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Featured Application: Radon deficit reveals the presence of residual NAPL(Non-Aqueous Phase
Liquid) contamination in soil and groundwater, giving a good picture of their vertical and spa-
tial location. A combined and repeated approach consisting of measurements of radon and NAPL
concentration coupled with groundwater table dynamics makes it possible to assess the evolution
of the contamination phenomena. The application ofexploratory factor and principal component
analyses to this dataset provides a key to understanding the attenuation processes, whether nat-
ural or induced, by the application of mitigation practices, and delivers models (conceptual and
mathematical) to manage the site reclamation.

Abstract: Soil and groundwater contamination by NAPLs (Non-Aqueous Phase Liquids) is certainly
a big issue for protecting the environment. In situ clean-up actions are routinely applied to mitigate
the risk and are supplemented by monitoring surveys to assess the degree, extension, and evolution of
the contamination. Radon gas is here used as a tracer of contamination because of its high solubility in
non-polar solvents that produce a reduced concentration of the gas in polluted soil and groundwater
with reference to radon levels in adjacent “clean” areas. This approach was employed in two sites
where gasoline and diesel spillage occurred, causing soil and groundwater contamination. The two
case studies were chosen because of their difference in terms of the hydrogeological features, age of
the spillage, composition of residual NAPLs, and clean-up measures to test the advantages and limits
of this approach in a variety of settings. Radon data, NAPL concentration in the groundwater (mainly
total hydrocarbons, Methyl Tertiary-Butyl Ether and Ethyl Tertiary-Butyl Ether) and the depth of the
groundwater table were periodically collected in surveys that spanned a period of two years. This
dataset was statistically processed using principal component analysis to unravel which factors and
attenuation processes are working in the sites and the response of the radon deficit approach to this
complex series of phenomena concurrently occurring there.

Keywords: radon; NAPL; groundwater contamination; principal component analysis; Roma

1. Introduction

Non-Aqueous Phase Liquids, or NAPLs, are organic liquid contaminants that are
poorly soluble in water such as oil, gasoline, and petroleum products. NAPLs tend to
contaminate soil and groundwaters for very long periods of time and need to be removed
with active (e.g., pump-and-treat, soil vapour extraction) or passive (natural attenuation)
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remedial strategies [1]. The efficiency of both approaches relies on environmental monitor-
ing [2] and on a suitable geochemical tracer of ongoing transport, dilution, degradation,
and volatilization phenomena [3,4]. Radon gas can be used to identify NAPLs in soil
and groundwater because of its preferential partitioning in organic phases [5–23]. The
resulting radon deficit (regarding the site-specific radon background concentration in soil
or groundwater) can be utilized as an NAPL indicator [17].

Moreover, it is possible to estimate the saturation of the residual NAPLs either in the
vadose or saturated portion of an aquifer. NAPL saturation (SNAPL) in the saturated aquifer,
on top of the “NAPL source zone”, or downgradient in the plume, can be calculated using
the following equation [17]:

SNAPL (%) = [1 − ∆C∞/(∆C∞ × KNAPL/W − ∆C∞)] × 100 (1)

where:
∆C∞: radon deficit = equilibrium radon concentration in NAPL polluted aquifer/equil-

ibrium radon concentration in clean aquifer.
KNAPL/W: radon partition coefficient between NAPL and water at Roma average

temperature (70, [17,22])
It is worth noting that this equation, Equation (7) in ref [17], is affected by a typo in

the numerator where “∆S∞” is reported in place of “∆C∞”.
Although many works applied this approach to estimate the amount of the residual

NAPLs in soil and groundwater (see for example, [8,17,24,25]), to our knowledge no
references are available for a statistical treatment of radon and NAPL concentration, in
terms of principal component analysis. This research is a first example of the potential of
such a kind of approach to infer processes accounting for relationships among relevant
parameters (radon, NAPLs, water table fluctuations) to successfully manage the reclamation
of a contaminated area. Since groundwater monitoring and sampling is routinely carried
out once every two–three months by companies responsible for remediation actions, it is
particularly useful to have a tool to establish relations among variables and understand the
evolution of contamination with standard sampling times.

Two study sites, with different hydrogeological features, age of the spillage, composi-
tion of residual NAPLs, and clean-up procedures are employed here to show the advantages
and drawbacks of this method. The factor analysis is here applied only to groundwater
and not soil variables’ data, which were not available with the same frequency; however,
the same approach can be extended to soil contamination in case of a larger dataset.

2. Study Areas
Two Areas in the City of Roma (Central Italy) Were Selected for This Study

Volcanic products from Colli Albani volcano are the geological bedrock of site 1
(Figure 1) and represent the local aquifer (Colli Albani hydrogeological unit [26]). The
groundwater table, located at a depth of about 18 m, is characterized by high radon
levels [23]. Small seasonal fluctuations affect the aquifer and groundwater flow direction is
constant throughout the year. The gasoline spillage occurred about 20 years ago; a “Pump-
and-Treat” system coupled with a set of Soil Vapor Extraction (SVE) wells (Figure 2) is
employed here for in situ clean-up of soil and groundwater. Biosurfactants were also added
to enhance the separation of the residual NAPLs from soil grains and the biodegradation.

Site 2, located next to Tevere river, is characterized by an alluvial bedrock (Figure 1).
The groundwater table is very shallow (about 2 m below ground level) with significant
seasonal fluctuation (up to 0.7 m) and changing flow direction throughout the year. Radon
contents are from low to moderate. The NAPL (diesel) spillage is much more recent here
(January 2019) compared to site 1, even if previous gasoline leakages were reported in the
past. The age of the diesel spill was estimated applying a radiometric method, based on the
228Th/228Ra activity ratio in the NAPL phase extracted from the aquifer [27].
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Figure 2. Site 1. The mitigation plant consists of a “Pump-and-Treat” system, coupled with a set of
Soil Vapor Extraction (SVE) wells. Wells PZ25 and PZ26, located about 200 m E and SE of the petrol
station area, are not reported in the map to avoid narrowing the petrol station area too much. Their
location is provided in ref [23], Figure 3.

