th., 

1980):  

θw(h) = θwr +
(θws − θwr)

[1 + (α ∙ |h|)n]m
 Eq. 3.27 

where h is the elevation above the steady state groundwater level; θwr is the residual 

water content; θws is the saturated water content; α, n and m are the soil hydraulic 

retention parameters with m = 1 − 1/n.  

The Van Genuchten parameters used in these simulations are reported in Table 3.1. 

Next, for the analytical solution the vertical moisture profile has been discretized using 

a vertical step of 0.1 m. Then, θw,i was calculated, for each layer, as the geometric 
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mean of the volumetric water contents of the layer. Hence, θg,i was calculated as the 

difference between the total porosity θt and the sum of the NAPL content of the layer 

θN,i and the water content of the layer θw,i. Di, Pi, fi and Lc,i were then calculated using 

Eq. 3.2, Eq. 3.3, Eq. 3.4 and Eq. 3.12 respectively. 

Note that in both the numerical and analytical model the Rn partition coefficient 

between the solids and water (ks/w) was considered negligible.  

Referring to Figure 3.2 , it can be noticed that the concentration profiles of Rn obtained 

by the analytical solution proposed in this work are very close to the results obtained 

by Cohen et al. (2019). These slight differences are ascribed to the fact that the 

analytical solution proposed in this work does not allow to simulate a vertical 

heterogeneous moisture profile that as discussed earlier was discretized assuming 

the geometric mean of the moisture content representative of each layer. In any case, 

the differences between the two solutions are on average for all the simulated cases 

of about 5% and in almost all cases within 10%. Considering the purpose of this work 

(i.e. to provide a screening tool for the Rn behavior in the presence of NAPL) these 

slight deviations are negligible. 

3.3.2 Sensitivity analysis  

The developed analytical solution was applied to assess how the different site-specific 

parameters can influence the vertical Rn concentration profiles. Namely, the Rn profile 

was calculated above the NAPL zone and compared to the one expected in the same 

conditions but at a background location not impacted by NAPL. This allowed to 

calculate the expected deficit profiles in the different scenarios examined. Unless 

otherwise noted, the site parameters used in the simulations are those reported in 

Table 3.2. Then, a one-way sensitivity analysis was carried out by varying within the 

ranges expected in the field the various parameters that may affect the migration and 

distribution of Rn in the subsurface. The obtained results are discussed in the next 

sections.  
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Table 3.2. Parameters used to derive the vertical Rn concentration profiles and the saturation-
deficit curves (unless otherwise indicated in the figures). 

PARAMETER Symbol Unit 
VALUES  

(Figure 3.3-3.8) 

Solid density ρs kg m-3 2650 

Soil type - - sand 

Total porosity θt - 0.375 

Residual water content θwr - 0.053 

Water content in the vadose zone θw,v - 0.054 

Water content in the capillary fringe θw,cf - 0.253 

Rn partition coefficient between gas and water 
(Henry's law constant) 

kg/w - 4.4 

Contamination - - diesel 

Rn partition coefficient between NAPL and water kN/w - 60 

Rn partition coefficient between solid phase and 
water 

ks/w - 1.4·10-5 

Rn first order decay constant λ s-1 2.1·10-6 

226Ra concentration of the solids multiplied by Rn 
emanation coefficient 

CRa·ε Bq kg-1 0.92 

Rn molecular diffusion coefficient in gas phase Dmg m2 s-1 1.1·10-5 

Rn molecular diffusion coefficient in water phase Dmw m2 s-1 1.1·10-9 

Thickness of the source zone HN m 0.5 

Thickness of the capillary fringe HCF m 0.2 

Depth of the source zone LN m 4.5 

Depth of the capillary fringe LCF m 4.8 

Depth of the groundwater table LW m 5 
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3.3.2.1 NAPL saturation 

Figure 3.3 shows the vertical profiles of Rn concentrations calculated using Eq. 3.9, 

Eq. 3.10 and Eq. 3.11 as a function of different NAPL saturation (5-20%).  

In the same figure the vertical profiles of Rn concentrations calculated using the same 

input parameters but in the absence of NAPL (Eq. 3.24 and Eq. 3.25) are also 

reported. Finally, based on the ratio of these two concentration profiles the deficit 

curve is also represented for each simulation. Rn deficit was calculated at each depth 

as: 

Deficit(z) =
RnNAPL(z)

RnNONAPL(z)
 Eq. 3.28 

where RnNAPL(z) is the Rn concentration at the depth z in the presence of NAPL and 

RnNONAPL(z) is the Rn concentration at the same depth z in the absence of NAPL. 

Note that the soil water content in the vadose zone θw,v and in the capillary fringe θw,cf 

were taken from US EPA (2004) but they were adapted to account for the porosity 

filled by NAPL. 

It can be noticed that the Rn concentrations in the NAPL zone are lower than the 

concentrations expected at the same depth at a background location with the same 

characteristics but not impacted by NAPL. This is because of the affinity of Rn to 

NAPL. Indeed, the higher the NAPL saturation the lower the Rn concentration in the 

soil gas. For instance, in all the four cases of Figure 3.3, at a depth of 4.5 m, i.e., at 

the beginning of the NAPL zone, a Rn concentration of about 5 kBq m-3 can be 

observed on the Rn curve in the absence of NAPL. 

Instead, for case (b), i.e. 5% saturation, at the same depth, a Rn concentration of 3 

kBq m-3 can be observed on the Rn curve in the presence of NAPL, while a Rn 

concentration of about 2 kBq m-3 can be observed in case (d) corresponding to 20% 

saturation. With increasing distance from the NAPL zone, in all simulated cases the 

two Rn profiles (NAPL and No NAPL) approach each other and overlap at a distance 

of approximately 3 m from the source zone. This behavior is also reflected on the 

deficit curve that at distances above 3 m from the source tends to 1. These results 

highlight that the deficit technique is not working anymore (i.e. no more sensitive) if 
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the Rn in soil gas is analyzed at distances higher than 2-3 m from the area interested 

by the presence of contamination.  

 

Figure 3.3. Rn vertical concentration profile in the presence of NAPL, in the absence of NAPL, 
and the associated Rn deficit, calculated for different NAPL saturation: (a) SN = 5%, (b) SN = 
10%, (c) SN = 15%, i (d) SN = 20%. The dashed lines represent the depth of the top of the source 
zone (LN) in the different configurations.  

3.3.2.2 Influence of NAPL composition 

To understand the influence of the type of NAPL mixture on Rn profiles, four 

simulations were performed, varying the value of the partition coefficient between 

NAPL and water (kN/w) from 20 to 80. Note that Schubert et al. (2007b) assumed a 
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kN/w of around 38 for gasoline and 60 for a diesel contamination and also that the 

range of kN/w between 20 and 80 matches well the variations observed during the 

weathering of diesel and gasoline by evaporation (Le Meur et al., 2021). The results 

of these simulations, in terms of Rn concentration profiles and Rn deficit curves, are 

shown in Figure 3.4. 

 

Figure 3.4. Rn vertical concentration profile in the presence of NAPL (saturation of 15%), in the 
absence of NAPL, and the associated Rn deficit calculated for different Rn partition coefficient 
(kN/w) of the NAPL mixture (a) kN/w = 20, (b) kN/w = 40, (c) kN/w = 60, (d) kN/w = 80. The dashed 
lines represent the depth of the top of the source zone (LN) in the different configurations. 
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contrast, the Rn concentrations in the presence of NAPL (NAPL saturation of 15%) 

decreases with increasing values of the partition coefficient. As a result, the Rn deficit 

curve (see Eq. 3.28) is also modified. Namely, for a higher kN/w, Rn will have a greater 

affinity to NAPL, and the deficit will be more pronounced. For instance, at a distance 

of 0.5 m from the source zone (i.e., a depth of 4 m), a deficit value of 0.8 can be 

observed on the deficit curve for case (b), while the observed deficit at the same depth 

is about 0.7 in case (d). These differences are more evident near to the contaminated 

zone, while become less important in the most superficial layers, far away from the 

source zone. 

3.3.2.3 Influence of soil texture 

Another parameter that can influence the vertical profiles of Rn concentration in soil 

gas, is the soil texture. Here, four different soil textures were considered (Sand, Loamy 

Sand, Sandy Loam and Loam). For each soil textures, we varied the porosity, the 

water content, and the thickness of the capillary fringe according to the values 

suggested by US EPA (2004). The resulting profiles and the Rn deficit curves are 

shown in Figure 3.5. 

In this case it can be observed that the soil textures influences not only the Rn 

concentration profile in the presence of NAPL, but also the profile in the case of 

absence of contamination. Soil properties indeed influences on one hand the fraction 

of Rn in the air phase and the Rn production rate in the pore space but on the other 

hand they affect the effective diffusion coefficient (De,i) and consequently the 

characteristic diffusion length (Lc,i). All the values of Rn diffusion length obtained from 

Eq. 3.12 for the different simulations are reported in Table 3.3. For example, 

considering again a distance from the source zone of 0.5 m (i.e., a depth of 4 m), the 

deficit observed in case (b) would be approximately 0.75, while in case (d) it would be 

higher than 0.8. These differences are more pronounced in correspondence of the 

capillary fringe.  
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Figure 3.5. Rn vertical concentration profile in the presence of NAPL (NAPL saturation of 15%), 
in the absence of NAPL, and the associated Rn deficit calculated for different types of soil: (a) 
sand (θt = 0.375, θw = 0.054, hcap = 0.17m),  (b) loamy sand (θt = 0.39, θw = 0.076, hcap = 0.19m) 
(c) sandy loam (θt  = 0.387, θw = 0.103, hcap= 0.25m), (d) loam (θt  = 0.399, θw = 0.148, hcap = 
0.38m). The dashed lines represent the depth of the top of the source zone (LN) in the different 
configurations. 
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Table 3.3. Characteristic diffusion length of Rn calculated with Eq. 3.12 for each layer of the 
simulation in figures 3.3 - 3.7. 

Characteristic diffusion length (m) 

 Case a Case b Case c Case d 

Figure 3.3 

NO NAPL, 
layer 1 

0.89 0.89 0.89 0.89 

NO NAPL, 
layer 2 

0.15 0.15 0.15 0.15 

NAPL, layer 1 0.89 0.89 0.89 0.89 

NAPL, layer 2 0.61 0.44 0.34 0.26 

NAPL, layer 3 0.1 0.08 0.07 0.06 

Figure 3.4 

NO NAPL, 
layer 1 

0.89 0.89 0.89 0.89 

NO NAPL, 
layer 2 

0.15 0.15 0.15 0.15 

NAPL, layer 1 0.89 0.89 0.89 0.89 

NAPL, layer 2 0.47 0.39 0.34 0.30 

NAPL, layer 3 0.10 0.08 0.07 0.06 

Figure 3.5 

NO NAPL, 
layer 1 

0.89 0.82 0.69 0.53 

NO NAPL, 
layer 2 

0.15 0.07 0.04 0.04 

NAPL, layer 1 0.89 0.82 0.69 0.53 

NAPL, layer 2 0.34 0.36 0.37 0.27 

NAPL, layer 3 0.07 0.03 0.02 0.02 
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Figure 3.6 – 3.7 

NO NAPL, 
layer 1 

0.89 0.89 0.89 0.89 

NO NAPL, 
layer 2 

0.15 0.15 0.15 0.15 

NAPL, layer 1 0.89 0.89 0.89 0.89 

NAPL, layer 2 0.34 0.34 0.34 0.34 

NAPL, layer 3 0.07 0.07 0.07 0.07 

 

3.3.2.4 Influence of source zone thickness 

Further simulations were carried out by varying the thickness of the NAPL source 

zone (HN) from 0.2 to 2.5 m. Here, with source zone we mean both the vadose zone 

and capillary fringe with the presence of NAPL. The results of the simulations are 

shown in Figure 3.6.  

It can be observed that the Rn profile in the presence of NAPL (and consequently the 

deficit curve) varies with increasing thickness of the source zone. However, it is 

interesting to note that the deficit value observed in the different configurations at the 

same distance from the top of the source zone (LN), remains almost unchanged. For 

instance, considering case (b), at a distance of 0.5 m from the source zone (i.e., a 

depth of 4 m), the deficit observed is approximately 0.75, i.e. almost coincident with 

the deficit observed at the same distance (i.e., a depth of 2 m) in case (d). This means 

that the deficit of Rn concentration between impacted, and background location 

depends on the NAPL saturation and distance of the soil gas probe from the source 

but not on the thickness of the zone impacted by NAPL.  
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Figure 3.6. Rn vertical concentration profile in the presence of NAPL (NAPL saturation of 15%), 
in the absence of NAPL, and the associated Rn deficit, calculated for different thicknesses of 
the source zone: (a) HN = 0.2 m, (b) HN = 0.5 m, (c) HN = 1.5 m, (d) HN = 2.5 m. The dashed 
lines represent the depth of the top of the source zone (LN) in the different configurations. 

3.3.2.5 Influence of groundwater depth 

Another parameter investigated was the depth of groundwater. In this case, the 

simulations were carried out by varying the depth of the aquifer from 3 to 10 m. The 

curves obtained are shown in Figure 3.7.  
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In this case, the Rn concentration curves do not present particular variations if not 

those obviously due to the variation of the maximum depth considered in the domain 

of the model. Specifically, it can be noticed that the deficit value observed at the same 

distance from the top of the source zone (LN), remains nearly unaltered. For example, 

considering cases (b) and (d), the deficit observed at a distance of 0.5 m from the 

source zone (i.e., a depth of 4 m for case (b) and a depth of 9 m for case (d)), is about 

0.75. We can then state that the estimation of NAPL saturation from Rn 

measurements taken at a certain distance from the NAPL zone will not be influenced 

by the depth of the groundwater table at the site.  
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Figure 3.7. Rn vertical concentration profile in the presence of NAPL (NAPL saturation of 15%), 
in the absence of NAPL, and the associated Rn deficit, calculated for different depths of the 
aquifer: (a) LW = 3 m, (b) LW = 5 m, (c) LW = 7 m, (d) LW = 10m. The dashed lines represent the 
depth of the top of the source zone (LN) in the different configurations.  

3.3.2.6 Sensitivity analysis results 

As shown in the previous sections, the key parameter that affects the effectiveness of 

the Rn deficit technique is the distance of the soil gas probe from the source zone. To 

examine the influence of the other parameters on the Rn transport and distribution, in 

Table 3.4 we summarized the results of the different simulation discussed earlier. 

Namely, Table 3.4 reports the Rn deficit (see Eq. 3.28) estimated in the different 
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simulations within the capillary fringe zone (i.e. in the source at a distance of 0.1 m 

above the water table) and in the unsaturated zone at a distance of 0.1 m, 0.5 m and 

1 m above LNAPL. To evaluate the influence of each parameter on the Rn deficit 

value, the percentage of variation of the deficit value observed in each case was 

calculated. 

It can be observed that the parameters with most affect the Rn transport and 

distribution in the subsurface are the NAPL saturation (variation of the Rn deficit of 

10% to 157%) and the Rn partition coefficient between NAPL and water (kN/w) 

(variation of 11% to 159%). To a lower extent, also the soil texture affects the 

calculated Rn deficit (3%-79%). In relation to the latter, it can be observed, also from 

Figure 3.5, that the greatest variation (79%) occurs in the capillary fringe. Less 

important, and in nearly all cases negligible, are the contributions given by the 

thickness of the contaminated zone (4%-27%) and the depth of the water table (2%-

11%). 
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Table 3.4. Results of the sensitivity analysis in terms of Rn deficit observed in the simulations 
at a distance of 0.1 m above the water table (in the capillary fringe) and 0.1m, 0.5m and 1m 
from the contaminated zone for cases a,b,c,d in Figures 3.3, 3.4, 3.5, 3.6, 3.7. The variation is 
calculated as the difference between the maximum deficit and the minimum deficit over the 
minimum deficit value observed in the four cases considered for each parameter. 

Parameter Figure 

Deficit 
value 

case a 

Deficit 
value 

case b 

Deficit 
value 

case c 

Deficit 
value 

case d 

Variation  

(%) 

Source zone @ 0.1 m above the water table (capillary fringe) 

Influence of 
NAPL 
saturation 

Figure 3.3 0.56 0.38 0.28 0.22 157 

Influence of 
NAPL 
composition 

Figure 3.4 0.57 0.38 0.28 0.22 159 

Influence of 
soil texture 

Figure 3.5 0.28 0.20 0.16 0.16 79 

Influence of 
source zone 
thickness 

Figure 3.6 0.32 0.28 0.25 0.25 27 

Influence of 
groundwater 
depth 

Figure 3.7 0.31 0.28 0.28 0.28 11 

@ 0.1 m from the source zone (unsaturated zone) 

Influence of 
NAPL 
saturation 

Figure 3.3 0.79 0.68 0.61 0.57 38 

Influence of 
NAPL 
composition 

Figure 3.4 0.8 0.68 0.61 0.56 43 

Influence of 
soil texture 

Figure 3.5 0.61 0.61 0.61 0.63 3 

Influence of 
source zone 
thickness 

Figure 3.6 0.69 0.61 0.62 0.6 15 

Influence of 
groundwater 
depth 

Figure 3.7 0.61 0.61 0.62 0.62 2 
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Parameter Figure 

Deficit 
value 

case a 

Deficit 
value 

case b 

Deficit 
value 

case c 

Deficit 
value 

case d 

Variation  

(%) 

@ 0.5 m from the source zone (unsaturated zone) 

Influence of 
NAPL 
saturation 

Figure 3.3 0.86 0.79 0.75 0.72 20 

Influence of 
NAPL 
composition 

Figure 3.4 0.87 0.79 0.75 0.71 23 

Influence of 
soil texture 

Figure 3.5 0.75 0.75 0.77 0.82 9 

Influence of 
source zone 
thickness 

Figure 3.6 0.79 0.75 0.75 0.75 5 

Influence of 
groundwater 
depth 

Figure 3.7 0.73 0.75 0.75 0.75 3 

@ 1 m from the source zone (unsaturated zone) 

Influence of 
NAPL 
saturation 

Figure 3.3 0.92 0.88 0.85 0.83 10 

Influence of 
NAPL 
composition 

Figure 3.4 0.92 0.87 0.85 0.83 11 

Influence of 
soil texture 

Figure 3.5 0.85 0.86 0.89 0.93 9 

Influence of 
source zone 
thickness 

Figure 3.6 0.88 0.85 0.85 0.85 4 

Influence of 
groundwater 
depth 

Figure 3.7 0.83 0.85 0.85 0.85 2 

 

3.3.3 Nomographs 

To aid the determination of the NAPL saturation, starting from the 1-D analytical 

solution of the Rn transport diffusive equation we developed some nomographs that 

can be used for the application of Rn deficit technique, starting from soil gas Rn 
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concentration data collected at some distance from the source zone. Figure 3.8 shows 

the NAPL saturation calculated as a function of the Rn deficit and the distance of the 

soil gas probes from the source zone. The figures also report, as reference, the results 

obtained with the model proposed by Schubert et al. (2001), without depth 

dependence. The nomographs were developed for two soil types (Sand and Loam) 

with the values suggested by US EPA (2004) and for two types of contamination 

(diesel and gasoline) with the corresponding values of kN/w equal to 60 and 40, 

respectively, suggested by Schubert et al. (2007b).  

 

Figure 3.8. NAPL saturation - Rn deficit curves calculated as a function of the vertical distance 
(d) between the Rn measurement point and the top of NAPL zone (LN). The NAPL zone curve 
is calculated 0.1 m below LN. The capillary fringe curve is calculated 0.1 m above the water 
table. The four nomographs (a), (b), (c), (d) are calculated for different soil types and 
contamination types, as reported in figure. The curve obtained applying the model proposed by 
Schubert et al. (2001) is also shown. 
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From the nomographs shown in Figure 3.8 it can be observed that, as expected, the 

Rn deficit decreases (i.e., Rn decreases in the impacted area compared to the value 

obtained in the background location) as NAPL saturation increases. It is also clear 

that the deficit is more evident as the measurement point approaches the source zone. 

Namely, in all the cases considered the deficit is no longer appreciable at a distance 

of 2 m from the source zone. It should also be noted that for distances greater than 1 

m, even a small variation in measured deficit can lead to large differences in the 

estimation of NAPL saturation. For this reason, in case of measurements made 

beyond 1 m from the source zone, the results can be considered reliable only from a 

qualitative point of view. This behavior is related to the characteristic diffusion length 

of Rn, whose values, as can be seen in Table 3.3, are in the range of 0.02 to 0.9 m, 

i.e. less than 1 m. From these results it can be also observed that the NAPL saturation 

calculated with the model proposed by Schubert et al. (2001) tend to be significantly 

underestimated with increasing distance of the soil gas probes form the source zone. 

