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With dew about my feet, may I walk. 

With Beauty before me may I walk. 

With Beauty behind me may I walk. 

With Beauty below me may I walk. 

With Beauty above me may I walk. 

With Beauty all around me may I walk. 

With Beauty in me may I walk. 

(Navajo poem) 
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Preface 
Look deep into nature, and then you will understand everything better. 

(A. Einstein) 

 

The growing interest in environmental issues has generated a gradual change in the scientific 

approach to research in this field. The complexity of natural systems requires a deeper 

understanding of both various processes studied and their mutual interactions. In the recent past, the 

contribute of radioisotopes in such investigations has constantly increased due to their wide range of 

possible applications. Natural and anthropogenic radioisotopes decay can provide several 

information on natural processes and their evolution in time. Considering the aim of a research, the 

suitable radionuclides can be selected. In general, the dissimilarities in geochemistry and the 

complementarity in half-life time (such as for the members of Th and U radioactive series) enable 

the reconstruction and monitoring of environmental variations and anthropogenic contaminations in 

recent time as well as in more distant past. Moreover, the chemical properties and the wide natural 

distribution of some radioisotopes also allow their use as environmental tracers. Some books [e.g. 

1-3] offer an in-depth description of their applications and meanings in the environmental systems, 

giving a scientific interpretational key. In these pages, the attention is focused on the application of 

environmental radioactivity in the study of contaminations caused by refine hydrocarbon leakages 

in soils and groundwater. In particular, the physical process called alpha recoil, involving radium 

and radon isotopes, is analyzed and used in dating groundwater (Chapter 1) and subsoil NAPL 

(Chapter 2), and also to trace it (Chapter 3). On the one hand radium isotopes and their progenies 

are well known in researches on hydrogeological topics: recharge time in reservoirs, marine water 

mixing, submarine groundwater discharge and so on. On the other hand the complexity of the 

processes studied requires even more investigations in multiphase systems. This statement assumes 

a major relevance in presence of a pollutant that modifies natural equilibrium and increases this 

complexity such as in case of a contamination by refine hydrocarbons. Oil and its refine products 

are non-polar substances, immiscible with water, better known as Non-Aqueous Phase Liquids 

(NAPLs) in the environmental field. The data contained in this thesis and their discussion aim to 

expand and improve scientific knowledge in the use of radioisotopes as natural tracers and in dating 

techniques. The main contributes can be considered: 

 

1. A better understanding of the processes behind the retardation factors of 224Ra,228Ra and 226Ra in 

groundwater, proposing a method to estimate them with the use of non-polar liquids directly.  
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2. The development of a radiometric dating method based on environmental radioactivity to assess 

the age of NAPL contaminations. 

 

3. The evaluation of limits in applicability of radon as tracer (Radon deficit technique) in old NAPL 

contaminations, using data collected during the monitoring of a site contaminated by Methyl 

Tertiary Butyl Ether (MTBE) in the city of Rome (Italy). 

 

Each one of this point is discussed in a dedicated chapter. During the PhD Course, from each one of 

them together with other coauthors, a relative article was written and submitted (from chapter 1- 

Briganti A, Voltaggio M, Tuccimei P, Soligo M) or it is in submission (from chapter 2- Briganti A, 

Voltaggio M, Tuccimei P, Soligo M; from chapter 3- Briganti A, Tuccimei P, Voltaggio M, Carusi 

C, Galli G, Lucchetti C, Soligo M).  

 

In the first chapter, a new method, named NAPL method, for estimating retardation factor and 

recoil constant of radium isotopes in groundwater is described. The method is based on the evidence 

that alpha-recoiled radium ions, supplied by Th parent atoms occurring in phases immersed in 

NAPL are not adsorbed by solid phases. Experimental evidence is given that leucitic volcanic rock, 

zeolite 4A, clay minerals, monazite and manganese dioxide, all phases normally adsorbing radium 

from aqueous solutions, adsorb negligible amounts of radium when immersed in NAPL. This 

allows to use experimental data on rock samples, representative of porous aquifers, for estimating 

retardation factor and recoil constant of radium in groundwater without using radon data as a 

comparison term. The large difference in retardation factor estimation between the NAPL method 

and the method based on radon depends on the difference between the mechanism of recoil between 

radon and radium from aquifer rock into groundwater. Precise estimation of retardation factor and 

recoil constants of radium allows to apply equations ruling the temporal evolution of radium 

isotopes in groundwater and to determine its age. Implications are also described, useful for dating 

the contamination time of soils by NAPL fluids. 

 

The second chapter proposes a radiometric method to assess the age of refine hydrocarbons 

pollutions. In fact, dating NAPL leakages and spills still represents a critical issue with relevant 

consequences on legal attribution of responsibilities in case of environmental contamination. The 

mayor impact of this regards not only the environmental problem but also the economic effort 

required for remediation. Considering the ubiquitous presence of the environmental radioactivity 

and the natural physical process of alpha recoil related to some types of decay, the couple 
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228Th/228Ra is proposed to assess the age of NAPL releases. Recoiled 228Ra accumulates in NAPLs 

over time and then it decays in 228Th. A specific radiometric equation that calculates the temporal 

variation of their ratio is defined to date these contaminations in a range of maximum 20 years 

before present. After having verified the detectability of alpha-recoiled nuclides in kerosene and in 

distilled water by γ-spectrometry, a new specific radiometric method is developed by lab tests. 

Regards to possible constrains and limits, radium partition coefficient between water and kerosene, 

adsorption experiments of Ra-enriched fluids (distilled water and kerosene) on zeolite (4A type) 

and dating tests on artificially and naturally polluted samples are performed. On the one hand the 

use of Ra-enriched materials (monazite sand, pyroclastic rock and Welsbach mantles) overcomes 

the absence of reliable ages of real NAPL contaminations to verify the results of the proposed 

method. On the other hand the applications of the method on real polluted samples corroborates the 

suitability of this radiometric dating pair for soil and groundwater contaminations attributable to 

refine hydrocarbons. The method also comprehends a specifically developed extracting procedure 

to recover NAPLs from soils and groundwater. The results show the alpha recoil generates 

accumulation of radium in NAPLs, while chemical exchanges with soil and water are negligible. 

The ages measured in all the samples corresponds to the real ones (lab samples) or to the most 

probable time interval of contamination (real cases), suggested by site history. The applicability of 

radiometric dating based on alpha recoil to NAPL contaminated sites opens a new horizon in 

research and in the management of environmental remediation. The possibility to obtain an absolute 

age eliminates the previous uncertainties on timeline of NAPL contaminations, offering a useful 

tool in monitoring and studying of NAPL leakages.  

 

The third chapter presents the study of a real environmental contamination occurred in a fueling 

station in Roma (Italy). It was dismissed about 15 years ago. When underground tanks were 

removed, a subsoil NAPL contamination came out, showing gasoline leakage from the reservoirs 

bottom. Monitoring actions took place next and only recently radon dissolved in groundwater was 

measured and used as tracer of NAPLs in view of its high solubility in these substances. The 

relative deficit of radon in polluted groundwater compared to radon levels in background “clean” 

water allows to detect areas where residual gasoline is located. After 15 years of degradation and 

volatilization, only residual MTBE (a resistant additive introduced in place of lead) is still 

detectable. When groundwater table rises, removal of MTBE takes place, increasing its 

concentration in groundwater and generating a short and transient plume. MTBE concentration in 

groundwater is then progressively reduced because of natural attenuation processes. The half-life of 

this dissipation was estimated at about 23 days. Radon-deficit in groundwater from 12 monitoring 
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piezometers was determined for a period of twelve months, from September 2018 to September 

2019. The source of pollution, where former underground gasoline tanks were placed, is clearly 

evidenced by local low radon activity concentration. This finding is strengthen by direct 

measurements of higher contents of dissolved MTBE. A short and transient plume of 

contamination, elongated in the direction of groundwater flow, has been also periodically 

recognized using radon-deficit, as well as direct chemical analyses. Quantifying dissolved MTBE 

from radon-deficit equations is difficult and problematic when gasoline spillage is not recent, since 

only residual and strongly degraded NAPLs occur. Steady-state-radon partitioning model and one-

dimensional model for radon transport with NAPL partitioning are not applicable in this case 

because basic assumptions are not respected. The aquifer is not homogeneous in terms of 226Ra 

distribution, porosity and emanation power and no equilibrium is reached for radon partition 

between NAPL and water. Furthermore, MTBE is soluble in water, but it is not representative of the 

mixture of substances presumably still sorbed onto the solid matrix of the aquifer. Additional 

information could be provided by in situ measurements of soil gases (radon, carbon dioxide and 

methane) and by studies on the natural bio-degradation of gasoline. 
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Using NAPLs for estimating retardation factor and recoil rate 
constant of radium in groundwater 
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1 Introduction 
The retardation factors of 224Ra,228Ra and 226Ra, according the theory of Krishnawami [1] are equal 

to the 222Rn/224Ra, 220Rn/228Ra and  222Rn/226Ra activity ratios, respectively [2]. In particular, the 

general equation for retardation factor Ri of a radium isotope i is expressed as: 

Ri = 1 + [ks /(kd + λi)]                               (1) 

ks and kd being the radium sorption and desorption rate constants, respectively, and λi the decay 

constant of the radium isotope of mass number i. 

Aquifer rock supplies radon to groundwater predominantly by alpha recoil and this supply is orders 

of magnitude higher than that from in situ radium decay or rock dissolution [1]. In this paper, radon 

activity in groundwater as a measure of the supply of other alpha daughters of the same decay chain 

will be questioned. We will give experimental evidences that the rate of radium supply to 

groundwater, by alpha recoil, differs from that of radon. As a consequence, retardation factors, 

recoil rate constants and residence time of radium in groundwater should be reconsidered, having 

previously been probably overestimated. 

It is useful reconsidering the phenomenon of radon emanation in air from solid materials for 

understanding the difference between radon behavior and that of the other elements of the same 

natural radioactive decay series in groundwater [3]. A convincing description and analysis of the 

production of radon emanation in material particles was given by Maraziotis [4]. He divides the 

radon emanation coefficient f into three components: fr, the direct recoil component, fp, the 

intraparticle pore recoil component, and fd, the solid diffusion component. The equations ruling 

these three components are: 

  𝒇r = 3Rc
4α

− 1
16

· �Rc
α
�
3
                           (2a) 

 

𝒇p = Rc·k(1+k)
2rp

− 1
16

· �Rc
α
�
3
                    (2b) 
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  𝒇d = 3
α

· �1 − 𝑓r − 𝑓p� · �D
λ
                   (2c) 

where: 

Rc = recoil range in the particle (nm) 

α  = radius of the particle (nm) 

k  = porosity of the particle 

rp = radius of the pore in the particle (nm) 

D = intraparticle diffusion coefficient (nm2 sec-1) 

𝜆  = radon decay constant (sec-1) 

In the case of 220Rn the situation is even simpler than 222Rn, since fd, due to the 220Rn short half-life, 

can be neglected at ambient temperatures [5]. 

Figure 1 shows the two main components of 220Rn emanation coefficient and their ratio versus the 

radius of the particle for a tern of assigned conditions to k, rp and Rc, according Eqs. 2a-2c. The 

inversion of the importance of fp over fr depends on a critical value of particle radius. 

 

 
Fig.1 Main components (fp= intraparticle pore recoil , fr = direct recoil) of 220Rn emanation coefficient vs. particle 

radius, according the model of Maraziotis [4]. Bottom: ratio between the main components vs. particle radius. 

Assigned conditions (Eq.2a-2c):k = 0.30, rp 30 nm, Rc =30nm. 

 

Considering radon emanation in groundwater in saturated aquifers, if nanopores were quite filled by 

water and production of radon and radium should occur only by alpha-recoil, then the radon/radium 

ratio in groundwater should represent actually the radium retardation factor. However, if water 

continuity in nanopores is interrupted by confined air [6-7], recoiled radium, differently from radon, 

fastly attaches to nanopore walls (Fig.2a). 
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Fig. 2 Different models of radon and radium production (applied to 232Th series). A : 224Ra and 220Rn production in 

nanopores. B: 224Ra and 220Rn production by direct recoil: 224Ra is distributed differently from 228Th covering also the 

grain surface. C: “back diffusion” of 220Rn inside the damage. 

 

Although the presence of nanopores within the rock as intermediary channels for radon trasport [8], 

has been questioned [9], at least other two factors would undermine the use of radon as a reference 

element for radium retardation in aquifers. The first one, expressed by a chemically based model, is 

the very probable initial different distribution of thorium and radium [10-11] in particle grains of an 

aquifer. In fact, 230Th and 232Th, parent radionuclides of 226Ra and 228Ra respectively, are mainly 

localized within particle grains. Differently, 226Ra and 228Ra, parent radionuclides of 222Rn and 
220Rn respectively, are localized also on the surface of a particle grain due to prolonged sorption of 

soluble radium (Fig.2b). In this case, that is when the bulk of radium is deposited on the surface of 

the grains, the radon emanation does not depend on the grain size at least in the micronic range [12]. 

The second factor, called also “back diffusion” or “indirect recoil”, predicts that alpha-recoil of 

radionuclides of the 238U and 232Th radioactive series produces damages in the ordered structures of 

crystalline phases and of the locally nano-ordered structures of “amorphous” phases. As a 

consequence, radon may migrate within the radiation damage (Fig.2c), because it does not 

chemically combine or interacts with other atoms on the walls of the damage [13-14], differently 

from charged atoms of radium. Some models [12,15] include this effect of embedding (implantation 

of recoiled atom in the solid) inside a nanopore. Differently, implantation between grains is rarely 
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modelled, although important for sufficiently small grains. Some studies have reknown the 

importance of implantation in adjacent grains for radon emanation, partially modelling it in water 

saturated porous media [16-17]. These studies highlight that in a water saturated medium, also when 

radium is distributed at the surface of submicronic particles, for decreasing values of the diameter of 

the particles, the radon emanation decreases dramatically by implantation effects. Since, as 

mentioned before, back diffusion is active only for radon and not for radium, these phenomena 

introduce an initial heavy bias in calculations of retardation factor based on comparison between 

radon and radium. 

When the parent nuclide is distributed on a grain surface, the fraction of daughter radionuclide, 

emitted by alpha recoil, which does not implant in adjacent grains but tops in pore space, named fa, 

shall be equal to [17-18]: 

fa = 0.5·δ   (3) 

where δ is the ratio between the pore size (w) and the range of recoil in the fluid (RF).  

This quick overview of previous studies reveals that to attempt of modelling the radon and radium 

release by alpha recoil effects is generally very complicated and ultimately unrealistic. It is 

therefore necessary to resort to some other experimental tool for establishing radium retardation 

factor and for verifying if radon can be actually taken as a reference for radium retardation factor . 

The importance of the retardation factor for radium concerns not only the problem of radionuclide 

transport in groundwater because of the possible release of nuclear waste products into aquifer [1] 

but also the intriguing challenge of use radium isotopes for groundwater dating [19-21]. 

According to the model of evolution of the activity concentration of a given Ra isotope in a 

groundwater hosted in a porous aquifer [19-20] when secular equilibrium is assumed between a 

radium isotope and its direct parent, then the evolution of its activity over time in groundwater is 

described by the following equation [22-23]:  

iRaw=[(∆+Γi)/(Φ·λi·Ri)]·[1-exp(-λi·Ri·T)]·iRar·ρr + iRaw(0)· exp(-λi·Ri·T)         (4) 

where: 
iRaw = activity of radium isotope i in groundwater at time t (mBq·L-1) 
iRaw(0) = initial activity of radium isotope i in groundwater  (mBq·L-1) 

∆ = dissolution rate constant (a-1) 

Γi = recoil rate constant (a-1) of radium isotope i 

Φ = porosity of the aquifer rock (varying from 0 to 1) 

T= residence time of the groundwater in the aquifer 
iRar = activity of radium isotope i in the aquifer rock (mBq·kg-1) 

ρr = bulk density of aquifer rock 
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λi = decay constant of the radium isotope i 

Ri= retardation factor of the radium isotope i 

Κi = effective decay constant = (Ri·λi) + p                         (5) 

where : 

p = radium precipitation rate. 

 

In particular, if both precipitation from groundwater and initial activity of Ra isotopes can be 

neglected, Eq.4 reduces to: 

 iRaw =[ (∆+Γi)/(Φ·λi·Ri)] ·[1-exp(-λi·Ri·T)] ·iRar·ρr          (6) 

For radium isotopes of short mean life (223Ra and overall 224Ra) both dissolution constant and 

exponential term are close to zero andEq. 6 becomes, for example in the case of 224Ra: 
 224Raw =[ (Γ224)/(Φ·λ224·R224)] ·224Rar·ρr                          (7) 

The recoil rate constant Γι of a radium isotope i, called also recoil ejection/loss rate, is in turns equal 

to the product of the constant decay λi of the radium isotope i and the recoil ejection/loss factor fα, 

the fraction of radium isotope i lost by α-recoil in a bulk sample [24]: 

Γι  =λi· fα                                                                                           (8a) 

 ThereforeEq.7 can be rewritten as: 
224Raw =[ (fα 224)/(Φ·R224)] ·224Rar·ρr                    (8b) 

It is opportune to remember that theoretically, in a porous medium, fα  is the sum of fr, the direct 

recoil component, and fp the intraparticle pore recoil component, provided that implantation effects 

can be neglected. If also the intraparticle pore recoil component, due to presence of air in 

nanopores, can be neglected then fα = fr and it easily calculated from Eq.2a. 