No mitigation actions have been taken so far, but securing activities such as monitoring,
pumping, and local storage of extracted groundwater are operative (Figure 3).

In both areas, water sampling from purged wells is carried out every three months and
the groundwater is analyzed for radon activity concentration and NAPL content, mainly
total hydrocarbons, MTBE (Methyl Tertiary-Butyl Ether), and ETBE (Ethyl Tertiary-Butyl
Ether). The depth of the groundwater table is measured once a week and occasionally soil
gas is extracted for radon and volatile organic compounds (VOCs) detection.
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Figure 3. Remediation system at the study site 2. Wells PZ01, PZ02, PZ04, PZ06, and PZ07 are
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3. Materials and Methods
3.1. Field Work

Two sites in Roma were selected based on their different hydrogeological features,
age of the spillage, composition of residual NAPLs, and clean-up procedures to test the
advantages and limits of this combined multiparameter approach.

3.1.1. Site 1

In the period 2020–2022, eighteen wells were monitored in site 1, fourteen in the petrol
station area, and four in the adjacent clean area placed upgradient or to the side of the
removed leaking underground tanks (Figure 2) [23]. In these campaigns, the groundwater
level was measured, and water was sampled for radon and NAPL determinations.

After purging, soil gas was extracted thrice from two vapor extraction wells at different
depths (0–5, 6–10, 11–14, 15–18 m) to measure the methane and radon concentration using
a pump and modified Marinelli beakers with two taps on the upper lid. Methane was
detected in situ using a multi-gas detector (Dräger X-AM 7000, Drägerwerk AG & Co.
KGaA, Lübeck, Germany).

A drilling, SN 12, was made in November 2020 to reconstruct the stratigraphy, detect
any residual VOC concentration in the vadose zone, and collect samples for 226Ra determi-
nation. The VOC levels were measured in the field using a photoionization detector (PID)
employing an ultraviolet source to bombard gas samples and detect volatile substances.

3.1.2. Site 2

Twelve wells were monitored in site 2, either in the petrol station area or in the
close adjacent clean zone in the period 2021–2022 (Figure 3). The groundwater level was
always detected, and water samples were extracted for radon and NAPL determination.
Three wells (SN1, SN3 and SN9) out of twelve (Figure 3) belonging to a previous monitoring
network were cemented in April 2022 and not included in the latest sampling campaigns.

3.2. Laboratory Methods

Groundwater samples were investigated for radon and NAPL concentration.
Water samples were collected in 500 or 660 mL PET bottles to avoid radon loss during

sample storage [28–30] and then analyzed using a RAD7 monitor (Durridge Company Inc.,
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Billerica, MA, USA) equipped with the Big Bottle RAD H2O accessory. This experimental
set-up was extensively and thoroughly described in earlier studies [20,22,31]. It consists of
several components: the PET bottle, the bubble trap, the aeration system, the temperature
data logger, vinyl tubing with an aeration stone fixed at its lower end and a cap at the
upper end, the laboratory dryer, and the RAD7. The experimental apparatus is shown in
Figure 4 of [23]. Two cycles of 15 min each have been set for the analysis.
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Figure 4. SN12 drilling with concentration of VOCs. B is Backfill; RP stands for Reworked Pozzolan;
P is Pozzolanelle Unit; TL1 is Tufo Lionato Unit (lithoid facies) and TL2 Tufo Lionato Unit (granular
facies). The yellow triangles are soil samples for 226Ra determination.

Soil gas samples were pumped from the vapor extraction wells and stored in 500 mL
Marinelli beakers, equipped with two taps on the upper lid (see also Section 3.1.1). Soil gas
was then analyzed in the laboratory using the RAD7 monitor connected in a closed loop
with the vessel via vinyl tubing. Two 30 min cycles were used, but the first was discarded
because the radioactive equilibrium between radon and its daughter 218Po is reached only
after 15 min. Radon data were corrected for the effect water molecules on the efficiency of
the silicon detector [28] and for decay between sampling and measurement, taking into
account the volume of the Marinelli beaker and that of the experimental circuit.

NAPL concentrations were provided by MARES S.r.L.
226Ra determination on soil samples from SN12 drilling in site 1 was carried out

using gamma spectrometry. Samples of 400 gr were dried at 100 ◦C, placed in 500 mL
Marinelli beaker, and analyzed with a lanthanum bromide detector (LaBr3(Ce), ORTEC-
AMETEK, Oak Ridge, TN, USA) coupled with a photomultiplier (PMT Photonis XP5500,
ORTEC-AMETEK), connected to a 1024-channel portable multichannel system (Digibase,
ORTEC-AMETEK). The Marinelli beaker was introduced in a lead housing and counted
for 2 h. Samples analyses were alternated with the measurements of the environmental
background for correction. The 186 keV peak of 226Ra and an ignimbrite standard (S6 from
Caprarola area, Central Italy, [32]) were used for calculation.

3.3. Statistical Treatment

Radon concentrations in groundwater, water table depth, and NAPL contents (total
hydrocarbon, MTBE and ETBE) in the two sites were statistically processed using principal
component analysis. Processes such as radon preferential solubility in NAPLs, biodegra-
dation of hydrocarbons mixtures in aerobic/anaerobic conditions, and volatilization were
analyzed and evaluated as principal components to explain the maximum amount of
variance. Data were processed using Minitab 2.0 (gmsl Minitab, LLC., State College, PA,
USA), MedCalc 1.0 (MedCalc Software Ltd., Oostende, Belgium), and Stratgraphics 19.1
(1982–2020 by Statgraphics technologies, Inc. centurion, The Plains, VA, USA) softwares.
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4. Results
4.1. Site 1

Table 1 shows the radon activity concentrations of the groundwater extracted from the
18 wells of site 1 in the period 2020–2022. Tables A1 and A2 report correspondent ground-
water levels and contents of NAPLs (total hydrocarbons, MTBE, and ETBE), respectively.

Table 1. Radon activity concentrations in the 18 monitoring wells of site 1 in the period 2020–2022.