For instance, considering case (a) and assuming a deficit of 0.9 observed at a 

distance of 1 m from the source zone, using the approach proposed by Schubert et 

al. (2001) the NAPL saturation would be of about 0.5%, while considering the derived 

solution that accounts for the Rn diffusion in the vadose zone the calculated NAPL 

saturation would result about 6.5%. Hence, this highlights the importance of 

considering the dynamic transport and partition of Rn for the interpretation of the 

observed deficit. 
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CHAPTER 4 
4 INFLUENCE OF ADVECTION ON THE SOIL GAS RADON 

DEFICIT TECHNIQUE 

Most of this chapter is taken from “Cecconi, A., Verginelli, I., Barrio-Parra, F., De 

Miguel, E., Baciocchi, R., 2023b. Influence of advection on the soil gas radon deficit 

technique for the quantification of LNAPL. Sci. Total Environ. 875, 162619. 

https://doi.org/10.1016/j.scitotenv.2023.162619” 
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ABSTRACT 

The Radon (Rn) deficit technique is a rapid, low-cost, and non-invasive method to 

identify and quantify light non-aqueous phase liquids (LNAPL) in the soil. LNAPL 

saturation is typically estimated from Rn deficit using Rn partition coefficients, 

assuming equilibrium conditions. This work examines the applicability of this method 

in the presence of local advective fluxes that can be generated by groundwater 

fluctuations or biodegradation processes in the source zone. To this end, a one-

dimensional analytical model was developed to simulate the steady-state diffusive-

advective transport of soil gas Rn in the presence of LNAPL. The analytical solution 

was first validated against an existing numerical model adapted to include advection. 

Then a series of simulations to study the effect of advection on Rn profiles were 

carried out. It was found that in high-permeability soils (such as sandy soils), advective 

phenomena can significantly affect Rn deficit curves in the subsurface compared with 

those expected, assuming either equilibrium conditions or a diffusion-dominated 

transport. Namely, in the presence of pressure gradients generated by groundwater 

fluctuations, applying the traditional Rn deficit technique (assuming equilibrium 

conditions) can lead to an underestimation of LNAPL saturation. Furthermore, in the 

presence of methanogenesis processes (e.g. in the case of a fresh LNAPL of 

petroleum hydrocarbons) local advective fluxes can be expected above the source 

zone. In such cases, Rn concentrations above the source zone can be higher than 

those above background areas without advective phenomena, resulting in Rn deficits 

higher than 1 (i.e., Rn excess), and thus leading to a wrong interpretation regarding 

the presence of LNAPL in the subsurface if advection is not considered. Overall, the 

results obtained suggest that advection should be considered in the presence of 

pressure gradients in the subsurface to ensure an effective application of the soil gas 

Rn-deficit technique for a quantitative estimation of LNAPL saturation.  
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4.1 INTRODUCTION 

Over the years, the theoretical study of the Rn deficit technique has also focused on 

modeling Rn in the subsurface. In particular, in this context, major efforts have focused 

on predicting Rn profiles in water (see e.g., Semprini et al., 2000; Davis et al., 2005; 

Schubert et al., 2007c) and soil gas (see e.g., Höhener and Surbeck, 2004; Cohen et 

al., 2019; Barrio-Parra et al., 2022; Cecconi et al., 2022) under various site-specific 

conditions, focusing on the issues of Rn emanation, partition, and transport. Diffusion 

is commonly considered the dominant transport process for the migration of gases in 

the vadose zone (Hillel, 1982). Indeed, on a long-term average basis, available 

evidence suggests that Rn transport from the soil into the atmosphere occurs 

predominantly by molecular diffusion (Nazaroff, 1992). However, under certain 

conditions, pressure-driven advection may also be significant (Alzaydi et al., 1978; 

Thorstenson and Pollock, 1989; Massmann and Farrier, 1992; US EPA, 2015). In 

particular, advection may be the locally dominant flow in the presence of high average 

pressure or when intermolecular collisions prevail over collisions between gas 

molecules and pore walls (Cunningham and Williams, 1980). The latter condition can 

occur when the average free path of gas molecules is much smaller than the pore size 

of the medium, e.g., in dry, coarse-grained media (Scanlon et al., 2002). Several 

factors can induce a local pressure gradient in the soil that causes an advective flow 

(Molins and Mayer, 2007; US EPA, 2015). Cyclic fluctuations in barometric pressure 

(caused by diurnal temperature variations and the passage of high- and low-pressure 

fronts) cause an inward and outward advective motion of subsurface air (Forde et al., 

2019), known as barometric pumping (Auer et al., 1996). However, this phenomenon 

only affects the surface soil layers, typically around the first meter. According to 

Neznal et al. (2004), a sampling depth of 0.8 m is a good compromise between 

reducing the effect of atmospheric phenomena and the practicality of measurements 

with temporary probes. Assuming, therefore, that Rn measurements are performed at 

these or greater depths, the influence of barometric fluctuations and the resulting 

advective flow can be considered irrelevant to the application under discussion. 

Another phenomenon that can lead to the generation of an advective flow in the 

subsurface is the fluctuations of the water table induced by various periodic natural 

forces (Man et al., 2021). Groundwater fluctuations can cause upward and downward 

advection of soil gas within the vadose zone, promoting the transport of soil gases 

and accelerating the vapor phase transport through the unsaturated zone and their 
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release into the atmosphere (Qi et al., 2020). In fact, a drop in the water table level 

can create a reduction in total gas pressure, producing a suction effect that can limit 

the gas flow, while the upward movement of groundwater creates an increase in total 

gas pressure, resulting in a piston effect that pushes the soil gases toward the surface 

(Cavelan et al., 2022). Choi and Smith (2005) investigated the effects of water table 

fluctuations on advective and diffusive fluxes of volatile organic compounds under 

natural atmospheric conditions and suggested that water table fluctuation with an 

amplitude of 0.1 m can create pressure gradients in the soil similar in magnitude to 

those caused by atmospheric pressure variations, which could significantly affect the 

advective flux. Man et al. (2021) showed that soil texture plays a significant role in the 

advective transport of soil gas. Other phenomena that can create a local advective 

flow in the subsurface can be related to LNAPL contamination (Ma et al., 2012; Yao 

et al., 2015; Verginelli and Baciocchi, 2021). A significant in-situ generation of CH4 

can make advection the dominant local gas transport mechanism (Yao et al., 2015; 

CRC CARE, 2018). Methanogenesis is now accepted as one of the dominant 

attenuation processes of LNAPL sources (e.g., Lundegard and Johnson, 2006; Ng et 

al., 2015; CRC CARE, 2018; ITRC, 2018). Significant methanogenesis can occur, 

under anaerobic conditions, in the saturated zone and at the bottom of the unsaturated 

zone, which results in direct outgassing and ebullition of methane and carbon dioxide 

(ITRC, 2018). The combined gas fluxes migrate vertically upward through the 

unsaturated zone, where methane is oxidized (Amos et al., 2005). In accordance with 

field observations, the zones of CH4 generation (near the water table and oil body) 

correlate with slightly elevated total gas pressures, while above the methanogenic 

zone, in the methanotrophic zone, CH4 and O2 consumption causes gas pressure to 

decrease marginally below atmospheric levels (Molins et al., 2010). Furthermore, the 

solubility of CO2, produced in the methane oxidation reaction, is higher than that of O2 

or CH4, so even more gas is removed from the gas phase by the dissolution of the 

produced gas into water (Amos et al., 2005). Since advection, compared to diffusion, 

can transfer Rn over a wide range of distances it is important to account for this 

phenomenon when applying the soil gas Rn deficit technique. Indeed, if not properly 

considered, the existence of advective phenomena can result in a further confounding 

factor for the interpretation of the Rn deficit detected in soil gas. For instance, De 

Miguel et al. (2018) found, during a field campaign, Rn concentrations above 

background values in an area where other evidence indicated the presence of NAPL. 
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Mateus and Pecequilo (2015) successfully identified NAPL contamination in some 

areas by monitoring Rn in the upper soil, but also found high Rn values, compared to 

the site average, in some areas where a NAPL plume was estimated to exist. Cohen 

et al. (2016) found unclear correlations between Rn and NAPL at another site where 

methane was also found in the soil gas, explaining these results by the presence of 

stratigraphic heterogeneities. Although the anomalous behavior observed in the 

above-mentioned works would require further investigations to be explained, as 

suggested by De Miguel et al. (2018), a possible partial explanation could be given by 

the establishment of advective phenomena, especially in cases where other 

parameters might indicate its possible occurrence (e.g. the methane detected in the 

field campaigns carried out by Cohen et al. (2016). To account for the aspects 

described above, this work aims to evaluate the impact of the advective term on the 

transport of Rn in the soil gas in soils characterized by the presence of LNAPL. For 

this purpose, a 1-D steady-state analytical solution of the equation for the diffusive-

advective transport of Rn in the subsurface in a two-layer soil was developed. To our 

knowledge, no analytical models that allow to account for both diffusion and advection 

of Rn in the subsurface in the presence of LNAPL are available in the literature. The 

developed 2-layer analytical solution estimates the vertical concentration profiles of 

Rn in soil gas at a steady state in a two-layer soil, assuming a diffusive-advective 

transport of Rn. The validity of the solution has been tested by comparing the results 

with an already existing numerical model (Barrio-Parra et al., 2022), that was adapted 

in this work to include the advective term. The analytical solution was then used to 

study the influence of the advective term on Rn profiles and, consequently, on the Rn 

deficit, carrying out simulations under different conditions of pressure gradient and 

contamination, and considering the influence of other site-specific parameters. 

  



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                      Page 114 of 230 

4.2 MATERIAL AND METHODS 

4.2.1 Governing equation and assumptions 

The analytical model was developed assuming a 1-D steady-state advective-diffusion 

transport of Rn in homogenous soils. The solution was obtained under assumptions 

consistent with previous Rn modeling studies (e.g., Höhener and Surbeck, 2004; 

Cohen et al., 2019). In particular, a homogeneous soil, a constant diffusion coefficient, 

and a constant advective velocity were considered for each layer. A constant and 

uniform emanation of Rn from the solid matrix was also considered. Furthermore, Rn 

decay was assumed to be the only reaction to occur and was described by a first-

order decay constant (λ). The phenomenon of Rn partitioning between soil phases 

(solid phase, gas, water, and LNAPL) was considered instantaneous and reversible 

and was described by linear equilibrium partitioning constants (Höhener and Surbeck, 

2004). 

Under the above assumptions, the governing equation for the diffusive and advective 

steady-state transport of Rn in a homogeneous layer i of unsaturated soil is: 

fi ∙ De,i ∙
∂2Rn

∂z2
− fi ∙ ui ∙

∂Rn

∂z
− λ ∙ Rn + fi ∙ Pi = 0 Eq. 4.1 

where Rn is the Rn activity concentration in soil gas (Bq m-3); De,i is the effective 

diffusion coefficient of Rn in layer i (m2 s-1); fi (-) is the fraction of Rn in the air phase 

of layer i; ui is the soil gas velocity (m s-1); Pi is the Rn production rate in the pore 

space in layer i (Bq m-3 s-1). 

The effective diffusion coefficient of Rn in layer i, De,i can be calculated using the 

expression proposed by Millington and Quirk (1961), reported in Eq. 3.2. 

The expression for the fraction of Rn in the air phase of layer i, fi (-), is reported in Eq. 

3.4 (Werner and Höhener, 2002). 

The Rn production rate in the pore space in layer i, Pi (Bq m-3 s-1) can be calculated 

as indicated in Eq. 3.3 (Van Der Spoel et al., 1997). 

The soil gas velocity u can be estimated using the following equation (Scanlon et al., 

2002): 
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ui =
kgi

μ
∙

dpi

dz
 Eq. 4.2 

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, also synthetically 

denoted by ∇pi. The effective permeability kg,i can be calculated as the product of the 

intrinsic permeability kint,i (m2) and the relative air permeability krg,i (-) at the soil water-

filled porosity θw,i: 

kg,i = kint,i ⋅ krg,i Eq. 4.3 

Note that all parameters with the subscript i depend on the soil layer's characteristics. 

4.2.2 Analytical solution 

For heterogeneous layered soils, but without the advective term, Eq. 4.1 has been 

solved analytically Höhener and Surbeck (2004) and Cecconi et al. (2022) (see 

section 3.2.2). In this work, we present an analytical solution for a 2-layer model that 

can be used to describe both the diffusive and advective transport of Rn in a 

contaminated layer (source zone) and the overlying unsaturated layer. The domain of 

the 2-layer model developed in this work is depicted in Figure 4.1. The domain was 

divided into two zones: a non-contaminated layer of the vadose zone and an 

underlying layer of the vadose zone with LNAPL.  
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Figure 4.1. Domain of the 2-layer model consisting of an upper layer of uncontaminated vadose 
zone and a deeper layer of vadose zone with the presence of LNAPL. The origin of axis z is 
placed at ground level and is positive with increasing depth. The figure also describes the 
boundary conditions assumed to derive the analytical solution and the conditions that may 
cause advective phenomena in the soil (water table fluctuations and methanogenesis 
processes). 

To solve Eq. 4.1, three boundary conditions were considered (see Figure 4.1). 

Specifically, the Rn concentration was considered zero in air (Höhener and Surbeck, 

2004), the continuity of concentration was imposed at the interface between the two 

layers and no Rn flux was assumed at the water table depth (z = LW).  

By imposing these boundary conditions, the following solutions describing the Rn 

concentration profile in the domain were derived. 

For  0 ≤  z ≤  LN: 

z=0

z=LN

z=LW

Rn(0)=0
Vadose zone

Vadose zone with 

NAPL

Rn(LN)=RnVN

Rn’(LW)=0

CH4

Water table fluctuations
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Rn(z) = Ξ + O Eq. 4.4 

With: 

Ξ = RnVN ∙ (
e−kV∙(LN−z) ∙ sinh(γ

V
∙ z)

sinh(γ
V

∙ LN)
) Eq. 4.5 

O =
PV ∙ fV

λ
∙ (1 −

ekV∙z ∙ sinh(γ
V

∙ (LN − z)) + e−kV∙(LN−z) ∙ sinh(γ
V

∙ z)

sinh(γ
V

∙ LN)
) Eq. 4.6 

For LN < z ≤  Lw 

Rn(z) = [
e−kN∙(LN−z) ∙ Π

Φ
] +

PN ∙ fN

λ
 Eq. 4.7 

With: 

Π = [kN ∙ sinh( γ
N

∙ (Lw − z)) + γ
N

∙ cosh( γ
N

∙ (Lw − z))] Eq. 4.8 

Φ = [kN ∙ sinh( γ
N

∙ (Lw − LN)) + γ
N

∙ cosh( γ
N

∙ (Lw − LN))] Eq. 4.9 

And where ki is calculated as: 

ki =
u

2De,i
 Eq. 4.10 

and γi calculated as:  

γ
i

= √
u2

4D2
e,i

+
λ

fi ∙ De,i
= √ki

2 +
1

L2
c,i

 Eq. 4.11 

with Lc,i the characteristic diffusion length of Rn in layer i (Eq. 3.12): 

Next, by imposing the continuity of the fluxes at the interface of the contiguous layers, 

the expression of the concentration RnN (at z = LN) was derived. The resulting 

expression is given in the following equation: 

RnVN =

De,V ∙
PV ∙ fV

λ
∙ (kV + γV ∙ coth(γV ∙ LN) −

γV ∙ ekV∙LN

sinh(γV ∙ LN)
) − De,N ∙

PN ∙ fN

λ
∙ Ψ

De,V ∙ (kV + γV ∙ coth(γV ∙ LN)) − De,N ∙ Ψ
 

Eq. 4.12 

With: 
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Ψ =
kN ∙ kN − γ

N
∙ γ

N

[kN + γ
N

∙ coth( γ
N

∙ (Lw − LN))]
 Eq. 4.13 

The developed analytical solution was applied to calculate the vertical Rn 

concentration profiles under different scenarios. In particular, the Rn profile in the 

NAPL zone was calculated and compared to that expected under the same conditions 

but at a background location not impacted by the LNAPL. From the ratio of these two 

concentration profiles, the expected deficit profiles under the specific conditions of 

each case were derived. Rn deficit was calculated at each depth as: 

Deficit(z) =
𝑅𝑛NAPL(z)

𝑅𝑛NONAPL(z)
 Eq. 4.14 

where RnNAPL(z) is the Rn concentration at depth z in the presence of LNAPL and 

RnNONAPL(z) is the Rn concentration at the same depth z in the absence of LNAPL. 

4.2.3 Estimation of the intrinsic permeability and of the relative air 

permeability 

The intrinsic permeability kint,i (m2) values used in this work were chosen based on the 

range of values suggested by Freeze and Cherry (1979), according to soil texture (see 

Table 4.1).  

The relative air permeability of soil krg,i (-) was calculated considering the effects of 

water saturation on air permeability. Parker et al. (1987) extended the relative air 

permeability model of van Genuchten (1980) to allow the estimation of the relative 

permeabilities of air and water in a two or three-phase system (US EPA, 2004): 

krg,i = (1 − Swe,i)
1/2 ∙ (1 − Swe,i

1/m)2m Eq. 4.15 

with Swe,i the effective water saturation (-) and m the van Genuchten shape parameter 

(-).  

The effective water saturation Swe,i can be calculated as: 

Swe,i =
(θw,i − θr,i)

(θt,i − θr,i)
 Eq. 4.16 

Where θt,i is the total soil porosity in layer i, θw,i is the volumetric water content in layer 

i and θr the residual water content.  
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The effective permeability kg,i (m2) was then calculated as the product of the intrinsic 

permeability kint,i and the relative air permeability krg,i at the soil water-filled porosity 

θw,i.  

The values of characteristic soil parameters (e.g., porosity, water content) are given 

by US EPA (2004). Note that all parameters with the subscript i depend on the soil 

layer's characteristics.  

Table 4.1 shows the values of the parameters used to calculate effective permeability 

for three soil textures.  

Table 4.1. Parameters used to calculate effective permeability for three soil textures. 

Parameter Symbol Unit 
Medium sand 
(Figs. 4.3-4.12) 

Fine sand  
(Fig. 4.10) 

Loam 
(Fig. 4.10) 

Total porosity θt - 0.375 0.387 0.399 

Water content θw - 0.054 0.103 0.148 

Residual water 
content 

θr - 0.053 0.039 0.061 

Van Genuchten 
parameter 

m - 0.685 0.310 0.321 

Intrinsic 
permeability 

kint m2 10-10 10-12 10-13 

Relative air 
permeability 

krg - 0.998 0.901 0.854 

Effective 
permeability 

kg m2 9.98∙10-11 9.01∙10-13 8.54∙10-14 

4.2.4 Simulated scenarios and Input parameters 

The analytical solution was applied to assess the role of advection in different 

scenarios where, under certain conditions, a subsurface pressure gradient can be 

expected. The scenarios investigated comprise the condition of a rising water table, 

which creates a positive pressure gradient and a resultant advective flux toward the 

surface (Figure 4.2b), the condition of a falling water table, with a negative pressure 

gradient creating a downward advective flux (Figure 4.2c), and the case of the 

presence of fresh LNAPL, with a positive pressure gradient in the zone with LNAPL 

due to methanogenesis and a negative pressure gradient in the overlying zone of 

methane oxidation (Figure 4.2d). In this latter case, since the pressure gradient affects 
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only the contaminated zone, a purely diffusive transport was considered in the 

background area. The case of purely diffusive transport will be used as a comparison 

(see Figure 4.2a). The scenarios described in Figure 4.2b and Figure 4.2c are more 

likely to occur at sites near coastal areas or in tropical climates subject to heavy rainfall 

in short periods of time. The scenario described in Figure 4.2d, on the other hand, can 

be considered characteristic of areas with high NAPL saturation levels and fresh 

NAPL, which are more likely to result in high methane production. 

 

Figure 4.2. Conceptual model of the four simulated scenarios: a) purely diffusive transport both 
in the LNAPL zone and background area, b) rising water table both in the LNAPL zone and 
background area (positive pressure gradient, advective flux toward the surface), c) falling water 
table both in the LNAPL zone and background area (negative pressure gradient, downward 
advective flux), d) presence of fresh LNAPL in the LNAPL zone (positive pressure gradient in 
the LNAPL source zone (Ns) due to CH4 production and negative pressure gradient in the 
overlying zone (Nu) due to CH4 oxidation) and no advective flux in the background zone 
(diffusive flux only). 
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The input parameters listed in Table 4.2 and Table 4.3 were used for the simulations 

shown in the following sections. The values of characteristic soil parameters (e.g. 

porosity, density, water saturation) given by US EPA (2004) were used in all 

simulations. Details regarding the estimation of the intrinsic permeability and the 

relative air permeability are given in section 4.2.3. 

Table 4.2. Parameters used for the validation of the analytical model (Fig.4.3) and to derive the 
vertical Rn concentration profiles and the Rn deficit curves in Figs.4.4-4.12 (unless otherwise 
indicated in the figures). 