Therefore the retardation factor for 224Ra in a porous aquifer, in turns, can be theoretically found by 

knowing 224Raw, 224Rar, Φ, ρr and fα:  

R224  =[ (fα 224)/(Φ·224Raw)] ·224Rar·ρr.                  (9) 

Eq.1 shows that, generally, the retardation factor R depends also on λ, and for nuclides having λ<< 

kd, which is generally the case for 228Ra and 226Ra in groundwater [1,25-26], it follows that: 

R228 ≈ R226 ≈ 1 +[ks/(kd)]  ≠  R224 =  1 + [ks /(kd + λ224)]          (10) 

The point then reduces to find:  a) the retardation factor, b) the dissolution constant and c) the recoil 

constant, the three main unknown required for calculating groundwater residence time through 

radium isotopes. 
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1.1 Experimental estimation of the retardation factor 

Eq.1 is valid for each radium isotope i when the system is at a steady state relatively to a particular 

radium isotope i, that is, when the sum of the production rate and desorption rate constant of isotope 

i equals the sum of the activity in water and adsorption rate constant of isotope i. For shallow 

aquifers this condition is generally always satisfied for radium isotopes of shortest life as 224Ra and 
223Ra. The radium production rate in water is generally monitored by radon which, as shown before, 

could have an emanation efficiency different from that of radium. This last difficulty can be over 

passed for a porous aquifer by immersing a representative sample of aquifer rock in a non-aqueous 

phase liquid (NAPL). In these fluids, the phenomena of adsorption of inorganic ions, as it will be 

shown, should be negligible. Up to now the most complete study on this topic is the one of 

Wainipee and coworkers [27] which has clearly shown as oil coating reduces As(V) adsorption by 

decreasing the available surface area of clay minerals. Infact, polar organic compounds, contained 

in NAPL, adsorb onto the mineral surfaces so that the saturation of adsorption sites and the low 

mobility of the adsorbed organic polar compounds [28] determine a situation similar to that 

occurring in aqueous fluids at high salinity where the retardation factor for radium is close to 1. In 

fact clay edges and asperities are pinning points for the oil being negatively or positively charged. 

The polar components (as, for example, negatively charged carboxylic, naphthenic acids and 

positively charged amines, cationic surfactants, pyridines) with opposite charges are adsorbed onto 

the surface of the aquifer rock providing, in turns, surfaces of low interaction energy with the oil 

[29]. 

In a non-polar liquid like NAPL, where dissolution does not occur and adsorption is negligible, 

retardation factor of ions, RNAPL, is equal to unity. For Eq.9 it can be posed, after 20 days, that: 

 

 1 =[ (fα 224)/(Φ·224RaNAPL)] ·224Rar·ρr                                           (11) 

where 224RaNAPL is  the activity of 224Ra in NAPL ;  

therefore :  
224RaNAPL=[(fα224)/(Φ)]·224Rar·ρr                                                     (12) 

By experimental tests it is also possible to find fα 224 simply from the equation : 

fa224 = 224RaNAPL · ml of NAPL in immersion test / 224Rar ·grams of rock in immersion test    (12a) 

 

and successively to find Γ224 from Eq.8a. Since experimentally it is possible to get close to the bulk 

density and porosity of the aquifer rock, by dividing Eq.12 with Eq.8b, retardation factor of 224Ra 

can be determined also without knowing fα : 
224RaNAPL/224Raw = R224                                    (13) 
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In this paper, these two experimental ways to estimate recoil rate constant Γ224 (Eq.8a-Eq.12a) and 

retardation factor R224 (Eq.13) will be called “NAPL method”. This method can be experimentally 

applied also to 228Ra after a time of immersion of the order of 1-2 years. 

Since the retardation factor and recoil rate constant can be estimated also theoretically, as before it 

has been previously shown, their experimental estimation strengths any model based on their simple 

theoretical estimation.  

At this point another problem is how to find the retardation factor for 228Ra and 226Ra. The R228/R224 

ratio can variate theoretically [1] between 1 and the λ224/λ228 ratio (about 273). However this 

variation in the real world could be narrower. In a recent paper [22] this ratio is assumed equal to 1 

and the desorption rate constant (kd) of 226Ra and 228Ra has been evaluated much greater than the 

decay constant of 224Ra (= 0.19 day-1). Other authors [19,30-31] have found that kd values are not 

less than 0.5· λ224. Remembering therefore that λ228 << kd , for Eq.1 it can be posed fromEq.10: 

(R228-1)/(R224-1) = (kd + λ224)/ kd = 1 + λ224/ kd         (14a) 

Costraining the value of kd to ≥ 0.5 ·λ224,  then: 

3 ≥ (R228-1)/(R224-1) ≥ 1                                          (14b) 

which can be rewritten: 

3-(2/R224) ≥ R228/ R224 ≥1                                        (14c) 

and a fast check will show also, R228 and R224 being by definition ≥1, that the R228/R224 ratio should 

range between 1 and 3.  

Let us consider now the values of R228 and R224 calculated from kd and ks constants available in 

literature for 25 groundwater of 12 different aquifers: these values can be used to calculate the 

R228/R224 ratio (Fig. 3). 

 
 

Fig. 3 Radium retardation factors from literature: R228 and R224 in groundwater samples from 12 different aquifers. 

Samples from aquifers 1-7: data in [19]; from aquifers 8-10: data in [1]; from aquifers 11-12: data in [30-31]. 
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When plotted together the best fitting through origin gives a straight line whose slope, equal to the 

R228/R224 ratio, is close to 1.75.  

The value of R226 ≈ R228 can therefore be estimated to 1.75 times the value of R224. 

It may seem strange that data on retardation factors, derived from the Krishnawami method, i.e. 

involving radon as a monitor for radium, are used to obtain a valid relationship between the 

retardation factors of 224Ra and 228Ra. The fact is that while the absolute values of retardation 

factors depend strictly on the used method, the relationship between them does not depend on it. In 

fact the retardation factor of each isotope is the ratio of the production rate (monitored by radon in 

the method of Krishnawami) and the expected content of each isotope at secular equilibrium [32]. 

Therefore, when the retardation factors are divided each other, the eventual amplifications or 

underevaluations of production rates, measured using eventually radon, cancel each other too. 

If, basing on values derived by literature, it can be established that the retardation factor of 228Ra is 

about 1.75 times that of 224Ra,  it is sufficient find R224 by Eq.12 or Eq.13 for calculating R228 and 

R226, being R228 ≈ R226. 

 

1.2 Application to groundwater dating by radium isotopes  

Let us consider now equations, describing the evolution of 228Ra and 226Ra over time, when their 

initial activity can be neglected: 
228Raw =[ (∆+Γ228)/(Φ·λ228·R228)] ·[1-exp(-λ228·R228·T)] ·228Rar·ρ                       (15) 
226Raw =[ (∆+Γ226)/(Φ·λ226·R226)] ·[1-exp(-λ226·R226·T)] ·226Rar·ρ                       (16) 

By dividing the two equations each other: 

(228Raw/226Raw)/(228Rar/226Rar)= 
= [(∆228+Γ228)/(∆226+Γ226)]·(λ226/λ228)·{[1-exp(-λ228·R228·T)]/[1-exp(-λ226·R226·T)]}               (17) 
 

Assuming dissolution rate constants of 228Ra and 226Ra be equal (congruent dissolution), three 

typical different cases are possible : 1) dissolution rate constants are negligible, 2) dissolution 

prevails over α-recoil phenomena, 3) initial activity of 228Ra and 226Ra cannot be neglected but their 

dissolution constant can be neglected.  

 

1.2.1 Dissolution rate constants are negligible 

Remembering that Γ228 = fα228 ·λ228 and Γ226 = fα226·λ228 it obtains: 

(228Raw/226Raw)/(228Rar/226Rar)=[(fα228/fα226)]·{[1-exp(-λ228·R228·T)]/[1-exp(-λ226·R226·T)]}   (18) 

The fα of a radium isotope i depends on its recoil range in the particle, iRc (see Eq.2a-2b) which, in 

turns can be calculated by the following equation [33]: 
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iRc = (M1+M2) (M2·EM1·K) (Z1
2/3 + Z2

2/3)1/2/(M1Z1Z2)                          (18b) 

 where EM1 is the initial recoil energy of a nucleus of mass M1 and atomic number Z1, moving in an 

absorber of average mass M2 and average atomic number Z2, K is a constant value (6.02), iRc is 

given in nm and EM1 is given in keV. 

In general  fαi /fαi’ = iRc/i’Rc ≈ EMi / EMi’  ≈ Qαi/Qαi’                               (18c) 

where Qα  is the alpha decay energy  of radium parent. 

Therefore fα228/fα226 =
228Rc/226Rc = 0.86 and remembering that R228≈R226 it obtains: 

(228Raw/226Raw)/(228Rar/226Rar) = 0.86· {[1-exp(-λ228·R228·T)]/[1-exp(-λ226·R228·T)]}       (19) 

We can assume to fall back into this case only if the left member of Eq.19 is ≥ 1. Now if R228·T>> 

1/λ228 the exponential term of Eq. 15 can be assumed equal to zero and being also dissolution rate 

constants equal to zero, R228 can be simply estimated knowing porosity, radium content of the rock, 

bulk density of aquifer rock and fα228 by: 

R228=[fα228·228Rar] · ρr /[(Φ·λ228)·228Raw]                                            (20) 

By using the NAPL method for 224Ra, from Eq.12 we can obtain fα224 and, from Eq.18c, fα228 = fα224 

·228Rc/224Rc = fα224 · 0.74 ; then, from Eq.20, it is possible estimate R228. 

Alternatively if R228·T is not much higher than 1/λ228  we can estimate R228 by Eq.12, measuring 

224Raw and remembering that R228 ≈ 1.75·R 224, 

 R228≈1.75·224RaNAPL/224Raw≈1.75·R224                                               (21) 

 

1.2.2 Dissolution prevails on alpha recoil phenomena 

In this case Eq. (17) becomes: 

(228Raw/226Raw)/(228Rar/226Rar )= 

=(∆228/∆226)·(λ226/λ228)·{[1-exp(-λ228·R228·T)]/[1-exp(-λ226·R226·T)]}   (22) 

We can assume to fall back into this case only if the left member of Eq.19 is ≥ (λ226/λ228). In case of 

congruent dissolution, ∆228 = ∆226, therefore: 

(228Raw/226Raw)/(228Rar/226Rar)=(λ226/λ228)·{[1-exp(-λ228·R228·T)]/[1-exp(-λ226·R226·T)]}           (23) 

If ∆228 ≠∆226, dissolution rates can be however estimated by literature values [23].  

 

1.2.3 Initial activity of 228Ra and 226Ra cannot be neglected – dissolution constant can be 

neglected 

If initial activity of 226Ra and 228Ra cannot be neglected then: 
228Raw =[ (Γ228)/(Φ·λ228·R228)] ·[1-exp(-λ228·R228·T)] ·228Rar·ρr +  228Raw(0) exp(-λ228·R228·T)   (24) 
226Raw =[ (Γ226)/(Φ·λ226·R226)] ·[1-exp(-λ226·R226·T)] ·226Rar·ρr +  226Raw(0) exp(-λ226·R226·T)     (25) 
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Since Γ228/λ228 = f228  ; Γ226/λ226 = f226  and fα228 = fα224 ·228Rc/224Rc = fα224 · 0.74  

 fα226 = fα224 ·226Rc/224Rc = fα224 · 0.86 then: 

 
228Raw ={ [ (fα224 ·0.74 )/(Φ·R228)] ·[1-exp(-λ228·R228·T)] ·228Rar·ρr } + 228Raw(0) exp(-λ228·R228·T)    (26a) 
226Raw ={[ (fα224 · 0.86 )/(Φ·R226)] ·[1-exp(-λ226·R226·T)] ·226Rar·ρr } + 226Raw(0) exp(-λ226·R226·T)    (26b) 

By manipulating Eqs. (26a-26b):  

[228Raw - 228Raw(0) · exp(-λ228·R228·T)]/[ 226Raw - 226Raw(0) · exp(-λ226·R226·T)] = 

{[1-exp(-λ228·R228·T)]/[1-exp(-λ226·R226·T)]}·(228Rar/226Rar)·(0.74/0.86)                  (27) 

 

By knowing 228Raw(0), 226Raw(0) and being R228=R226, then T can be determined since all others terms 

are constants (λ) or measured activities (Raw, Rar). 

 

1.3 Dating ground water from Alban Hills aquifer of Red Pozzolane 

The radium retardation factor, obtained by applying the NAPL method, will be applied to determine 

the residence time of groundwater hosted in Red Pozzolane (PR) aquifer rock of the volcanic region 

of Alban Hills (Rome). The PR hydrogeological complex consists of generally massive and chaotic 

pyroclastic deposits from the activity of Alban Hills Volcanic District with mean thickness in the 

order of 20 meters. The complex is characterized by a medium to medium-high permeability due to 

a high porosity locally diminished by processes of zeolitization. This complex constitutes the main 

aquifer of the whole city of Rome, particularly in the area on the left bank of Tiber, where the 

complex is extensively spread with continuous and relevant thicknesses [34]. Scoria clasts in the PR 

flow deposits are scarcely porphyritic containing millimetre-sized fresh leucite with subordinate 

clinopyroxene. Primary leucite is commonly replaced with analcime [35]. The groundmass is 

largely formed by leucite microcrysts with star-like habit and by glass turned to zeolites and/or 

halloysite [36]. The presence of abundant leucite has required a study on adsorption of radium onto 

leucite. As an example of application of the NAPL method, we describe and discuss in this paper an 

attempt of measuring the age of groundwater from a piezometer well excavated inside the Red 

Pozzolane in proximity of the perypheral part of this hydrogeological unit.  
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2 Materials and methods 
Determination of radium isotopes in solids and liquids were carried out by high resolution gamma 

spectrometry with an EG&G Ortec solid-state photon detector (HPGe) and Coaxial detector system, 

following procedures and standardization methods described in a previous paper [23].  

 

2.1 Application of the NAPL method for determinating radium retardation factor and recoil  

constant of a Th-enriched pyroclastic rock 

The sample chosen for initial experimentation is a Th-enriched, highly porous pyroclastic rock 

mixed with diatomite just outcropping between diatomite beds and a deeply altered leucititic-

tephrite, from the quarry of Casale Morticini (CM) close to Montefiascone (Vulsini volcano, 

Latium, Italy). In the volcanic area of Mts. Vulsini, subduction-related metasomatic enrichment of 

incompatible elements in the mantle source coupled with magma differentiation within the upper 

crust has given rise to melts particularly enriched in U, Th and K [37]. Alteration for exhalation 

phenomena of CO2 and H2S-rich gases resulted in very abundant amorphous silica with scarce 

halloysite 10Å and allophane [38]. The XRD spectrum of the sample highligthed hydrothermal 

quartz and jarosite as main minerals, as it often occurs in other similar degassing areas of Latium 

[39], and also a broad band with the equivalent Bragg angle at 2θ = 22°, which indicates that the 

bulk of material is amorphous. 232Th activity of the bulk rock (CM), measured by high resolution 

gamma spectrometry, is very high, close to 1,980 Bq kg-1 (500 ppm of Th), about five times the 

average of Vulsini volcanic products. A subsample (CM-1) was obtained by sieving a pulverized 

sample of CM and selecting the fraction passed at the 120 ASTM mesh (< 125 µ). The fraction was 

measured for 232Th, giving a content of 232Th close to 2,900 Bq kg-1 (732 ppm). Particle bulk 

density, ρr, and porosity Φ of CM-1 were evaluated according standard procedures. Size distribution 

of the CM-1 subsample was obtained in wet mode by a laser particle size analyser, model Sympatec 

Helos, equipped with He–Ne laser source. The morphological characterization was performed on 

the fraction lower than 0.125 mm obtained by dry screening. Then 18 grams of CM-1 were 

immersed in 41 ml of kerosene (PIC 143467, density 0.9 g mL-1) for 20 days. Successively 

kerosene (sample CM1-aK) was separated from rock powder and after waiting two days for 

establishing radioactive equilibrium between 224Ra and 212Pb, 224RaNAPL of sample CM1-aK was 

measured (through 212Pb activity) taking in account the decay of 224Ra from separation time and 

also during the gamma counting time. It is necessary to keep in mind that when the intraparticle 

pore recoil component can be neglected, then fα coincides with fr and Eq.12 can be rewritten as: 

224RaNAPL =[ (fr 224)/(Φ)] ·224Rar·ρr                                                   (28) 
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Therefore fr 224  = (Φ/ρr)·(224RaNAPL/224Rar)                                       (29a) 

Then, according Eq.2a : 

fr 224  = 3Rc
4α

− 1
16

· �Rc
α
�
3
= (Φ/ρr)·(224RaNAPL/224Rar)                               (29b) 

From Eq. 29b , by knowing the recoil range Rc in the particle, Φ, ρr, and the 224RaNAPL/224Rar ratio, 

the particle average diameter can be estimated and compared with the value found by laser 

granulometry. 

Others 18 grams of CM-1 were immersed in 41 ml of distilled water for 20 days. Then after 

separation of water (sample CM-1bW) from rock powder and after waiting two days for 

establishing radioactive equilibrium between 224Ra and 212Pb, 224Raw was measured (through 212Pb 

activity) taking in account the decay of 224Ra from separation time and also during the gamma 

counting. 

Others 18 grams of CM-1 (sample CM-1cW) were immersed in 250 grams of distilled water and the 

emanation coefficient of thoron (f220) in water was measured by using Durridge 7 radonometer. 

Fnally, CM bulk sample, after drying at 105°C, was divided in two portions of 50 grams which 

were saturated with and then rinsed in kerosene (sample CMB-1K) and distilled water (CMB-1W), 

respectively, in flasks of 250 cc. After two years the liquid samples were separated from the rock 

powder and 228Ra was determined in samples by gamma spectrometry through measurement of 
228Ac activity.  