Wells
222Rn (Bq

L−1)

222Rn (Bq
L−1)

222Rn (Bq
L−1)

222Rn (Bq
L−1)

222Rn (Bq
L−1)

222Rn (Bq
L−1)

222Rn (Bq
L−1)

222Rn (Bq
L−1)

February
2020 May 2020 November

2020
February

2021 May 2021 July 2021 November
2021 April 2022

PZ25 102 ± 7 86 ± 6 95 ± 6 77 ± 5 105 ± 7 102 ± 6 106 ± 7 49 ± 3
PZ26 125 ± 8 112 ± 7 119 ± 8 125 ± 8 139 9 130 ± 8 136 ± 8 133 ± 8
PZ7 87 ± 6 115 ± 7 108 ± 7 107 ± 7 124 ± 8 124 ± 8 116 ± 7 125 ± 8
PZ14 105 ± 7 180 ± 11 93 ± 6 102 ± 7 107 ± 7 89 ± 6 104 ± 7 104 ± 7
PZ01 158 ± 10 166 ± 10 116 ± 7 112 ± 7 115 ± 7 119 ± 8 135 ± 8 125 ± 8
PZ03 82 ± 5 132 ± 8 171 ± 11 160 ± 10 185 ± 11 168 ± 10 179 ± 11 167 ± 10
PZ12 106 ± 6 74 ± 5 81 ± 5 67 ± 4 88 ± 6 79 ± 5 101 ± 6 105 ± 7
PZ17 87 ± 6 104 ± 7 95 ± 6 95 ± 6 87 ± 6 73 ± 5 106 ± 7 113 ± 7
PZ06 118 ± 7 118 ± 6 96 ± 6 87 ± 6 95 ± 6 120 ± 8 101 ± 6 98 ± 6
PZ08 98 ± 6 70 ± 5 126 ± 8 76 ± 5 69 ± 4 101 ± 6 113 ± 7 127 ± 8
PZ09 60 ± 4 73 ± 5 79 ± 5 47 ± 3 68 ± 4 99 ± 6 103 ± 6 15 ± 9
PZ10 70 ± 5 100 ± 6 74 ± 5 43 ± 3 80 ± 5 70 ± 5 77 ± 5 70 ± 4
PZ04 72 ± 5 58 ± 4 60 ± 4 17 ± 1 43 ± 3 110 ± 7 79 ± 5 67 ± 4
PZ02 75 ± 5 63 ± 4 63 ± 4 42 ± 3 109 ± 7 41 ± 3 101 ± 6 114 ± 7
PZ18 90 ± 6 103 ± 7 81 ± 5 79 ± 5 105 ± 7 93 ± 6 115 ± 7 114 ± 7
PZ19 55 ± 4 81 ± 5 73 ± 5 80 ± 5 114 ± 7 138 ± 9 111 ± 7 113 ± 7
PZ20 95 ± 5 119 ± 8 104 ± 7 96 6 126 ± 8 112 ± 7 114 ± 7 128 ± 8
PZ13 61 ± 4 40 ± 3 38 ± 3 29 ± 2 43 ± 3 47 ± 3 59 ± 4 24 ± 2

Radon levels ranged from 17 Bq L−1 (well PZ04 in November 2020) to 185 Bq L−1

(well PZ03 in May 2021). Lower values were generally recorded in some wells within the
study area (wells PZ02, PZ04, PZ08, PZ09, PZ10, PZ13, and PZ19, see Figure 2 for locations),
adjacent to or downgradient of the removed leaking underground tank.

Higher radon concentrations, found in wells PZ03, PZ07, PZ14, PZ25, and PZ26 (see
Figure 2 for locations) located away from the contamination, were used to calculate the
average radon in the clean wells (119 ± 11 Bq L−1); this value was then employed as a
reference to estimate the radon deficit and the NAPL saturation of “dirty” wells.

Radon activity concentrations in soil gas extracted at different depths from vapor
extraction wells 1 (VEP01) in December 2021 and vapor extraction well 4 (VEP04) in May
and October 2021 are reported in Table 2. The location of VEP01 and VEP04 can be found
in Figure 2. Table 2 also reports VOC and CH4 concentration detected in situ during soil
gas sampling. Low radon values (<1100 Bq m−3) and/or high methane (up to 60,000 ppm)
and VOC (up to 615 ppm) contents were detected at depths of 6–10 and 11–14 m, while no
methane, negligible VOCs (never higher than 26 ppm), and relevant radon concentrations
(up to 175,000 Bq m−3) were found at depths of 0–5 and 15–18 m. This inverse correlation
between radon and residual organic compounds agrees with the radon deficit rationale
according to which radon remains trapped within the pure residual NAPLs producing a
concentration deficit compared to nearby unpolluted soil areas.

Residual VOCs were detected in November 2020 on the cores of SN12 drilling (Figure 4).
Highest levels were found between 6 and 13 m in agreement with methane and VOC data
from VEP01 vapor extraction well in December 2021 (Table 2).

226Ra specific activities of soil samples from SN12 drilling (Figure 4), measured by
gamma spectrometry, are reported in Table A3. They range from 37 to 157 Bq kg −1.
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Table 2. Radon, methane, and VOC concentration in soil gas from two vapor extraction wells (VEP)
in site 1.

May 2021 October 2021 December 2021

VEP Depth 222Rn 222Rn 222Rn CH4 VOCs
m Bq m−3 Bq m−3 Bq m−3 ppm ppm

VEP01

0–5 nm nm nm 0 0.4
6–10 nm nm nm 0 151
11–14 nm nm 1100 60,000 615
15–18 nm nm 175,000 0 26

VEP04

0–5 56,000 70,000 nm nm nm
6–10 nm nm nm nm nm
11–14 nm nm nm nm nm
15–18 127,000 113,000 nm nm nm

nm stans for not measured.

Total hydrocarbons were found in wells PZ02, PZ04, PZ09, PZ10, and PZ13 (Table A2);
levels range from 50 µg L−1 (PZ09 in November 2020 and July 2021) to 137,280 µg L−1

(PZ13 in November 2020). The same wells were contaminated by MTBE, with concentration
from 6 µg L−1 (PZ09 in November 2020) to 3295 µg L−1 (PZ02 in February 2020). ETBE
was detected only in PZ02, PZ04, and PZ13; its levels ranged between 4 µg L−1 (PZ 02 in
May 2021) and 1135 µg L−1 (PZ13 in February 2020). Other wells did not contain these
substances in any sampling campaign.