Parameter Symbol Unit 
Values  

(Figs. 4.3-
4.12)  

Solid density ρs kg m-3 1660 

Soil type - - sand 

Total porosity θt - 0.375 

Water saturation θw - 0.054 

Relative air permeability krg - 0.998 

Intrinsic permeability ki m2 10-10 

Effective permeability kg m2 9.98·10-11 

Dynamic viscosity of soil gas μ kg m-1 s-1 1.8·10-6 

Rn partition coefficient between soil and water ks/w - 1.4·10-5 

Rn partition coefficient between gas and water 
(Henry's law constant) 

kg/w - 4.4 

Contamination - - Diesel 

Rn partition coefficient between NAPL and 
water 

kN/w - 60 

Rn first order decay constant λ s-1 2.1·10-6 

226Ra concentration of the solids  CRa Bq kg-1 30 
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Parameter Symbol Unit 
Values  

(Figs. 4.3-
4.12)  

Rn emanation coefficient ε - 0.2 

Rn molecular diffusion coefficient in the gas 
phase Dmg m2 s-1 1.1·10-5 

Rn molecular diffusion coefficient in the water 
phase 

Dmw m2 s-1 1.1·10-9 

Total profile length L m 5 

Source zone depth LN m 4 

Thickness of the source zone HN m 1 

NAPL saturation SN % 10 

Time interval (numerical model) dt s 60 

Depth interval (numerical model) dz m 0.05 

Simulation duration (numerical model) tmax days 30 

Lower boundary (numerical model) boundary - Open 

 
  



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                      Page 123 of 230 

Table 4.3. Surface pressure gradient conditions in the subsurface considered to derive the 
vertical Rn concentration profiles and the Rn deficit curves in Figures 4.4-4.8 (unless otherwise 
indicated in the figures). 

Scenario Zone Symbol Unit 

Pressure gradient values 

(Figs. 4.4-4.12) 

Low Medium High 

Rising water 

table (Fig. 

4.2b) 

NAPL zone, upper 
layer 

∇p Nu Pa m-1 0.01 0.05 0.1 

NAPL zone, source 
zone ∇p Ns Pa m-1 0.01 0.05 0.1 

Background area ∇p B Pa m-1 0.01 0.05 0.1 

Falling water 

table (Fig. 

4.2c) 

NAPL zone, upper 
layer ∇p Nu Pa m-1 -0.01 -0.05 -0.1 

NAPL zone, source 
zone ∇p Ns Pa m-1 -0.01 -0.05 -0.1 

Background area ∇p B Pa m-1 -0.01 -0.05 -0.1 

Fresh 

LNAPL (Fig. 

4.2d) 

NAPL zone, upper 
layer ∇p Nu Pa m-1 -0.0025 -0.0125 -0.025 

NAPL zone, source 
zone ∇p Ns Pa m-1 0.01 0.05 0.1 

Background area ∇p B Pa m-1 0 0 0 
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4.3 RESULTS 

4.3.1 Comparison with a numerical model 

Figure 4.3 shows a comparison of the steady-state Rn concentration profiles predicted 

by the analytical solution developed in this work (continuous lines) with the results 

obtained using the numerical model (points) developed by Barrio-Parra et al. (2022). 

For the analytical model, the solution previously described was used (Eq. 4.4 - Eq. 

4.12). For the numerical model, the original Matlab® code developed by Barrio-Parra 

et al. (2022) has been adapted to account for the advective transport (the full Matlab® 

code is available in the Supplementary Material of Cecconi et al. (2023b)). Four 

scenarios representing different pressure gradient conditions were simulated using 

the same input parameters reported in Table 4.2. Note that for the transient numerical 

model, the Rn concentration profiles represent the results obtained assuming a 30-

day simulation which, according to preliminary simulations, was found to be 

representative of steady-state conditions. From Figure 4.3, it can be observed that 

there is a good agreement between the numerical results and those predicted with 

the analytical model developed in this work. The performance of the analytical model 

was evaluated by the coefficient of determination R2 and the normalized root mean 

square error (NRMSE). Specifically, the R2 value was 0.999 for all simulations, and 

the NRMSE was always lower than 1.5% (0.015) (see Figure 4.3).These values 

indicate an accurate model simulation, thus confirming the validity of the analytical 

model to simulate the expected Rn concentration profiles in the presence of a 

pressure gradient in the subsurface. 
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Figure 4.3. Rn concentration profiles for different imposed pressure gradients calculated with 
the analytical model (continuous lines) and the numerical model (dots) adapted from Barrio-
Parra et al. (2022). Four imposed pressure gradients are shown: zero pressure gradient, i.e., 
diffusion-dominated transport (figure a); constant positive pressure gradient of +0.1 Pa m-1 
(figure b), constant negative pressure gradient of -0.1 Pa m-1 (figure c); variable pressure 
gradient of +0.1 Pa m-1 in the LNAPL layer and of -0.025 in the overlying vadose zone layer 
(figure d). The dashed lines represent the beginning of the layer with the presence of LNAPL. 
A LNAPL saturation of 10% in the deepest layer was imposed. The performance of the 
analytical model is shown for each simulation in terms of coefficient of determination R2 and 
normalized root mean square error NRMSE. 

4.3.2 Influence of the pressure gradient on Rn deficit profiles 

The developed analytical solution was used to examine the Rn concentration profiles 

expected in the presence of pressure gradients in the subsurface at LNAPL-impacted 

areas and in background locations not impacted by LNAPL. From the ratio of these 

two concentration profiles, the expected Rn deficit curves were also calculated (see 
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Eq. 4.14). Unless otherwise stated, the site-specific parameters used in the 

simulations are those reported in Table 4.2, and the pressure gradient conditions 

considered are those summarized in Table 4.3. 

4.3.2.1 Positive pressure gradient (rising water table) 

Figure 4.4 shows the Rn concentration profiles and the relative Rn deficits obtained 

assuming a positive pressure gradient in the subsurface (see Figure 4.2b).  

 

Figure 4.4. Rn concentration profiles and Rn deficit curves for different imposed pressure 
gradients, simulating the condition of groundwater level elevation in both the LNAPL zone 
(denoted with Nu for the upper layer and Ns for the LNAPL source zone) and background 
(denoted with B). Four pressure gradient values are shown: zero pressure gradient, i.e., purely 
diffusive transport (figure a); a pressure gradient of 0.01 Pa m-1 (figure b), 0.05 Pa m-1 (figure 
c) and 0.1 Pa m-1 (figure d). The dashed lines represent the beginning of the layer with the 
presence of LNAPL. LNAPL saturation in the deepest layer is imposed at 10%. 
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The pressure gradient values simulated in Figure 4.4b, Figure 4.4c and  Figure 4.4d, 

(see Table 4.3) are representative of a water table rise between approximately 0.3 cm 

and 3 cm in a period of 0.5 days, assuming a sandy soil (kg = 4.04·10-12 m2, θa,cap = 

0.045) and according to the method reported by Choi and Smith (2005). In Figure 4.4a 

the Rn profiles in the case of a purely diffusive transport over the whole soil thickness 

(zero-pressure gradient i.e., no advective transport) are shown. As can be observed, 

the Rn concentration profiles obtained assuming a pressure gradient in the 

subsurface can be substantially different from the one expected assuming a purely 

diffusive transport. It can also be observed that as the pressure gradient increases 

there is a smaller deviation between the Rn concentration curves in the contaminated 

zone and the background zone (i.e. Rn deficit tends to 1). Indeed, a positive pressure 

gradient increases the velocity of soil gas flow towards the soil surface, reducing the 

attenuation of Rn caused by its partitioning into the LNAPL. It may be assumed, for 

example, to sample soil gas in proximity of the LNAPL source, e.g. considering the 

top of the source zone (in the present case at a distance of 1 m from the water table).  

Although, depending on soil type, temporal probes can be used at depths up to 4-5 

m, typically soil gas samples collected at depths greater than 2 m are not cost-

effective with commonly used direct-push techniques. At 2 m depth, the Rn deficit 

expected in the simulated scenario for a diffusive-only transport is approximately 

equal to 0.66 (Figure 4.4a), while in the case of a diffusive-advective transport the Rn 

deficit is 0.69, 0.82 and 0.9 in Figure 4.4b, Figure 4.4c and Figure 4.4d, respectively. 

This implies that, under the conditions considered, the deficit values observable at the 

top of the source zone, assuming a positive subsurface pressure gradient, can be up 

to 1.3 - 1.4 times higher than the deficit observed at the same depth in the case of 

diffusive transport only. Note that these deficits result from Rn concentrations in the 

NAPL zone of approximately 12.2 - 13.7 kBq m-3 (corresponding to maximum 

differences of about 15%) and Rn background concentrations of 18.4 - 14.1 kBq m-3 

(corresponding to maximum differences of about 25%) (for Figure 4.4a, Figure 4.4b, 

Figure 4.4c and Figure 4.4d respectively). It is worth mentioning, that Rn concentration 

values can be significantly different, depending on the radium content and the Rn 

emanation coefficient (among other parameters) characteristic of the soil under 

investigation. It is also worth recalling that the deficit observed at a certain depth is 

used in the Rn deficit technique to estimate the subsurface residual LNAPL saturation. 

From these first results, it is evident that the presence of advective transport has a 
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relevant impact on the interpretation of Rn monitoring data for the quantification of 

LNAPL contamination.  

4.3.2.2 Negative pressure gradient (falling water table) 

Figure 4.5 shows Rn concentration profiles and the relative Rn deficits for a negative 

pressure gradient in the subsurface (see Figure 4.2c). Figure 4.5a shows the case of 

purely diffusive transport, while the profiles for diffusive-advective transport are shown 

in Figure 4.5b, Figure 4.5c and Figure 4.5d, respectively. The simulated pressure 

gradient values (see Table 4.3) are representative of a drop in the groundwater level 

between 0.3 cm and 3 cm for a period of 0.5 days, assuming a sandy soil (kg = 4.04·10-

12 m2, θa,cap = 0.045), using the method described by Choi and Smith (2005). As can 

be observed in Figure 4.5, a negative pressure gradient limits the gas flow towards 

the surface, and thus leads to an increase of Rn attenuation due to the partitioning 

effect of Rn in the LNAPL present in the source zone. Therefore, it can be observed 

that as the negative pressure gradient increases, there is a more significant deviation 

between the Rn concentration profiles expected above the source and background 

zone. Considering, for example, the deficit value at the top of the source zone (at 1 m 

from the groundwater level), the Rn deficit expected in the simulated scenario for a 

diffusive transport (Figure 4.5a) is approximately 0.66, while introducing a pressure 

gradient of respectively -0.01, -0.05 and -0.1 Pa m-1 (Figure 4.5b, Figure 4.5c and 

Figure 4.5d), the Rn deficit is 0.63, 0.52 and 0.46 (i.e. up to 1.4 times lower than the 

deficit expected for a diffusion-dominated transport). The effect of advection is less 

pronounced in the source zone, where the deficit profiles for a diffusion-dominated 

transport and for a diffusive-advective transport approach each other. This suggests 

that performing soil gas Rn measurements in proximity of the source zone can 

potentially be helpful in reducing the confounding effect of advection on the 

interpretation of Rn data for the identification and quantification of LNAPL in the 

subsoil. It should be noted, however, that drilling at great depths to collect soil gas 

samples could be practically complicated and/or economically unfeasible. To reach 

these depths, an alternative way may consist in measuring Rn soil gas concentration 

in the headspace of groundwater monitoring wells. This approach could, for example, 

be useful for monitoring the evolution of LNAPL contamination during natural 

attenuation processes or during active remediation. 
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Figure 4.5. Rn concentration profiles and Rn deficit curves for different imposed pressure 
gradients, simulating the condition of lowering groundwater level in both the LNAPL zone 
(denoted with Nu for the upper layer and Ns for the LNAPL source zone) and background 
(denoted with B). Four pressure gradient values are shown: zero pressure gradient, i.e., purely 
diffusive transport (figure a); a pressure gradient of -0.01 Pa m-1 (figure b), -0.05 Pa m-1 (figure 
c) and -0.1 Pa m-1 (figure d). The dashed lines represent the beginning of the layer with the 
presence of LNAPL. LNAPL saturation in the deepest layer is imposed at 10%. 

4.3.2.3 Variable pressure gradient (fresh LNAPL) 

Figure 4.6  shows Rn concentration profiles simulated in the presence of fresh LNAPL 

(see Figure 4.2d).  
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Figure 4.6. Rn concentration profiles and Rn deficit curves for different imposed pressure 
gradients, simulating the condition of the presence of fresh LNAPL. Four pressure gradient 
conditions are shown: zero pressure gradient, i.e., purely diffusive transport in both the LNAPL 
(denoted with Nu for the upper layer and Ns for the LNAPL source zone) and background 
(denoted with B) zones (figure a); a pressure gradient of +0.01 Pa m-1 in the LNAPL zone and 
-0.0025 Pa m-1 in the upper layer, and a zero pressure gradient in the background location 
(figure b), a pressure gradient of +0.05 Pa m-1 in the LNAPL zone and -0.0125 Pa m-1 in the 
upper layer, and a zero pressure gradient in the background location (figure c), a pressure 
gradient of +0.1 Pa m-1 in the LNAPL zone and -0.025 Pa m-1 in the upper layer, and a zero 
pressure gradient in the background location (figure d). The dashed lines represent the 
beginning of the layer with the presence of LNAPL. LNAPL saturation in the deepest layer is 
imposed at 10%. 

In particular, Figure 4.6b, Figure 4.6c and Figure 4.6d show the Rn deficit curves 

obtained by considering a diffusion-only transport in the background zone and a 
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diffusive-advective transport in the area with the presence of LNAPL. The pressure 

gradient values assumed in the two zones for each figure are summarized in Table 

4.3, and are consistent with literature values (Molins et al., 2010; Ma et al., 2014). 

Figure 4.6a shows the case of diffusive-only transport in both zones as a reference. It 

can be observed that for shallow sampling depths, the values of Rn concentration in 

the LNAPL zone exceed the values of Rn concentration in the background zone, in 

contrast with what is typically expected. Considering that the Rn deficit is calculated 

(see Eq. 4.14) as the ratio of the Rn concentration in the presence of LNAPL to the 

concentration of Rn in the background zone, the deficit value becomes at some depths 

greater than 1. It can be observed that as the pressure gradient is higher, the increase 

of Rn deficit values over 1 is observable at increasing depths. For the lower pressure 

gradient values (Figure 4.6b), for instance, this effect is no longer visible for depths 

greater than 1 m, and even at those depths, the effect is almost negligible. This 

scenario highlights how the influence of advective transport can be significant and 

such that Rn profiles can, in some cases, be reversed from those expected. In such 

situations, using the Rn deficit technique without taking advection into account could 

entail the risk of misinterpreting the state of soil contamination. Also in these cases, 

however, performing Rn measurements at greater depths (ideally in the proximity of 

the LNAPL source zone) can reduce the risk of misinterpreting Rn deficit data for 

LNAPL detection and localization. 

4.3.3 Influence of pressure gradient on the estimation of LNAPL 

saturation 

4.3.3.1 Positive pressure gradient (rising water table) 

Figure 4.7 shows the Rn deficit curves calculated assuming a LNAPL saturation of 

5% (Figure 4.7a), 10% (Figure 4.7b) and 20% (Figure 4.7c) (typical residual saturation 

range according to Brost and De Vaull, (2000)), considering the pressure gradient 

conditions of a rising water table (i.e., a positive pressure gradient), as described in 

Figure 4.2b and assuming the relative values indicated in Table 4.3. 



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                      Page 132 of 230 

 
Figure 4.7. Rn deficit profiles for different imposed pressure gradients and different LNAPL 
saturations. Three LNAPL saturation conditions are considered: SN = 5%, SN = 10% and SN = 
20% for figures a, b and c respectively. In each graph, three values for a positive, constant 
pressure gradient are shown: low (+0.01 Pa m-1), medium (+0.05 Pa m-1) and high (+0.1 Pa m-

1). The deficit profile of the only diffusive transport case is also shown (dashed curve). The 
deficit expected at equilibrium conditions is also reported as a reference. The dotted lines 
represent the beginning of the layer with LNAPL. 
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The diffusive Rn deficit curve and three diffusive-advective deficit curves (lower, 

intermediate and higher pressure gradient value) are shown in each graph. It can be 

observed that the deficit at the top of the source zone (at 1 m from the water table) is 

less pronounced for diffusive-advective transport than for purely diffusive transport 

(shown in the same figures with the dashed line) by a factor up to 1.2, 1.4 and 1.5 

(LNAPL saturations of 5%, 10% and 20% respectively). Considering, for example, the 

deficit curve in Figure 4.7a (SN = 5%) representing a positive pressure gradient of 0.05 

Pa m-1, the observed deficit in the upper part of the source zone is approximately 0.88. 

If the advective term was ignored, using this deficit value would lead to estimating a 

LNAPL saturation of about 2% (using the nomographs presented in section 3.3.3 

(Cecconi et al., 2022)). This means that in the proposed example, ignoring the 

presence of advective transport would result in underestimating LNAPL saturation by 

more than 2 times. It should also be noted that the Rn deficit technique is typically 

applied (e.g., Schubert et al., 2001; Schubert, 2015; De Simone et al., 2017; 

Castelluccio et al., 2018) assuming equilibrium conditions (i.e. neglecting both 

diffusion and advection):  

Deficiteq =

θg,NONAPL +
θw,NONAPL

kg/w

θg,NAPL +
θw,NAPL

kg/w
+

θN

kg/N

 Eq. 4.17 

By comparing the deficits obtained in Figure 4.7a, Figure 4.7b and Figure 4.7c, with 

the expected deficit at equilibrium conditions (shown as reference in each figure), it 

can be noticed that in the case of positive pressure gradients the presence of 

advection compared to diffusion alone causes the deficit values to deviate even further 

from equilibrium conditions. For example, using again a Rn deficit of 0.88 at the source 

zone (relative to a positive pressure gradient of 0.05 Pa m-1 for a LNAPL saturation of 

5%), would result in an estimated LNAPL saturation of 0.5% (Eq. 4.17) considering 

equilibrium conditions. These considerations indicate that, in the proposed example, 

assuming equilibrium conditions and thus ignoring the presence of both diffusive and 

advective transport would result in an estimate of LNAPL saturation 10 times lower 

than the actual one.  The same conclusions can be drawn by considering the curves 

in Figure 4.8, which show LNAPL saturation calculated as a function of the Rn deficit 

obtained considering soil gas Rn measurements carried out at a fixed distance from 

the water table.  
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Figure 4.8. LNAPL saturation – Rn deficit curves for a positive pressure gradient and different 
vertical distances from the water table. Three distances between the soil gas Rn measuring 
point and the water table are shown: a zero distance (i.e., at the water table) for figure a; a 
distance of 1 m for figure b; and a distance of 4 m for figure c. The colored area indicates the 
variation of the diffusion-advection curve when varying the pressure gradient intensity from a 
lower to a higher value (see Table 4.3), while the curve at the middle of the area represents a 
medium value (see Table 4.3).The curve of the only diffusive transport case is also shown 
(dashed curve) in each figure. The deficit expected at equilibrium conditions is also reported as 
a reference. 
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In particular, different saturation-deficit curves are shown assuming a rising water 

table and performing Rn measurements at the water table (Figure 4.8a), at a vertical 

distance of 1 m from it (Figure 4.8b) and at a distance of 4 m (Figure 4.8c). Each 

graph shows three saturation-deficit curves: under equilibrium conditions (using Eq. 

4.17), under diffusive transport conditions, and under diffusive-advective transport 

conditions. It can be observed that for a positive pressure gradient and for a fixed 

deficit observed from Rn measurements, if purely diffusive transport or equilibrium 

conditions are considered, an underestimation of the actual LNAPL saturations 

(considered as those of the diffusive-advective curve) is reached. It is also clear that, 

if Rn measurements are performed at a certain distance from the source, i.e., closer 

to the surface, the risk of misinterpreting LNAPL saturation increases because the 

differences between the curves become much more pronounced at shallower depths. 

By moving the measurement point too far away from the LNAPL source, the deficits 

become no longer observable with varying saturations (Figure 4.8c), making the 

technique no longer applicable.  