 

2.2 Adsorption of radionuclides on manganese dioxide immersed in kerosene and recoil 

constant of 224Ra supplied from 228Th adsorbed on manganese dioxide  

The material used for experiments was manganese dioxide black powder (MDBP) of Carlo Erba, 

(BET surface area: 4 m2g-1). Since a long time, manganese dioxide is known as a powerful 

adsorbent of bivalent cations as Ra2+ and Pb2+ thus to highligth the difference of Ra and Pb 

adsorption on MnO2 when immersed in water or in NAPL can be useful. The adsorption kinetics in 

water is very fast and after 30 minutes about 90% of lead and 50% of radium is removed from 

aqueous solutions in presence of MnO2 [40-42].  

The size distribution of MDBP was obtained in wet mode by a laser particle size analyser, model 

Sympatec Helos, equipped with He–Ne laser source. The morphological characterisation was 

performed on the fraction lower than 0.125 mm obtained by dry screening. Particle bulk density ρr 

of MDBP and porosity Φ were evaluated according standard procedures. 
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2.2.1 MDBP-1K and MDBP-H 

Two Th-Welsbach mantles were immersed for a time of two years in 50 ml of kerosene obtaining a 
228Ra, 224Ra enriched kerosene (K2-WM). 10 ml of K2-WM containing a known amount of 212Pb 

and 228Ra were added with 0.1 g of MnO2 and, after stirring for 30 minutes, kerosene (sample 

MDBP-1K) was separated from MnO2 and suddenly counted for detecting 212Pb and, after one day 

(to equilibrate 228Ac with 228Ra), 228Ra was also detected by counting 228Ac activity.  

10 ml of n-hexane was added to 0.1 ml of kerosene resulting from evaporation of 10 ml of K2-WM. 

Then n-hexane was addictioned with 0.1 g of MnO2 and, after stirring of 30 minutes, n-hexane 

(sample MDBP-1H) was separated from MnO2 and suddenly counted for detecting 212Pb and after 

one day (to equilibrate 228Ac with 228Ra), 228Ra was also detected by counting 228Ac activity.  

 

2.2.2. MDBP-2 

10 ml of kerosene containing a known amount of 228Ra were extracted by complexation of radium 

with thenoyltrifluoroacetone (TTA) and trioctylphosphine oxide (TOPO) [43] in n-hexane, from an 

aqueous radium solution obtained by chromatographic separation from thorium of a standard Th 

solution. Then kerosene was addictioned with 0.1 g of MnO2 and, after 30 minutes of stirring, 

kerosene (sample MDBP-2) was separated from MnO2 and counted after one day, (to equilibrate 
228Ac with 228Ra), for detecting 228Ra by counting 228Ac activity.  

 

2.2.3 MDPB-3 (NAPL method) 

In another experiment, 10 ml of a standard Th solution in concentrated nitric acid (1 mg· ml-1 of 
232Th in secular equilibrium) was slowly dried on 16.0 grams of MDBP by continuous stirring at T 

<80°C. HNO3 treatment should increase greatly the surface area [44]. In these conditions thorium 

nitrate (density 2.8 g·cm-3) should cover the MnO2 grains (specific surface 4 · 104 cm2 g-1)with a 

thickness lower than 0.2 nm, a trascurable fraction of the recoil range of alpha recoiled atoms in 

thorium nitrate (30 nm), simulating Th adsorption conditions and 224Ra recoil occurring only from 

the surface of the grains. After drying Th-enriched MDBP (MDBP-3), a subsample of 8 grams 

(sample MDBP-3a) was immersed in 30 grams of kerosene for 15 days to allow a stationary 

equilibrium between surfacial 228Th and 224Ra generated by alpha recoil. Then kerosene was 

separated by centrifugation and filtration and finally counted for 212Pb after 2 days for allowing 

radioactive equilibrium between 212Pb and 224Ra. 224Ra was determined after correction for its decay 

between separation time and initial counting and for decay during counting. Another subsample of 8 

grams (MDBP-3b) was immersed in 30 grams of water and the activity of 220Rn emanated in water 

was measured by Durridge 7 radonometer. 
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2.3 Adsorption of radium on zeolite 4A  

Zeolites of A family, also known as LTA (Linde Type A), are extensivey used as radium adsorbers 

[45-46]. In 4A zeolite (chemical structure formula: Na12[(AlO2)12(SiO2)12]·(27H2O) negative 

charges, formed in the tetrahedral framework, are compensated by Na+. In many volcanic aquifers, 

as the aquifer we studied in this paper, zeolites constitute a mineralogical phase very important as 

phases sinking radium. 

 

2.3.1. Z4A-1 

2 grams of zeolite 4A (Bis Italia s.r.l.) were immersed in 20 ml of kerosene containing a known 

amount of 224Ra (recoiled from Th-Welsbach mantle after a time of contact with kerosene of two 

weeks) for two days. 

Then kerosene (sample Z4A-1) was separated from zeolite 4A and after two days (for equilibrate 
212Pb with 224Ra) was counted for 224Ra, measuring 212Pb activity in high resolution gamma 

spectrometry, taking in account the correction for 224Ra decay between separation time and initial 

counting and for 224Ra decay during counting. 

 

2.3.2. Z4A-2 

2 grams of zeolite 4A were immersed for two days in 20 ml of kerosene containing a known amount 

of 228Ra extracted by complexation with TTA and TOPO in n-hexane from a radium solution 

obtained by chromatographic separation from thorium of a standard Th solution. Then kerosene 

(sample Z4A-2) was separated from zeolite and after one day (for equilibrate 228Ac with 228Ra) it 

was measured for 228Ra by counting 228Ac activity in high resolution gamma spectrometry. 

 

2.3.3. Z4A-3 

2 grams of zeolite 4A were immersed and stirred for two days in a solution of 20 ml of water at pH 

5.5 containing a known amount of 228Ra obtained by separation in anionic resin from a standard Th 

solution. After stirring, as yet observed by other authors [45], pH was found to variate up to a value 

of 9.5. Then water (sample Z4A-3) was separated from zeolite and after one day (for equilibrate 
228Ac with 228Ra) was measured for 228Ra by counting 228Ac activity in high resolution gamma 

spectrometry. 

  

2.4 Adsorption of radium isotopes on Dunarobba clay  

The pliocenic clay of Dunarobba fossil forest [47-48] contains numerous clay minerals: 

montmorillonite and saponite, mixed layered chlorite-montmorillonite, illite, chlorite, kaolinite with 
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trace quartz and calcite. The sample S8N1, containing a low content of organic matter (3%) ,was 

selected for adsorption experiments for its low 224Ra activity (0.01 Bq g-1) in secular equilibrium 

with 232Th [49]. 

200 milligrams of thorium in acid nitric solution were dried. The dried powder was immersed in 50 

ml of kerosene. After two weeks of contact, kerosene was filtered and, after two days (for 

equilibrating 212Pb with 224Ra) 224Ra was measured from 212Pb activity, taking in account decay 

correction. Kerosene contained about 1.46 Bq of 224Ra. This was a sufficient amount for adsorption 

experiments. Then a first sample (S8N1-1), prepared adding 0.75 grams of S8N1 (fraction 60-120 

mesh) to 25 ml of a 224Ra–enriched kerosene solution and a second sample (S8N1-2), prepared in 

the same way, were stirred for one and three days, respectively. After stirring, kerosene phase of 

S8N1-1 and S8N1-2 was separated by centrifugation and after two days (for equilibrating 212Pb with 
224Ra) each sample of kerosene was counted for 224Ra by measuring 212Pb activity and taking in 

account appropriate corrections for 224Ra decay. 

0.6 grams of S8N1 were added to 20 ml of a 228Ra aqueous solution (228Ra activity: 3.8 Bq) at pH 

7.0 and stirred for three days. Then water (sample S8N1-3) was separated from clay by 

centrifugation. After one day was measured the 228Ra content in solution by measuring 228Ac in high 

resolution gamma spectrometry. 

 

2.5 Monazite in contact with NAPL  

35 grams of a very pure monazitic sand were immersed in 10 ml of kerosene. After 20 days 

kerosene (sample MON-1K) was separated from monazite and after two days ( for equilibrate 212Pb 

with 224Ra) was determined 224Ra in kerosene by gamma spectrometry, taking in account the 

correction for 224Ra decay between separation time and initial counting and for decay during 

counting. After counting, kerosene was newly put in contact with the monazitic sand and was added 

kerosene to restore a total volume of 10 ml. The contact between monazite and kerosene was 

prolonged up to 27 months. Then MON-1K was separated from monazite and after two weeks were 

measured 228Th (in equilibrium with 224Ra and 212Pb) and 228Ac (in equilibrium with 228Ra). Since 

monazite does not dissolve in kerosene, the ratio 228Th/228Ra depends only on recoil phenomena and 

it is given by an equation [50] depending only on time (T) if retardation factor of Th and Ra =1: 

 
228Th/228Ra={(1-exp(-λTh-228·T)-{[λTh-228/(λTh-228-λRa-228)]·[exp(-λRa-228·T)-exp(-λTh-228·T)]}}/[1-

exp(-λRa-228·T)].                             (30a) 

 

The same equation, considering the retardation factors of Th and Ra becomes: 
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228Th/228Ra = RRa/ RTh·{(1-exp (-λTh-228·T·RTh)-{[λTh-228·RTh /(λTh-228·RTh -λRa-228·RRa)]·[exp(-λRa-

228·T· RRa)-exp(-λTh-228·T ·RTh)]}}/[1-exp(-λRa-228·T ·RRa)]             (30b) 

At equilibrium, Eq. 30b predicts that 228Th/228Ra= RRa/ RTh [51]. 

It's clear that only in the case in which the retardation factors of Ra and Th in kerosene are both 

close to 1, the age calculated by Eq.30a correspond to the true one (27 months). 

 

2.6 Adsorption of radium onto leucite 

With the aim of applying the proposed method to Alban Hills aquifer hosted by leucititic volcanics, 

a study of adsorption of 226Ra on leucite, carried out in past years by our lab and never published or 

discussed, has been reexaminated. In this study, a solution of 226Ra was used, deriving from 

extraction and chemical separation of a sample of uraninite (Black Hills). The original scope of this 

study was of explaining the relative low abundance in radium of Alban Hills aquifers. Five samples 

of leucites from Pozzolanelle Unit [52] were selected on the basis of different size of leucite and the 

total surface area of each sample was determined. The samples were immersed in different volumes 

of water at pH 7 and stirred for 1 week, obtaining for each experiment five different total 

surface/total solution volume ratios. After stirring, solutions were separated from leucite by 

filtration and kept in sealed containers and counted for 214Pb after 20 days in order to determine the 

activity of adsorbed 226Ra in equilibrium with 222Rn. 

 

2.7 Radium isotopes in groundwater from the Red Pozzolane aquifer of Alban Hills 

40 liters of groundwater (RP-1) of the aquifer hosted in the Red Pozzolane Hydrological unity were 

extracted from a piezometric well located close the Arco di Travertino (Appia road) Rome, at a 

depth of -12 m from ground level and about 1.5 meters below the local water table.  

20 grams of barium nitrate and a calculated excess of H2SO4 were added to groundwater for 

coprecipitating radium with barium sulphate. The efficiency of barium sulphate precipitation was 

obtained by calculating the weight ratio of recovered Ba sulphate [53] to the added amount of Ba 

nitrate (corrected by a factor 1.12). After precipitation, the dry powder was measured after two days 

by gamma spectrometry in order to equilibrate 212Pb with 224Ra and 228Ac with 228Ra, taking in 

account the correction for 224Ra decay between sampling time and beginning of measurement and 

for 224Ra decay during gamma counting. The powder was then sealed in an air-tight container for 20 

days (to equilibrate 222Rn with 226Ra) and successively measured for 226Ra through 214Pb activity. 

175 grams of Red Pozzolane (RP-2) were measured for radium isotopes by gamma spectrometry. 

Then 87 grams of RP-2 were immersed in 28 ml of kerosene (RP-2K) in a flask of 250 ml. After 20 

days RP-2K was separated from RP-2 and 224Ra was measured following the same procedure of 
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sample CM1-aK. Others 18 grams of RP-2 (RP-2W) were immersed in a 250 ml flask filled 

completely with distilled water and the emanation coefficient of thoron in water (f220) was measured 

by Durridge 7 radonometer. 

 

2.7.1 Assessment of initial dissolution of aquifer rocks 

The dissolution of Red Pozzolane at the first stage of contact with water was experimentally studied 

since Red Pozzolane are known from Roman times for their high hydrolithic reactivity [54]. Particle 

density ρd and porosity Φ at the water saturation content were evaluated for each sample according 

standard procedures [23]. Then 100 grams of rock were reacted with 250 ml of Millipore water at 1 

atm in a constant-temperature water bath at 25 °C. The extent of initial dissolution of the rock 

sample was monitored by a pH meter (pH340-A, WTW, Germany) and an electrical conductivity 

meter (LF340, WTW, Germany). The probes were kept in continuous contact with solution and 

values were periodically recorded. Electrical conductivity was converted, after calibration, in terms 

of TDS of solution and expressed as TDSL of pore water according the formula:  

TDSL = TDS of solution · (250/100)·(ρd/Φ).  

The mixture was agitated magnetically with intervals of 1 h (during the first day) and of 1 day (after 

the first day) for a total duration of 45 days. 

 

3 Results 
 

3.1 Application of NAPL method for determinating radium retardation factor and recoil 

constant of a Th-enriched pyroclastic rock (Table I, see appendix A p.39) 

The mean diameter of particles of the CM-1 subsample was calculated from mode (40µ) and 

median (18µ) of the size distribution (diameter) obtained from laser particle size analysis. For 

asymmetric distribution these three statistics are connected by the approximate empirical relation 

[55]: 

 

Mean = (3·Median)-Mode] /2              (31) 

obtaining a mean diameter of 7.0 µ.  

The fa224 of CM-1aK subsample, obtained by the NAPL method, resulted equal to 0.0073 ± 0.0009 

(table I) and the mean diameter, calculated from this last value according Eq.29b, was of 6.2 µ. The 

mean of 12 single measurements of thoron emanation coefficient, f220 , of CM-1cW subsample 

resulted equal to 0.050 ± 0.005. The retardation factor for 224Ra, obtained by dividing the 224Ra 
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content of (CM-1aK) to (CM-1bW), and the retardation factor for 228Ra, obtained by dividing the 
228Ra content of CMB-1K to CMB-1W, were equal to 2.2 ± 0 .4 and 4.5 ± 1.2, respectively. 

 

3.2 Adsorption of radionuclides on manganese dioxide immersed in kerosene and recoil 

constant for radium supplied from thorium adsorbed on manganese dioxide (Table I, Fig.4) 

 

 
Fig. 4 Not adsorbed activity/adsorbed activity vs time. Red field: aqueous solutions; green field: NAPL–simple ion; 

yellow field: radium ion complexed with TTA-TOPO; full violet circle: MnO2 as adsorbent, radium ion; violet squares: 

MnO2 as adsorbent, lead ion; full black circle: zeolite as adsorbent; full brown: clay as adsorbent; L1-L2: literature 

values [40-42]. 

 

3.2.1 MDBP-1K and MDBP-H 

In sample MDBP-1K and sample MDBP1-H the ratio of 212Pb recovered in kerosene to the 212Pb 

adsorbed on MnO2 after 30 minutes was equal to 3.0 and > 20 respectively, in comparison to the 

value of 0.1 typical of lead adsorption on manganese dioxide (L1, Fig.4) in aqueous solutions with 

the same mass adsorbent /volume solution ratio and in the same temporal range. The ratio of 228Ra 

recovered in kerosene to the 228Ra adsorbed on MnO2 was equal to 7.0 in sample MDBP-1K and > 

20 in sample MDBP-1H in comparison to 1.0, typical of radium adsorption on manganese dioxide 

in aqueous solutions with the same mass adsorbent /volume solution ratio and in the same temporal 

range. 
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3.2.2 MDBP-2 

The ratio of 228Ra recovered in kerosene to the 228Ra adsorbed on MnO2 was equal to 0.85 in sample 

MDBP-2. 

 

3.2.3 MDPB-3 (NAPL method) (Table I) 

The mean diameter of particles of MDBP was calculated from mode (7µ) and median (12µ) of the 

size (diameter) distribution by Eq.31, obtaining a mean diameter of 14.5 µ.  

The fa224 of subsample MDBP-3a obtained by the NAPL method resulted equal to 0.024+/- 0.002. 

The mean of 12 single measurements of thoron emanation coefficient, f220 , of subsample MDBP-3b 

resulted equal to 0.029+/- 0.003. 

3.3 Adsorption of radium isotopes on zeolite 4A (Fig.4) 

In sample Z4A-1 the ratio of 224Ra recovered in kerosene to the 224Ra adsorbed on zeolite 4A was > 

20. In sample Z4A-2 the ratio of 228Ra recovered in kerosene to the 228Ra adsorbed on zeolite 4A 

was 3.1. In sample Z4A-3 the ratio of 228Ra recovered in water to the 228Ra adsorbed on zeolite 4A 

was equal to 0.22. 

 

3.4 Adsorption of radium isotopes on Dunarobba clay (Fig.4) 

In sample S8N1-1 the amount of 224Ra recovered in kerosene to the 224Ra adsorbed on clay was > 

20. In sample S8N1-2 the amount of 224Ra recovered in kerosene to the 224Ra adsorbed on clay was 

15.7. In sample S8N1-3 the amount of 228Ra recovered in water to the 224Ra adsorbed on clay was 

equal to 0.42.  