During the study period, the average depth of the groundwater table was 17.73 m
with a fluctuation of 0.15–0.20 m (Table A1). However, PZ10, PZ12, and occasionally PZ04
were affected by hydraulic highs as deep as 7 m below ground level due to water loss from
adjacent municipal water pipelines.

4.2. Site 2

The radon activity concentrations in the groundwater extracted from site 2 wells in
the period 2021–2022 are reported in Table 3. Tables A4 and A5 contain the groundwater
levels and contents of NAPLs (total hydrocarbons, MTBE and ETBE), respectively. Radon
concentrations ranged between 0.1 Bq L−1 (well PZ06 in February 2022) to 53 Bq L−1 (well
SN03 in November 2021) (Figure 3). Two areas with average lower radon levels were
recognized around wells PZ05 and PZ02 (2.2 Bq L−1) and nearby wells PZ04, PZ06, PZ07,
and PZ08 (1.6 Bq L−1). On the other hand, higher average radon (12.4 Bq L−1) was detected
in wells located away from the contamination (wells PZ01, PZ09, SN1, SN3, and SN9).

Table 3. Radon activity concentrations in the 12 monitoring wells of site 2 in the period 2021–2022.

Wells 222Rn (Bq L−1) 222Rn (Bq L−1) 222Rn (Bq L−1) 222Rn (Bq L−1) 222Rn (Bq L−1) 222Rn (Bq L−1)

May 2021 September 2021 November 2021 February 2022 May 2022 September 2022

SN01 10.1 ± 0.8 31.6 ± 2.2 25.1 ± 2.2 17.1 ± 1.3 - -
PZ08 2.1 ± 0.3 2.4 ± 0.4 2.0 ± 1.6 1.9 ± 0.3 2.4 ± 0.4 1.6 ± 0.3
PZ09 10.4 ± 0.9 1.9 ± 0.3 5.1 ± 1.6 14.6 ± 1.2 4.3 ± 0.5 6.1 ± 0.6
SN09 22.5 ± 1.9 22.8 ± 1.7 30.9 ± 2.3 23.6 ± 1.7 - -
SN03 47.1 ± 3.1 44.3 ± 3.0 53 ± 3.4 40.5 ± 2.7 - -
PZ03 8.2 ± 0.8 31.2 ± 2.3 22.1 ± 1.9 13.4 ± 1.1 8.3 ± 0.8 9.6 ± 0.8
PZ05 2.6 ± 0.4 6.5 ± 0.6 3.3 ± 1.3 1.7 ± 0.3 1.6 ± 0.3 1.9 ± 0.3
PZ04 1.4 ± 0.3 4.9 ± 0.5 2.4 ± 1.5 1.8 0.3 10.3 ± 0.9 0.8 ± 0.2
PZ07 0.8 ± 0.2 1.5 ± 0.3 0.3 ± 1.5 1.3 ± 0.3 1.5 ± 0.3 1.1 ± 0.2
PZ02 0.9 ± 0.2 0.4 ± 0.2 - 0.3 ± 0.1 1.1 ± 0.2 1.0 ± 0.2
PZ06 0.8 ± 0.2 0.7 ± 0.2 0.6 ± 1.6 0.1 ± 0.1 1.4 ± 0.3 0.3 ± 0.1
PZ01 1.0 ± 0.2 3.0 ± 0.4 13.6 ± 1.7 1.2 0.2 10.9 ± 0.9 16.4 ± 1.2
SN01 10.1 ± 0.8 31.62.2 25.1 ± 2.2 17.1 ± 1.3 - -
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According to the radon deficit principle, wells PZ02 and PZ05 with low radon were
characterized by the presence of total hydrocarbons (up to 26,000 µg L−1) and to a lesser
extent MTBE (up to 63 µg L−1), whereas well PZ06 was affected only by moderate levels of
MTBE (up to 54 µg L−1). Finally, ETBE was always significantly found in well SN03 (up to
88 µg L−1). It is worth noting that occasionally an oil film was found in wells PZ01, PZ02
(the closest to the contamination source), PZ04, PZ06, and PZ07, and high dissolved total
hydrocarbons were detected in wells PZ01, PZ02, PZ03, PZ04, and PZ06 (September 2022).

The groundwater depth ranged from 3.37 m (well PZ01 in September 2021 and 2022)
to 1.63 m (well PZ07 in November 2021) with relevant fluctuations and periodic change of
flow direction influencing the location of the residual NAPLs.

5. Discussion

The groundwater radon concentrations in sites 1 and 2 were used to estimate average
values for all monitoring wells over the study period. Radon data from clean wells of
site 1 (those with higher radon levels and nearly no NAPLs, PZ03, PZ07, PZ14, PZ25, and
PZ26) were averaged and used as a reference for calculating the radon deficit of dirty
wells, as the ratio of the radon concentration in NAPL polluted aquifer and the equilibrium
radon concentration in clean groundwater. The latter (119 ± 11 Bq L−1) was compared
and verified with a corresponding value (222RnC, 129 ± 10 Bq L−1) calculated from the
average 226Ra specific activity of the Alban Hills Hydrogeological Unit (ARa, 85 Bq kg−1

,
see Table 3), according to Equation (2), using a mineral density (r,) of 2.65 kg/L, a porosity
(n) of 0.35, and an emanation radon efficiency (E) of 0.2 [23]:

222RnC = ARa × r × E/n. (2)

Since the two values agree within the error range, it was possible to determine with
good approximation the NAPL saturation of contaminated wells in site 1 according to
Equation (1) and show areas with higher saturation in a schematic map (Figure 5a). The
well PZ13 and the adjacent area where the residual source zone is presumably located
were characterized by the highest NAPL saturation (2.39%), while the wells located down-
gradient (PZ02, PZ04, PZ09, and PZ19) showed a saturation around or above 1%, apart
from PZ19. PZ19 well was included in the plume zone, even if its saturation was much
lower (0.42), because its apparent low saturation is calculated from a radon concentration
affected by the proximity of PZ19 to a recharge well. Actually, the introduction of water
treated with activated carbon filters absorb, not only the NAPLs, but also radon, which
may not have time to reach the full equilibrium with its parent 226Ra in the rock aquifer
(low residence time).