4.3.3.2 Negative pressure gradient (falling water table) 

Figure 4.9 shows the Rn deficit curves calculated assuming a LNAPL saturation of 

5% (Figure 4.9a), 10% (Figure 4.9b) and 20% (Figure 4.9c) (typical residual saturation 

range according to Brost and De Vaull, (2000)), considering the pressure gradient 

conditions of a falling water table (i.e., a negative pressure gradient), as described in 

Figure 4.2c and assuming the relative values indicated in Table 4.3. It can be 

observed that the deficit at the source zone in Figure 4.9a (SN = 5%) for a pressure 

gradient of -0.05 Pa m-1 is approximately 0.67. Assuming a diffusion-dominated 

transport, the same deficit value at the same depth would lead to an estimated LNAPL 

saturation value of about 7% (using the nomographs presented in section 3.3.3 

(Cecconi et al., 2022)), while under equilibrium conditions it would be around 2% 

(using Eq. 4.17). Therefore, it can be stated that ignoring the presence of advective 

transport, assuming it to be purely diffusive, results in an overestimation of LNAPL 

saturation, while assuming equilibrium conditions leads to an underestimation of 

LNAPL saturation.  
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Figure 4.9. Rn deficit profiles for different imposed pressure gradients and different LNAPL 
saturations. Three LNAPL saturation conditions are considered: SN = 5%, SN = 10% and SN = 
20% for figures a, b and c respectively. In each graph, three values for a negative, constant 
pressure gradient are shown: low (-0.01 Pa m-1), medium (-0.05 Pa m-1) and high (-0.1 Pa m-

1). The deficit profile of the only diffusive transport case is also shown (dashed curve). The 
deficit expected at equilibrium conditions is also reported as a reference. The dotted lines 
represent the beginning of the layer with LNAPL. 
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The same conclusions can be drawn observing the curves in Figure 4.10, which show 

LNAPL saturation calculated as a function of the Rn deficit obtained considering soil 

gas Rn measurements carried out at a fixed distance from the water table. It can 

indeed be observed that the Rn deficit curves for negative pressure gradients lie 

between the diffusive deficit curve and the deficit value obtained assuming equilibrium 

conditions. It should be noted again that, also for this scenario, performing Rn 

measurements near the source zone (Figure 4.10a) helps to reduce the uncertainty 

of the method, since at these depths the curves are significantly closer to each other 

and to the equilibrium deficit value, compared to the cases shown in Figure 4.10b and 

Figure 4.10c. 
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Figure 4.10. LNAPL saturation – Rn deficit curves for a negative pressure gradient and different 
vertical distances from the water table. Three distances between the soil gas Rn measuring 
point and the water table a shown: a zero distance (i.e., at the water table) for figure a; a 
distance of 1 m for figures b; and of 4 m for figure c. The colored area indicates the variation of 
the diffusion-advection curve when varying the pressure gradient intensity from a lower to a 
higher value (see Table 4.3), while the curve at the middle of the area represents a medium 
value (see Table 4.3).The curve of the only diffusive transport case is also shown (dashed 
curve) in each figure. The deficit expected at equilibrium conditions is also reported as a 
reference. 
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4.3.3.3 Variable pressure gradient (fresh LNAPL) 

Figure 4.11 shows the Rn deficit curves calculated assuming a LNAPL saturation of 

5% (Figure 4.11a), 10% (Figure 4.11b) and 20% (Figure 4.11c) (typical residual 

saturation range according to Brost and De Vaull, (2000)), considering the pressure 

gradient conditions a diffusion-only transport in the background zone and a diffusive-

advective transport in the area with the presence of LNAPL, as described in Figure 

4.2d.  The pressure gradient values assumed in the two zones are summarized in 

Table 4.3. It can be observed that diffusion and diffusion-advection deficit prove to be 

much closer to each other. In this case the most important deviations occur 

considering the Rn deficits at higher distances from the source zone (i.e., approaching 

the surface), where Rn deficit exceeds the value of 1 for some shallow depths. This 

is also evident in the graphs in Figure 4.12, which show LNAPL saturation calculated 

as a function of the Rn deficit obtained considering soil gas Rn measurements carried 

out at a fixed distance from the water table. In particular, Figure 4.12c shows that the 

diffusive-advective curve obtained from Rn measurements performed at shallower 

depths (4 m from the water table) presents Rn deficits values that exceed 1. Obtaining 

deficit values greater than 1 in the application of the technique would lead not only (as 

in previous cases) to an erroneous estimation of LNAPL saturations but even to the 

risk of confusing areas with LNAPL as background areas. 
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Figure 4.11. Rn deficit profiles for different imposed pressure gradients and different LNAPL 
saturations. Three LNAPL saturation conditions are considered: SN = 5%, SN = 10% and SN = 
20% for figures a, b and c respectively. Three conditions of variable pressure gradient in the 
LNAPL zone are shown in each graph. Positive (+0.01, +0.05, +0.1 Pa m-1) in the LNAPL source 
zone (Ns) and negative (-0.0025, -0.0125, -0.025 Pa m-1) in the upper layer (Nu), compared with 
a zero pressure gradient in the background area (B). The deficit profile of the only diffusive 
transport case is also shown (dashed curve) in each figure. The deficit expected at equilibrium 
conditions is also reported as a reference. The dotted lines represent the beginning of the layer 
with LNAPL. 
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Figure 4.12. LNAPL saturation – Rn deficit curves for different imposed pressure gradients and 
different vertical distances from the water table. Three distances between the soil gas Rn 
measuring point and the water table a shown: a zero distance (i.e., at the water table) for figure 
a; a distance of 1 m for figures b; and of 4 m for figure c. The pressure gradient conditions are 
representative of a variable pressure gradient in the LNAPL zone, positive in the LNAPL source 
zone and negative in the upper layer, compared with a zero pressure gradient in the background 
area. The colored area indicates the variation of the diffusion-advection curve when varying the 
pressure gradient intensity from a lower to a higher value (see Table 4.3), while the curve at 
the middle of the area represents a medium value (see Table 4.3).The curve of the only diffusive 
transport case is also shown (dashed curve) in each figure. The deficit expected at equilibrium 
conditions is also reported as a reference. 
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4.3.4 Influence of site-specific parameters on Rn deficit profiles  

The extent of the influence of advective fluxes on Rn transport in soil gas depends on 

the site-specific parameters. Therefore, the effect of LNAPL composition, soil texture, 

source zone thickness, and groundwater table depth on the Rn deficit curve was 

analyzed by considering three different pressure gradient conditions and varying only 

one of the investigated parameters each time. For each of the pressure gradient 

conditions (see Figure 4.2 and Table 4.3) considered, in Figure 4.13, Figure 4.14, 

Figure 4.15 and Figure 4.16, the diffusive Rn deficit curve and three diffusive-

advective deficit curves (calculated for three pressure gradient values: a lower, an 

intermediate and a higher value) will be shown in each graph. It was found that the 

parameter to have the greatest influence on Rn deficit profiles is soil textures (Figure 

4.14), since the effect of advection results important for coarse-grained rather than 

fine-grained soils, and, at a lower extent, also LNAPL composition (Figure 4.13). 

Instead, both the source zone thickness (Figure 4.15) and the water table depth 

(Figure 4.16) do not seem to significantly influence the Rn deficit values measured at 

a certain distance from the water table, even in the presence of a pressure gradient 

in the subsurface, considering the same pressure gradient simulation scenario. A 

more detailed discussion is given below. 

4.3.4.1 Influence of NAPL composition on the Rn deficit curves 

Figure 4.13 shows the Rn deficits calculated assuming contamination by gasoline 

(characterized by a partition coefficient between NAPL and water kN/W of about 40), 

kerosene (kN/W approximately 50) and diesel (kN/W of 60) (Schubert et al., 2007b).  
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Figure 4.13. Rn deficit profiles for a medium sand soil type for different imposed pressure 
gradients and different NAPL compositions. Three NAPL composition conditions are 
considered: Gasoline (kN/W = 40) for figures a, d, g, Kerosene (kN/W = 50) for figures b, e, h and 
Diesel (kN/W = 60) for figures c, f, i. Three conditions for the pressure gradient are shown (low, 
medium, high): a constant positive pressure gradient (+0.01, +0.05, +0.1 Pa m-1) (figures a-c), 
a constant negative pressure gradient (-0.01, -0.05, -0.1 Pa m-1) (figures d-f), and a variable 
pressure gradient in the NAPL zone, positive (+0.01, +0.05, +0.1 Pa m-1) in the source zone 
(Ns) and negative (-0.0025, -0.0125, -0.025 Pa m-1) in the upper layer (Nu), compared with a 
zero pressure gradient in the background area (B) (figures g-i). The deficit profile of the only 
diffusive transport case is also shown (dashed curve) in each figure. The deficit expected at 
equilibrium conditions is also reported as a reference. The dotted lines represent the beginning 
of the layer with LNAPL. NAPL saturation in the deepest layer is imposed at 10%. 

It can be observed that by increasing the partition coefficient kN/W, the Rn deficit value 

decreases either assuming a diffusion-dominate transport or considering also an 
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groundwater), against deficit of 0.93-0.66 (kN/W = 40-60) for a positive pressure 

gradient (Figure 4.13a, d, g), of 0.71-0.46 (kN/W = 40-60) for a negative pressure 

gradient (Figure 4.13b, e, h) and of 0.82-0.66 (kN/W = 40-60) for a variable pressure 

gradient (Figure 4.13c, f, i). Thus, the composition of NAPL (for the considered range 

of values) affects the deviation of the Rn deficit expected in the diffusive and diffusive-

advective cases, with a slight decrease in the differences between the simulated 

curves for the three different pressure gradient values as the partition coefficient 

decreases. This result is in agreement with the literature about the recognized 

influence of NAPL composition on the value of the NAPL-water partition coefficient 

(and that between NAPL and soil gas) (Le Meur et al., 2021) and thus on Rn behavior 

in the subsoil. Consequently, depending on the NAPL composition, different soil gas 

Rn vertical profiles and, thus, Rn deficit can be expected.  

4.3.4.2 Influence of soil texture on the Rn deficit curves 

Figure 4.14 shows the Rn deficit curves calculated assuming a medium sand (Figure 

4.14a, d, g), fine sand (Figure 4.14b, e, h) and loam (Figure 4.14c, f, i) soil type (see 

Table 4.1). It can be observed that the soil texture significantly influences the 

advective-diffusive deficit curves. Indeed, for a loam (Figure 4.14c, f, i) and a fine sand 

(Figure 4.14b, e, h) soil type, the advective-diffusive curves and the diffusive curves 

are overlapped, while in the case of medium sand (Figure 4.14a, d, g) the differences 

are more pronounced. Thus, it can be stated that for loam and fine sand soil types, 

the predominant transport mechanism appears to be diffusion, even for higher 

simulated values of the pressure gradient. This is also evidenced by the value of the 

Peclet number, which for most of the above cases, is indeed lower than 1 (for Pe<1 it 

can be assumed that the dominant transport mechanism is diffusion). It is recalled 

that the Peclet number can be calculated by:  

Pei =
ui ∙ Li

Dei

 Eq. 4.18 

With Li the length of the layer.  

It is also noted that for a medium sand soil type, the Peclet number for the lowest 

value of imposed pressure gradient is also low (<5). In fact, it can be observed that 

the curve is close to that of diffusive-only transport. 
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Figure 4.14. Rn deficit profiles for different imposed pressure gradients and different soil types. 
Three soil texture conditions are considered: a medium sand for figures a, d, g, a fine sand for 
figures b, e, h, and loam for figures c, f, i. Three conditions for the pressure gradient are shown 
(low, medium, high): a constant positive pressure gradient (+0.01, +0.05, +0.1 Pa m-1) (figures 
a-c), a constant negative pressure gradient (-0.01, -0.05, -0.1 Pa m-1) (figures d-f), and a 
variable pressure gradient in the NAPL zone, positive (+0.01, +0.05, +0.1 Pa m-1) in the source 
zone (Ns) and negative (-0.0025, -0.0125, -0.025 Pa m-1) in the upper layer (Nu), compared with 
a zero pressure gradient in the background area (B) (figures g-i). The deficit profile of the only 
diffusive transport case is also shown (dashed curve) in each figure. The deficit expected at 
equilibrium conditions is also reported as a reference. The dotted lines represent the beginning 
of the layer with LNAPL. NAPL saturation in the deepest layer is imposed at 10%. 

4.3.4.3 Influence of source zone thickness on the Rn deficit curves  

Figure 4.15 shows the Rn deficit profiles simulated assuming a source thickness of 

0.5 m (Figure 4.15a, d, g), 1 m (Figure 4.15b, e, h), and 2 m (Figure 4.15c, f, i), 

considering a constant positive pressure gradient (representative, for instance, of a 

rising groundwater level), a constant negative pressure gradient (e.g., lowering 
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groundwater level), and the case of the presence of fresh NAPL, with a positive 

pressure gradient in the NAPL source due to methanogenesis and a negative 

pressure gradient in the overlying zone of methane oxidation, compared with a zero 

pressure gradient in the background area. 

 

Figure 4.15. Rn deficit profiles for a medium sand soil type for different imposed pressure 
gradients and different source zone thicknesses. Three source zone thickness conditions are 
considered: 0.5 m (figures a, d, g), 1 m (figures b, e, h) and 2 m (figures c, f, i). Three conditions 
for the pressure gradient are shown (low, medium, high): a constant positive pressure gradient 
(+0.01, +0.05, +0.1 Pa m-1) (figures a-c), a constant negative pressure gradient (-0.01, -0.05, -
0.1 Pa m-1) (figures d-f), and a variable pressure gradient in the NAPL zone, positive (+0.01, 
+0.05, +0.1 Pa m-1) in the source zone (Ns) and negative (-0.0025, -0.0125, -0.025 Pa m-1) in 
the upper layer (Nu), compared with a zero pressure gradient in the background area (B) (figures 
g-i). The deficit profile of the only diffusive transport case is also shown (dashed curve) in each 
figure. The deficit expected at equilibrium conditions is also reported as a reference. The dotted 
lines represent the beginning of the layer with LNAPL. NAPL saturation in the deepest layer is 
imposed at 10%. 
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The diffusive-advective deficit curves in each figure are calculated for a lower, an 

intermediate, and a higher pressure gradient value (see Table 4.3). By comparing the 

diffusive-advective Rn deficit curves obtained in each scenario, it can be noted that 

there are no substantial variations between the curves. In support of this statement, it 

can be observed that the deficit values at the beginning of the source zone (i.e., at a 

depth of 4.5 m, 4 m, and 3 m respectively for a source zone thickness of 0.5 m, 1 m 

and 2 m) for the diffusive-advective transport cases are 0.69, 0.82 and 0.91 (low, 

intermediate and high pressure gradients intensities) for a positive pressure gradient 

(Figure 4.15a-c), 0.63, 0.52 and 0.46 for a negative pressure gradient (Figure 4.15d-

f), and 0.67, 0.71 and 0.75 for the fresh NAPL simulation (Figure 4.15g-i). From these 

observations, it can be concluded that the thickness of the source zone does not 

significantly affect the Rn deficit values measured at the same distance from the 

contaminated zone, assuming the same pressure gradient scenario. 

4.3.4.4 Influence of groundwater table depth on the Rn deficit curves  

Figure 4.16 Rn deficit curves were derived considering an aquifer depth of 3 m, 5 m 

and 10 m for the different pressure gradient cases adopted in the previous section. 

From the comparison of the obtained deficit curves, it can be noted that the curves for 

a water table at a depth of 3 m (Figure 4.16a, d, g) do not differ significantly from the 

curves shown for the water table assumed at 5 m (Figure 4.16b, e, h) and 10 m (Figure 

4.16c, f, i). Rn deficits at the beginning of the source zone (i.e. at 1 m from the 

groundwater table) are, in fact, approximately 0.69, 0.82, 0.91 for a positive pressure 

gradient (Figure 4.16a-c), 0.63, 0.52, 0.46 for a negative pressure gradient (Figure 

4.16d-f), and 0.67, 0.71, 0.75 for the variable pressure gradient representative of the 

presence of fresh NAPL in the source zone (Figure 4.16g-i). Thus, it can be concluded 

that the depth of the water table does not seem to influence the Rn deficit values 

measured at a certain distance from the source zone, assuming the same conditions 

of pressure gradient in the subsurface. 
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Figure 4.16. Rn deficit profiles for a medium sand soil type for different imposed pressure 
gradients and different water table depths. Three water table depths conditions are considered: 
3 m (figures a, d, g), 5 m (figures b, e, h) and 10 m (figures c, f, i). Three conditions for the 
pressure gradient are shown (low, medium, high): a constant positive pressure gradient (+0.01, 
+0.05, +0.1 Pa m-1) (figures a-c), a constant negative pressure gradient (-0.01, -0.05, -0.1 Pa 
m-1) (figures d-f), and a variable pressure gradient in the NAPL zone, positive (+0.01, +0.05, 
+0.1 Pa m-1) in the source zone (Ns) and negative (-0.0025, -0.0125, -0.025 Pa m-1) in the upper 
layer (Nu), compared with a zero pressure gradient in the background area (B) (figures g-i). The 
deficit profile of the only diffusive transport case is also shown (dashed curve) in each figure. 
The deficit expected at equilibrium conditions is also reported as a reference. The dotted lines 
represent the beginning of the layer with LNAPL. NAPL saturation in the deepest layer is 
imposed at 10%. 
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CHAPTER 5 
5 USING GROUNDWATER MONITORING WELLS FOR 

RAPID APPLICATION OF SOIL GAS RADON DEFICIT 

TECHNIQUE 

Most of this chapter is taken from “Cecconi, A., Verginelli, I., Baciocchi, R., Lanari, C., 

Villani, F., Bonfedi, G., 2023a. Using groundwater monitoring wells for rapid 

application of soil gas radon deficit technique to evaluate residual LNAPL. J. Contam. 

Hydrol. 258, 104241. https://doi.org/10.1016/j.jconhyd.2023.104241” 
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ABSTRACT 

The application of the 222Radon (Rn) deficit technique using subsurface soil gas 

probes for the identification and quantification of light non-aqueous phase liquids 

(LNAPL) has provided positive outcomes in recent years. This study presents an 

alternative method for applying this technique in the headspace of groundwater 

monitoring wells. The developed protocol, designed for groundwater monitoring wells 

with a portion of their screen in the vadose zone, is based on the use of portable 

equipment that allows rapid measurement of the Rn soil gas activity in the vadose 

zone close to the water table (i.e., smear zone) where LNAPL is typically expected. 

The paper first describes the step-by-step procedure to be followed for the application 

of this method. Then, a preliminary assessment of the potential of the method was 

carried out at two Italian sites characterized by accidental gasoline and diesel spills 

into the subsurface from underground storage tanks. Although the number of tests 

conducted does not allow for definitive conclusions, the results obtained suggest that, 

from a qualitative point of view, Rn monitoring in the headspace of monitoring wells is 

a promising, fast, and minimally invasive screening method that could also potentially 

reduce the costs associated with field data acquisition. This method proves to be 

suitable for detecting the presence of LNAPL in both the mobile and residual phases 

with results consistent with the other lines of evidence available at the sites, such as 

groundwater and soil gas monitoring. Future efforts should be directed toward 

evaluating the accuracy of this method for a quantitative assessment of residual 

LNAPL saturations.  
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5.1 INTRODUCTION 

Several works and experiments conducted in recent decades have highlighted the 

positive potential of the Rn deficit technique. Favorable results have been observed 

with each of the tested configurations (see section 2.4). In spite of these favorable 

outcomes, certain limitations still exist concerning the applicability of the Rn deficit 

technique in the soil gas (see also section 2.4.3). A crucial aspect emphasized by 

several authors (Cohen et al., 2016; De Miguel et al., 2020; Cecconi et al., 2023b) is 

the vertical distance up to which NAPL contamination at a certain depth can be 

indirectly detected using the Rn deficit in soil gas as an indicator. This distance 

depends on various factors, such as soil texture characteristics, NAPL saturation of 

soil pores and Rn diffusion coefficient in the soil. In dry, sandy soils, Rn diffusion 

length can reach approximately 2 meters (Schubert et al., 2001), but it can be 

significantly smaller in finer, wetter materials (Cecconi et al., 2022). Additionally, a 

heterogeneous geological setting can complicate the interpretation of the collected Rn 

data (Cohen et al., 2016, 2019; Cho et al., 2020). Therefore, if gas transport in the soil 

is purely diffusive, the technique’s application would be limited to cases where the 

distance between NAPL contamination and the depth at which the soil gas samples 

are taken falls within the range of the Rn characteristic diffusion length in the soil 

(Schubert et al., 2001; De Miguel et al., 2020; Cecconi et al., 2022). Furthermore, 

Cecconi et al. (2023b) highlighted that performing Rn measurements in soil gas at a 

depth close to the LNAPL source zone can enhance the method’s performance also 

in the occurrence of local advective fluxes, due to groundwater level fluctuations, or 

methanogenesis phenomena that may occur in the proximity of LNAPL, which can 

complicate the interpretation of Rn data for the application of the Rn deficit technique. 

In this view, it is worth considering that a common characteristic of the LNAPL-

contaminated sites being investigated is the presence of monitoring wells, typically 

screened across part of the vadose zone, through the smear zone and some portion 

of the aquifer (Lenhard and Parker, 1990; Steffy et al., 1995; CalEPA, 2014; Sweeney 

and Ririe, 2017). However, installing the soil gas probes at the depth of the smear 

zone is not technically feasible as close to the water table, as low-flow conditions 

might be encountered due to the high moisture content (CalEPA, 2015). In light of 

these observations, Jewell and Wilson (2011) developed a method that allows for soil 

gas sampling to be carried out using monitoring wells without the need for invasive 

installation of soil gas probes. Sweeney and Ririe (2017) proposed some 
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modifications to the method, which have been applied by other authors (Sookhak Lari 

et al., 2017; Smith et al., 2021; Ririe and Sweeney, 2022) to investigate phenomena 

such as vapor intrusion and natural source zone depletion (NSZD). It is worth noting 

that, although this method proved to be promising, it still must undergo further 

validation and obtain regulatory acceptance.  

The objective of this study was to develop and evaluate a methodology for the 

application of the Rn deficit technique in soil gas by using the headspace of 

groundwater monitoring wells screened across the smear zone, installed at sites with 

LNAPL presence. In this work, we first defined the developed field protocol and then 

employed it at two Italian sites characterized in the past by accidental gasoline and 

diesel spills in the subsurface from underground storage tanks. At the first site, the 

developed protocol was compared with the results obtained using soil gas probes. 