 

3.5 Monazite in contact with NAPL (Table I) 

The value of fa224 of MON-1K calculated according Eq.12 (0.000037) and according Eq.12a 

(0.000023) was comparable to the theoretical recoil fraction that can be calculated from average 

radius andEq. 2a (0.000030).  

The 228Th/228Ra activity ratio in kerosene measured after 27 months of contact between kerosene 

and monazite was equal to 0.34 ± 0.4 corresponding to a time of contact of 28 ± 3.5 months. 

 

3.6 Adsorption of radium onto leucite  

 Results of 226Ra adsorption on leucite are reported on Figure 5 where the ratio TSA (total surface 

area)/TVS (total volume solution) ratio is plotted against the retardation factor R Ra-226 calculated 

adopting the Sugita-Gillham formalism [56].  
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Fig. 5 Variation of 226Ra retardation factor due to leucite versus S. 226Ra retardation factor is calculated from 

experimental values of Kp and S. 

 

According to it, the retardation factor depends on the product of the distribution coefficient Kp and 

TSA/TVS ratio: 

RRa-226 = 1 + Kp· TSA/TVS = 1 + Kp· S   (32)         

where TSA/TVS is the extent of the rock surface in contact with unit volume of groundwater (S) in 

µm-1 and the distribution coefficient Kp, defined on an area basis, is equal to: 

Kp
 = (226Ra activity in adsorbed phase per unit surface area) / (226Ra activity in solution per unit 

volume of solution).      (33) 

The 226Ra retardation factor due to leucite, obtained by best-fitting straight line through the points. 

plotted in the diagram of fig.5 was equal to: 

RRa-226 = 1 + (2,876 ·TSA/TVS)    (34). 

 

3.7 Radium isotopes in groundwater from the Red Pozzolane aquifer of Alban Hills 

The radium isotopic composition of sample RP-1 was equal to 0.0089±0.0009 mBq ml-1 for 224Ra, 

0.0084±0.0005 mBq ml-1 for 228Ra and 0.0600±0.0029 mBq ml-1 for 226Ra. 

The fa224 of RP-2W sample, obtained by the NAPL method, resulted equal to 0.0016 ±0.0001. 

The mean of 12 single measurements of thoron emanation coefficient, f220 , of RP-2W sample 

resulted equal to 0.033+/- 0.003. 
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3.7.1 Assessment of initial dissolution of aquifer rocks 

Results of initial dissolution of Red Pozzolane in groundwater are illustrated on Fig.6 where TDS is 

plotted against the square root of time. 

 

  
 

Fig. 6 Initial dissolution of Red Pozzolane in distilled water at pH 6.0-6.5: Recorded TDS values over time. Dotted line 

signs the limit value of 475 mg L-1. 

 

At the end of the initial dissolution, in the case of Red Pozzolane, the TDS measured in laboratory 

trends, after 45 days, to a stationary value of 487 mg very close (about 85%) to the average value 

measured in the field (572 mg). The positive variation of pH value at the end of experiment was not 

more than 0.5 pH units (initial millipore water: 6.00 pH).  

The values of 226Ra w(0) and 228Ra w(0) were calculated according to: 
226Ra0 (mBq· ml-1) = TDS stationary value (g·ml-1)·226Rar (mBq·g-1) = 0.487 ·10-3 ·172 = 0.084 

mBq· ml-1 
228Ra0 (mBq· ml-1) = TDS stationary value (g·ml-1)·228Rar (mBq·g-1) = 0.487·10-3·299 = 0.146 mBq· 

ml-1 
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4 Discussion 
 

4.1 Application of NAPL method for determinating radium retardation factor and recoil 

constant of a Th-enriched pyroclastic rock 

It is possible to compare the experimental results obtained by the NAPL method with the theoretical 

values according the Mariaziotis model [4]. By considering the measured mean radius of 3.5µ, then, 

from Eq.2a and Eq.2c, the radium emanation components fr224 and fd224 of CM-1 resulted equal to 

0.0064 and 0.00086 respectively. The sum of these two components equals the value of fa224 of CM-

1 subsample obtained by the NAPL method (0.0073). This means that the 224Ra production in 

kerosene is all to be attributed to the direct recoil component. This is not the case for 220Rn. Infact, 

subtracting the sum of fr220 (= fr224) and fd220 (= fd224) to f220, it obtains a relevant intraparticle pore 

recoil component of 0.043. This means that using the radon method instead of the NAPL method, a 

retardation factor about 7 times ( 0.050/0.00730 = 6.8) higher than the real one is measured. The 

difference between the two methods is given by the fact that the intraparticle pore recoil component 

is null for 224Ra since any nanometric air bubble along the exit walking inside a nanopore likely 

produces a fast electrostatic attachment of radium ions on the walls of the pore, while radon atoms 

can continue to diffuse in it. Nanobubbles of air in solid-state nanopores immersed in liquids are 

very common [57] and liquids in nanopores of silicates form not a compact structure of connected 

molecules but rather a collection of small clusters [58] forming plugs separated by air bubbles. The 

low retardation factor for radium measured in this rock it is likely due to the complete weathering 

and obliteration of leucite by hydrothermal processes. 

4.2 Adsorption of radionuclides on manganese dioxide immersed in kerosene and recoil 

constant for radium supplied from thorium adsorbed on manganese dioxide 

The notable difference of adsorption of 212Pb and 228Ra ions between aqueous solutions and 

kerosene/hexane, evidenced from results in samples MDBP-1K and MDBP-1H, suggests that some 

mechanism hinders the adsorption of cations in apolar liquids. There are at least two different 

processes that can contribute to this effect. The first is the adsorption of organic polar compounds of 

kerosene and hexane onto MnO2, as yet previously mentioned, the other one could be attributed to 

the phenomenon of electrostriction in non-polar liquids [59]. In these fluids, a spherical positive 

impurity ion extends notably its electrostrictive influence into the liquid environment because the 

inclusion of a charge in a nonpolar medium like kerosene or hexane, with a very low permittivity, 

has a range effect on any other present charges much longer than in an aqueous medium [60]. 

According to the Bjerrum theory, ions might exist separately only if their size exceeds the Bjerrum 
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radius [61] which is of about 0.7 nm in water and of 28 nm in non-polar liquids like 

kerosene/hexane with a low permittivity around 2. The mechanism of electrostriction causes the 

formation of a cluster of non-polar species around the ion. It may be expected that the ion exists in a 

polarized atmosphere of neighbour molecules as a relatively large polarized clump that moves 

through the liquid [62]. The adjacent layers around the ion can be considered as layers of high 

viscosities which approach the bulk viscosity of the liquid only further away from the ionic core 

[59]. The presence of these layers “hinders” the adsorption of simple ions as radium on adsorption 

sites. The resilient occurrence of radium adsorption in MDBP-1K (about 12% after 30 minutes) is 

mainly due to the exceptional specific surface of MnO2 that even in aqueous solutions where the 

experimental retardation factor of radium is equal to 1 (as in sea water) is still capable to adsorb 

radium.  

The second experiment on sample MDPB-2, where radium is complexed by TOPO +TTA, shows 

that when radium is complexed as a large ion it is adsorbed by MnO2 also in non-polar fluids. This 

evidence could suggest that electrostriction is very important as hindering mechanism only for 

adsorption of simple positive radium ion and it is less efficient when radium is present as a large 

sized complexed ion. The third experiment, carried out on subsample MDBP-3, is quite different 

from that one on subsample CM-1 because, in MDBP-3, radium initially occurs only as adsorbed 

ion on the external surface of the sample. In this case the model of Maraziotis evidently does not 

apply. In case of retardation factor equal to 1 the values of f224 and f220 are expected to be quite equal 

(differing only for 5% due to the Qα  of their parent atoms) . Indeed the difference from the two 

values is only of 19% corresponding to a retardation factor of 1.2 and this difference is likely due to 

the high value of the specific surface of MnO2. It is interesting , however, also to consider the 

hypothesis that the low emanation coefficient of 224Ra and 220Rn (in comparison with a theoretical 

value of 0.50), is due to embedding phenomena [17-18]. Applying Eq.3 to the results obtained for 

samples MDBP-3a and MDBP-3b and considering the recoil energy of 224Ra and its recoil range in 

kerosene (similar to polybutadiene, see e.g. [63]) it obtains a pore size (D) of 5.2 nm and 

considering the recoil energy of 220Rn and its recoil range in water it obtains a pore size (D) of 5.3 

nm. This pore size is similar to that observed in sinthetic MnO2 [64] and it is a little lower than that 

found in commercial MnO2 [65]. 

4.3 Adsorption of radionuclides on zeolite 4A 

The results obtained in these experiments show that radium, when occurs as simple ion in kerosene, 

is not adsorbed on zeolite, differently of aqueous solutions where it is adsorbed by zeolite up to 

78%. When radium is complexed in non-polar solutions it is newly adsorbed significantly. This 
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behavior can be explained by formation of clusters of molecules of apolar fluid around radium by 

electrostriction that prevent its adsorption on zeolite expecially when the electrostrictive effect of 

the charge of radium is not lowered by formation of Ra-complexes with organic molecules. Since 

radium is not complexed in NAPL, this evidence strengths the suggestion of using apolar liquids as 

NAPLs to determine the retardation factor of radium. 

 

4.4 Adsorption of radium isotopes on Dunarobba clay 

Clay minerals have the highest capacity of adsorbing NAPLs between common minerals [66]. By 

comparing radium adsorption on clay in water and in NAPL, we conclude that when NAPLs reach 

clay surfaces they are able to hinder the development of double layer and to reduce the adsorption 

of inorganic ions as yet suggested by other authors [67]. Since clay minerals are ubiquitous in soils, 

the evidence of a quite negligible adsorption of radium when these minerals are immersed in 

NAPLs suggests to develop methods for estimating the contact time between NAPLs and soil based 

on accumulation of alpha recoiled radium isotopes which appear not affected, in NAPLs, by 

adsorption phenomena.  

 

4.5 Monazite in contact with NAPL  

The surface of monazite is charged negatively and capable of adsorbing positive ions as cerium, 

lanthanum and calcium [68]. In particular, adsorption of calcium, and presumably of others divalent 

elements [69] like Ba and Ra, is high when calcium is present as CaOH+ via idrogen bonding with 

phosphate-oxygen active sites negatively charged on the monazite surface [70]. The corrispondence 

between measured and theoretical value of fa224 suggests that radium originating from recoil is not 

adsorbed on to monazite when it is immersed in kerosene. The good correspondance between the 
228Th/228Ra activity ratio measured in kerosene and its theorethical value after 27 months of contact 

between kerosene and monazite, under the hypothesis of retardation factors for Th and Ra = 1, can 

be seen on figure 7.  
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Fig. 7 Evolution of 228Th/228Ra activity ratio in kerosene according to Eq. 30b for different couples of Th and Ra 

retardation factors. Full black circle : 228Th/228Ra activity ratio in kerosene after 27 months of contact with monazite. 

 

The evolution of the activity ratio of this radioactive pair is very sensible to the retardation factors 

and therein it is a strong argument in favour of inhibition of adsorption of inorganic positive ions on 

charged sites of mineral surfaces saturated by compounds of kerosene. This experiment suggests 

also that this radioactive pair could be used for dating spill of NAPL in the soil, since the latter 

contains always some 232Th that can generate 228Ra recoiled atoms into NAPL in contact with it 

[71]. 

 

4.6 Adsorption of radium onto leucite 

The results obtained for radium adsorption on leucite were applied to the determination of the 

retardation factor of 226Ra, RRa-226 (= RRa-228), in Red Pozzolane aquifer. This formation has a leucite 

content which can be estimated between 10% and 20%. In order to find the ratio TSA/TVS, which, 

as yet remembered equals S (extent of the rock surface in contact with unit volume of groundwater), 

the Carman–Kozeny equation for porous strata and spherical particle grains [72] has been used:  

  

S (µm-1) = {[ φ3/(1-φ)2]/ (k·5)}0.5  (35) 

 

where φ is the mean porosity and k is the mean permeability coefficient. 

By knowing that in Red Pozzolane φ = 0.50 and k = 5·10-1 µm2 [73-74], it obtains a value for S of 

0.45 µm-1. This value multiplied for the modal fraction of leucite (0.10-0.20) gives a retardation 

factor for 226Ra (by applying Eq.34) in the range of 130 - 260, under the assumption that the 
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retardation factor depends exclusively on the adsorption onto leucite. The implications of this result 

are discussed in the following subsection. 

 

4.7 Radium isotopes in the Red Pozzolane aquifer of Alban Hills aquifer 

In Red Pozzolane aquifer, the retardation factor for 224Ra, calculated with the NAPL method (Table 

I), is close to 145. A first estimation for the 226Ra and 228Ra retardation factor can be done by 

applying Eq.21, obtaining a value of 253, in the range of the values due to the only leucite (130-

260) which, clearly, plays an important role in the radium adsorption in this aquifer.  

As yet evidenced by others [23] who discussed the Red pozzolane aquifer (Rome, Italy) in 

comparison with Tananarive plane aquifers (Central Madagascar), the contribute of radium initial 

dissolution in Red Pozzolane aquifer cannot be neglected and Eqs.26-27 must be applied.  

Since the retardation factor is very high, Eq.26 becomes:  
228Raw = { [ ( fα224 ·0.74) /(Φ·R)] ·228Rar·ρr }     (36). 

The last equation, by knowing fα224 with NAPL method (0.0016, see Table I), allows to estimate 

RRa-228 = RRa-226 = 114. 

By applying Eq.26b, and having measured 226Raw = 0.060 mBq· ml-1, 226Raw(0) =0.084 mBq· ml-1 and 

also by assuming RRa-226 = 184 (the mean of 114 and 253), the residence time of groundwater results 

equal to 5.5 years. However, a critical problem in residence time determination is the dispersion of 

groundwater age, i.e. the relationship between mean residence time and the depth of aquifer below 

the water table. The dispersion of the values can be also greater than a factor 50 [75] depending on 

the depth of sampling with respect to the level of water table. It is possible to use an empirical 

equation [76] to estimate the recharge rate R: 

 R =ln [H/(H-z)] ·(Hφ/T)   (37) 

where R is the recharge rate, T is the apparent groundwater age, H is the height of the water column 

and z is the distance from the sampling point and the upper level of the water table. In the case of 

the Arco di Travertino piezometric well, H=15 , z =1.5 and T = 5.5 y, therefore R = 0.143 my-1. 

This value is close to the value of recharge rate of 0.152 my-1 estimated for the same 

hydrogeological basin [74].  

Eq.37 can be expressed also in a different way to estimate the mean residence time: 

z/H = 1- exp[ (-R/Hφ)·Τ]                                      (38) 

Applying Eq.38 to the site of Arco di Travertino (Fig.8) the mean residence time can be estimated 

integrating between z/H= 0 and z/H =0.99, obtaining a mean residence time of 52 years. 
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Fig. 8 Mean residence time of Alban Hills groundwater at the Arco di Travertino site and at Egeria water site, 

calculated from Eq.38 

 

If we had used radon as a reference for the radium retardation factor we would have had values of 

the retardation factor 27 times greater and consequently an unrealistic residence time for ground 

water. Of course, establishing the exact average residence time of groundwater in the Alban Hills 

aquifer is beyond the scope of this work. This example was made only to emphasize that the 

estimated times, even for a single well, are realistic when using the NAPL method. It is possible to 

verify the goodness of the model comparing the mean residence time of groundwater obtained 

through Eq.27 and Eq.38 for the mineral water Egeria exploited at about 1km at SE of the Arco di 

Travertino site inside the same aquifer. At Egeria site there is the presence of a CO2 bubble plume 

that should have destructed the stratification of groundwater [77]. Data on 226Ra and 228Ra for this 

mineral water have been given by others [78] resulting equal to 0.00356 and 0.0102 mBq·ml-1, 

respectively. From the hydrogeological map [79] results that here the thickness of the aquifer is of 

25 meters. By assuming the same recharge rate of 0.143 my-1 it obtains, from integration of Eq.38, a 

mean residence time of 87 years. It is interesting to compare this predicted value with that one 

resulting from applying Eq.26b to the data of radium in groundwater for this site. Assuming the 

same retardation factor of 184 and the same initial 226Ra in water (0.084 mBq· ml-1) of the site of 

Arco di Travertino) it obtains a value of 84 years which is quite comparable with the predicted one.  
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5 Conclusions 
When retardation factor and recoil rate constant of radium isotopes are estimated by the NAPL 

method, described in this paper, the obtained values are always lower than those found using radon 

as comparing term. Indeed radon is introduced in solution by a more complex way than radium. 

Radium is introduced essentially by direct alpha recoil, whereas radon by further mechanisms as 

indirect recoil. Only when radium occurs mainly as ion adsorbed onto grains, as in the case of the 

experiment carried out on MnO2 (MDBP-3a and MDBP-3b samples), it enters solutions by the same 

mechanism of radon (direct recoil) and the two methods, NAPL and radon comparison, coincide.  