Other wells surrounding the main plume or working as pumping wells were less
polluted (PZ06, PZ8, PZ17, PZ18, and PZ19). The plume was elongated in the direction of
the groundwater flow (NNW-ESE) and was perfectly retained in the fueling station area.
Since the monitoring of the water table elevation and the groundwater quality was not
continuous but periodical, it was difficult to demonstrate direct relationships between the
rainfall distribution and the depth of the groundwater table on one side and the dissolved
NAPL on the other. Using factorial analysis can help clarify these interactions.

Moreover, a recent study [22] carried out in a nearby area with a similar environmental
and hydrogeological setting invoked a possible mechanism of contaminant (MTBE) remo-
bilization from soil grains (mainly zeolites) linked to rainfall washing the terrain. Using the
approach presented in [33], a dissipation half-life of 23 days was estimated for MTBE in
the groundwater [22]. A similar process could be applied to site 1 where residual NAPLs,
located at a depth of 6–12 m, could be removed, dissolved, transported, and affected by
degradation and volatilization phenomena (natural attenuation).
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To assess and quantify these processes, principal component analysis was applied to
the groundwater data of site 1, but not to the soil variables that were not available with the
same frequency. The testing provided three main factors accounting for 85% of the total
variance (Table 4). It is worth noting that the interpretation of factors is not always based
on very high scores, but it is still supported by other descriptors.

Table 4. Factor analysis results in site 1. Variables are 222Rn activity concentration (Bq L−1),
MTBE, ETBE, and total hydrocarbon concentrations (µg L−1) in groundwater and groundwater
table depth (m).

Variable Factor 1 Factor 2 Factor 3

Radon −0.635 0.007 −0.740
MTBE 0.782 0.056 −0.431
ETBE 0.840 −0.231 −0.153

Total hydrocarbons 0.831 −0.113 −0.003
Groundwater depth −0.260 −0.957 0.007

Variance 2.4795 0.9859 0.7578
% Variance 49.6 19.7 15.2

Bold fonts highlight higher factor scores.

Factor 1 explaining the 50% of variance could be interpreted as the radon deficit
process, which is the preferential solubility of radon in the NAPLs. A negative score of the
groundwater depth (corresponding to a rainy period) was calculated with a negative value
of radon and positive scores for MTBE, ETBE, and the total hydrocarbon concentrations.
This implies that rainwater (and local leaks from municipal water pipelines) removed the
residual NAPLs trapped in the aquifer pores, causing an increase in MTBE, ETBE, and the
total hydrocarbon concentration in the groundwater where radon favorably dissolved with
a reduction in the water radon contents. This process was already proposed in [23] for this
site and [22] for a close fueling station in Roma.

Factor 2 accounted for a further 20% of variance (Table 4). Since a direct correlation
was found between the depth of the groundwater and the concentrations of ETBE and
total hydrocarbons, with approximately zero scores for radon and MTBE levels, we can
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attribute this component to a degradation process of the first two substances in aerobic con-
ditions. Precipitations (consistent with a reduction in the groundwater depth) introduced
oxygen and nutrients into the aquifer promoting rapid biodegradation of ETBE and total
hydrocarbons in the vadose zone, with reduced efficiency for MTBE [34,35]. The additions
of biosurfactants (natural extracts of marine algae and plants) improved the separation
and dispersion of hydrocarbon blobs, allowing the development and growth of natural
microorganism that further degraded the NAPLs.

Factor 3 explained a supplementary 15% of variance (Table 4); it could be interpreted as
volatilization of organic products (mainly MTBE) and radon degassing in the unsaturated
part of the aquifer, also linked to the action of soil vapor extraction practices. MTBE is
characterized by a higher vapor pressure and thus volatilizes more easily from the residual
NAPL [36]. The low score of the groundwater table depth demonstrated no role of the
small aquifer fluctuations.

NAPL saturation of polluted wells in site 2 was estimated according to Equation (1),
based on the radon deficit values. The average radon level (17.1 Bq L−1) of the groundwater
extracted from PZ01, PZ09, SN01, SN03, and SN09 was used as a reference. The NAPL
saturation in groundwater, represented on a schematic map (Figure 6a), ranged from
about 8 to 54%, with the highest values in correspondence with the lower radon activity
concentrations and stronger contamination. Such high saturations, compared with those
calculated for site 1, are well explained by the recent age of this diesel spill.
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The presence of dissolved NAPLs was presumably associated with blobs of residual
droplets of diesel and, to a lesser extent, gasoline in the soil pores that were mobilized
by rainfall and groundwater table fluctuations. Their location was probably at a depth
of 1–2 and 2–3 m below ground level, as suggested by traces of VOCs detected using a
photoionization detector (PID) during the drilling of monitoring wells PZ02, PZ04, PZ06,
and PZ07 in 2019, as notified by MARES. It is worth noting a good correspondence between
higher NAPL saturation and the presence of soil VOCs.

The statistical analysis was also applied to the groundwater data of site 2, providing
a different scenario (Table 5). The three main components accounted for 80% of the total
variance. Factors 1, 2, and 3 explained about 37%, 23%, and 20% of variance, respectively.
The first two components could be ascribed to the radon deficit process driven by rainfall
(factor 1) and groundwater table fluctuations (factor 2) dynamics. Factor 3 could explain
the biodegradation in anaerobic conditions.
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Table 5. Factor analysis results in site 2. Variables are 222Rn activity concentration (Bq L−1), MTBE,
ETBE, and total hydrocarbons concentrations (µg L−1) in groundwater and groundwater table
depth (m).

Variable Factor 1 Factor 2 Factor 3

Radon 0.953 −0.014 −0.049
MTBE 0.219 −0.512 −0.790
ETBE 0.872 0.045 0.376

Total hydrocarbons −0.128 0.726 −0.215
Groundwater depth 0.302 0.590 −0.450

Variance 1.8230 1.1391 1.0165
% Variance 36.5 22.8 20.3

Bold fonts highlight higher factor scores.