The campaign carried out at the second site involved the use of groundwater 

monitoring wells to evaluate Rn data over a more significant number of monitoring 

points, also examining the temporal variability of Rn gas activity values through 

repeated measurements within the same day. Based on the obtained results, general 

recommendations on the use of monitoring wells for the application of soil gas Rn 

deficit technique to evaluate residual LNAPL are provided.  
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5.2 MATERIALS AND METHODS 

5.2.1 Field protocol 

This section describes a simple procedure developed for a rapid application of the Rn 

deficit technique in soil gas, to assess LNAPL contamination, analyzing the 

headspace of groundwater monitoring wells using portable equipment. This 

application can be suitable for sites with wells installed both in an area with presumed, 

or proven, presence of LNAPL, as well as in an area considered uncontaminated, to 

determine also the background value of Rn activity, necessary for the interpretation 

of the data. Note that, as for groundwater sampling, proper design and installation of 

the well is crucial to ensure the quality of the soil gas data obtained with the protocol 

outlined below. Considering the possible deterioration of the well’s materials over 

time, conducting regular checks on the well’s integrity and visual inspections can help 

ensure conformity with this last aspect. Note also that the method is best suited to 

typical LNAPL distributions in the subsurface, where the contamination is mainly 

found in the area comprising the shallower portion of the aquifer, the capillary fringe 

and some portion of the vadose zone, where the presence of LNAPL-gas interfaces 

allows the Rn deficit in the soil gas to be observed. Therefore, the protocol is suitable 

for groundwater monitoring wells that have a portion of their screen in the vadose 

zone. The configuration of the procedure follows some of the aspects proposed by 

Sweeney and Ririe (2017), in a modification of the US EPA protocol (Jewell and 

Wilson, 2011) for soil gas sampling from the headspace of monitoring wells. Figure 5.1 

shows a schematic representation of the method.  
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Figure 5.1. Schematic of the method for the application of the Rn deficit technique in 
monitoring wells, located both in the LNAPL area and background zone. 

For each monitoring point, both in the contaminated and the background area, the 

following steps can be followed: 

- The well protective cap of the well is opened, and a sampling tube (typically 

of the size of ½ inch, of materials such as Tygon®, nylon or HDPE) is dropped 

into the well under investigation to a depth of approximately 1 m above the 
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top of groundwater or LNAPL in the well. To ensure measurement in the gas 

phase without reaching the liquid interface, the liquid phase level should be 

measured ideally immediately before the sampling tube is inserted. In this 

case, the sampling tube can be brought even closer to the groundwater level 

to ensure the reliability of the monitored data. It is suggested that the end of 

the sampling tube, being flexible, is attached to a reinforcement that allows 

the tube to be extended to the desired depth. 

- The wellhead is sealed with a well cap, fitted with an opening for the sampling 

tube, to prevent the ingress of air and the dilution of the soil gas to be 

sampled.  

- The purge of the system can be carried out with the built-in pump of a portable 

gas detector or with an external pump. Using the gas detector to purge the 

system is considered the simplest approach and also provides an analysis of 

the soil gas sample from the well immediately after the purging phase 

(Sweeney and Ririe, 2017). The time for this phase can be calculated by 

dividing the purge volume by the flow rate of the instrument used, typically 

0.5-1 L min-1 if field gas detectors are used. The purge volume can be 

considered as the sum of the internal volume of the well and of the sampling 

and connection tubes. It is worth noting that the use of a packer can help 

reduce the purge volume and select the well portion to be monitored. 

- A multi-gas detector is used immediately after purging for a first sampling 

phase, for the analysis of CH4, and CO2, to provide supplementary information 

on the composition of the soil gas pumped from the bottom of the vadose 

zone and to highlight any ongoing attenuation processes of LNAPL sources 

(ITRC, 2009). High concentrations of CH4 and CO2 may be indicative of 

biodegradation phenomena. Measurements can be taken for approximately 

5 minutes, after the monitored concentrations stabilize.  

- The gas detector is then disconnected from the sampling line and replaced 

by a portable, active Rn gas detector (e.g., RAD7 manufactured by 

DURRIDGE or AlphaGUARD, manufactured by Bertin Instruments). To select 

the best setting and time for Rn analysis, reference must be made to the 

specific characteristics of the Rn monitor used and, if available, to the 

manufacturer's instructions for analysis in soil gas. 

https://www.laurussystems.com/manufacturer/bertin-instruments-saphymo/


Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                      Page 156 of 230 

- At the end of the survey, the sampling tube is removed, and the well is closed 

with its own cap before proceeding to the following monitoring point and 

repeating the procedure. 

The procedure should be followed, following the protocol described, for both 

groundwater wells located in the LNAPL-impacted area and in the background area. 

5.2.2 Interpretation of Rn data 

From the ratio of the Rn activity detected in the LNAPL area and background zone, 

the Rn deficit, D (-), can be derived using the following relationship: 

D =
Rn(NAPL)

Rnb
 Eq. 5.1 

Where Rn is the Rn concentration in the monitoring point in the LNAPL zone and Rnb 

is the mean Rn activity detected in the monitoring points located in the assumed 

uncontaminated area. Note that the term deficit indicates a depletion ratio of Rn 

activity, so the greater the difference between the background values and those in the 

LNAPL region, the closer the value of the deficit to zero. 

Note that Rn might have a different partitioning behavior within soil pores and inside 

the well casing, which could lead to a potential dilution of the soil gas within the well 

casing. This potential dilution factor DF is represented by the ratio of the Rn 

concentration in soil gas to that in the well headspace, and can be expressed as the 

ratio of the total headspace volume of the well, VHS (L), to the volume aspirated for Rn 

detection, as indicated as follows: 

DF =
VHS

Q ⋅ t
 Eq. 5.2 

where Q (L min-1) is the flow rate of the Rn detector’s pump and t (min) is the soil gas 

sampling duration for Rn measurement. This could be accounted for in the 

interpretation of Rn data. As will be shown later, for the typical flow rates and duration 

adopted for Rn monitoring the expected dilution factor is relatively small and thus can 

be neglected.  

It is then possible to estimate the fraction of LNAPL in the subsurface based on the 

observed Rn deficit, using different approaches. To take into account the vertical 
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distance of the measurement point from the LNAPL source, the method proposed by  

(Cecconi et al., 2022, 2023b) can be used, assuming respectively diffusive and 

diffusive-advective transport. If Rn measurements are carried in proximity of the 

LNAPL source (as in the case proposed here) more simplified approaches based on 

the assumption of equilibrium conditions can be used. Schubert et al. (2001) 

developed an equation to describe the equilibrium Rn activity in the soil gas within a 

volume of NAPL-contaminated soil. According to the equations described in section 

2.3.1, the Rn deficit D can be described as follows: 

D =

1 + Sw,b ∙ (kw
g

− 1)

1 + Sw ∙ (kw
g

− 1) + SN ∙ (kN
g

− 1)
 Eq. 5.3 

where Sw,b (-) and Sw (-) are respectively the water saturations in the soil in the 

background area and the NAPL impacted zone, SN (-) is NAPL saturation, kw/g (-) is 

the Rn partition coefficient between water and gas and kN/g (-) is the Rn partition 

coefficient between NAPL and gas.  

From Eq. 5.3 (see also Eq. 2.19) it is then possible to derive the relationship for 

estimating the fraction of LNAPL in the subsoil, SN (%), based on the observed Rn 

deficit, as described in Eq. 2.20. 

SN =

(1 − D) + (Sw,b − D ⋅ Sw) ⋅ (kw
g

− 1)

D ∙ (kN
g

− 1)

⋅ 100 Eq. 5.4 

The LNAPL saturation can also be expressed in terms of total petroleum 

hydrocarbons (TPH) concentration, C (mg kg-1), using the relation  in Eq. 2.21 (Brost 

and De Vaull, 2000), also given below: 

TPH =
θt ⋅ ρ

N

ρ
S

⋅
SN

100
⋅ 106 Eq. 5.5 

where ρN is LNAPL density (g cm-3) and SN (%) is expressed in percentage. 
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5.3 FIELD TESTS 

To test the performance of the method described above, the protocol was applied in 

two field campaigns, conducted between March 2021 and June 2022, at two 

contaminated sites located in Italy.  

5.3.1 First campaign (site 1) 

The first site, located in central Italy, was characterized in the past by accidental spills 

of diesel from an underground storage tank with a consequent contamination of the 

unsaturated soil and groundwater by hydrocarbons. A portion of the site was 

previously affected by the presence of free LNAPL in groundwater, which is located 

about 3-4 m below ground surface, with a thickness of about 3 m. The site is 

characterized by a rather homogeneous geology, with the presence of a layer of silty 

sands at the most superficial layer and weakly silty sands at greater depth, up to 

approximately 7 m from the surface, overlying a layer of clays.  

The field test at the first site was conducted in March 2021. The activities consisted of 

the application of the Rn deficit technique in two groundwater wells and two soil gas 

probes to verify the feasibility of the proposed method. The operating procedure 

followed for gas analysis in the headspace of the monitoring wells is the described in 

the previous section. For the two soil gas probes, the instruments (see section 5.3.3) 

were instead connected directly to the sampling tube of the probes, installed to a depth 

of 1.2 m. The monitoring points were selected based on the contamination present at 

the site. In particular, free LNAPL was found in the past at the monitoring well named 

MW-L, in proximity of the soil gas probe SGS-L and were therefore selected for the 

application of the method. The area near the monitoring well MW-B and the soil gas 

probe SGS-B, instead, was always uncontaminated, and was considered suitable to 

obtain the Rn background activity expected in the absence of contamination, also 

considering the stratigraphic homogeneity of the site. Figure 5.2 schematically shows 

the locations of the selected monitoring points. Table 5.1 shows the characteristics, 

in terms of water table depth, screening and contamination, of the 4’’ monitoring wells 

selected for the first site. 
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Figure 5.2. Schematic representation of site 1, representing the location of the soil gas probes 
(SGS) and monitoring wells (MW) selected for the monitoring campaign. TPH = Total Petroleum 
Hydrocarbons. 

Table 5.1. Characteristics of the monitoring wells (MW) selected at site 1. The monitoring well 
indicated with the letter B (MW-B) is in the background area, while the one indicated with the 
letter L (MW-L) is in the contaminated zone. TPH = Total Petroleum Hydrocarbons. 

MW 

Water 
table 
depth  

(m from 
surface) 
March 
2021 

Top of 
the MW 
screen  
(m from 
surface) 

Free LNAPL thickness (mm) Groundwater 
TPH tot (µg 

L-1)  
June 2020 

Min - Max 
value  

2018-2020 

Last 
measure  

March 2021 

MW-B 3.5 2 - - < 30 

MW-L 3.1 2 0 - 40 
-  

(sheen) 
16,100 

Groundwater
flow

Well with high TPH concentration in water samples/NAPL sheen (2020-2021)

Well with no detectable TPH concentration in water samples (2020-2021)

Soil gas probe in the uncontaminated area

Soil gas probe in the contaminated area
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5.3.2 Second campaign (site 2) 

The second site, located in central Italy, was characterized in the past by accidental 

spills of gasoline from an underground storage tank with consequent contamination 

of the unsaturated soil and groundwater by light (C ≤ 12) and heavy (C > 12) 

hydrocarbons. A portion of the site was previously affected by the presence of free 

LNAPL in groundwater, which is located about 4-6 m below ground surface. The site 

is characterized by a heterogeneous stratigraphy that presents a more superficial 

layer of backfill sands and gravels (up to about 2 m from ground level) and a layer of 

compact silts or clays with possible inclusions of medium-fine sand and gravel layers 

(up to about 12 m from the surface), laying on a layer of clays.  

The investigation conducted at the second site aimed to evaluate the applicability of 

the proposed method in a larger number of monitoring points, as well as to assess the 

temporal variability of Rn activity. The groundwater wells were selected based on the 

contamination found in different areas of the site, on the local stratigraphy, and on the 

possible presence of skimmers or pumps in the wells. In particular, MW-B1 and MW-

B2, located upgradient of the contamination source zone with respect to the direction 

of the groundwater flux, were chosen as background monitoring points. These two 

monitoring points showed no evidence of contamination during the characterization 

and the concentrations of hydrocarbons in groundwater were always below the 

detection limit. Instead, the groundwater wells MW-L1, MW-L2, MW-L3 and MW-L4 

were chosen as monitoring points for the LNAPL area. Specifically, they were chosen 

for the presence of free product (or high concentrations of hydrocarbons and a sheen 

of LNAPL). The location of the selected monitoring points for the site is shown in 

Figure 5.3 
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Figure 5.3. Schematic representation of site 2, representing the location of the monitoring wells 
(MW) selected for the monitoring campaign. TPH = Total Petroleum Hydrocarbons. 

Note that the monitoring wells with installed total fluid or electric submersible pumps 

were excluded from the test. The background point MW-B2 and the contaminated 

point MW-L3 were selected to assess how the daily variability of Rn emissions from 

the subsurface may affect the estimation of LNAPL concentrations, repeating the 

procedure for three times within the same day. The characteristics of the selected 

monitoring wells, all with a diameter of 4’’, are summarized in Table 5.2. It is worth 

noting that in the wells MW-L1 and MW-L3 the skimmers were turned off the early 

morning of the test date, so that possible interference with the activities could be 

minimized. 

Groundwater
flow

Wells with high TPH concentration in water samples (Dec 2021)

Wells with free LNAPL (Dec 2021)

Wells with no detectable TPH concentration in water samples (Dec 2021)
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Table 5.2. Characteristics of the monitoring wells (MW) selected at site 2. Monitoring wells 
indicated with the letter B are in the background zone, those indicated with the letter L are in 
the contamination zone. TPH = Total Petroleum Hydrocarbons. 

MW 

Water 
table 
depth  

(m from 
surface) 

Dec 
2021 

Top of 
the MW 
screen  
(m from 
surface) 

Free LNAPL 
thickness (mm) 

Groundwater 
TPH tot (µg L-1)  

Dec 2021 

Active 
measure

s 
Min - 
Max 

value  
2021 

Last 
measure  

Dec 
2021 

MW-B1 4.4 3 - - < 30 - 

MW-B2 4.2 3 - - < 30 - 

MW-L1 4.3 3 0 - 220 2 
not sampled 

(Free LNAPL) 
skimmer 

MW-L2 4.1 3 0 - 2 2 
not sampled 

(Free LNAPL) 
- 

MW-L3 6.2 3 0 - 608 13 
not sampled 

(Free LNAPL) 
skimmer 

MW-L4 4.5 3 0 - 0.5 - 1,600 - 

 

5.3.3 Instruments used in the field campaigns 

The instrument used for both the purging of the well and the subsequent sampling 

phase was the portable multi-gas detector Eagle 2 (RKI Instruments Inc., California, 

USA). The purge was carried out with a flow rate of 0.9 L min-1 for 10 minutes. For the 

analysis of CH4 and CO2 the measurements were taken at the stabilization of the 

monitored concentrations, at a maximum of 5 minutes after the purge. 

For the analysis of Rn activity an electronic active Rn monitor (RAD7, DURRIDGE 

Company Inc., Massachusetts, USA) was used. The detector is equipped with a built-

in pump to collect a gas sample at a flow rate of 0.8 L min-1, that decays inside the 

instruments chamber, producing positively charged progeny, used by a solid-state 

alpha detector to determine Rn activity. The Rn detector was connected to a small 

tube containing 30 grams of drierite (provided by DURRIDGE Co.), a desiccant that 

reduces the moisture content of the gas sample before it is pumped into the Rn 

monitor. Before the connection to the sampling line, a warm-up of the instrument of 

about 10 minutes is required, during which the internal pump runs continuously. As 
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suggested by the RAD7 instrument manual for soil gas analysis, the "Sniff" protocol 

was set for the measurements. This protocol involves readings (hereinafter referred 

to as cycles) of Rn activity every 5 minutes and the continuous operation of the 

instrument's pump. The 5 minutes measurement cycles were repeated for each well 

until a stabilization of the detected Rn activity was reached, for a total measurement 

duration for each point of about 30 minutes. To obtain a representative value of Rn 

activity at the investigated well, the first two five-minute readings were excluded, 

following the instrument manual's recommendation, while the last three measurement 

cycles were averaged. 

 

Figure 5.4. Use of the Rad-7 Rn detector and Eagle 2 multi-gas analyzer. 
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5.4 RESULTS AND DISCUSSION 

5.4.1 First campaign (site 1) 

Table 5.3 provides a summary of the results obtained from the first field campaign 

carried out at site 1, in which the proposed method was applied in two monitoring 

wells and, for comparison, in two soil gas probes.  

Table 5.3. Results of the first campaign carried out on site 1. The Rn mean activity and the 
standard deviation was calculated considering the results of the last three 5-minute Rn 
measurement cycles. The mean Rn deficit was calculated using Eq. 5.1, LNAPL saturation and 
the relative TPH concentration in the soil were calculated using Eq. 5.4 and Eq. 5.5, 
respectively. The method of uncertainty propagation was used to derive the uncertainty values 
for Rn deficit, LNAPL saturation and TPH concentration.  

Parameter Symbol Unit 

Soil gas probes Monitoring wells 

SGS-L SGS-B MW-L MW-B 

CH4 

concentration 
CH4 %vol 0.05 0 0.05 - 0.1 0.05 

CO2 

concentration 
CO2 %vol 0.2 - 0.3 0.1 0.7 0.7 - 0.8 

Radon mean 
activity 

Rn Bq m-3 7,604 8,206 6,362 7,768 

Radon standard 
deviation 

σ Rn Bq m-3 1,819 1,058 406 560 

Radon coefficient 
of variation 

CV Rn % 24 13 6 7 

Radon deficit D - 0.93 ± 0.34 0.82 ± 0.11 

LNAPL 
saturation 

SN % 

0.5 ± 2.53 (KN/w = 60) 0.78 ± 0.59 (KN/w = 60) 

1.09 ± 5.45 (KN/w = 30) 1.68 ± 1.26 (KN/w = 30) 

TPH 
concentration 

TPH mg kg-1 

1,071 ± 5,376 (KN/w = 60) 1,656 ± 1,243 (KN/w = 60) 

2,307 ± 11,580 (KN/w = 30) 3,567 ± 2,678 (KN/w = 30) 
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Specifically, for each monitoring point, the detected soil gas concentrations of CH4, 

CO2 and Rn are provided. The Rn activity reported in the table refers to the average 

activity obtained in the last three measurement cycles (the first two measurement 

cycles, as suggested by the manufacturer of the Rn instrument, were discarded). The 

standard deviation and the associated coefficient of variation of the three Rn 

measurement cycles are also reported as a reference. The Rn deficit (D) in the probes 

and monitoring wells was calculated based on the ratio of average activity obtained in 

the two areas using Eq. 5.1. The expected dilution factor was evaluated using Eq. 5.2. 

Considering sampling times of approximately 30 minutes for Rn measurement, with a 

flow rate of 0.8 L min-1, and considering the geometry of site’s wells (i.e., 4’’ diameter, 

and 3.5 m height above the water table level), it was estimated a dilution factor of 

about 1.2, which was considered negligible. LNAPL saturation (SN) and the relative 

TPH concentration in the soil (C) were calculated using Eq. 5.4 and Eq. 5.5, 

respectively. To derive the uncertainty values for Rn deficit, LNAPL saturation and 

TPH concentration the uncertainty propagation method was used. 

In this campaign, the analysis of the gases associated with LNAPL depletion did not 

yield relevant information on the subsurface contamination, either in the probes or the 

wells. In particular, low values of CO2 were observed at the site, both in the probes 

and the wells. This can be an indication of the absence of significant free-phase 

LNAPL in the monitored area, as this would result in higher concentrations of CO2 or 

CH4 due to hydrocarbon degradation processes. Consequently, the soil gas 

measurements did not exhibit distinctive patterns that would indicate the extent of 

contamination. However, Rn measurements proved to be informative in this regard, 

as it was observed that the Rn activities detected in the contaminated area were, on 

average, lower than those measured in the background zone. The deficit was 

approximately 90% in the soil gas probes and around 80% in the monitoring wells. 

Note that accounting for the standard deviation, the deficit values obtained in the soil 

gas probes result close to the unit or even higher, indicating that there is no statistically 

significant difference between the Rn activity values obtained from the background 

zone and the NAPL zone. The observed difference between the results obtained with 

the two systems could be attributed in part to the variation in contamination levels at 

the two measurement points (SGS-L and MW-L are approximately 10 m apart) and to 

the fact that Rn measurements in the wells reflect Rn activity at the depth likely to be 

affected by the presence of LNAPL (smear zone), whereas measurements in the soil 
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gas probes were taken at a vertical distance of nearly 2 m from the source zone. At 

this distance, the effect of Rn adsorption in the LNAPL could have been partially 

obscured due to Rn emissions from the clean soil layers between the impacted zone 

and the probe depth, also considering the typical characteristic diffusion length of Rn 

(Schubert et al., 2001; Cohen et al., 2019; De Miguel et al., 2020; Cecconi et al., 

2022). It should also be noted that the data obtained from the wells exhibited smaller 

coefficients of variation (6-7%) compared to those measured in the soil gas probes 

(13-24%), indicating lower variability.  