The NAPL method is based on the theory of electrostriction which predicts that, in non-polar 

solutions, simple ions are surrounded by non-polar molecules that, however, are faible polarized by 

the electrical field of the ion whose polarization power, in non-polar fluids, is about 30 times 

stronger than in polar fluids like water. At the interface between charged surface of adsorbent and 

NAPL, the same electrostrictive phenomena allow also a full saturation of adsorption sites by polar 

and non-polar molecules of NAPL. The result of the two effects is a negligible amount of alpha 

recoiled nuclide adsorption onto surface of the adsorbents and a conservative behaviour of these 

radionuclides in NAPL. By knowing retardation factor and recoil constant of radium, equations 

describing the evolution of radium isotopes in aquifers can be solved in many cases. An example is 

the determination of residence time in upper shallow aquifer of Alban Hills mainly hosted in Red 

Pozzolane units. An interesting implication of the results of this paper is the theoretical possibility 

to date the contamination time of soils containing thorium by NAPL fluids, by measuring the 

evolution of the 228Th/228Ra ratio in NAPLs. 
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 Appendix A: TABLE I  Experimental data 
SAMPLE Bulk 

density 
 

Porosity 
of  
rock  

224Rar  

 mBq·g-1 

 

228Rar 
mBq·g-1 

 

226Rar 
mBq·g-1 

 

f220 fa224 (1) 
NAPL 
method 

fr 224 (2)  Measured 
Average  
P. size  
(D)  
µm (3) 

Calculated 
Average  
P. Size 
 (D)  
µm (4) 
 

224Ra 
mBq·ml-1 

228Ra 
mBq·ml-1 

 

 

226Ra 
mBq ml-1 

 R224 (5)  R228 (5)  R228 (6) 

 

CM-1aK 

 
0.50 

 
0.75 

 
2,900 ± 16 

    
0.0073 ± 
0.0009 

   
7.0 

 
6.2 ± 
0.7 

 
14.1 ± 
 1.7 

   
 
 

 
 

  

 

CM-1bW 

 
0.50 

 
0.75 

 
2,900 ±16 

     
0.0064  
 

  
7.0 

 
6.2 ± 
0.7 

  
 6.4 ± 
 1.1 

  
 2.2±0.4 

  

 

CM-1cW 

 
0.50 

 
0.75 

 
2,900 ± 16 

   
0.050 ± 
0.005 

    
 7.0 
 

 
6.2 ± 
0.7 

      

 

CMB-1K 

   
1,980 ±15 

 
1,980±15 

        
 

 
1.40 ± 
 0.12 

   
 
 
 
4.5±1.2 
 

 

 

CMB-1W 

   
1,980 ±15 

 
1,980 ±15 

         
0.31 ± 
 0.08 

   

 

MDBP-3a 

 
0.48 

 
0.90 

     
0.024± 
0.002 

  
14.5 

       

 

MDBP-3b 

 
0.48 

 
0.90 

    
0.029 ± 
0.003 

   
14.5 

       

 

MON-1K 

 
2.51 

 
0.45 

 
331,000± 
 740 

 
331,000± 
 740 

   
0.000037±* 
0.000002 
 
0.000023 ±** 
0.000001 

 
0.000030 

 
1,000 

 
1,288 

 
43.0± 
 2.4 

 
14.62 ± (9) 
 0.82 

    

RP-1 1.35 0.5         0.0089± 
0.0009 

0.0084± 
0.0005 

0.0600± 
0.0029 

 145± 17  253± 24(6) 
130-260 (8) 

RP-2   299 ± 9 299 ± 9 172 ± 7            

RP-2K 1.35 0.5     
 

0.0016± 
0.0001 

   1.30 ±  
0.11 

   
  
 

 

 
RP-2W 1.35 0.5    0.033 ± 

0.003 
    0.0089± 

0.0009 
0.0084± 
0.0005 

  145 ±17 114±10 
 

 

(1): calculated fromEq.12 *o rEq.12a **; (2): calculated from Eq. 2a and measured average particle size ; (3): calculated by using Eq.31; (4): calculated from Eq. 29b; (5): measured 
by NAPL method, Eq.12-13; (6): calculated applying the empirical relationship: RRa 228 =1.75·RRa224; (7): calculated from Eq.26; (8): calculated from Eq. 34; (9): value measured after 

27 months; in the same sample, after 27 months: 228Th = 4.97 mBq ml-1 . All errors are at 1-σ level. 
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Alpha-recoiled isotopes and their decay products: a useful tool to assess 
the age of NAPL leakages  

  
 

 

Keywords: NAPL contaminations, 228Th/228Ra dating method, natural radioactivity, alpha recoil 

 

 
1 Introduction 
Oil still represents the main energy resource in the modern society and the demand growth is expected 

at an average annual rate of 1.2 mb/d [1] till the 2023. The pervasive role globally played by crude oil 

and its refined products has increased the frequency of environmental contaminations due to accidents 

connected to upstream and downstream activities of the extractive oil industry. Hydrocarbons are 

classified by EPA [2] as Non-aqueous Phase Liquids (NAPLs) existing as a separate and immiscible 

phase when in contact with water and/or air. According to their density NAPLs are divided in Dense 

NAPLs (DNAPLs) and Light NAPLs (LNAPLs), respectively denser and less dense than water. Their 

underground distribution is controlled by this property that affects their capacity of infiltrating at 

different levels in the soil. Underground pollution due to oil products represents one of the major 

problems to face during remediation activities, from the preliminary studies to the monitoring after the 

decontamination [3-4]. Forensic investigations on environmental unknown or uncontrolled 

contaminations mostly aim to determine the age and the source of these releases based on a legally 

defensible method, fundamental to ascertain responsibilities in order to cover remediation costs. So far 

a multitude of forensic techniques have been available for age dating and source identification, 

including tank corrosion models, the commercial availability of a chemical, chemical associations with 

discrete types of equipment, chemical profiling, hydrocarbon pattern recognition, analysis of 

oxygenates, dyes, stable isotopes, biomarkers, degradation models and contaminant transport models 

[5-6]. Regardless of the method employed, it is essential to remember that estimating the time of a fuel 

release is site-specific and requires consideration of a wide set of environmental parameters to 

determine the weathering/degradation/biodegradation patterns: fuel composition, selected soil 

characteristics, site hydrology, temperature, moisture content, permeability, and oxygen and nutrient 

availability [7-8]. A different combination of these parameters can either accelerate or decelerate the 

degradation process of a pollutant, affecting the reliability of the results. The interval of time for the 
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NAPL release, based on scientific constraints and historic facts, is estimated by the comparison of 

different techniques, only creating a temporal grid between defined time points. The proposal of a new 

specific absolute dating method is surely required to overcome the technical problems due to the 

sensitivity of the present methods to changes in environmental parameters. By measuring either short-

lived or long-lived radioactive elements plus their decay products, the result expresses a well-defined 

temporal information. Lauer and Vengosh [9] proposed some radiometric methods to date oil and gas 

wastewater spills. These methods are based on the enrichment of radium isotopes and their decay 

products in water connected to oil/gas extraction [10]. Dating spills due to refined oil products, not 

containing radium isotopes initially, represents a completely different challenge. Natural radioactivity 

is associated with a huge variety of geological materials, such as soils and rocks due to their mineral 

content and composition. In this article, an application of natural radioactivity is proposed as the most 

easy solution to this problem. 

 
2 Theoretical background of the method 
 

2.1 Natural radioactivity: alpha recoil and its application to NAPL releases 

A large number of applications in different fields (environmental sciences, medicine, cultural heritage) 

are allowed by the variety of natural radionuclides. The most common of them are 40K and the 

members of the three natural decay series, that include the heavy elements, from thallium to uranium; 

their initial nuclides are 238U, 235U, and 232Th isotopes, and via alpha and beta decays, they end up as 

lead isotopes (206Pb, 207Pb, and 208Pb, respectively) [11]. The radioactive decay and the disequilibrium 

between the activities of different nuclides build the core of a good radiometric dating method. The 

selected isotopes determine the time gap measurable before the reaching of the equilibrium between 

them. Natural decay generates particles or photon emission interacting with the matter along their paths 

in different ways due to their penetration power. These physical processes lead to a greater stability of 

radioactive atoms, which lose their energy in excess and change their chemical nature. The recoil is a 

process, connected to decay, by which a radioactive daughter is mobilized from its initial position by 

the energy of an alpha-decay [12]. If the recoil energy is higher than the lattice binding energy, atom is 

displaced from its site [13]. Since the beta-recoil energy is less than 0.1 keV [12,14] , it does not 

require further discussions here. The target materials of the recoiled particles include both solids (grain 

surface) and fluids, such as water, air and oil. Due to the equal momentum provided to both particles 

after decay, a large portion of the alpha-decay energy goes to the alpha-particles and only a small 
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portion (60-120 keV) goes to the daughters as recoil energy [12,14] (Fig. 1). The displacement of the 

recoiled nuclide also depends on the material crossed. 

 
 

Using the recoiled atoms in non-polar liquids, such as NAPL, Briganti et al. (2019a) [15] show the 

possibility to estimate the retardation factor and recoil rate constant of Ra in groundwater. This study 

offers a preliminary proof of the detectability of radioactive contamination, related to alpha recoil 

process, in refined oil. In the field of dating methods and of geo-forensic sciences it opens a new 

horizon, suggesting the traceability of the first contact between two items (Locard’s Exchange 

Principle): the soil and the contaminant in this case. The 232Th decay series include two short-lived 

isotopes, 228Ra (t1/2 = 5.75 yr) and 228Th (t1/2 = 1.91 yr), that can represent a useful tool for age 

measurements [15] of relatively recent NAPL contamination (down to a few decades). Considering the 

possible applications in dating NAPL leakages, a better analysis of all processes regarding exchanges 

of the selected radionuclides between soil/water and NAPLs is required. Alpha recoil is a physical 

process happening continuously over time and not affected by environmental parameters such as 

chemical processes. After having measured the content in NAPLs of the recoiled nuclides from the soil, 

the reliability of the data used to calculated the age depends on two main factors. The development of 

specific dating equations and the assessment of ion exchanges between a NAPL and its surroundings 

represent critical points to propose a new dating method. Unfortunately, despite its relevance, the effect 

of oil on cation exchange has not been carefully studied [16]. A valid radiometric dating method is 

generally applied on a closed system, where measured isotopes are not added or subtracted. This 

assumption is verified, in this case, if 228Ra accumulation in the NAPL is caused by alpha recoil only; 

or at least other contributions can be ignored, being under the analytical detection limits. Moreover, 

other processes should not remove the studied isotopes. As a consequence it is necessary to verify the 
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scientific value of the theoretical assumptions by preliminary tests and to apply the method on samples 

of a known age for its validation. 

 

2.2 228Th/228Ra method (Th natural distribution and dating equation) 
 
On the mainland NAPL releases mostly involve soils and sediments. The application of natural 

radioactivity to detect the age of contamination needs to be based on a nuclide widely present in the 

environment. For this reason thorium that is the most abundant of the actinides seems the perfect 

solution due to its low mobility under all environmental conditions, and its preferential accumulation in 

sediments. In the northern part of Europe (Fig. 2a), the distribution of Th in topsoil reports average 

values between 0.5 and 11 mg/kg, while in the Central and Mediterranean areas the values are higher 

(11-26 mg/kg) with peaks beyond this mean value. In particular, the volcanic districts of the Central 

Italy are characterized by a distinct Th enrichment, with peaks of one order larger than values here 

reported, due to a local enrichment of incompatible elements, including Th, in some alkaline volcanic 

products outcropping in the region. Despite the presence of this anomaly, there are sectors with a Th 

content comparable to values reported in the European topsoil, as it is showed in Figure 2b. This map 

shows the area of the Province of Naples (Vesuvian volcanic district) where two of the sites studied in 

this work are located. The baseline distribution of Th comprehends values between 11 and 22 mg/kg in 

the majority of the territory. 

    
 

Fig. 2a Modified by Thorium topsoil distribution in Europe (databases of the project FOREGS and GEMAS) [17]. Fig. 2b 

Modified by Th baseline values distribution in the Naples Province, Centre Italy [18]. 
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Moreover, Voltaggio et al. (1987) [19] developed a temporal equation, which can be adapted for age 

assessment of a NAPL release, using the changing of 228Th/228Ra ratio over the time. The equations 1 

and 2 represent respectively the decay of 228Th and of 228Ra in two of the possible explicit solutions of 

the more complex equations given by Catchen [20]. The solutions change in relation to the specific 

condition of the study system and here they are modified appropriately.  

 

Eq.1             228Ra(t)NAPL= ε 232Th(0)soil (1-e-λ
228Ra

t) 

 

Eq.2     228Th(t)NAPL= ε 232Th(0)soil [e-λ
232Th

t+ (λ228Ra e-λ
228Th

t - λ228Th e-λ
228Ra

t)/( λ228Th - λ228Ra)] 

 

In this case, 228Ra is directly accumulated in NAPL, initially not containing radionuclides, by alpha 

recoil related to the decay of 232Th present in soil. Then it starts to decay in the NAPL, also creating the 

accumulation of 228Th. In the equations ε represent the efficiency of recoil of 232Th. From these two 

initial equations it is possible to develop a specific equation (Eq.3) to value 228Th/228Ra ratio in NAPL 

spills: 

 

Eq.3  228Th(t)NAPL/ 228Ra(t)NAPL= [1 + (λ228Ra e-λ
228Th

t - λ228Th e-λ
228Ra

t)/(λ228Th - λ228Ra )] / (1 - e-λ
228Ra

t ) 

 

Chao et al. (2007) [19] suggests the same equation to value chronological changes of elemental 

concentrations in plants. Here the retardation factor due to adsorption of Th and Ra is considered 1, as 

the negligible adsorption of inorganic ions in presence of NAPLs [15,22] and the absence of their 

dissolution. Otherwise the equation would have coherently been modified with the real retardation 

factor due to this chemical process. Figure 3 shows the evolution of the ratio between 228Th and 228Ra 

over time. 

 
Fig. 3 Disequilibrium Clock of the radioactive pair 228Th/228Ra. 
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3 Methods and materials 

 
3.1 Gamma-spectrometry 

High resolution γ-spectrometry with a germanium coaxial detector (POPTOP HPGe detector, EG&G 

ORTEC) was selected as the most suitable method to assess the presence in liquids of the recoiled 
228Ra, 228Th and 224Ra atoms from soil and sediments and to verify the initial content of the radioactive 

isotopes in the samples and in the used reagents. The radiometric activity of 228Ra and 224Ra isotopes 

can be measured by nuclides of their progeny, which are γ-emitters. At radioactive equilibrium 228Ac 

isotope (peaks at 911 and 967 KeV) was chosen to quantify 228Ra, while 212Pb and 208Tl (respectively 

peaks at 238 and 583 KeV) were selected to count 228Th in equilibrium with 224Ra. In this case, the time 

gap before the measurement is decided by the isotope target selected for the test; about 15 days are 

required to measure 228Th due to the necessity to have in the samples only 224Ra generated by 228Th and 

at equilibrium with it. On the contrary the 224Ra in equilibrium with 212Pb can be determined 2 days 

after the end of the experiment for equilibrate 212Pb with 224Ra. The “MAESTRO A65-B32” software 

(5.00 version, EG&G ORTEC 1998) was used to convert the signal from analogic into digital form and 

to display it graphically. The measurement of radionuclides naturally accumulated in NAPL needs the 

definition of the lowest detection limit to distinguish the signal of isotopes studied from the 

background. In fact, their activity is comparable to environmental radioactivity and it is necessary that 

the value obtained allows a quantitative analysis of the data collected without any uncertainties about 

their origin considering the statistical error. In this case, the Lq limit (eq.4), the value above whom the 

source of the measured activity is the sample for sure and the data have a quantitative meaning, is 

determined by the following equation:  

  

Eq.4               Lq= 50 {1+(1+B/25)1/2} [23] 
 
B represents the background level and it must be well known to apply this equation successfully. The 

detection limit is determined analyzing samples (from 500 to 1000g) of the materials used for the tests 

compared to a standard material (Capo di Bove). Lq of 228Ra is calculated equal to 194 mBq, while the 

lowest value measured during this research is 400 mBq . The counting procedure to determine this limit 

was carried out for 3 weeks due to the difference in detectability between 228Ra and its daughter 228Ac. 

The highest detection limit is not here discussed, working with low environmental radioactivity. All the 

results showed in the next pages are corrected considering the decay of radioisotopes during the 
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experimental procedure and counting time, and the propagation of the error during the elaboration of 

the data.  

  
3.2 Preliminary tests  
 
During the laboratory activities different kinds of preliminary tests were performed to value the effects 

of some processes on the method and the consequent necessity or not to apply specific corrections. The 

first experiment was composed of two long-term static batch tests (12 months). Monazite sand (35g), 

containing 8.3% of Th, was left to react respectively with 11 mL of distilled water and kerosene, 

distributed by PIC S.r.l. (the same product was used in the others experiments with kerosene), in order 

to observe the alpha recoil effect (measured by 212Pb in equilibrium with 224Ra) in the two liquids over 

time. Periodically, 2-mL aliquots of reagent solutions were sampled, filtered using 0.45 μm filters 

(Millipore), and 224Ra activity was determined by gamma spectrometry after 2 days taking in account 

both the decay time of 224Ra between filtration and the beginning of counting and also during the same 

counting. After any measurement, the filtrate was re-injected into the glass vials. Secondly, Ra partition 

coefficient between kerosene and water was verified at different pH (0.5, 1.5, 2.5, 6.0, 7.0, 9.0) in order 

to value the possibility of an initial acquisition of Ra by NAPL during its passage through the ground. 