The interpretation of both factors 1 and 2 as a radon deficit process induced by the
removal of the residual NAPLS was due to the shallow depth of the groundwater table
(about 2 m) and its large annual fluctuations (up to 70 cm). In this case, it was possible to
distinguish the contribution of rainfall that washed out the total hydrocarbons from the
unsaturated zone and the effect of the groundwater table and the related capillary fringe
on MTBE. Rainfall (factor 1) was effective with the total hydrocarbons related to the recent
diesel spill and located at shallower depth where they were absorbed by backfill materials
containing expanded clay, as demonstrated by the inverse correlation of the water table
depth and radon concentration with the total hydrocarbons. The direct correlation of the
groundwater depth with MTBE and ETBE contents suggests that these substances (linked to
a previous gasoline spill) are located below the groundwater table and consequently are not
removed by rainfall. In case of factor 2, the groundwater depth is inversely correlated with
MTBE, consistent with the assumed location of residual MTBE at or just below the ground
water surface. The direct correlation between the water table and total hydrocarbons
strengthens the hypothesis that the total hydrocarbons are placed above and mobilized
by rainfall. The absence of significant correlation with ETBE could be explained by its
low degradation in anaerobic condition [37], No correlation with radon is evident, but
this could be explained by the smoothing effect of the groundwater flow reversal on the
transport and location of NAPLs and in turn on radon levels.

Factor 3 accounted for the biodegradation of MTBE and total hydrocarbons in anaero-
bic condition (Table 5). The negative score of the groundwater depth indicated that rainfall
supplied oxygen and nutrients promoting the activity of microorganism on these com-
pounds [36]. The reverse correlation with ETBE could be justified by a low degradation of
ETBE in anaerobic conditions [37].

Based on these results, it was possible to develop the conceptual models of sites 1
(Figure 5b) and 2 (Figure 6b).

The residual NAPL source zone is located at well PZ13 (at a depth of 6 to 11 m) where
the lowest radon and highest NAPL and VOC concentrations were detected (Figure 5),
probably absorbed onto or trapped among mineral grains (for example zeolites [22,23].
Rainfall and, to a lesser extent, groundwater table fluctuations mobilize NAPLs that dis-
solve in the aquifer and are transported downstream, creating temporary plumes with a
dissipation half-life of about 3 weeks [22,33]. The plume is perfectly confined in the fueling
area by the mitigation system consisting of a series of pump-and-treat and vapor extraction
wells. Radon deficit traces the NAPL location in the vadose and saturated parts of the
aquifer due to its preferential solubility in organic phases; it accounts for about 50% of the
variance in the groundwater data, as demonstrated by the principal component analysis.
Average NAPL saturations, ranging from about 0.1 to 2.4%, are low, as expected by the age
of the spill (about 20 years).
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Phenomena of natural attenuation are actively working in the site; biodegradation
of ETBE and total hydrocarbons in aerobic conditions justifies about 20% of variance,
while volatilization of organic products, coupled with radon degassing, explains a further
15%. The use of biosurfactants certainly promoted the activity of natural microorganism
and biodegradation.

Two areas of the residual NAPLs were recognized in site 2 around wells with lower
radon and higher NAPL concentration (Figure 6). The presence of two single areas probably
depends on the location and dynamics of the spills (gasoline first and diesel later) and
on the change in the direction of the groundwater flow over the course of the year, as
demonstrated in other areas [38]. In this site, the shallow depth of the groundwater table
and its relevant fluctuations influence the mobilization of NAPLs more than in site 1,
where rainfall mostly removed the residual contaminants. This hypothesis is supported by
factorial analysis whose interpretation assigned 37% of the variance to rainfall (factor 1)
and 23% (factor 2) to groundwater (and related capillary fringe). The radon deficit principle
supported that and made it possible to calculate an average NAPL saturation of 8% to 54%,
consistent with the younger age of the spills and the frequent presence of oil films in several
wells. The residual NAPLs are probably located at a depth of 1–2 and 2–3 m, as confirmed
by VOCs and it is plausible to expect MTBE blobs, and to a lesser extent residual ETBE, to
be placed deeper than the total hydrocarbons due to the higher solubility of MTBE and the
older age of the gasoline spill compared with the diesel release.

A comparison table is provided to summarize the main findings from the factorial
analysis applied to sites 1 and 2. The interpretation of factors is not always based on very
high scores, but it is still supported by other descriptors (Table 6).

Table 6. Comparison table with descriptors and driving factors (see factorial analysis) for site 1 and 2.

Descriptors Site 1 Site 2

Groundwater depth (m) −18 −2
Groundwater fluctuation (m) 0.15−0.20 0.70
Groundwater flow direction constant variable

Plume geometry single plume two plume areas
Depth of residual NAPLs (m) −6/−10; −11/−14 −1/−2; −2/−3

Age of the spill (years) 20 3
Radon saturation up to 2.4% up to 54%

Aerobic/Anaerobic condition Mostly aerobic Mostly anaerobic
Mitigation P and T; SVE; Biosurfactants P and S

Driving Factors
(% Variance) Site 1 Site 2

Radon deficit promoted by rainfall 50 37
Radon deficit promoted

by groundwater fluctuation negligible 23

Degradation in aerobic condition 20 negligible
Degradation in anaerobic condition negligible 20

Volatilization/degassing 15 negligible
P and T is Pump-and-Treat; SVE is Soil Vapor Extraction; P and S is Pump-and-Storage.

In site 1, rainfall more than water table fluctuation removes NAPLs from the tick
vadose zone, producing the radon deficit. This is supported by the greater depth (about
18 m) of the groundwater table in site 1 and the location of the residual NAPLs in the vadose
zone (at −6/−10 m and −11/−14 m), quite distant from the area of fluctuation of the
piezometric level (Table 6). At site 2, relevant fluctuations (up to 0.7 m) of a shallow water
table (about 2 m below ground level) contribute to mobilize the residual NAPLs (mainly
MTBE) located next to the water table surface (at −1/−2 m and −2/−3 m), promoting the
radon deficit. This is demonstrated by the variance attributed to these driving factors.
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Degradation in aerobic conditions, rather than in anaerobic environment, occurs in
site 1, coupled with stronger volatilization and degassing phenomena. These processes are
coherent with a thick vadose zone. At site 2, the shallow depth and the dynamics of the
water table makes the soil where the residual NAPLS are located more frequently anaerobic.
Under these contrasting environmental conditions, the biodegradation in sites 1 and 2 pro-
ceed with different rates and mechanisms. The different loadings and correlations of NAPL
concentrations, strengthened by appropriate references, help to outline these scenarios.