The fraction of LNAPL in the subsoil was estimated based on the observed Rn deficit, 

using Eq. 5.4. The latter equation requires site-specific measurements of water 

saturation in the NAPL-affected area. Since for site 1 this site-specific information is 

not available, an average literature value of water saturation, based on soil texture, 

was used. This implies that the same level of water saturation was assumed for both 

the background zone and the LNAPL-impacted zone (i.e. Sw = Sw,b). Specifically, for 

the application of Eq. 5.4 in the soil gas probes, a water saturation (Sw) of 0.144, 

determined as the ratio of soil moisture (θw = 0.054) to soil porosity (θt = 0.375) for a 

sandy soil (US EPA, 2004), was used. For the application of Eq. 5.4 in the 

groundwater monitoring wells, a water saturation (Sw) of 0.675, representative of the 

value expected in the capillary fringe for a sandy soil (θw = 0.253 and θt = 0.375), 

always according to the values provided by US EPA (2004), was instead adopted. 

Note that while this assumption may provide a reasonable estimate, it may not fully 

account for the variations in water saturation between the two zones, leading to some 

level of uncertainty in the results, i.e., assuming that water saturation in the 

contaminated area is reduced due to the presence of LNAPL, leading to a slight 

overestimation of LNAPL saturation. The Rn water-gas partition coefficient (kw/g) was 

assumed equal to 0.25 (calculated at 20°C from (Kiliari and Pashalidis, 2008)). 

The Rn NAPL-gas partition coefficient (kN/g) was calculated as the product of kw/g and 

the NAPL-water partition coefficient kN/w. Regarding the value of this last parameter, 

it should be noted that kN/w does not have a unique and recognized value. Considering 

the data mentioned in section 2.3.2, it was deemed appropriate to choose a range of 

values for kN/W between 30 and 60 for both diesel and gasoline, as also suggested by 

Le Meur et al. (2021). Based on these assumptions, the estimated average LNAPL 

fraction (SN) was found to be between 0.5% and 1%, according to the results obtained 
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in the soil gas probes. Note that, as shown in Table 5.3, the variability of the Rn 

measurements for the soil gas probes brought to a high uncertainty in the estimation 

of LNAPL saturation and TPH concentrations. The SN estimated from the average Rn 

data obtained for the monitoring wells was between 0.8 and 1.7% (see Table 5.3). 

TPH concentrations in the range of 1,500–3,500 mg kg-1 (see Table 5.3) were then 

obtained using Eq. 5.5, assuming a soil bulk density of 1.66 g cm-3 (US EPA, 2004) 

and NAPL density of 0.94 g cm-3 (density of a diesel mixture provided by Brost and 

De Vaull (2000)). These concentrations are higher than the saturation concentration 

(Csat) typically expected for diesel contamination, which is in the range of 18 mg kg-1 

(Brost and De Vaull, 2000). However, considering the residual concentration (Cres) 

value suggested by Brost and De Vaull (2000) for diesel and sandy soil, which is 

around 7,700 mg kg-1, it can be inferred that the concentrations estimated using the 

Rn deficit technique are below this threshold. This result is consistent with the other 

field investigations (see Table 5.4).  

Table 5.4. Comparison of different lines of evidence on LNAPL contamination at well MW-L at 
site 1. 

Free LNAPL 
thickness (mm) 

Groundw
ater 

TPH (µg 
L-1)  

June 
2020 

TPH from 
soil 

samples 
(mg kg-1)  

2012 

CO2  

(%vol) 

Marc
h 

2021 

CH4  

(%vol) 

Marc
h 

2021 

LNAPL 
saturation 
from Rn 

deficit (%) 
March 
2021 

TPH from 
Rn deficit 
(mg kg-1) 

March 
2021 

Min - 
Max 

value  
2018-
2020 

Last 
measur

e  
March 
2021 

0 - 40 
-  

(sheen) 
16,100 ~ 4,800 0.7  

0.05 
- 

0.1 

0.78 ± 0.59 
(KN/w = 60) 

 
1.68 ± 1.26 
(KN/w = 30) 

1,656 ± 
1,243 

(KN/w = 60) 
 

3,567 ± 
2,678 

(KN/w = 30) 

No measurable product thickness was indeed detected in MW-L with the water-oil 

probe, although traces of sheen were observed in the well water samples collected 

with a bailer, indicating the possible presence of residual immobile LNAPL in the 

saturated zone. Furthermore, soil samples taken during the site characterization 

(conducted prior to this work) in the survey carried out for the installation of MW-L, 

revealed concentrations of hydrocarbons C<12 of approximately 4,000 mg kg-1 and 

hydrocarbons C>12 of approximately 800 mg kg-1, thus with a TPH concentration of 



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                      Page 168 of 230 

about 4,800 mg kg-1. These values are consistent, although slightly higher, with those 

estimated from Rn deficits for the monitoring wells.  

5.4.2 Second campaign (site 2) 

The results obtained in the second campaign, using the proposed protocol in the 

headspace of the six selected monitoring wells of site 2, are presented in Table 5.5 

and Table 5.6.  

Table 5.5. Results of the first campaign carried out on site 2. The Rn mean activity and the 
standard deviation was calculated considering the results of the last three 5-minute Rn 
measurement cycles. The mean Rn deficit was calculated using Eq. 5.1, LNAPL saturation and 
the relative TPH concentration in the soil were calculated using Eq. 5.4 and Eq. 5.5, 
respectively. The method of uncertainty propagation was used to derive the uncertainty values 
for Rn deficit, LNAPL saturation and TPH concentration.  

Parameter Symbol Unit MW-B1 MW-L1 MW-L2 MW-L4 

CH4 

concentration 
CH4 %vol 0.05 0.2 0.1 0 

CO2 

concentration 
CO2 %vol 0 0.8 0.3 0 

Radon mean 
activity 

Rn Bq m-3 85,167 48,867 43,000 43,400 

Radon 
standard 
deviation 

σ Rn Bq m-3 4,336 3,686 1,732 2,946 

Radon 
coefficient of 

variation 
CV Rn % 5 8 4 7 

Radon deficit D - - 0.57 ± 0.07 0.50 ± 0.05 0.51 ± 0.06 

LNAPL 
saturation 

SN % - 

1.64 ± 0.49 
(KN/w = 60) 

2.16 ± 0.4 
(KN/w = 60) 

2.12 ± 0.51 
(KN/w = 60) 

3.52 ± 1.04 
(KN/w = 30) 

4.65 ± 0.86 
(KN/w = 30) 

4.57 ± 1.11 
(KN/w = 30) 

TPH 
concentration 

TPH mg kg-1 - 

3,015 ± 
894 (KN/w = 

60) 

3,980 ± 
733 (KN/w = 

60) 

3,906 ± 
946 (KN/w = 

60) 
 6,494 ± 

1,925 (KN/w 

= 30) 

8,573 ± 
1,579 (KN/w 

= 30) 

8,413 ± 
2,038 

(KN/w = 30) 
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Table 5.6. Results of the second campaign, carried out on site 2, for the wells MW-B2 and MW-
L3. The Rn mean activity and the standard deviation was calculated considering the results of 
the last three 5-minute Rn measurement cycles. The mean Rn deficit was calculated using Eq. 
5.1 and LNAPL saturation was calculated using Eq. 5.4. The method of uncertainty propagation 
was used to derive the uncertainty values for Rn deficit and LNAPL saturation. 

Parameter 
Symb

ol 
Unit 

1° measure 
 (morning) 

2° measure  
(mid-day) 

3° measure 
(afternoon) 

MW-L3 MW-B2 MW-L3 MW-B2 MW-L3 MW-B2 

CH4 

concentration 
CH4 %vol 1.2 0.1 1.3 0.15 0.65 0.35 

CO2 

concentration 
CO2 %vol 0.7 0.5 0.8 0.3 0.4 0.1 

Radon mean 
activity 

Rn Bq m-3 3,840 77,967 7,367 92,267 9,723 97,933 

Radon 
standard 
deviation 

σ Rn Bq m-3 173 7,315 220 7,433 585 2,875 

Radon 
coefficient of 

variation 
CV Rn % 5 9 3 8 6 3 

Radon 
deficit 

D - 0.05 ± 0.01 0.08 ± 0.01 0.10 ± 0.01 

LNAPL 
saturation 

SN % 

42.53 ± 6.21 
(KN/w = 60) 

25.39 ± 3.05 
(KN/w = 60) 

19.99 ± 1.99 
(KN/w = 60) 

91.6 ± 13.38 
(KN/w = 30) 

54.69 ± 6.56 
(KN/w = 30) 

43.05 ± 4.28 
(KN/w = 30) 

As for the first campaign, the tables show the detected soil gas concentrations of CH4, 

CO2 and Rn activity for each monitoring point. It should be noted that the Rn activity 

values measured at site 2 are about one order of magnitude higher than those 

measured at site 1. The background Rn activity in soil gas can vary considerably 

between different locations, as it is the result of several mechanisms, all influenced 

by site-specific parameters. In particular, the main mechanisms that can affect Rn 

activity in soil gas, excluding migration processes in soil pores, are Rn generation 

from the decay of radium (influenced by radium content in rocks and soil and by its 

distribution), Rn emanation process (influenced e.g., by moisture, temperature and 

grain size), and Rn partitioning process between the soil phases (Nazaroff, 1992). 

This emphasizes the importance of measuring Rn activity in a background area for 

the application of the Rn deficit technique, as this value is strongly site-specific. For 
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this site as well, considering a well diameter of 4’’ and a height of about 5 m above 

the water table, and considering the use of the same Rn detector with the same 

protocol as for site 1, the dilution factor from Eq. 5.2 is about 1.5 and can therefore be 

considered negligible. 

Table 5.5 and Table 5.6 also show the deficits obtained for each monitoring point with 

contamination, in relation to the background Rn activity found in the background wells 

(see Eq. 5.1), together with the corresponding LNAPL saturation (see Eq. 5.4). For 

the determination of these latter value, values representative of a sandy clay were 

considered, since site-specific data were not measured. As for site 1, the same value 

of water saturation was assumed for both the background and the LNAPL-impacted 

zone. Specifically, a water saturation (Sw) of 0.92, determined as the ratio of soil 

moisture of the capillary fringe (θw = 0.355) to soil porosity (θt = 0.385) for a sandy 

clay soil (US EPA, 2004) was used. The Rn water-gas partition coefficient (kw/g) was 

assumed equal to 0.25 (calculated at 20°C from Kiliari and Pashalidis (2008)) and the 

Rn NAPL-gas partition coefficient (kN/g) was calculated as the product of kw/g and the 

NAPL-water partition coefficient kN/w. As discussed in the previous section, kN/w was 

ranged between 30 and 60. Finally, a soil bulk density 1.63 g cm-3 (US EPA, 2004) 

and a NAPL density of 0.78 g cm-3 were used. 

Referring to the results of the investigations performed in the background well MW-

B1 and in the MW-L1, MW-L2 and MW-L4 wells in the contaminated zone (Table 5.5), 

it can be observed that some traces of CH4 and CO2 were observed in the wells 

located in the impacted zone, thus providing first evidence on the presence of LNAPL 

in these monitoring points. More robust evidence for the presence of LNAPL was 

instead provided by the average Rn activity found in the contaminated area, which 

resulted significantly lower (approximately half) than that found in the background. 

The TPH concentrations estimated from the Rn deficit (3,000 – 9,000 mg kg-1) are in 

line with the residual concentration (Cres) of 10,000 mg kg-1, indicated by Brost and De 

Vaull (2000) for silt to fine sand soil type contaminated by gasoline. Therefore, these 

results indicate the presence of residual LNAPL and potential free-phase LNAPL in 

the selected wells. This result is consistent with the investigations carried out in wells 

MW-L1 and MW-L2 (see Table 5.7), in which the occasional presence of mobile 

product was observed during the previous conventional groundwater monitoring (a 

few millimeters in the most recent).  
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Table 5.6 shows Rn activity and the concentrations of the other gases detected in the 

three measurements repeated within the same day in the headspace of the 

groundwater wells MW-B2 (background area) and MW-L3 (LNAPL zone). Elevated 

levels of CH4 were observed in MW-L3, reaching up to approximately 1.3%vol, 

indicating the potential occurrence of methanogenesis processes commonly 

associated with areas contaminated with LNAPL. Note that also MW-B2 showed the 

presence of CH4, although in lower concentrations compared to MW-L3. This 

suggests that petroleum hydrocarbons may be present even in areas considered not 

impacted by the contamination, which could result in an inaccurate assessment of the 

Rn background values for the area. The repeated measurements carried out during 

the day revealed a considerable Rn variability, with a tendency to increase during the 

day. This could be related to the increase in atmospheric temperature during the 

daytime hours, in agreement with observations by other studies (Minkin and 

Shapovalov, 2016; De Miguel et al., 2020; Barrio-Parra et al., 2021), who found a 

positive correlation between air temperature and Rn exhalation. This resulted in 

variability in the Rn deficit by a factor of about 2, with a value of 0.05 detected in the 

morning sampling compared to the value of 0.1 detected in the afternoon. It is first 

observed that these deficit values are rather pronounced. This could be due to the 

fact that the Rn measurements in the headspace of the wells were carried out at 

greater depth, closer to the area with LNAPL, compared to the more shallow 

measurements typically carried out with soil gas probes. Furthermore, measuring Rn 

in the headspace of a well that shows a layer of free product, could lead to a 

modification of Rn partition behavior. In particular, the observed deficit could be also 

influenced by the presence of free product in the well besides the residual saturation 

in the surrounding vadose zone. The pronounced deficit values detected have indeed 

led to the estimation of very high LNAPL saturations, especially in the first 

measurement in the morning (SN estimates even exceeding 90%), that suggest that 

mobile LNAPL is present in the area of MW-L3. This conclusion is also supported by 

the elevated methane values detected in well MW-L3, as well as by the results of 

previous water monitoring campaigns (see Table 5.7).  
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Table 5.7. Comparison of different lines of evidence on LNAPL contamination at site 2. 

MW 

Free LNAPL 
thickness (mm) 

Groundwater 
TPH (µg L-1) 

Dec 2021 

Active 
measures 

CO2 

(%vol) 

2022 

CH4 

(%vol) 

2022 

LNAPL 
saturation 
from Rn 

deficit (%) 
2022 

Min - 
Max 

value 
2021 

Last 
meas
ure 
Dec 
2021 

MW-
L1 

0 - 220 2 
not sampled 

(Free LNAPL) 
skimmer 0.8 0.2 1 – 4 

MW-
L2 

0 - 2 2 
not sampled 

(Free LNAPL) 
- 0.3 0.1 2 – 5 

MW-
L3 

0 - 608 13 
not sampled 

(Free LNAPL) 
skimmer 

0.1 – 
0.8 

0.6 – 
1.3 

20 – 90 
(Free LNAPL) 

MW-
L4 

0 - 0.5 - 1,600 - 0 0 2 – 5 
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CHAPTER 6 
6 APPLICATION OF SOIL GAS RADON DEFICIT 

TECHNIQUE USING PASSIVE DOSIMETERS IN 

GROUNDWATER MONITORING WELLS 
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ABSTRACT 

The objective of this study was to develop and evaluate a methodology for the 

application of the Rn deficit technique in soil gas using passive dosimeters installed 

in the headspace of groundwater monitoring wells screened across the LNAPL smear 

zone, installed at sites with LNAPL presence. The design chosen for the application 

of the method is based on a recently proposed approach, based on application of the 

Rn deficit technique in soil gas using groundwater monitoring wells, using active 

portable Rn monitors. This configuration was chosen based on the promising, albeit 

preliminary, results obtained in the previous work, which showed that the use of 

groundwater monitoring wells has the potential to offer several improvements 

compared to the more traditional technique using soil gas probes. Despite the 

potential benefits, one of the main concerns that emerged from the previous work was 

the temporal variability of Rn concentrations detected in the headspace of 

groundwater monitoring wells using portable Rn detectors. In the approach proposed 

in this work, the use of passive equipment to carry out the Rn measurement in the 

headspace of the wells is evaluated, in order to reduce the influence of these 

oscillations on the effectiveness of NAPL detection and quantification. The field 

protocol is outlined and tested in a fist campaign conducted at a site in Italy affected 

by gasoline contamination. The results obtained were compared with the evidence of 

LNAPL presence in monitoring wells from traditional groundwater monitoring. 

Interpretation of the results showed that the area affected by the lowest Rn 

measurements corresponded well with the area of wells where the presence of free 

product was detected. The method appears therefore to be an affordable alternative 

to Rn monitoring with active instrumentation, although further investigation is required 

in order to use it for an accurate quantification of contamination.  
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6.1 INTRODUCTION 

An alternative approach to the application of the soil gas Rn deficit technique, to 

identify LNAPL in the subsurface and obtain a quantitative estimate of its 

concentration, has recently been developed, tested, and proposed (Cecconi et al., 

2023a). As also described in Chapter 5, this method involves monitoring Rn in the 

headspace of monitoring wells, typically already present at site impacted by LNAPL, 

using portable Rn analyzers. Although the number of experiments conducted was 

limited, the results were encouraging, highlighted how monitoring Rn in the 

headspace of wells can be a fast and minimally invasive screening method for the 

identification of areas impacted by LNAPL both in free and residual phase. On of the 

main advantages of this approach is that it allows for gas sampling in the unsaturated 

zone, closest to the NAPL source zone, which could result in a more accurate 

measurement of Rn at the area of interest. Some limitations were found in the 

quantitative estimation of the extent of contamination. One of the main uncertainties 

identified during the first tests was related to the temporal variability of the Rn activity 

concentrations monitored in the field. Significant variability in Rn values and estimated 

deficit (up to a factor of 2) was observed within the same day during the tests. It should 

be noted that these types of uncertainties are likely not related to the use of 

groundwater monitoring wells for the application of the method, since they have also 

been observed with the more traditional approach that comprise the use of temporary 

soil gas probes (Schubert and Schulz, 2002; De Miguel et al., 2020; Barrio-Parra et 

al., 2021). Daily fluctuations in Rn activities are partially influenced by atmospheric 

parameters, especially for measurements taken at shallow depths. Several authors 

have highlighted the influence of atmospheric and soil temperature on Rn 

concentrations measured in the field, assessing its significant effect on Rn 

concentrations (Schubert and Schulz, 2002; De Miguel et al., 2020; Barrio-Parra et 

al., 2021). If not addressed, these effects may lead to misinterpretation of the detected 

Rn deficits. 

To consolidate the results obtained in these previous experiments and overcome the 

limitations associated with instant Rn measurement using portable equipment, 

additional activities were planned to test a new approach to Rn analysis in soil gas 

based on the use of passive dosimeters, based on solid-state nuclear track detectors 

(SSNTD), in the headspace of monitoring wells. Passive dosimeters are systems 
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composed of a small diffusion chamber and a sensitive element. The chamber allows 

the entry of gas by diffusion while prevents the entry of dust and Rn decay products. 

The sensitive element is constituted by a material (e.g., polyallyldiglycol carbonate or 

cellulose nitrate) sensitive to alpha radiation, also known as SSNTD. Rn, decaying 

inside the device, produces alpha radiation that creates traces (tracks) in the sensitive 

material structure (Nikezic and Yu, 2004). The density of the tracks, analyzed in 

laboratory, is directly proportional to the Rn concentration of the environment in which 

the SSNTD was exposed, and to the exposure time (Khan et al., 1993). This type of 

equipment has already been tested for the application of the Rn deficit technique, 

although with a different configuration, involving the exposure of the SSNTD in PVC 

containers buried in the soil at a depth of 0.7 - 1 m from the surface (Schubert et al, 

2005, Mateus and Pecequilo, 2015). 

This work describes the field methodology adopted for the installation of passive 

dosimeters for the measurement of Rn in the headspace of wells for the long-term 

monitoring of Rn activity concentrations, to be used for the identification and 

quantification of LNAPL in the subsurface. It also describes the activities carried out 

in the month of June 2023 for a first application of this approach in a gasoline-

contaminated site located in Italy. The activity consisted in the installation of the 

passive dosimeters in the headspace of 14 wells of the site, its subsequent removal 

at the end of the exposure time, and in the interpretation of the average Rn 

concentration data (provided by a specialized laboratory) together with its comparison 

with the evidence of LNAPL presence in the monitoring wells obtained from traditional 

groundwater monitoring. 
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6.2 MATERIALS AND METHODS 

6.2.1 Field protocol 

This section provides a detailed description of the procedure used to apply the soil 

gas Rn deficit technique, to assess LNAPL contamination, by monitoring Rn in the 

headspace of groundwater monitoring wells using passive dosimeters. The method 

design closely follows that described in the previous chapter (section 5.2.1) (Cecconi 

et al., 2023). As with the previous configuration, this approach is applicable to sites 

with wells that have a portion of their screen in the vadose zone, installed in both the 

LNAPL zone and the uncontaminated zone. It is assumed that the site is characterized 

by a typical LNAPL distribution that includes the presence of NAPL not only in 

groundwater, but also in the capillary fringe and some portion of the vadose zone. A 

schematic of the method is shown in Figure 6.1. 

The main difference with the approach previously followed is the instrumentation and 

measurement method used, which affects the time required to obtain the result. In 

fact, passive Rn monitoring involves the use of devices that are placed in contact with 

the environment to be monitored for a given period of time. At the end of the exposure, 

the dosimeter is analyzed in a specialized laboratory to determine the average Rn 

concentration over the exposure period. The operating procedure involved placing 

dosimeters in the headspace of monitoring wells located in both contaminated (with 

the presence of free or residual LNAPL) and uncontaminated areas of the site. The 

devices were placed in the headspace of the screened interval of the well, above the 

piezometric level. The well headspace was sealed with appropriate end caps 

throughout the exposure period. The activities required the presence of operators at 

the site for two days: the first dedicated to positioning the dosimeters, and the second 

day to retrieving them. 
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Figure 6.1. Schematic of the method for the application of the Rn deficit technique in monitoring 
wells, located both in the LNAPL area and background zone, using passive dosimeters. 