20 mL of a solution enriched in 228Ra , chemically separated from a 232Thorium standard solution, were 

used with a 228Ra concentration of 1000 ppm eTh and 20 mL of kerosene. The pH of the radium 

enriched solution was controlled by adding diluted NaOH solution. Both liquids were put into a glass 

vial and stirred mechanically for 30 minutes at every pH to reach the full mixing of the two liquids. The 

test at pH 6 was also performed at different times (0.5, 1 and 2 hours). After each test, kerosene and 

radium enriched solution were separated and counted by γ-spectrometry. Other tests were performed to 

investigate the exchange of Ra present in liquids with soils. The material selected is a type of syntethic 

zeolites (produced by Bis Italia s.r.l.), belonging to the A family (chemical structure formula: 

Na12[(AlO2)12(SiO2)12]·27H2O), widespread used as Ra adsorbers. Another reason for choosing zeolites 

is they form an important constituent of many volcanic sediments such as the majority of materials 

used during this work. A 228Ra enriched water solution at pH 6 and 224Ra enriched kerosene were left in 

contact with zeolite 4A (ratio 20:1) at different time (1h, 2h, 4h, 8h, 18h, 24h, 42h, 54h) to value the Ra 

adsorbed on zeolites from the two liquids over time. The water solution with a known content of 228Ra 

and 224Ra was prepared by resin column separation from the 232Thorium standard solution already used 

during the partition coefficient test. Instead the enrichment of the kerosene was obtained by alpha 

recoiling from two Welsbach mantles (incandescent gas mantles covered with thorium dioxide) 
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immersed in 40 ml of kerosene for 2 weeks. In this case, 224Ra due to its shorter half-life time 

accumulates faster than 228Ra. Half liquid was used during the test and the other part was kept as 

standard to avoid the necessity of corrections related to 224Ra decay during all the procedures and the 

counting. At the end of each test zeolites and liquid were separated and counted in γ-spectrometry. 

Finally, two desorption tests were carried out on zeolites, on which the Ra was previously adsorbed, 

using respectively distilled water (pH 10, pH 7 and pH 4 with acetic buffer) and kerosene for 24h .  

 

3.3 Dating tests on artificially contaminated and real polluted samples  

The applicability of the developed method needs the comparison of data acquired by the dating 

technique and the known age of contaminated natural samples. In the most cases the age represents a 

critical problem due to the absence of clear information about this topic. This obstacle is overcome by 

testing the method on some artificially contaminated samples firstly and only then selecting few real 

polluted areas to investigate. In laboratory three different materials enriched in Th (monazite sand, 

volcanic alterated rock, Welsbach mentle) are used to perform dating experiments, recreating a NAPL 

contamination in controlled conditions. The tests were carried out leaving in contact a known quantity 

of the sample with kerosene in static conditions (Fig.4) and repeating the dating at different time from 

the beginning of the experiments (from 6 to 27 months).  

 

 
 

Fig. 4a First test was prepared with 35 g of pure monazite sand and 11 mL of kerosene. Fig. 4b In the second test, 150 g of a 

pyroclastic rock and 100mL of kerosene were used. Fig. 4c A Welsbach mantle and 35mL of kerosene. 

       
Th content of the monazite sand was 83,000 ppm, while the volcanic rock and the Welsbach mantle 

contained respectively 500 ppm and 50,000 ppm of Th. The pyroclastic rock was highly porous and 

mixed with diatomite (the same material is described in parag. 2.1, Chapter 1). During these tests the 

contaminant was recovered with a syringe and filtered before being counted after about 18 days, 

measuring 212Pb and 208Tl (in equilibrium with 224Ra and 228Th) and 228Ac (in equilibrium with 228Ra). 
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The time gap was necessary to measure only the chosen target: 228Ra accumulated in NAPL by direct 

recoil from 232Th in soil and the 224 Ra at equilibrium with 228Th formed by 228Ra decay. Other 

contributes, such as 224Ra or 212Pb directly recoiled from soil in the pollutant had to decay before 

starting the counting to avoid errors in the results. The counting lasted for several days (from 7 to 30 

days depending on the activity of the sample) to minimize the counting uncertainty.  

Dating tests on real cases were performed using soil and NAPL samples belonging to different polluted 

areas: Tiber alluvial plain (gasoline contamination; Flaminio neighbornood in Rome, Italy), Vesuvius 

volcanic area (diesel contamination; Pomigliano d’Arco and Portici, cities nearby Naples, Italy) and 

Alban Hills volcanic deposits (MTBE contamination; Arco di Travertino neighborhood in Rome, Italy). 

The age of these contaminations was estimated by the historical data on the four sites. The oldest 

NAPL leakage studied in this work certainly occurred before 20 years ago in the alluvial deposits in 

Rome, while in the Vesuvius area both sites were contaminated before 2013 for sure. The last case is 

related to a contamination of the shallow aquifer in the red pozzolane unit (hydrogeological regional 

unit of Alban Hills). It happened over 15 years ago, when the pumping fuel station was dismissed 

(Chapter 3).  

Two Holocenic silty clay samples (one polluted and one not) were collected by drilling in the first site. 

Both soil samples contained 16.5 ppm of Th. In the same way contaminated and unpolluted soils were 

taken from the second and third sites in province of Naples. They were mainly sandy and composed by 

volcanic products of Vesuvian eruptions of 79 A.C. and previous (lower slopes of the Vesuvius 

volcano). The samples contained respectively 34 ppm (Pomigliano d’Arco) and 21 ppm (Portici) of Th. 

Regards to the last contamination involving the shallow aquifer of Rome, the oil dispersed in water was 

adsorbed on a semipermeable (oil adsorbant only) technical material (OS015SP, ISE SERVICE s.r.l) 

inserted in the piezometers. The Th content measured in the soil containing the aquifer was 75.4 ppm. 

ISPRA and ARPA-APPA (2011) [24] proposed a procedure to extract hydrocarbons from soils to 

analyze their composition with gas-chromatography. This chemical extraction was modified and 

improved to be used on both NAPL contaminations in soils and groundwater. Moreover, it was adapted 

to the dating method proposed in this work. Soil samples (between 480 and 1000g) were inserted 

separately in 2.5L bottles adding hexane and acetone (2:1:2). Then they were mechanically stirred for 

1h. After allowing the decantation of the soils, liquids were recovered, filtrated and left under cap to 

reduce their volumes before counting. The measurements of these samples in γ-spectrometry followed 

the same procedure previously described, but a longer counting time (20-30 days) than in other dating 

tests in order to reduce the counting uncertainty. The choice of a different counting time was dictated 
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by the low natural radioactivity of the samples coming from the contaminated sites. Oil samples 

collected by semipermeable materials from groundwater were extracted inserting the oil socks (135 g) 

in a 1L becher with only acetone (2:1) and stirring them (30 minutes) manually with the help of a glass 

rod. At the end the liquid was collected and the extraction repeated for two times. During the extraction 

acetone helps to soften and to homogenize samples without adding water, while hexane solubilizes 

NAPL contained in the samples completely. In presence of oil adsorbed on semipermeable materials, 

acetone is enough to solubilize and recover the pollutant. 

 

4 Results 

 
4.1 Preliminary Results 
 
Figure 5 shows the results of accumulation of recoiled 224Ra in water and kerosene in contact with 

monazite in the preliminary tests. The data indicate that the accumulation is effectively detectable by γ-

spectrometry in both liquids, but it is observable a difference between the two experiments. In fact, 

although the results in both of them show a similar trend over time, the alpha recoiled Ra accumulates 

about two times in the test with kerosene comparing to test with water.  

 

 
 

Fig. 5 224Ra accumulation in distilled water (blue dots) and in kerosene (red dots) during 1 year. 
 
 

In Figure 6, the results of Ra partition coefficient tests over a wide range of pHs are represented and the 

measured value is always below 0.1 value, even when kerosene/water interaction is prolonged beyond 

30 minutes (test at pH 6). The result that is displayed at pH 6 in the graph is the average of the three 

tests at different time.  
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Fig. 6 Ra partition coefficient between water and kerosene changing pH. 
 
 

Figure 7 shows the adsorption of Ra present in water and kerosene on the zeolite 4A. In water 

equilibrium is reached after 48h with 82% of Ra adsorbed, while there is no adsorption detectable 

during the tests in kerosene. During the test initial pH 5.5 reaches the value of 10 because this type of 

zeolite creates a natural buffer in the water solution (paragr.2.3.3, Chapter 1). 
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Fig. 7 Red and green dots show respectively the Ra adsorption on the zeolite 4A from water and kerosene. 

 

The desorption tests in kerosene and in water at pH 10 show the Ra remains adsorbed on zeolite, while 

at the end of the tests in water at pH 7 and pH 4 is measured a slight desorption of Ra in water 

(respectively 2,3% and 2,4%).  
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4.2 Results of dating tests 

In Figure 8 and Table I the results of dating tests on contaminated samples are reported. The measured 

age obtained by 228Th/228Ra method are compared with the real age of the samples artificially polluted. 

The ratio between the two ages (fig. 8) are represented by red dots for test 1 (monazite sand) , green 

dots for test 2 (volcanic rock) and yellow dots for test 3 (Welsbach mantle). All the values are about 1, 

indicating the real compatibility between the dating tests results and the real date of contamination. 

 

 
 

Fig. 7 Ratio between measured age and real age in tests with kerosene left in contact with three different materials: 

monazite sand (test 1), weathered volcanic rock (test 2) and Welsbach mantle (test 3). The error associated to the measure 

can be reduce extending counting time. 

 
The measured ages of the samples (Table I) collected in contaminated sites gave a result perfectly 

compatible with the historical information about sites and their probably time of contamination. The 

final age was calculated by the mean of the value obtained from two different samples for the most 

recent pollutions (Portici and Pomigliano d’Arco) to have a better time resolution with less uncertainty. 

In real cases it is not important to have the exact date of the pollution, but an interval of time, measured 

an not supposed, in which the leakage occurred for sure. This accuracy in ages can be only obtained by 

a method such as radiometric dating, but to improve the precision of the measure, reducing the 

counting uncertainties, is possible adopt some strategies: a longer counting time, a major quantity of 

material analyzed, a latest generation γ-spectrometer.  
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SAMPLE WEIGHT (g) COUNTING TIME 228Th/228Ra MONTHS MEAN 

 
  SOILS DAYS     MONTHS 

 
            

 
PORTICI 1 501 23,1 0,63±0,09 71 (-16/+21) MAY 2012 (-11/+14 ) 

 
PORTICI 2 894 14,64 0,61±0,09 67 (-15/+20)   

 
            

 
POMIGLIANO 1 480 32,7 0,7±0,1 87(-35/+32) NOVEMBER 2010 (-22/+24) 

 
POMIGLIANO 2 1000 23 0,73±0,11 90(-25/+37)   

 
        YEARS  YEARS 

 
ROME 
(FLAMINIO) 500 16,27 0,98±0,18 22 (-12/+∞) 1995 (-12/+∞) 

  
OIL SOCK 

(g)     

 

ROME  
(ARCO DI 
TRAVERTINO) 135 30 0.92 ±0.09 16.3 (-5,2/+∞) 2002 (-5,2/+∞) 

        
Tab. I The measured 228Th/228Ra ratio is used to calculated the age of contamination in 4 sites in Italy. The counting time in γ-

spectrometry and the quantity of material used is indicated for each sample. All errors are at 1-σ level. 
 

 

5 Discussion 
The measurability of recoiled nuclides in liquids was initially suggested by Briganti et al. (2019a) [15]. 

The results presented in Figure 5 also verify the possibility to appreciate the temporal variation in Ra 

concentration in liquids caused by recoil related to the non-stop decay of 228Th occurring in monazite. 

Despite of the similar trend showed by the Ra accumulation in the two liquids, higher values of Ra was 

measured in kerosene than in water. This result needs further analysis to understand its cause. In fact, 

the decay of 228Th is regulated by a constant and the recoil efficiency, also depending on some 

characteristics of the solid grains, is the same in both the experiments. Even though the 212Pb was used 

to measure the 224Ra accumulation, higher values of Ra counted in kerosene can not be attributed to the 
220Rn, present in the decay chain, that can be solubilized more in NAPLs than in waters. In literature, 

this property of Rn isotopes is well known and already used in the localization of NAPL spills and in 

monitoring of the remediation procedures (see Chapter 3). The time gap (2 days) waited before 

counting to equilibrate the 212Pb activity with the activity of 224Ra avoids this problem. All the 220Rn in 

excess decays completely before the starting of the measure, considering the short half-life time of this 

isotope (t1/2 = 55 sec) respect to 222Rn (t1/2 = 3,5 days) used to survey NAPL contaminations. Ra 
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adsorption tests performed on different materials (manganese dioxide, Dunarobba clay, zeolite A4, 

leucite) using water, kerosene and hexane enriched with Ra isotopes showed a similar response 

(Chapter 1). These radioisotopes remain in kerosene, while they are adsorbed on the material in tests 

with water [15]. In this work the same results were corroborated by the adsorption tests on zeolite 4A 

(fig. 7) carried out over time. The Ra adsorption on zeolite from water increased till the equilibrium, 

subtracting the major part of the Ra present in the solution. At the same time it is not possible to 

measure any decrease in the Ra content in kerosene independently by the time of contact with zeolite 

4A. An explanation to Ra behavior in kerosene is offered by the phenomenon of electrostriction in non-

polar liquids [15,25]. In these fluids, a spherical positive impurity ion extends notably its 

electrostrictive influence into the liquid environment because the inclusion of a charge in a nonpolar 

medium like kerosene, with a very low permittivity, has a range effect on any other present charges 

much longer than in an aqueous medium [15,26]. At the interface between charged surface of adsorbent 

and NAPL, the same electrostrictive phenomena allow also a full saturation of adsorption sites by polar 

and non-polar molecules of NAPL. The result of the two effects is a negligible amount of alpha 

recoiled nuclide adsorption onto surface of the adsorbents and a conservative behaviour of these 

radionuclides in NAPL [15] (Chapter 1). After saying that, it is clear Ra present in kerosene can not be 

adsorbed on the grain surface of monazite sand, but a partial Ra adsorption on this material was the 

origin of the lower values measured in the same test realized with water (fig. 5). Moreover, the absence 

of Ra desorption in kerosene from zeolite was also verified with a specific test, while in water the slight 

Ra desorption suggests the possibility of a modest Ra release due to the leaching of percolating waters 

in soils. At the same time the results related to partition coefficient between kerosene and water (fig. 6) 

showed Ra is preferentially contained in water when a mix of the two liquids is realized. 

Considering the slow penetration of NAPLs into soils, the results of all preliminary tests support the 

applicability of a dating method, based on alpha recoil, to NAPL subsurface contaminations. A 

radiometric dating method can work only when it is possible to define the start of the disequilibrium 

clock functioning, which, in this case, is the contact between soils and pollutant . After the contact, the 

alpha recoiled 228Ra begins to accumulate in NAPLs. Any chemical exchange of Ra isotopes due to 

other processes can represent an alteration in the radioactive disequilibrium. On the one hand the 

partition coefficient test and the desorption test in kerosene prove the main mechanism of Ra 

accumulation in NAPLs has to be considered alpha recoil. On the other hand the adsorption test 

confirms the recoiled Ra in NAPLs does not leave the system due to chemical exchanges with the soil 

particles. Finally, in nature, the release of recoiled Ra from NAPLs to pore water is unrealistic, even 
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though favored by partition coefficient, because the two liquids should be fully mixed for a long time 

as during lab tests. Thus there is no necessity to apply a correction factor to the 228Th/228Ra ratio 

measured in contaminated samples. Dating experiments showed a good correlation between age 

calculated by the method and the real age of contamination even in the samples collected on site. All 

cases studied can be modeled as punctual contamination in time and space: one located source that 

releases all the pollutant in a defined moment of time. This model covers only a limited number of real 

cases, but it could be developed and improved to suit more complex scenarios with multi-time or multi-

sources pollutions. However, the impact of this methodology on nuclear forensic and remediation is 

evident.  

Regards the extraction procedure, it is necessary to underline the use of a ratio of two radioisotopes 

avoids the problem related to the estimate of the recovered volumes. Otherwise it would have been a 

critical point for calculating the age.  

 

6 Conclusion 
The application of radiometric dating methods to assess the age of a NAPL contamination overcomes 

all limits, problems and casualties related to other methods used so far. The 228Th/228Ra pair represents 

only one of the many possible dating couples that can be considered to date leakages of refined 

hydrocarbon products. Considering the range of time to measure, other disequilibrium clocks can be 

developed on the base of environmental radioactivity and of the accumulation of alpha recoiled 

nuclides in NAPLs from soils. Other radioisotopes belonging to Th and U decay series can be selected 

to reach this aim. The γ-spectrometry can be substituted by α-spectrometry depending on the dating 

pair selected. Regards the application in legal disputes, the reliability of an absolute dating method, 

such as the one here proposed, and the possibility to repeat a measure in lab can guarantee the accuracy 

of the interval of time determined. The combination of results obtained by radiometric dating and the 

study of degradation and biodegradation of NAPLs could lead to a new understanding of real 

contaminations caused by refine hydrocarbons. The improvements in remediation procedures could be 

important, even in the cut of the related costs.  
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Assessing MTBE residual contamination  
in groundwater using radon  

 
 
 
 
Keywords: MTBE, NAPL, radon, groundwater contamination, monitoring, Italy. 
 
 
 
1 Introduction 
Radon is supplied to groundwater predominantly by alpha recoil from aquifer rock and this supply is 

orders of magnitude greater than those from in situ decay of radium and from dissolution [1,2]. Radon 

concentration in the pore space of an aquifer or soil (C∞) depends on: the radium activity concentration 

of the mineral matrix (ARa); the aquifer emanation coefficient (ε); the aquifer porosity (n); and the bulk 

density (ρd) of the mineral matrix. The relationship, which describes the equilibrium radon 

concentration in the pore space as function of the four parameters is given with Eq. 1 [3,4]: 

 

nAC dRa /ρε=
∞

 [Bq/m3]                            (1) 

 

Besides its ubiquitous presence in soil gas and groundwater, its generally inert behavior makes radon a 

suitable tracer. Only rarely, very dry soils tend to adsorb it, but this effect becomes negligible if the 

water content exceeds only a few per cent making this effect hardly ever of relevance in natural 

environments [5]. Microbial metabolization of radon can be ruled out as radon sink term as well. 