Finally, multivariate regression was applied to develop a model for radon estimation.
Following, the equations were obtained for sites 1 and 2:

Site1: Radon (Bq L−1) = 8.2 − 0.000485 Total Hydrocarbon (µg L−1) + 0.00440 MTBE (µg L−1) − 0.0495 ETBE
(µg L−1) + 5.28 Groundwater depth (m)

with R2 = 22.48%, R2 (adjusted) = 20.25%,

Site 2: Radon (Bq L−1) = −6.85 − 0.000101 Total Hydrocarbon (µg L−1) + 0.01366 MTBE (µg L−1) + 0.4514
ETBE (µg L−1) + 5.15 Groundwater depth (m)

with R2 = 68.41%, R2 (adjusted) = 66.23%,
Even if the regression coefficients, R2, of both equations (22.48% for site 1 and 68.41%

for site 2) are not very high, we want to stress the importance of this approach to estimate
the value of an unknown variable starting from others or to establish relationships among
factors. With a stronger dataset, the regression coefficients would be more robust and could
help in predicting unavailable data and managing mitigation actions. To our knowledge,
this is the first application of such a statistical approach to this type of dataset.

6. Conclusions

A radon deficit principle and approach were validated with a combined method con-
sisting of multi-parameter monitoring (radon, NAPLs, and groundwater levels), chemical
analysis, mapping, and statistical treatment (principal component analysis) in two sites of
Roma with different geological and contamination settings.

Low radon in soil gas and groundwater made it possible to identify the location of the
residual NAPLs. Groundwater table depth and fluctuations, location of residual NAPLs,
and mitigation techniques were crucial for outlining the different relevance (relative weigh)
of the radon deficit in the groundwater and that of the main natural and induced attenuation
processes (degradation in aerobic and anaerobic environment and volatilization/degassing)
in the two sites. Although factor analysis was applied only to the groundwater data,
which were available more frequently in this case, and not to the soil, this statistical
approach is relevant to both the saturated and unsaturated parts of an aquifer. Even if
the interpretation of factors is not always based on very high scores due to the size of the
dataset, it is still coherently supported by other descriptors, demonstrating the potential of
this combined methodology.

Integrated conceptual models were outlined for the two sites, and inter-parametric
regression models were proposed as a predictive tool in these areas and in others with simi-
lar features, to estimate the values of the unavailable variables and manage the remediation
of polluted areas.
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Appendix A

The appendix reports datasets that were not included in the main text. Tables A1
and A2 contain, respectively, the depth of the piezometric level and the concentration of
NAPLs (total hydrocarbons, MTBE, and ETBE) in the 18 monitoring wells of site 1 in the
period 2020–2022. 226Ra specific activity of the seven subsamples collected from drilling
SN12 in site 1 is included in Table A3.

Tables A4 and A5 report in this order the depth of the piezometric level and the
contents of total hydrocarbons, MTBE, and ETBE at the 12 monitoring wells of site 2 in the
period 2021–2022.

Table A1. Depth of the piezometric level at the 18 monitoring wells of site 1 in the period 2020–2022.

Wells
Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m)

February
2020 May 2020 November

2020
February

2021 May 2021 July 2021 November
2021 April 2022

PZ25 18.47 18.54 18.78 18.55 18.8 18.5 18.6 18.59
PZ26 17.26 17.34 17.59 17.35 17.65 17.3 17.4 17.37
PZ7 18.9 18.97 19.2 19.45 18.85 18.95 19.02 19.03

PZ14 19.38 19.47 19.7 18.98 19.36 19.4 19.53 19.50
PZ01 18.49 18.56 18.81 18.59 18.46 18.52 18.63 18.61
PZ03 18.83 18.9 19.14 18.92 18.78 18.85 18.97 18.94
PZ12 18.22 17.74 7.85 14.42 12.5 10.00 16.53 18.47
PZ17 18.09 18.78 19.02 18.77 18.65 18.72 18.82 18.78
PZ06 18.67 18.76 19.00 19.55 18.65 18.69 18.8 18.79
PZ10 7.09 9.2 9.22 15.35 15.05 17.03 16.3 18.00
PZ09 17.63 16.58 18.7 18.66 18.53 18.73 18.82 18.82
PZ08 18.65 18.74 18.99 18.77 18.65 18.74 18.83 18.81
PZ04 9.00 10.74 17.16 18.1 16.85 18.8 17.72 18.85
PZ02 18.67 18.75 18.97 18.78 18.67 18.73 18.8 18.82
PZ13 18.64 18.66 18.63 18.48 18.4 18.47 18.65 19.00
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Table A2. Contents total hydrocarbons (T), MTBE (M) and ETBE (E), all in micrograms L−1, in the 18 wells of site 1 in the period 2020–2022.