The protocol used to position the dosimeters at the site is described below: 

- A nylon thread is cut to the appropriate length to allow the instrument to be 

exposed to the desired depth in the well. The thread is connected at one end 

to the well plug (4" PVC expansion plug with isoprene seal) and at the other 

end to a stainless-steel carabiner (Figure 6.2).  
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-  

Figure 6.2. 4'' PVC expansion well plug used to seal the head of the well and connection to the 
dosimeter with a nylon thread and a stainless steel carabiner. 

- The cap of the well to be monitored is opened. 

- To prepare the dosimeter for use, its own protective bag is opened at the time 

of use and the device is attached to the carabiner. It is then placed in a Tyvek 

envelope to protect it from dust and moisture, along with silica gel (for 

additional moisture protection). The envelope is sealed with tape. As 

recommended by the manufacturer, the protective bag of the dosimeter 

should be kept to store it at the end of the exposure period. 

- The dosimeter, inside the Tyvek bag, is inserted into the headspace of the 

well to be monitored (Figure 6.3) up to a depth that allows it to be exposed at 

the beginning of the screened zone of the well, and above the water table 

level, in order to ensure measurement in the gas phase without reaching the 

water table. When the dosimeter is inserted, in addition to the identification 
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number of each device, the date and time of the start of the exposure are 

recorded. 

- The well is sealed with the plug to which the dosimeter is connected. 

The exposure time of each dosimeter in the well headspace should be selected by 

considering the measurement range of the analytical method used by the specialized 

laboratory (as indicated by the instrument supplier) and the maximum Rn 

concentration values expected at the site under investigation. 

 
Figure 6.3. Installation of the dosimeter, enclosed in Tyvek protection, in the headspace of the 
well. 

The following procedure was used to retrieve the dosimeters: 

- The well plug, used as a wellhead seal and for attaching the dosimeters, is 

opened, and the envelope containing the dosimeter is retrieved from the well. 

- the Tyvek bag is opened, and the dosimeter is removed and immediately 

stores in the protective bag provided by the manufacturer of the devices. At 

the time of extraction, in addition to checking the identification number of each 

device, the date and time of the end of exposure shall be recorded (to be 

provided to the laboratory for the elaboration of the data). 
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- The well is again sealed with its own cap. 

For the test site, the dosimeters were installed in the wells at a depth of 3 m from the 

ground surface, as the depth of the groundwater table at the site is about 4 - 5 m. In 

a selected number of wells, a second dosimeter was also placed in the same Tyvek 

envelope at a depth of 3 m as a blind duplicate (Figure 6.4). Additionally, in a selected 

number of wells, a second nylon thread was also attached to the plug to expose a 

second dosimeter (again in a Tyvek envelope with silica gel) at a depth of 1.5 m from 

ground level, in the blind portion of the well. 

The dosimeter used for the field test were Radout® CR-39. These devices consist of 

a Radout® model external plastic frame designed by Mi.am S.r.l. and contain a CR-

39 type passive Solid State Nuclear Tracks Detector (SSNTD), which is the sensitive 

part of the device. Rn diffuses into the device and the alpha radiation resulting from 

the decay of Rn and its progeny (Po-218 and Po-214) damages the structure of the 

detector, creating visible "tracks" that are counted during the analysis. The number of 

tracks is proportional to the concentration of Rn gas in the environment and the 

exposure time. The CR-39 detectors have been analyzed in the Mi.am laboratories 

using the Politrack® automated system developed by Mi.am in collaboration with the 

Politecnico di Milano. 
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Figure 6.4. Dosimeter and double blind connected to the carabiner. 

6.2.2 Interpretation of Rn data 

To interpret the Rn data obtained in the Rn monitoring field campaign, the same 

approach as described in section 5.2.2 can be used. Specifically, the Rn deficit can 

be determined using Eq. 5.1, and from that, the fraction of NAPL in the area and the 

relative TPH concentration are estimated using Eq. 5.4 and Eq. 5.5, respectively. For 

more details and for the specific equations, please refer to section 5.2.2. 

  



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                      Page 183 of 230 

6.3 FIELD TESTS 

To evaluate the effectiveness of the method, the described protocol was applied in a 

field campaign conducted in June 2023 at a contaminated site in Italy. 

6.3.1 Site description 

The site selected for the first test was subject to a contamination event due to the 

leakage of a tank used for the storage of gasoline. In order to verify the qualitative 

state of the environmental matrices, the site was therefore subjected to an 

environmental characterization between 2020 and 2021, which involved the drilling of 

27 boreholes, of which 20 were equipped with wells. 

Some surveys have detected the presence of BTEX, light hydrocarbons C ≤ 12 and 

heavy hydrocarbons C > 12 in the unsaturated soil. In particular, for light hydrocarbons 

C ≤ 12, in the surveys equipped with wells MW7, MW11 and in the surveys S4, S6 

(Figure 6.5) were found concentrations higher than the contamination threshold 

concentrations (in Italian Concentrazione Soglia di Contaminazione, CSC) in the 

context of contaminated sites in Italian legislation (Col. B, Tab.1, All.5, Part IV, Title V 

of the Legislative Decree 152/06)  

During the groundwater monitoring campaign in March 2023, the presence of Total 

Petroleum Hydrocarbons (TPH), again higher that the relative contamination 

threshold concentrations CSC value, was detected in wells MW9 and MW10. 

Supernatant product was also found in groundwater wells MW3, MW5, MW7, MW8, 

MW11 and MW20 (Figure 6.6). 
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Figure 6.5. Surveys that revealed concentrations exceeding the CSC values in soils for the 

parameter hydrocarbons C≤12. 
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Figure 6.6. Groundwater wells that revealed concentrations exceeding the CSC values in soils 
for TPH, and wells in which free product was detected, in March 2023.  

The data on the characteristics of the available wells on the site are shown in Table 

6.1, in terms of concentrations of hydrocarbons analyzed in soil samples, in 

groundwater samples (in the most recent water monitoring campaign) and the 

eventual presence of a free product. Table 6.1 also shows the depth of the water table 

measured during the most recent groundwater monitoring campaign and the resulting 

thickness of the screened portion of the well in the unsaturated zone, obtained from 

the depth of the water table and the properties of the screen (starting at 3 m above 

ground level for all the wells at the site). 

It should be noted that in the fall of 2021, active skimmers were installed in MW3 and 

MW7 wells, electro-submersible pumps were installed in MW8, MW13, MW14 and 

MW20 wells, while a total fluid pump was installed in MW11. 
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Table 6.1. C≤12 and C>12 hydrocarbons (HC) and Total Petroleum Hydrocarbons (TPH) 
concentrations and characteristics of monitoring wells (MW). < loq indicates cases with 
concentrations below the limit of quantification. 

MW 

Soil HC 
C≤12  

(mg kg-1) 
max  

at 3-7 m 

Soil HC 
C>12  

(mg kg-1) 
max  

at 3-7 m 

Water 
TPH 

(µg L-1) 
23/3/23 

Free 
LNAPL 
(mm) 

24/5/23 

Free 
LNAPL 
(mm) 

max 2021-
2023 

Water 
table 
level 
 (m 

b.g.l.) 
24/05/23 

Screened 
portion in 

unsaturated 
zone (m) 
24/05/23 

1 < loq 13.4 <30 0 0 4.650 1.65 

2 < loq 10.7 <30 0 0 4.385 1.39 

3* 23.8 82 LNAPL 2 274 4.644 1.64 

4 < loq 10.7 <30 0 2 5.054 2.05 

5 14.2 13.1 LNAPL 1 2 4.373 1.37 

6 49 42 260 0 2 4.253 1.25 

7* 420 580 LNAPL 2 608 4.717 1.72 

8** 12 89 LNAPL 0 1 4.853 1.85 

9 38 131 520 0 0 4.847 1.85 

10 133 179 9,500 0 4 4.758 1.76 

11**
* 

630 600 LNAPL 2 56 4.634 1.63 

12 < loq 21.5 <30 0 0 4.157 1.16 

13** 8.3 32 48 0 1 4.047 1.05 

14** 223 49 <30 0 0 4.974 1.97 

15 < loq 10.1 <30 0 0 4.372 1.37 
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MW 

Soil HC 
C≤12  

(mg kg-1) 
max  

at 3-7 m 

Soil HC 
C>12  

(mg kg-1) 
max  

at 3-7 m 

Water 
TPH 

(µg L-1) 
23/3/23 

Free 
LNAPL 
(mm) 

24/5/23 

Free 
LNAPL 
(mm) 

max 2021-
2023 

Water 
table 
level 
 (m 

b.g.l.) 
24/05/23 

Screened 
portion in 

unsaturated 
zone (m) 
24/05/23 

16 < loq < loq <30 0 1 4.325 1.33 

17 < loq < loq <30 0 1 4.493 1.49 

18 < loq 14.5 <30 0 0 4.615 1.62 

19 < loq 18.4 <30 0 1 4.463 1.46 

20** 237 215 LNAPL 0 5 5.547 2.55 

* skimmer 

** electro-submersible pump 

*** total fluid pump 

The site has a heterogeneous stratigraphy, with a superficial layer of sand/gravel fill 

up to approximately 2 meters from the surface. Below this, there is a layer of compact 

silt or clay with possible inclusions of medium sand layers, fine and gravel, up to 

approximately 12 meters from the ground level, resting on a layer of clay. The average 

depth of the water table from the ground level is approximately 4 - 6 meters. 

6.3.2 Field activities 

The field test, conducted on June 22 and 27, 2023, consisted of Rn passive monitoring 

in the headspace of 14 selected wells at the site. The exposure time of each dosimeter 

was chosen based on the measurement range of the test method used by the 

specialized laboratory. Based on the values provided by the laboratory and the 

maximum expected Rn activity at the site, as determined by previous portable 

instrument Rn analysis, a monitoring period of 5 days was deemed appropriate. 

On June 22, 2023, the dosimeters were installed following the protocol outlined in 

section 6.2.1. A total of 25 devices were installed on the site:  

- In 14 groundwater monitoring wells, denominated MW1, MW2, MW3, MW4, 

MW5, MW6, MW7, MW8, MW9, MW10, MW11, MW12, MW16 and MW18, a 
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dosimeter was installed at a depth of 3 m from ground level (at the beginning 

of the screened portion of the well and above the water table level). 

- In 7 of the selected monitoring wells (MW4, MW5, MW8, MW9, MW11, 

MW12, MW18), a second dosimeter was inserted in the same Tyvek bag at 

a depth of 3 m as a blind duplicate (a duplicate to which a fictitious name was 

assigned before sending the dosimeter to laboratory for Rn analysis). 

- In 4 of the wells (MW2, MW3, MW5, MW7), a dosimeter was also exposed to 

a depth of 1.5 m from ground level in the blind section of the well.  

Figure 6.7 shows the location of the groundwater wells selected for the monitoring 

campaign, and Table 6.1 presents their characteristics.   

On June 27, 2023, the retrieval operations for the previously installed dosimeters were 

carried out following the protocol described in section 6.2.1. The dosimeters were sent 

to a specialized laboratory for analysis of Rn decay traces on the sensitive element of 

the device and for the quantification of Rn concentration in the headspace of the well 

in which the dosimeter was exposed, in accordance with the supplier’s indications. 
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Figure 6.7. Wells selected for the monitoring campaign using passive dosimeters.  
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6.4 RESULTS AND DISCUSSION 

The results of the test carried out are shown in Table 6.2 in terms of Rn exposure 

(kBq h m-3) and Rn activity concentration (Bq m-3). It can be observed that Rn 

concentration values obtained in the headspace of the wells at the greatest depth of 

investigation (3 m b.g.l.) are on average higher than those observed at a depth of 1.5 

m. Since the wells are screened from 3 m b.g.l., it is likely that the results obtained at 

1.5 m are not indicative of Rn activities at that depth in the subsurface. These results 

therefore highlight the significance of the dosimeter's location within the wells 

headspace to obtain a representative estimate of Rn emissions from the subsoil. Note 

that further data evaluation in this chapter refers to the data obtained at 3 m depth 

from ground level, corresponding to the screened area of the wells. In terms of data 

variability, it can be observed the standard deviation compared to the mean value is 

quite small, as the coefficients of variation, calculated as the ratio between the 

standard deviation and the mean value of Rn activities, typically fall below 20%. The 

measurements replicability is confirmed by consistent values obtained in the blind 

duplicates (indicated with an asterisk), with maximum coefficients of variation of 7%. 

Table 6.2. Dosimeter exposure points, exposure times, and average Rn concentrations 
provided by the specialized laboratory.  

MW 
Depth  

(m b.g.l.) 
Start time 

22/6/23 
End time 
27/6/23 

Rn 
exposure 

(kBq h m-3) 

Mean Rn 
Activity 
(Bq m-3) 

Standard 
deviation 
(Bq m-3) 

1 3 11:15 12:40 14,472 119,600 19,480 

2 1.5 11:21 10:45 15,898 133,597 21,752 

2 3 11:21 10:45 21,666 182,065 29,631 

3 1.5 14:19 13:15 3,717 31,236 5,137 

3 3 14:19 13:15 5,731 48,159 7,882 

4 3 14:35 12:34 11,404 96,641 15,753 

4* 3 14:35 12:34 11,017 93,366 15,222 

5 1.5 12:25 11:26 2,786 2,412 3,868 
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MW 
Depth  

(m b.g.l.) 
Start time 

22/6/23 
End time 
27/6/23 

Rn 
exposure 

(kBq h m-3) 

Mean Rn 
Activity 
(Bq m-3) 

Standard 
deviation 
(Bq m-3) 

5 3 12:25 11:26 6,003 50,443 8,253 

5* 3 12:25 11:26 5,814 48,857 7,996 

6 3 11:04 12:30 12,670 104,708 17,058 

7 1.5 13:20 12:23 8,859 74,446 12,148 

7 3 13:20 12:23 11,279 94,785 15,448 

8 3 13:00 11:40 13,399 113,548 18,497 

8* 3 13:00 11:40 13,545 114,788 18,698 

9 3 11:56 11:06 17,382 144,847 23,566 

9* 3 11:56 11:06 15,835 131,957 21,474 

10 3 12:13 12:10 17,860 148,832 24,216 

11 3 12:42 12:05 1,948 16,233 2,704 

11* 3 12:42 12:05 1,799 14,993 2,503 

12 3 11:00 11:59 19,215 160,124 26,061 

12* 3 11:00 11:59 19,627 163,561 26,619 

16 3 10:45 11:47 20,619 170,409 27,729 

18 3 10:41 11:14 12,509 103,379 16,845 

18* 3 10:41 11:14 12,232 101,094 16,475 

* blind duplicate 

The Rn activity concentration values obtained from the wells at a depth of 3 m below 

the surface are reported in Table 6.3.  
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Table 6.3. Rn deficit values obtained using Eq. 5.5, from Rn activity concentrations shown in 
Table 6.2. For the blind duplicates the mean Rn activity obtained from the two exposed devices, 
is shown. As Rn background activity concentration, the mean Rn activity between MW1 and 
MW2 was considered.  

MW 
Mean Rn Activity  

(Bq m-3) 

Rn deficit (-) 
(obtained from background 

Rn value*) 

1 119,600 - 

2 182,065 - 

3 48,159 0.319 

4 95,004 0.630 

5 49,650 0.329 

6 104,708 0.694 

7 94,785 0.628 

8 114,168 0.757 

9 138,402 0.918 

10 148,832 0.987 

11 15,613 0.104 

12 161,843 1 (1.073)** 

16 170,409 1 (1.130)** 

18 102,237 0.678 

* mean Rn activity concentration between those obtained in wells MW1 and MW2  
** mean Rn values similar to the ones considered as the site background  

These values were mapped onto the site under investigation, as shown in Figure 6.8. 

For wells MW4, MW5, MW8, MW9, MW11, MW12, and MW18, in which a blind 

duplicate was inserted, the average of the values obtained from the two exposed 

devices, both representative of the analyzed point, is considered. The map highlights 
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an area, marked by colors tending towards red, corresponding to wells MW3, MW5, 

MW7, and MW11, where the Rn concentration values are significantly lower than the 

higher values of the areas (shown in blue) corresponding to MW1 and MW16. 

 

Figure 6.8. Map of Rn activity concentrations (Bq m-3) obtained from Rn monitoring, in the 
headspace of groundwater monitoring wells, at 3 m from ground level, using passive 
dosimeters.  

Rn deficit values were obtained for each monitored point by comparing the observed 

Rn concentrations at a depth of 3 m from ground level to the background values. The 

background values considered for the examined site were those obtained in the wells 

that were not affected by hydrocarbon contamination and were located upstream of 

the area where LNAPL and/or hydrocarbons were found in water. In particular, the 

mean Rn concentrations obtained at 3 m from ground level in wells MW1 and MW2 

was chosen as the reference value for Rn activity concentration in the background 

zone (see Figure 6.7 and Table 6.1, respectively, for the location and characteristics 

of the wells). The difference between the two Rn activity concentration values in the 

two wells selected as background could be due to the stratigraphic heterogeneities 
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characterizing the site. The geology of the site in fact is characterized by an alternance 

of gravel and silty clays or silty sands layers.  

The deficit values were obtained using Eq. 5.5, and are reported in Table 6.3. The 

deficit values were mapped on the site, as shown in Figure 6.9. As can be observed, 

the higher deficit values, those approaching zero (reported in red-violet) were 

observed in the area of the wells MW3, MW5 and MW11. Figure 6.9 also shows the 

map of the thickness of the free LNAPL measured in the wells at the site in the 

groundwater monitoring campaign carried out in May 2023 (24/05/2023). The 

comparison of the two maps shown in the figure reveals a strong correlation between 

the areas affected by the free product (albeit with a thickness of a few millimeters) and 

the areas with a more pronounced Rn deficit. Specifically, the contaminated area 

appears to correspond with wells MW3, MW5, MW7, and MW11. Furthermore, Eq. 

5.1 allows to estimate, from the observed Rn deficits in the contaminated area (D), 

the fraction of NAPL in an unsaturated soil with a degree of water saturation in the 

background area Sw,b and the water saturation in the area with LNAPL Sw (calculated 

as the ratio between soil moisture θw and soil porosity θe in the two areas). For the 

site under investigation, in particular, the same value of water saturation (Sw = 0.512) 

was considered for both areas, assuming a sandy-clay soil texture for the entire area 

(θw = 0.197 and θe = 0.385; source US EPA, 2004). 

A Rn partition coefficient of approximately 0.23 was calculated as the inverse of the 

dimensionless Henry constant at 25°C of approximately 4.4 (Lee et al., 2010) between 

water and soil gas (kw/g). For gasoline, a Rn partition coefficient between LNAPL and 

water (kN/w) of approximately 40 was assumed (Le Meur et al., 2021). The value of the 

Rn partition coefficient between LNAPL and soil gas (kN/g), of approximately 9, was 

obtained as the product of kw/g and kN/w. 

To derive TPH concentrations, by Eq. 5.5, a soil density ρs of 1.63 kg L-1 (USEPA, 

2004), a LNAPL density ρN of 0.780 kg L-1 (Brost and De Vaull, 2000), and an effective 

porosity θe of 0.385 (USEPA, 2004) were considered for a sandy clay soil. 
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Figure 6.9. Top: Map of the deficit Rn values obtained with Rn monitoring in the headspace of 
groundwater monitoring wells at 3 m b.g.l., carried out from 22/06/2023 to 27/06/2023. Bottom: 
map pf the free LNAPL thickness observed in the wells in date 24/05/2023.  
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Table 6.4 shows the values obtained in terms of LNAPL saturation and TPH 

concentrations, using equations 2 and 3, respectively, in the areas identified as 

affected by the presence of the product (MW3, MW5, MW7 and MW11). It should be 

noted that in MW11 two dosimeters were exposed to the same depth (blind duplicate), 

therefore the Rn concentration for the well refers to the average between the two 

values provided by the analytical laboratory. To determine the deficit, we used the 

average of the values observed in MW01 and MW02, which was 150832 Bq m-3, as 

the reference background concentration. 

Table 6.4. Estimation of LNAPL saturation (Eq. 5.4) and total petroleum hydrocarbon (TPH) 
concentrations (Eq. 5.5) in the zones identified as affected by the free LNAPL. The mean 
background concentration (average between MW01 and MW02) is 150832 Bq m-3 

MW 

Mean Rn activity 
(Bq m-3) 

Rn deficit 
(-) 

LNAPL 
saturation 

(%) 

TPH 
(mg kg-1) 

Rn D SN C 

3 48,159 0.319 15.9 29,351 

5 49,650 0.329 15.2 28,056 

7 94,785 0.628 4.4 8,140 

11 15,613 0.104 64.7 119,233 

The estimated TPH concentrations can be compared to the reference values of 

residual concentration (Cres), which represents the mechanical absorption capacity of 

the soil, beyond which the free product becomes mobile and can generate the 

presence of floating LNAPL in the wells. The TPH concentrations estimated from the 

Rn deficit (8,000-30,000 mg kg-1) exceed the Cres of 10,000 mg kg-1, as indicated by 

API (2000) for silt to fine sand soils contaminated by gasoline. These results suggest 

the presence of LNAPL as free phase in the investigated wells, which is consistent 

with the results of the traditional groundwater monitoring (a few millimeters of LNAPL 

were identified in the examined wells). The quantitative data regarding the extent of 

contamination in the mentioned wells should be considered a rough estimate due to 

the heterogeneous geological nature of the site, which can affect Rn activities. 