Climatic parameters, such as water saturation grade (i.e. number of consecutive rainy days), 

atmospheric pressure, temperature at soil, hydrometeors occurrence (mainly snow and ice) and wind 

velocity, which affects soil radon at low depth (up to a maximum of 2 meters) [6,7,8] are not relevant 

for the variation of radon content at higher depth (more than 10 meters) [9,10]. Therefore radon 

concentration in soil gas or groundwater at this depth is more or less constant in both space and time if 

a fairly homogeneous lithological composition of the soil or the aquifer is present [4]. 

 

Hence, lateral or temporal radon anomalies in soil gas or groundwater that are not caused by changing 

lithological conditions, porosity and radon emanation can be used as indicators for processes or 
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conditions that spatially or temporarily influence the subsurface radon distribution pattern [11]. A 

prominent example of such influence is subsurface contamination with Non Aqueous Phase Liquids 

(NAPLs). 

Soil or aquifer contamination with NAPL has become a major problem frequently encountered at 

abandoned or active industrial sites. Effective remediation planning and risk assessment necessitate the 

localization and quantification of subsoil residual NAPL (NAPL source zone) or the contaminant that 

occur dissolved in groundwater (NAPL plume). 

Radon is used as tracer of NAPL contamination in soil and groundwater because it is extremely soluble 

in these substances and produces a concentration-deficit compared to nearby unpolluted areas 

characterized by the same geological bedrock. The mapping of this process, known as “radon-deficit 

technique” [12] allows to identify the contamination affecting vadose and saturated portions of an 

aquifer. Two approaches have been proposed: the steady-state-radon partitioning model and the one-

dimensional model for radon transport with NAPL partitioning [12,13,14]. An excellent review on that 

with an exhaustive list of related references has been recently published [4]. NAPL saturation (SNAPL) in 

the saturated aquifer, on top of the “NAPL source zone”, or downgradient in the plume, can be 

calculated using eq. 2: 

 

                (2) 

 

where: 

 
∆C∞: radon deficit = Equilibrium radon concentration in NAPL polluted aquifer / Equilibrium radon 

concentration in clean aquifer  

 

KNAPL/W = Radon partition coefficient between NAPL and water  

 

It is worth noting that this equation in Schubert (2015) [4], (equation 7), is affected by a typo in the 

numerator where “∆S∞“ is reported in place of “∆C∞”. 

According to this calculation, radon concentration is most sensitive to changes in SNAPL at low NAPL 

saturations (SNAPL < 5%) and not very sensitive above NAPL saturations of about 10% [15].  

 

( )[ ] 100/1(%) / ⋅∆−⋅∆∆−= ∞∞∞ CKCCS WNAPLNAPL
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It must pointed out that equation 2, as well as the complete steady-state-radon partitioning model and 

the one-dimensional model for radon transport with NAPL partitioning [12,13,14], relies on the 

following assumptions: (i) the average distribution of 226Ra, the parent nuclide of 222Rn, in the solid 

phase is homogeneous; (ii) the porosity of the aquifer material is constant; (iii) losses of 222Rn from the 

saturated to the unsaturated zone can be neglected; (iv) the partitioning of 222Rn between the NAPL and 

water phase is in equilibrium; (v) the partition coefficient is independent of the NAPL saturation; (vi) 

the NAPL phase is immobile, and (vii) sorption of 222Rn to the matrix is neglected. This needs to be 

demonstrated and accounted for, in any single situation. 

 

In case of old contamination, aging may have modified the original NAPL composition, producing a 

complex multi-component mixture and giving rise to a significant change of the radon partition 

coefficient of the remaining residual NAPL [4]. Furthermore, biodegradation may fractionate the 

continuous NAPL, leading to residual presence of isolated NAPL droplets in the soil pore or of NAPL 

films coating the grain surfaces [16]. In these cases, Methyl Tertiary Butyl Ether (MTBE), is often the 

only residual NAPL detected in groundwater, due to its biological and chemical stability [17,18] 

MTBE has been used in many countries as an octane enhancing replacement for lead, primarily in mid- 

and high-grade gasoline [19,20]. It is rapidly becoming a major environmental problem because it is 

often introduced into water-supply aquifers by leaking underground storage tanks at gasoline stations 

or by gasoline containing MTBE spilled onto the ground.  

Requirements for the management of fuel storage tanks were established in Italy by the Ministerial 

Decree number 246 of May 24th, 1999. This governs the construction and operation of both 

aboveground and underground storage tank systems. Prior to the decree the only storage tank 

regulations that existed related to Liquid Petroleum Gas (LPG); this led to soil and groundwater 

contamination at many sites where these systems were in use, due to deficient standards of construction 

and operation. 

 
2 Study area 
The study area (Fig. 1) is located in the southern portion of Roma (Italy), where a former fueling 

station was dismissed in the year 2004. When the underground tanks were removed, a subsoil NAPL 

(Non-Aqueous Phase Liquid) contamination came out, showing a process of gasoline leakage from the 

reservoirs bottom. Monitoring actions took place next, but only since September 2018 radon dissolved 

in groundwater was measured and used as tracer of residual NAPLs.  

https://en.wikipedia.org/wiki/Underground_storage_tank
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Mafic, K-rich and silica undersaturated ignimbrites from Colli Albani volcano largely crop out in the 

area [21]. Radionuclide content is significant. 226Ra abundance ranges from 120 to 140 Bq/kg and 232Th 

activity concentration from 150 to 200 Bq/kg (Ciotoli et al. 2017 and references therein) [22].  

The hydrogeological complex is indicated as “High Permeability Alban Volcanic deposit Complex”, 

Alban Hills Hydrogeological Unit, in the recent Hydrogeological Map of Rome [23]. It is a pyroclastic 

flow deposit, massive, chaotic and lithoidal as a result of zeolitization. The degree of relative 

permeability is high. The groundmass is largely formed by leucite microcrysts with star-like habit and 

by glass turned to zeolites and/or halloysite [24]. The presence of abundant zeolites could account for 

adsorption of MTBE onto aquifer grain since these minerals proved to adsorb many organic 

compounds [25,26,27]. 

 

 
 

Fig. 1. Extract of the Hydrogeological Map of Rome (modified from La Vigna et al. 2016) [23]. 
 

Local stratigraphy consists of 4-5 m of backfill soils and at least 10-12 m of ignimbrites. Groundwater 

table can be found at a depth of approximately 10 m. Its seasonal variation is of about 0.4 m, reaching 

the highest elevation in May and the lowest in September. 

After fourteen years, MTBE is the main contaminant in groundwater because it is biologically and 

chemically stable and thus very persistent in the environment. MTBE is absorbed onto soil grains, such 

as other residual NAPLs, but its high water solubility and persistence cause it to travel faster and 

Study area

25 m a.s.l. 

20 m a.s.l.

Roma

Isophreatic lines (m a.s.l.) Groundwater flow

Springs

1 Km



 

61 
 

farther than many other components of gasoline when released into an aquifer [28,29,30,31,32,33] or 

re-mobilized from fine-grained levels or zeolites in the vadose zone. As a result of that, some scientists 

predicted that, release of MTBE-containing gasoline from underground storage tank would result in 

long-term plumes of affected groundwater [34,35,36]. 

The remediation system at the study site consists of 10 monitoring wells in the former fueling station 

area, five of which became the pumping wells of a “pump and stock” system since the late fall of 2018 

(Fig. 2). In the first period of operation, the pump worked only 15 minutes a day in order not to fill too 

rapidly the related tanks of 20 m3 volume. Consequently, groundwater flow was scarcely affected by 

this apparatus.  

Two further wells are placed upgradient to document radon levels in the uncontaminated aquifer. 

  

 
 

Fig. 2. Study site with location of removed underground tanks, piezometers in the former fueling station and “clean” 
piezometers located upflow or to the side of former reservoirs. 

 

3 Material and Methods 
 
3.1 Field work 
Water-level measurements and groundwater sampling were carried out once every two months, starting 

from September 2018 up to September 2019.  

Preliminary surveys performed in the months of May and July 2018 found a few mm tick free floating 

gasoline product in piezometer 1, which was collected using oil-socks. No free product was detected 
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during the following year. NAPL absorbed onto the oil socks was extracted with a mixture of benzene 

and ethylic alcohol and then dated using radium isotopes recoiled from the thorium-rich volcanic 

aquifer (Chapter 2). The free product was also analyzed for heavy metals and hydrocarbons contents. 

Only total hydrocarbons (C10-C40) were detected in relevant concentration (26,000 mg/kg), with a 

minor presence of light hydrocarbons (C ≤ 12, 190 mg/kg), nearly entirely volatilized. Negligible 

concentration of aromatic organic solvents and no polycyclic aromatic hydrocarbons were detected. 

Groundwater level, temperature and electrical conductivity were always recorded, before extracting 

from 3 to 5 times the water volume in the well in order to sample groundwater really representative of 

the aquifer conditions in terms of composition and radon activity concentration. 

PET bottles were used for storing water aliquots for radon determination using RAD7 monitor (see 

section 3.2.1) along with different glass containers for the analyses of NAPLs.  

 
3.2 Equipment and laboratory methods 
Radon activity concentration in groundwater was generally measured using RAD7 monitor with Big 

Bottle RAD H2O accessory, but gamma-ray spectrometer + charcoal canister was also applied in 

January 2019 measuring campaign in order to check data quality. In the same month another approach 

based on gamma-ray spectrometer + polydimethylsiloxane (PDMS) mixed with activated charcoal 

accumulators was applied too, to test a cheap method aimed at identifying areas with relatively lower 

radon and then possible residual NAPLs in the subsoil.  

 
3.2.1 RAD7 monitor with Big Bottle RAD H2O accessory 
Radon activity concentration in water samples collected in 500 or 660 mL PET bottles was measured 

using RAD7 monitor (Durridge Company Inc.) with Big Bottle RAD H2O accessory, as largely 

described in De Simone et al (2015) [37], Lucchetti et al (2016) [38] and Tuccimei et al (2016) [39]. 

The experimental set-up consists of several components: the PET bottle, the aeration system, the 

bubble trap, the temperature data logger, vinyl tubings, the Laboratory Dryer and RAD7 (Fig. 3). 

During the measurements the built-in pump runs continuously, aerating the sample and delivering 

radon to RAD7. Radon rich air flows through the closed-loop circuit, reaching an equilibrium with the 

radon remaining in the water. The radon extraction efficiency is calibrated against the average 

temperature of the air/water interface monitored using the temperature data logger. Eight 15-min cycles 

are set. Radon concentration in the water (Cw, Bq/m3) is calculated using eq. 3: 
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( )( ) AFDFVVCaC TwaFITw ⋅⋅−+= 1/ )(30 α                      (3) 

  

with 

btdRa VVVVV +++= 7  

 

where: 

Ca FIT30: radon concentration value at t = 30 min of an exponential fit of RAD7 data recorded during 

each 15 min run (from 30 to 120 min) (Bq/m3).  

Va: total volume of air in the system (1.542 E-03 m3) 

VR7: internal volume of the RAD7 (0.768 E-03 m3). 

Vd: equivalent desiccant column volume (0.673E-03 m3). 

Vt: volume of tubing & aerator (0.054E-03 m3).  

Vb: volume of bubble trap (0.051E-03 m3). 

α(T) = 0.105 + 0.405 e-0.0502 T : equilibrium coefficient from Fritz von Weigel equation [40];  

T: temperature of water in bottle (°C)  

Vw: volume of water in bottle (m3) 

DF = Decay Factor (= exp (-t/τ), where t (min) is the time elapsed between water sampling and 30 min 

after the beginning of the run and τ (min) is the radon average life, 7938 

AF = adjustment of instrument calibration factor (0.9966, in this case).  
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Fig. 3. RAD7 monitor with Big Bottle RAD H2O accessory (c, modified from Lucchetti et al. 2016) [38]. 1) Plastic soda 

bottle; 2) Screw-on Teflon aerator, with a single air stone; 3) Elastic clinching strap; 4) Temperature data logger; 5) 

Bubble trap; 6) Laboratory dryer; 7) Clip; 8) Check valve; 9) Vinyl tubing; 10) RAD7 radon detector; 11) Inlet filter. 

 
3.2.2 Gamma-ray spectrometer and charcoal canister 
This method developed by Mancini and Giannelli (1995) [41] and modified by Procopio (1996) and 

Galli et al. (1999) [42] makes use of charcoal canisters and gamma-ray counting. Gamma counting is 

performed at least 20 h after sampling by γ rays emitted by 214Pb and 214Bi radon short-lived daughters, 

when the secular equilibrium and uniform radon distribution in the charcoal is reached. The low-

background spectrometer available at INGV laboratories, Roma, consists of a shield made of lead, 

either casting or pellets, surrounding a NaI(Tl) scintillator (3 x 3 in.), optically coupled to a 

photomultiplier. The pulse shaping is performed by a preamplifier and an amplifier, and the counting of 

peaks at 295, 352, and 609 keV is done by a 4-k multichannel analyzer. The spectrometer response is 

verified daily by counting an activated charcoal canister containing a standard source of 226Ra (376 ± 

10 Bq). Radon in the water (Cw, Bq/L) is calculated using eq. 4: 

 

( )EDFcpmCw ⋅= /                               (4) 
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where, 

cpm = net counts per minute at 295, 352, and 609 keV peaks  

DF = decay factor (exp(-t/τ), being t (min) the time elapsed from degassing to counting and τ (min) the 

radon mean life (7938 min). 

E = Efficiency (cpm per Bq/L) 

 
3.2.3 Gamma-ray spectrometer and polydimethylsiloxane mixed with activated charcoal accumulators 
Radon was accumulated for a couple of days onto five polydimethylsiloxane (PDMS) tablets mixed 

with activated charcoal (AC) [43], left into piezometers 3, 4, 8, 10 and 11 at about 10-15 cm below the 

water table. Afterwards, the tablets were removed and counted by gamma-ray spectrometer equipped 

with a germanium detector, using a calibration factor previously determined. The calibration procedure 

involves the immersion of passive accumulators in a water sample of known radon activity 

concentration and then the counting by gamma-spectrometry. This way five calibration factors were 

obtained and averaged. The mean value was used to obtain radon concentration in groundwater. 

Bearing in mind that in-situ environmental conditions can still affect groundwater radon concentration, 

this approach provides more reliably relative radon levels. 

 
3.3 Data processing and mapping 
Radon data were used to produce a dot map of average radon activity concentration in groundwater 

during the study period, September 2018-September 2019. 

 
4 Results 
Radon activity concentration in the 12 piezometers are reported in Table 1. Data can be grouped in two 

clusters: lower radon abundances displayed by contaminated spots (piezometers 1, 2, 3, 6, 8, 9, 10 see 

Fig. 2 for piezometers location) and higher values detected for the “clean” portion of the study area 

(piezometers 4, 5, 7, 11 and 12, see Fig. 2). 

Average radon in the first group ranges from 36 Bq/L of September 2018 to 69 Bq/L of January 2019, 

with average value of 57 Bq/m3. Lowest average values were detected in piezometers 1 (43 Bq/L) and 

2 (37 Bq/L) where the underground tank were located. Somewhat higher average contents were 

recorded for piezometers 3 (68 Bq/L), 6 (58 Bq/L), 8 (59 Bq/L), 9 (56 Bq/L) and 10 (65 Bq/L), located 

downstream.  

Radon data of the second cluster were used to calculate the radon-deficit of “dirty” piezometers, as the 

ratio between radon concentration of single “contaminated” piezometers and the average of radon 
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detected in “clean” groundwater (background). Piezometers 4, 5, 7, 11 and 12 located upstream and to 

the side of removed gasoline tanks were employed for the calculation of “background radon”. They 

always gave the highest radon concentration with mean values ranging from 93 Bq/L of September 

2019 to 113 Bq/L of November 2018. It is worth remarking that since piezometers 11 and 12 were not 

sampled in the first survey, “background radon” was estimated from data of following campaigns. A 

value of 70 [44] was tentatively attributed to the radon partition coefficient between the residual NAPL 

mixture and water (KNAPL/W ) to calculate NAPL saturation values, even if the composition of the 

residual NAPL mixture is approximately known. However, since radon shows a strong affinity to 

NAPLs in general, variation of this parameter moderately affects NAPL saturation values, being radon 

deficit the key-factor [45].  

Average radon-deficits range from 0.21 of piezometer 6 in September 2018 to 0.75 of piezometer 3 in 

January 2019, corresponding to NAPL saturation of 5.5 % and 0.5 %, respectively. Average radon-

deficit and NAPL saturation in the study period are 0.53 and 1.7 %, respectively. All data are reported 

in Table 1. 

In the January 2019 survey, radon was measured using the three methods described in section 3.2. Data 

are reported in Table 2. Radon concentration in piezometers 1, 2, 6 (dirty group), 5 and 7 (clean group) 

connected to a “pump and stock” system since December 2018 gave different systematic results using 

the methods described in sections 3.2.1 and 3.2.2. Data obtained with RAD7 monitor coupled to Big 

Bottle RAD H2O accessory were 50 % lower than those measured with gamma-ray spectrometer, 

mainly because of sampling problems due to the diameter of the new taps which were too large with 

respect to the neck of PET bottles used for collecting water to be analyzed with the first method. This 

caused a loss of radon gas during sampling. The larger diameter of glass bottles used for the second 

approach prevented from radon escape during water collection. On the other hand, radon contents of 

other piezometers not connected to the “pump and stock” system were comparable within the error 

range, except for piezometer 9. This problem was solved during next surveys when sampling approach 

was modified according to the “pump and stocks” system characteristics. The third method gave us just 

relative data for five piezometers. Results were in agreement with the charcoal canister approach with 

progressively lower values for piezometer 4, 11, 3, 10 and 8, demonstrating that this way it is possible 

to qualitatively identify areas with lower radon.  