Well T M E T M E T M E T M E T M E T M E T M E T M E

February 2020 May 2020 November 2020 February 2021 May 2021 July 2021 November 2021 April 2022

PZ25 <20 <1 <1 <20 <1 <1 <20 <1 <1 <20 <1 <1 <20 <1 <1 <30 <1 <1 <30 <1 <1 <30 <1 <1
PZ26 <20 <1 <1 <20 <1 <1 <20 <1 <1 <20 <1 <1 <20 <1 <1 <30 <1 <1 <30 <1 <1 <30 <1 <1
PZ7 <20 <1 <1 <20 <1 <1 <20 <1 <1 <20 <1 <1 <20 <1 <1 <30 <1 <1 <30 <1 <1 <30 <1 <1
PZ14 <20 15 12 <20 21 17 <20 6 4 35 2 1 <20 2 1 <30 2 1 <30 7 1 <30 2 2
PZ01 <20 <1 <1 <20 <1 <1 <20 <1 <1 <20 <1 <1 <20 <1 <1 <20 14 5 <20 <1 <1 <30 <1 <1
PZ03 <20 <1 <1 <20 <1 <1 <20 <1 <1 <20 <1 <1 <20 2 <1 <30 2 1 <30 <1 <1 <30 2 2
PZ12 <20 <1 <1 <20 <1 <1 <20 6 6 210 <1 3 <20 <1 <1 <30 1 <1 <30 1 <1 <30 <1 <1
PZ17 <20 <1 4 <20 7 6 <20 <1 <1 <20 <1 <1 <20 <1 <1 <30 <1 <1 <30 <1 <1 <30 <1 <1
PZ06 <20 2 <1 <20 6 1 <20 6 <1 <20 3 <1 <20 2 <1 <30 14 4 <30 4 <1 <30 1 1
PZ10 70 129 19 7515 <1 31 33,490 124 21 28,360 124 22 43,705 <1 <1 7000 77 24 9500 255 30 8600 47 47
PZ09 <20 10 2 100 106 38 50 6 <1 5160 <1 17 1695 66 18 50 59 9 75 159 13 <30 5 5
PZ08 <20 <1 <1 60 1 <1 <20 8 2 <20 <1 <1 <20 <1 <1 75 <1 <1 <30 <1 <1 <30 <1 <1
PZ04 80 404 59 720 580 141 445 160 93 990 47 43 3075 155 87 2980 216 54 <30 346 580 <30 29 29
PZ02 43,235 3295 108 48,020 1180 112 56,845 143 83 31,535 <1 <1 5540 66 4 2500 90 16 7000 159 275 56 8.5 8.5
PZ13 89,155 2710 1335 55,350 767 525 137,280 470 422 91,950 286 374 93,410 402 391 40,000 166 470 5000 431 500 9600 225 225

Detection limit for TH, MTBE and ETBE determination are 20, 1 and 1 micrograms L−1, respectively. Values in bold are those which exceed Italian reference level of 350, 40,
40 micrograms L−1 for total hydrocarbons, MTBE and ETBE, respectively.
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Table A3. 226Ra specific activity of seven subsamples collected from drilling 12 (site 1). See
Figures 2 and 4 for location.

Sample Depth Below Ground Level 226Ra Specific Activity

(m) (Bq kg−1)

SN 12 a 6–7 133 ± 7
SN 12 b 7–8 55 ± 3
SN 12 c 9–10 52 ± 3
SN 12 d 12–13 37 ± 2
SN 12 e 14–15 53 ± 3
SN 12 f 16–17 108 ± 5
SN 12 g 19–20 157 ± 8

Table A4. Depth of the piezometric level at the monitoring wells of site 2 in the period 2021–2022.

Wells
Depth (m) Depth (m) Depth (m) Depth (m) Depth (m) Depth (m)

May 2021 September 2021 November 2021 February 2022 May 2022 September 2022

SN01 1.96 2.84 2.65 2.03 n.a. n.a.
PZ08 1.66 1.98 1.92 1.75 1.78 1.91
PZ09 2.16 2.63 2.72 2.22 2.12 n.a.
SN09 2.12 2.89 2.62 2.17 n.a. n.a.
SN03 2.10 2.74 2.51 2.16 n.a. n.a.
PZ03 2.14 3.07 2.74 2.23 2.30 2.77
PZ05 2.20 2.47 2.40 2.27 2.30 2.41
PZ04 2.30 3.80 1.87 2.08 2.11 4.50
PZ07 1.80 2.10 1.63 2.05 1.89 1.98
PZ02 2.02 2.33 1.91 1.87 2.11 2.23
PZ06 1.81 2.13 1.69 2.08 1.90 2.00
SN01 1.93 3.37 1.84 1.89 2.22 3.37

n.a. stands for not available.

Table A5. Contents total hydrocarbons (T), MTBE (M) and ETBE (E), all in µg L−1, in the 12 wells of
site 2 in the period 2021–2022.

Wells
T M E T M E T M E T M E T M E T M E

May 2021 September 2021 November 2021 February 2022 May 2022 September 2022

SN01 <30 <1 <1 <30 <1 <1 <30 4,4 <1 <30 <1 <1 na na na na na na
PZ08 <30 16 <1 <30 <1 <1 <30 1.8 <1 <30 6 <1 15 0.5 0.5 90 1.3 0.5
PZ09 <30 11 <1 <30 <1 <1 62 9.6 <1 <30 10 <1 15 1.6 0.5 15 1.2 0.5
SN09 <30 120 <1 <30 43 <1 <30 156 <1 <30 69 <1 na na na na na na
SN03 <30 2.1 91 <30 3.5 78 <30 12 105 <30 2 78 na na na na na na
PZ03 <30 2.3 <1 <30 4 4 <30 10 7 <30 2 1.7 15 0.5 0.5 4600 2.7 1.5
PZ05 <30 3.9 9.5 <30 1 1.7 <30 3 3 <30 63 6 240 1.5 0.5 90 11 2
PZ04 <30 2.7 <1 <30 3 2.6 <30 18 5 <30 <1 <1 15 1.3 0.5 1300 0.5 0.5
PZ07 <30 <1 <1 <30 3 3 <30 5 1.4 <30 5 <1 na na na na na na
PZ02 <30 <1 <1 <30 <1 <1 180 4 <1 <30 <1 <1 na na na 26,000 1.2 0.5
PZ06 <30 <1 <1 <30 54 2.7 <30 19 <1 <30 <1 <1 1120 2.5 0.5 1300 10 1
PZ01 <30 28.6 <1 <30 7.6 2 <30 36 1.36 <30 <1 <1 15 2.3 0.5 9400 2.4 0.5

Detection limit for total hydrocarbons, MTBE and ETBE determination are 20, 1, and 1 µg L−1, respectively. na
stands for not available. Values in bold are those which exceed Italian reference level of 350, 40 and 40 µg L−1 for
total hydrocarbons, MTBE and ETBE, respectively.
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