Additionally, the active interventions in some of the selected points, such as the 
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skimmer in wells MW3 and MW7 and the total fluid pump in the MW11 monitoring 

well, can also influence the state of contamination. 

Based on these results, it appears that the two different lines of evidence based on 

the thickness of the free product in the wells, and Rn monitoring, are in agreement, 

confirming that the tested approach for the application of the Rn deficit technique is 

suitable, from a qualitative point of view, for defining areas with the presence of 

LNAPL. The same approach described in section 5.2.1, to derive a quantitative 

estimation of the entity of the contamination, can also be used with this alternative 

field approach, and it provided results consistent with other lines of evidence. Although 

this approach excluded uncertainty related to temporal oscillations of Rn activities 

detected in the subsoil, the quantitative data obtained should still be considered an 

estimate rather than accurate values due to the remaining uncertainties related to the 

heterogeneities of the subsoil, which are strictly site dependent. 
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CONCLUSIONS 

This thesis examined the topic of the soil gas Rn deficit technique as a tool to identify 

and quantify LNAPL contamination in the subsurface. This document first provides an 

overview on the issue of characterization of petroleum hydrocarbon contaminated 

sites with the presence of LNAPL (Chapter 1), and a focus on theoretical and technical 

aspects of Rn deficit method as well as a review of the literature on practical 

approaches in the vadose zone (Chapter 2). As a contribution to the current scientific 

knowledge on the topic, further research was conducted to refine the analytical 

modeling of Rn transport in soil gas, to aid in the interpretation of Rn deficit data 

(Chapters 3 and 4). Based on the results of the modeling efforts, new approaches for 

applying the technique in the field were defined and tested (Chapters 5 and 6). 

MODELING WORKS 

MODELING OF SOIL GAS RADON AS AN IN SITU PARTITIONING TRACER FOR 

LNAPL CONTAMINATION  

The results obtained with the first modeling work (Chapter 3) (Cecconi et al., 2022) 

showed that the parameter that most affects the effectiveness of the Rn deficit 

technique using soil gas data for the quantification of the NAPL content in the 

subsurface is the distance of the soil gas probe from the source zone. At distances 

higher than 2 m the method is indeed not more sensitive to the presence of LNAPL 

and for distances higher than 1 m the method can provide only a qualitative evidence 

on the presence of NAPL as even small uncertainties associated to the deficit can 

result in significant variation of the estimated NAPL content. These results are 

ascribed to the characteristic diffusion length of Rn that is typically less than 1 m. In 

this view, to ensure a direct measurement of the Rn soil gas concentrations within the 

source zone, the measurement of the headspace of groundwater monitoring wells 

used in other applications (e.g., see Sweeney and Ririe, 2017) could be a good 

alternative to permanent or temporary soil gas probes. To a lower extent, also the soil 

texture and the type of contamination (e.g., diesel or gasoline) can affect the expected 

Rn profiles above the source of contamination. Thus, for an accurate estimation of the 

NAPL content these two aspects should be carefully examined and identified. Other 
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parameters such as the thickness of the source zone or the depth of the water table 

do not significantly affect the estimated NAPL content. Thus, the nomographs 

provided in this work, which allow the estimation of NAPL saturation as a function of 

the distance of soil gas probes from the source zone and of the type of soil and 

contamination, are generally applicable to all sites involving relatively homogenous 

soils. Conversely, in the case of heterogeneous soils involving geological barriers or 

stratified contaminations, more sophisticated numerical model should be preferred 

(see e.g., Cohen et al. (2019)). The presence of heterogeneous layers can indeed 

influence the migration and distribution of Rn in the subsurface making the application 

of the deficit technique more complicated. Other aspects not addressed in this work 

are the diurnal and seasonal variations that can be expected in shallow soil gas 

samples because of barometric pumping. In this view, the results obtained in this work 

should be used for soil gas data collected at depths greater than 1 m where these 

effects become less relevant (Neznal et al., 2004).  

INFLUENCE OF ADVECTION ON THE SOIL GAS RADON DEFICIT TECHNIQUE 

The modeling work was further developed by simulating also less traditional scenarios 

where the influence of Rn transport by advection becomes non-negligible compared 

to that by diffusion. The analytical modeling work presented in Chapter 4 (Cecconi et 

al., 2023b) highlighted that for most of the simulated conditions, advective phenomena 

in the subsurface can significantly influence the Rn profiles and deficits in the 

subsurface compared to the ones expected assuming a diffusion-dominated transport 

or assuming equilibrium conditions. Advection can be neglected when the Peclet 

number is lower than 1, and thus a purely diffusive transport model can be applied. In 

these cases, LNAPL saturation can be estimated using the nomograms provided by 

Cecconi et al. (2022). For higher values of the Peclet number, i.e. in cases where the 

influence of advective transport is comparable to or greater than diffusive transport, 

Rn deficit profiles are strongly influenced by local advection. In particular, it was found 

that in high-permeability soils (such as sandy soils), in the presence of local advective 

fluxes in the same direction of diffusive fluxes (e.g., in the case of a rising groundwater 

level), the Rn deficit can be higher than would be expected in the presence of a 

diffusion-dominated transport. This implies that in those cases, applying the Rn deficit 

technique neglecting advection can lead to an underestimation of the expected 

LNAPL saturation in the subsurface. This underestimation becomes more significant 
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when the traditional Rn deficit technique (assuming equilibrium condition) is applied 

to soil gas Rn measurements carried out at some vertical distance from the LNAPL 

source zone. Assuming the occurrence of local advective fluxes in the opposite 

direction of diffusive fluxes (e.g., in the case of a falling water table), the observed Rn 

deficit is expected to be smaller than that in the case of diffusion-dominated transport, 

but higher than the one expected under equilibrium conditions. This implies that in 

those cases, applying the Rn deficit technique neglecting advection can lead to 

overestimations of the expected LNAPL saturation in the subsurface, while applying 

the traditional Rn deficit technique, assuming equilibrium conditions, there is a 

tendency to slightly underestimate LNAPL saturation values. In both cases, by 

approaching the Rn measurement point to the depths of the LNAPL source zone, the 

error in saturation estimation can be significantly reduced. Furthermore, in the case 

of the occurrence of methanogenesis processes in the LNAPL zone, a local advection 

can be expected only in the LNAPL-impacted zone (with a positive pressure gradient 

in the source zone and a negative pressure gradient in the overlying layer) and not in 

the adjacent areas considered for Rn background values. In such cases, the 

differences in deficit profiles can be so significant as to make the Rn deficit greater 

than 1, thus risking, on a practical level, a complete misinterpretation of Rn monitoring 

data. Even in this case, this confounding effect can be significantly reduced if soil gas 

Rn measurements are performed in the proximity of the LNAPL source and thus at 

greater depths compared to typical soil gas analysis performed at depths of around 1 

m. In any case, when using the model proposed in this work, attention must be paid 

to the site conditions being simulated, considering the different assumptions on which 

the analytical model is based (e.g. steady-state conditions, homogeneity of soil and 

contamination in the domain layers, and homogeneity of other site-specific 

parameters such as Rn production, diffusion coefficient or water content). For sites 

with pronounced heterogeneities, it may be more indicated to use a numerical model 

that better simulates these conditions, such as the one provided by (Cecconi et al., 

2023b, modified from Barrio-Parra et al., 2022). 

FIELD APPLICATIONS 

Both modeling studies emphasized the significance of measuring Rn in soil gas near 

the LNAPL-affected area for the method to be most effective, especially when the 

possible occurrence of local advective transport is also present as an additional 
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confounding factor. In this view, to ensure a direct measurement of the Rn soil gas 

concentrations within the source zone, the measurement of the headspace of 

groundwater monitoring wells used in other applications (e.g., see Sweeney and Ririe, 

(2017)) was considered to be a good alternative to permanent or temporary soil gas 

probes. This approach could be used as an alternative to measurements in permanent 

or temporary soil gas probes, which typically do not allow for measurements at depths 

greater than 1.5 - 2 m (although greater depths can be reached in some cases 

depending on soil type). Namely, this option can be particularly indicated to assess 

and monitor the evolution of LNAPL contamination in the occurrence of natural source 

zone depletion processes or during active remediation. 

USING GROUNDWATER MONITORING WELLS FOR A RAPID APPLICATION OF SOIL 

GAS RADON DEFICIT TECHNIQUE  

Chapter 5 presents a method that has the potential to offer a rapid and low invasive 

approach for the application of the Rn deficit technique, using portable equipment to 

sample the soil gas in the headspace of groundwater monitoring wells already present 

at LNAPL-contaminated sites (Cecconi et al., 2023a). The protocol described is 

suitable for groundwater monitoring wells presenting a portion of the screen through 

the aquifer and in the overlying vadose zone (smear zone), so that gas can be 

sampled in the unsaturated zone closest to the groundwater table, where LNAPL is 

usually found. The proposed method can be applied using various Rn detectors and 

multi-gas analyzers and is not affected by the depth of the aquifer, but only requires 

adjustments to the depth of the measurement point based on aquifer depth. For this 

reason, it is recommended to measure the water table depth before the beginning of 

the protocol activities. A simple method for estimating LNAPL saturation and TPH 

concentration was also provided based on the measured Rn deficit. The equations 

were derived from previous works that are based on Rn equilibrium conditions 

(Schubert et al., 2001). Note that these relations may be inaccurate in cases where 

the probe to LNAPL vertical distance increases, and in such cases methods that 

account for the Rn transport in the subsurface (e.g., Cecconi et al., 2022, 2023) may 

be more appropriate. Also, the lack of site-specific data on water saturation in the 

investigated area can affect the accuracy of the results. To provide an initial insight 

into the method's potential as a tool for the detection of LNAPL, the proposed protocol 

was tested at a first site, in comparison to the more traditional application in soil gas 
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probes, yielding overall positive results from a qualitative point of view, and no 

complications related to the proposed configuration. In the second site, the method 

was applied in a more significant number of wells, showing results consistent with 

other lines of evidence, such as groundwater and soil gas monitoring. Overall, from 

these first evaluations, the proposed method has shown potential for a qualitative 

identification of LNAPL in the subsurface. Compared to the more traditional technique 

using soil gas probes, the proposed method has indeed the potential to offer several 

improvements, providing a rapid and non-invasive approach and eliminating the need 

to install additional gas probes at sites. Furthermore, although this sampling method 

is yet to be validated and is not yet regulated, the use of the headspace of monitoring 

wells may allow for gas sampling in the unsaturated zone, closest to the water table, 

where both free and residual phase LNAPL may be present (smear zone). This may 

allow for a more representative Rn measurement at the zone of interest, without the 

limitations associated with Rn diffusion distance, and reducing the potential errors 

caused by local advective phenomena. Furthermore, the proposed method has the 

potential to provide quantitative information on the subsurface contamination 

concentrations. Therefore, future investigations could be oriented to collect additional 

data to assess the accuracy of this approach for a quantitative assessment of LNAPL. 

In this view, it is worth recalling some limitations typically associated with the methods 

based on the Rn deficit technique. For instance, as highlighted by several authors, 

the heterogeneity of the soil matrix can have a significant impact on the distribution of 

Rn in the soil gas, independently of the presence of LNAPL (Fan et al., 2007; Cohen 

et al., 2016; De Miguel et al., 2018; Cho et al., 2020). Moreover, the almost 

instantaneous nature of the measurements may provide a Rn activity value strongly 

tied to the sampling moment without considering temporal fluctuations in Rn 

emissions, which could affect the estimation of the actual subsurface contamination 

(Winkler et al., 2001; Neznal et al., 2004; De Miguel et al., 2020).Therefore, spatial 

and temporal variability of contamination and Rn emissions from the subsurface 

implies that a higher spatial density of measuring points and a higher frequency of 

field campaigns are necessary for accurate determinations. These aspects should be 

addressed in future research efforts to advance the understanding and application of 

LNAPL detection using the soil gas Rn deficit.  
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APPLICATION OF SOIL GAS RADON DEFICIT TECHNIQUE USING PASSIVE 

DOSIMETERS IN GROUNDWATER MONITORING WELLS 

To reduce uncertainties associated with the instantaneous nature of Rn measurement 

using active portable Rn monitors, an approach based on the use of passive 

dosimeters in the headspace of groundwater monitoring wells was tested for the 

application of the Rn deficit technique. The method has been applied in a field 

experiment at a site with detected LNAPL, consisting of Rn analysis in 14 wells located 

in both contaminated and uncontaminated areas. Twenty-five Radout® CR-39 

passive dosimeters were used to monitor Rn levels. The devices were placed in the 

headspace at a depth of 3 m above ground level, at the beginning of the screened 

section of the wells, and approximately 1.5 m from the water table. The devices were 

left exposed in the headspace of the wells for five days. Afterwards, they were sent to 

a specialized laboratory to determine the average concentration values of Rn during 

the exposure period. A strong correlation was observed between the areas affected 

by the presence of NAPL according to the last groundwater monitoring campaign and 

the areas where a more pronounced Rn deficit was found. The percentage fraction of 

LNAPL and the concentration of total hydrocarbons were estimated at the locations 

affected by contamination. The estimated concentrations were higher than the 

residual concentration reference values (Cres), indicating the presence of free-phase 

LNAPL in the investigated wells, consistent with the evidence of traditional 

groundwater monitoring. Based on the obtained results, it can be concluded that Rn 

monitoring in the headspace of wells already present in LNAPL contaminated sites is 

a cost-effective and minimally invasive screening method for identifying the presence 

of mobile and residual product, which cannot always be achieved by only monitoring 

the supernatant product in wells or through traditional groundwater sampling. The use 

of passive dosimeters to measure Rn allowed the estimation of an average Rn 

concentration independent of daily Rn variations, thus eliminating one of the limiting 

factors in the application of the Rn deficit method for quantitative estimation of the 

extent of subsurface contamination. The technique for measuring Rn deficit in the 

headspace of monitoring wells was first proposed and tested using portable monitors 

for Rn measurement. These instruments have the advantage of providing a 

concentration value of Rn in the area of interest within about 30 minutes, compared 

to the exposure times of days or weeks required with passive devices. Furthermore, 
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portable active Rn monitors directly provide Rn concentration values, without the need 

for further analysis in specialized laboratories or the need to collect, ship, and/or 

analyze any sample. On the other hand, passive dosimeters have the advantage of 

being economical instruments (around €20/30 per analysis), small in size (around 50 

mm in diameter by 20 mm in height), which do not require electricity, do not perturb 

the soil gas in the area to be monitored and do not require space on the surface of 

the site. Furthermore, compared to portable analyzers, the installation and recovery 

of these instruments from the wells is much quicker, allowing campaigns to be carried 

out with a much higher number of investigation points and therefore suitable for 

extensive screening and/or monitoring campaigns of the progress of remediation 

interventions.  

CONCLUSIONS AND FUTURE DEVELOPMENTS 

The outcomes of the theoretical and practical studies presented in this thesis can be 

considered as a contribution to some aspects of the evolving knowledge on the soil 

gas Rn deficit technique for LNAPL assessment in the subsurface.  

The modeling results helped to identify the main parameters that can affect the 

method's effectiveness, providing some suggestions for both field workers and 

researchers on the practical application of the technique and the interpretation of the 

resulting data. However, in some cases, the assumptions required for analytical 

models can limit their ability to model complex scenarios. New numerical modeling 

developments may be useful in these circumstances and can help to further identify 

potential areas for improvement over current field approaches. Nevertheless, the 

results of the analytical modelling have allowed to identify a critical aspect in the 

distance between the Rn measurement point and the NAPL impacted area, and to 

propose an alternative approach for field investigations, consisting in measuring soil 

gas Rn in the headspace of existing monitoring wells at contaminated sites, using both 

active portable Rn detectors and passive Rn devices. The field tests conducted to 

evaluate the proposed methods had positive results in identifying areas of LNAPL, 

also demonstrating the method's potential to quantify the NAPL extent, although with 

significant uncertainties.  

Based on the existing knowledge and on the results of this research, it is believed that 

the method has the potential to be used as a rapid, inexpensive, and minimally 
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invasive 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 variation 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.  
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Nomenclature 

SYMBOL PARAMETER UNIT 

Cg Gas phase concentration mg L-1 

CRa 226Ra concentration of the solids  Bq kg-1 

Cres Residual NAPL concentration mg kg-1 

Cs Sorbed phase concentration mg kg-1 

Csat Soil saturation concentration mg kg-1 

CSC 

Contamination threshold concentrations for soil for Italian 

legislation (Col. B, Tab.1, All.5, Part IV, Title V of the 

Legislative Decree 152/06)  
mg kg-1 

Cw Aqueous phase concentration mg L-1 

d Vertical distance of the soil gas probe from the NAPL zone m 

D Rn deficit - 

De Effective diffusion coefficient of Rn m2 s-1 

DF Dilution factor - 

Dmg Rn molecular diffusion coefficient in gas phase m2 s-1 

Dmw Rn molecular diffusion coefficient in water phase m2 s-1 

dp/dz 

∇p 
Pressure gradient kg m-2 s-2 

f Fraction of Rn in the gas phase  - 

foc Organic carbon fraction of the soil - 

h Elevation above the steady state groundwater level m 



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                      Page 208 of 230 

SYMBOL PARAMETER UNIT 

H  Dimensionless Henry’s constant (kg/w) - 

Jadv Volumetric advective flux m3 m-2 s-1 

Jdiff Rn diffusive flux Bq m-2 s-1 

Jexh Rn exhalation rate Bq m-2 s-1 

HCF Thickness of the capillary fringe m 

HN Thickness of the source zone m 

kg Effective permeability to soil gas flow m2 

kg/N 
Rn partition coefficient between gas and NAPL (calculated 

as kg/w /kN/w) 
- 

kg/w 
Rn partition coefficient between gas and water (Henry's 

law constant) 
- 

kint Intrinsic permeability m2 

kN/g Rn partition coefficient between NAPL and gas - 

kN/w Rn partition coefficient between NAPL and water - 

Koc Organic carbon partition coefficient mL g-1 

krg Relative air permeability m2 

Ksw Soil-water partition coefficient L kg-1 

ks/w Rn partition coefficient between the solid and water  - 

kw/g Rn partition coefficient between water and gas - 

Lc   Rn characteristic diffusion length m 

LCF Capillary fringe depth m 
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SYMBOL PARAMETER UNIT 

LN Source zone depth m 

LW Total profile length (water table depth) m 

 m Van Genuchten parameter - 

MW Groundwater monitoring well - 

n Van Genuchten parameter - 

p Vapor pressure kg m-1 s-2 

P Rn production rate in the pore space  Bq m-3 s-1 

p0 Vapor pressure of pure compound kg m-1 s-2 

pN NAPL interface pressure kg m-1 s-2 

pw Water interface pressure kg m-1 s-2 

Q Pump flow rate L min-1 

r Pore entry radius m 

Rn Rn activity concentration in soil gas  Bq m-3 

RnCF 
Rn concentration at the interface between the vadose zone 

with residual NAPL and the capillary fringe 
Bq m-3 

RnNV 
Rn concentration at the interface between the vadose zone 

and the vadose zone with residual NAPL 
Bq m-3 

RnN Rn activity concentration in NAPL Bq m-3 

Rn0 Equilibrium Rn activity concentration in soil pores Bq m-3 

Rnw Rn activity concentration in water  Bq m-3 

S Pure compound solubility mg L-1 



Development of tools for the application of soil gas radon deficit technique to identify and 
quantify LNAPL in the subsurface 
 

 

 
 

Alessandra Cecconi                                                                                      Page 210 of 230 

SYMBOL PARAMETER UNIT 

Se Effective solubility mg L-1 

Sg Gas saturation - 

SN NAPL saturation - 

Sr,N Residual NAPL saturation - 

Swe  Effective water saturation -  

Sw Water saturation - 

T Temperature °C 

TPH  Total Petroleum Hydrocarbon mg kg-1 

u Upward soil gas velocity m s-1 

VHS Total headspace volume of the well L 

VOC Volatile organic compounds - 

X Mole fraction - 

α Van Genuchten parameter m-1 

αc Fluids interface contact  ° 

ε Rn emanation coefficient - 

θg Volumetric gas content - 

θN Volumetric NAPL content - 

θr,N Residual volumetric NAPL content - 

θr Residual volumetric water content - 
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SYMBOL PARAMETER UNIT 

θt Total porosity - 

θw Volumetric water content - 

λ Rn first order decay constant s-1 

μ  Dynamic viscosity of soil gas kg m-1 s-1 

ρN NAPL density kg m-3 

ρs Solid bulk density kg m-3 

σ Interface tension kg s-2 
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