 

In the following discussion, other dataset will be employed to unravel the contamination and the 

evolution model: i) concentration of NAPLs in the piezometers from February 2016 to September 
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2019; ii) water table level in the same time period. These data were provided by Mares S.r.l, firm in 

charge of the monitoring and remediation of the site. 

 

5 Discussion  
A map of average radon concentration in groundwater during the study period (September 2018 – 

September 2019) is shown in Fig.4. Lowest values correspond to piezometers located where the former 

gasoline tanks occurred (PZ1 and PZ2). Moderately higher concentrations were detected for 

piezometers located downstream (PZ 6, 8, 9 and 10) or very close to the removed reservoirs (PZ3), 

while the highest abundances characterise piezometers placed upflow or to the side of underground 

tanks (PZ 4, 5, 7, 11, 12). This scenario is coherent with the location of piezometers with respect to the 

“contamination source-zone” and it is supported by the groundwater flow direction, demonstrating that 

radon partitioning in NAPL is still somewhat measurable after 15 years.  

 

 
 

Fig. 4. Dot map of average radon concentration in groundwater during the field survey (September 2018 – July 2019). 
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No significant radon variations in single piezometers were observed during the study period, because 

no massive remobilization of NAPLs took place, as also shown by the concentration of measured 

hydrocarbons in groundwater.  

The NAPL spillage was actually unveiled in the year 2004, when the fuel station was dismissed and the 

underground gasoline tanks were removed. Residual NAPL in groundwater are quite low now, even if 

cycles of concentration changes are visible. The only NAPL still present is MTBE, a hydrophilic ether 

with a solubility of 50 g/L in water [17]. Minor concentrations of benzene (up to 0.1 mg/L) and total 

hydrocarbons expressed ad n-hexane (up to 0.1 mg/L) were rarely detected in piezometer 2, not always 

in accordance with MTBE peaks. Highest MTBE contents (up to 3 mg/L) were periodically found in 

piezometers 1 and 2, but also piezometers 3, 6 and 10 were occasionally affected by MTBE 

contamination (up to about 0.3 mg/L). An example of MTBE temporal variability in piezometers 1 an 2 

is shown in Fig. 5. 

 

 
 

Fig. 5. MTBE concentration in piezometers 1 and 2 from January 2016 up to July 2019 
 
Temporal trends are not correspondent for the two piezometers. PZ2 generally shows higher MTBE 

contents and lower dissolved radon. This could indicate that PZ2 is closest to the “contamination 

source zone”, in agreement with NAPL contents in the soil found in 2004 below the western gasoline 

tank. However, it is worth noting that the MTBE concentration in PZ1 in September 2018 were 

artificially lowered by the use of the oil socks which adsorbed the free product floating onto the water 

table. 

Since the monitoring of water table elevation and groundwater quality is not continuous, but bimestrial, 

it is difficult to prove direct relationships between rainfalls distribution and intensity on one side and 
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dissolved NAPL on the other. In spite of that, a possible mechanism of contaminants remobilization 

from soil grains can be envisaged when heavy rainfalls wash the terrain, producing a water table rise 

[46,47]. Lenses of residuals NAPLs possibly sorbed onto zeolites [25,26,27] may release MTBE into 

groundwater, in view of its high water solubility and persistence. Using the approach presented in 

Metcalf et al (2016) [48], we calculated the dissipation half-life (dt1/2) in groundwater: 

  

mdt ⋅−= 303.2/693.02/1                             (5) 

 

where m is the slope of the logarithm of MTBE concentration versus time determined by regression. 

An average value of about 23 days was found for this site. An example for piezometer 1 from the end 

of February 2017 to the end of May 2017 is reported in Fig. 6a. Figure 6b shows that the dissipation of 

MTBE in PZ1, from 2661 to 27 ppb, is accompanied by a simultaneous decrease of the water table 

from 27.74 to 27.54 m a.s.l. Similar values for the dissipation half-life were also found for piezometers 

2 (in the NAPL source zone ) and 6 and 10 (downgradient in the plume). See Table 3.  

 

 
 

Fig. 6. Plots of log MTBE concentration versus time (A) and MTBE concentration and water table level against time (B). 
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As stated in the Introduction, equation 2 may be applied to estimate NAPL saturation only if several 

assumptions are respected. In our case they are hardly ever satisfied. Requirements concerning 

homogeneous distribution of 226Ra in the solid phase and constant porosity fail because the “High 

Permeability Alban Volcanic deposit Complex”, is a pyroclastic flow deposit, massive, chaotic and 

lithoidal as a result of zeolitization [24]. 226Ra tends to be adsorbed onto the external border of mineral 

phases [2]; a dual porosity undoubtedly characterizes this ignimbrite, such as other similar volcanic 

material [49,50]. Last but not the least, the assumption on the equilibrium of 222Rn partitioning between 

the NAPL and water phase is totally disregarded, as demonstrated by the episodic and short occurrence 

of MTBE in groundwater and by the dissipation half-life estimated at about 23 days. Furthermore, 

MTBE is very soluble in groundwater, but presumably it is not the only component of the NAPL 

mixture still absorbed in the aquifer.  

On the basis of the available data, the following conceptual site model may be proposed (Fig. 7). 

 

 
 

Fig.7. Conceptual site model. B is backfill; S is medium-grained sand; FS is sand in silty matrix. Solid lines in FS are 

groundwater static levels at time t1 (starting level) and t2 (just after a rainfall event), the dashed line is a dynamic level. Box: 

Red blobs are residual NAPLs in the aquifer which are leached by groundwater, either when the water table rises at t2 or 

during water pumping. 
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Up to 15 years ago, gasoline leakage from the bottom of underground gasoline tanks located at 4 - 5 m 

depth occurred, with infiltration throughout the aquifer. Residual NAPL blobs are still present from 5-

meter depth downward. They are probably absorbed onto zeolites. Occasionally rainfalls make the 

water table rise (see solid lines labelled t1 an t2 in Fig 7), removing MTBE, the most soluble component 

of the residual NAPL mixture. This concentration is progressively reduced because of natural processes 

such as dilution and dispersion, that generates a transient and short plume (dissipation half-life of 23 

days). The composition and the degradation stage of residual NAPLs in the solid matrix of the aquifer 

should be investigated further using the biomarkers (see [51] and references therein) in order to predict 

the evolution of natural attenuation processes and the timing of remediation techniques based and a 

“pump and treat” system linked to activated carbon adsorption technologies, which will be installed 

there in the near future. 

  

6 Conclusions 
The study of radon–deficit in MTBE-contaminated groundwater with reference to radon dissolved in a 

“clean” portion of the same aquifer allowed us to identify the area where residual NAPLs are still 

located after 15 years.  

Blobs of NAPLs are probably located where former underground gasoline were placed, but only the 

most soluble substances (MTBE and to a lesser extent benzene and total hydrocarbons expressed as n-

hexane) are occasionally detected in groundwater. The radon-deficit was constant during the study-

period, because it is due to the total residual NAPL mixture and not only to the most soluble MTBE 

which is occasionally mobilized by the rising water table after rainfalls events. Piezometers located 

upflow and to the side of the contamination zone accordingly recorded higher radon concentration and 

lower radon-deficit.  

No realistic evaluation of NAPLs saturation is possible using steady-state-radon partitioning model or 

one-dimensional model for radon transport with NAPL partitioning because required assumptions are 

not respected regarding the aquifer homogeneity in terms of 226Ra distribution, porosity and emanation 

power and the equilibrium for radon partition between NAPL and water. 

The study of residual NAPL composition and state of degradation in the solid matrix of the aquifer 

would give additional elements to predict the timing of natural attenuation and the effectiveness of the 

pump and treat system which will be installed in the near future. 
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Table 1    222Rn, radon deficit and NAPL saturation of groundwater from piezometers in the dismissed fueling station (Roma, Italy) from September 2018 to September 2019

1 2 3 4 5 6 7 8 9 10 11 12 Background *
222Rn (Bq L-1) 47  ± 3 37  ± 3 48 ± 3 57 ± 4 57 ± 4 21 ± 2 66 ± 4 31 ± 2 30 ± 2 37 ± 3 ns ns 99 ± 17

Radon Deficit 0.48 ± 0.03 0.37 ± 0.03 0.49± 0.03 nc nc 0.21 ± 0.02 nc 0.32 ± 0.10 0.30 ± 0.02 0.38 ± 0.03 ns ns nc

NAPL  Saturation (%) 1.6 ± 0.1 2.5 ± 0.2 1.5 ± 0.1 nc nc 5.5 ± 0.1 nc 3.1 ± 0.2 3.3 ± 0.2 2.4 ± 0.2 ns ns nc
222Rn (Bq L-1) 65 ± 4 33 ± 3 80 ± 5 115 ± 7 92 ± 5 70 ± 4 139 ± 8 55 ± 3 56 ± 3 77 ± 4 98 ± 6 123 ± 7 113 ± 19

Radon Deficit 0.58 ± 0.04 0.29 ± 0.02 0.71  ± 0.04 nc nc 0.62 ± 0.04 nc 0.49 ± 0.03 0.49 ± 0.03 0.68 ± 0.04 nc nc nc

NAPL  Saturation (%) 1.1 ± 0.1 3.5 ± 0.2 0.61 ±  0.04 nc nc 0.90 ± 0.05 nc 1.5 ± 0.1 1.5 ± 0.1 0.69 ± 0.04 nc nc nc
222Rn (Bq L-1) 64 ± 2 41 ± 2 81 ± 3 111 ± 4 88 ± 5 72 ±  3 83 ± 3 71 ± 4 71 ± 3 80 ± 3 93 ± 4 163 ± 6 108 ± 34

Radon Deficit 0.59 ± 0.02 0.38 ± 0.02 0.75 ± 0.03 nc nc 0.67 ± 0.03 nc 0.66 ± 0.04 0.66 ± 0.04 0.74 ± 0.03 nc nc nc

NAPL  Saturation (%) 1.00 ± 0.03 2.4 ± 0.1 0.48 ± 0.02 nc nc 0.73 ± 0.03 nc 0.76 ± 0.04 0.76 ± 0.04 0.51 ± 0.02 nc nc nc
222Rn (Bq L-1) 24 ± 1 51 ± 3 69 ± 5 108 ± 6 95 ± 5 66 ± 4 89 ± 5 67 ± 4 53 ± 3 75 ± 5 91 ± 5 162 ± 9 109 ± 34

Radon Deficit 0.22 ± 0.01 0.47 ± 0.03 0.63 ± 0.04 nc nc 0.61 ± 0.04 nc 0.62 ± 0.04 0.48 ± 0.03 0.69 ± 0.05 nc nc nc

NAPL  Saturation (%) 5.2 ± 0.2 1.7 ± 0.1 0.84 ± 0.06 nc nc 0.94 ± 0.06 nc 0.90 ± 0.05 1.54 ± 0.09 0.65 ± 0.04 nc nc nc
222Rn (Bq L-1) 4 ± 1 ** 29 ± 2 76 ± 5 104 ± 6 78 ± 4 58 ± 3 85 ± 5 74 ± 5 ns 64 ± 4 84 ± 5 179 ± 10 106 ±  42

Radon Deficit nc 0.27 ± 0.02 0.72 ± 0.05 nc nc 0.55 ± 0.03 nc 0.70 ± 0.05 ns 0.63 ± 0.04 nc nc nc

NAPL  Saturation (%) nc 3.9 ±  0.3 0.56 ± 0.04 nc nc 1.19 ± 0.06 nc 0.64 ± 0.04 ns 0.87 ± 0.05 nc nc nc
222Rn (Bq L-1) 57 ± 4 30 ± 2 ns 84 ± 5 75 ± 5 55 ± 3 71 ± 4 51 ± 4 64  ± 4 74 ± 4 89 ± 5 169 ± 10 104 ± 41

Radon Deficit 0.55 ± 0.04 0.28 ±  0.02 ns nc nc 0.53 ± 0.03 0.68 ± 0.04 0.49 ± 0.04 0.61 ± 0.04 0.71 ± 0.04 nc nc nc

NAPL  Saturation (%) 1.18 ± 0.08 3.6 ± 0.2 ns nc nc 1.30 ± 0.07 0.96 ± 0.04 3.0 ± 0.2 1.49 ± 0.09 0.82 ± 0.03 nc nc nc
222Rn (Bq L-1) ns 41 ± 3 56 ± 3 60 ± 4 72 ± 4 63 ± 4 86 ± 6 63 ± 4 65 ± 4 47 ± 3 89 ± 6 135 ± 8 93 ± 30

Radon Deficit ns 0.44 ±  0.03 0.60 ± 0.04 nc nc 0.69 ± 0.05 nc 0.68 ± 0.04 0.70 ± 0.05 0.51 ± 0.03 nc nc nc

NAPL  Saturation (%) ns 1.9 ± 0.1 0.97 ± 0.06 nc nc 0.65 ± 0.01 nc 0.70 ± 0.04 0.64 ± 0.04 1.42 ± 0.05 nc nc nc

nc stands for not calculated. ns means not sampled

* Highest radon concentration in piezometers 4, 5, 7, 11 and 12 were averaged to obtain the radon reference value in the "clean" aquifer, except for the September 2018 campaign, when piezometers 11 and 12 were not sampled

**  Radon data reported in the table are those reported with gamma-ray spectrometer and charcoal canister (see text for explanation) 

*** A pumping problem made the purging partial and detected radon too low and not representative of the radon in the aquifer

Data
Piezometer

September 
2018

November 
2018

January 2019 **

March 2019

May 2019

July 2019

September 
2019

Radon survey
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77 
 

 
 
 
 
 
 

Table 2   Radon activity concentration of groundwater in January 2019 determined 
by two different analytical approaches. See text for explanation.

222Rn 222Rn
(Bq L-1) (Bq L-1)

Method in Section 3.2.2 Method in Section 3.2.1
1 64  ± 2 22 ± 2
2 41 ± 2 23 ± 1
3 81 ± 3 75 ± 5
4 111  4 108 ± 6
5 88 ± 5 13 ± 1
6 72 ± 3 66 ± 5
7 83 ± 3 50 ± 3
8 71 ± 4 64 ± 4
9 71 ± 3 45 ± 3

10 80 ± 3 68 ± 4
11 93 ± 4 94 ± 6
12 163 ± 6 162 ± 9

Piezometer

Appendix B        
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Table 3   Grounwater data used to calculate MTBE dissipation half-life (dt1/2) in groundwater

0 Nov 28th 2016 1075 3.0 27.74

58 Jan 26th 2017 325 2.5 27.71 23

116 May 24th 2017 35 1.5 27.55

0 Jan 26th 2017 2665 3.4 27.75 19

62 Mar 28th 2017 121 2.1 27.71

116 May 24th 2017 37 1.6 27.60

0 Jul 25th 2017 1600 3.2 27.73

60 Sept 25th 2017 329 2.5 27.59

0 Aug 30th 2018 270 2.4 27.34

24 Sept 24th 2018 88 1.9 27.23

0 Aug 30th 2018 313 2.5 27.14

26 Sept 24th 2018 180 2.3 27.04
10 33

2 26

6 15

Groundwater table level  
(s.l.m.)

1

2

dt1/2          

(days)
Piezometer  # Days Date MTBE ppb log MTBE

Appendix C        
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Further conclusions 
 
In the previous pages the results discussed offer a better understanding of complex natural systems 

in which NAPLS are released. All the research is developed thanks to the radioisotopes, overall Ra 

and Rn isotopes, and to alpha recoil effect due to natural radioactivity. The study started with the 

understanding of different mechanisms ruling the Ra and Rn isotopes introduction in groundwater, 

passing to the applying of variation in time of the 228Th/228Ra pair to date the accidental releases of 

refined hydrocarbons and, finally, ending with the monitoring of processes in a real old NAPL 

contamination. 

 

The comprehension of the effects induced by electrostriction in non-polar liquids clarified many 

aspects of the complex interactions in pores containing different fluid phases and the ions behaviour 

at interface between grain surface and liquid (polar and non-polar). The gained information on 

retardation factor and recoil rate constant of radium isotopes will help to improve dating methods 

used for groundwater in future studies. Moreover, the application in the field of environmental 

NAPL pollutions has opened a brand new research line in the radiometric dating methods and in the 

estimation of pollutant behaviour in the subsoil.  

 

The next main steps of this research consist first in the development of more disequilibrium clocks 

based on accumulation of alpha-recoiled ions in NAPLs to cover a wider range of time than now, 

secondly in the improvement of the dating equation to be adapted to multi-time leakages and thirdly 

in the integration and modification of actual equation to calculate residual NAPL with Rn deficit 

technique. Above all the improvement of the last point could allow a realistic quantification of the 

pollutant in the diverse time phases of the contamination. The applications of the results of these 

researches could improve the environmental remediation of sites contaminated by NAPLs and 

reduce their costs and the environmental impact.  

 

Another important line of research is the understanding of the aging of a contaminant and the 

variation in the behaviour of NAPLs caused by degradation and biodegradation. The chemical 

evolution over time of an organic substance can be studied by biomarkers that offer important 

information of environmental parameters affecting the degradation processes. Even though non-

polar substances are predominantly immiscible with water, the degradation can modified this 

property changing the chemical nature of the pollutant involved. The subsurface distribution of the 

pollutant in its new form can be very different from the original one, also leading to a different risk 
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for public health and requiring specific remediation activities. The comparison between the absolute 

age of the contamination and the story of its degradation/biodegradation can offer a better 

understanding of a natural contaminated system in all its aspects that still represent a major problem 

for environmental remediation. 
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