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a b s t r a c t

The performance of the radon (222Rn)-deficit technique has been evaluated at a site in which a complex
DNAPL mixture (mostly hexachlorocyclohexanes and chlorobenzenes) has contaminated all four layers
(from top to bottom: anthropic backfill, silt, gravel and marl) of the soil profile. Soil gas samples were
collected at two depths (0.8 m and 1.7 m) in seven field campaigns and a total of 186 222Rn measure-
ments were performed with a pulse ionization detector. A statistical assessment of the influence of field
parameters on the results revealed that sampling depth and atmospheric pressure did not significantly
affect the measurements, while the location of the sampling point and ground-level atmospheric tem-
perature did. In order to remove the bias introduced by varying field temperatures and hence to be able
to jointly interpret 222Rn measurements from different campaigns, 222Rn concentrations were rescaled
by dividing each individual datum by the mean 222Rn concentration of its corresponding field campaign.
Rescaled 222Rn maps showed a high spatial correlation between 222Rn minima and maximum contam-
inant concentrations in the top two layers of the soil profile, successfully delineating the surface trace of
DNAPL accumulation in the anthropic backfill and silt layers. However, no correlation could be estab-
lished between 222Rn concentrations in superficial soil gas and contaminant concentration in the deeper
two layers of the soil profile. These results indicate that the 222Rn-deficit technique is unable to describe
the vertical variation of contamination processes with depth but can be an effective tool for the pre-
liminary characterization of sites in which the distance between the inlet point of the sampling probe
and the contaminant accumulation falls within the effective diffusion length of 222Rn in the affected soil
profile.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The conventional approach to site characterization involves
e by Yong Sik Ok.
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drilling a limited number of boreholes and collecting and analysing
samples retrieved from those points. The information acquired
with conventional characterization methods is of high analytical
quality but it reflects only the environment immediately around
the borehole. Extrapolation of results from soil cores and moni-
toringwells to much larger volumes of soil through highly idealized
models may not accurately capture the heterogeneity of the spatial
distribution of contaminant processes. This problem is all the more
relevant when the presence of scarcely soluble contaminants and
contaminantmixtures give rise to non-aqueous free phases (NAPLs)
in the subsurface environment. The spatial distribution of these
free phases is especially complicated when they are denser than
water (Fern�andez et al., 2013; Kram et al., 2001; USEPA, 2003) since
they advance in the subsoil under gravitational forces, following
preferential flow pathways through fractures, and generating pools
and ganglia which act as sources of dissolved contaminants in
groundwater. Failing to consider this spatial heterogeneity can lead
to gross mistakes in the assessment of the extent of the problem
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and in the design of subsequent remedial actions.
Unconventional characterization techniques aim at providing

high-density spatial information in real time and at a reasonable
cost and speed, and are meant to supplement and optimize the
results of conventional approaches. Among unconventional tech-
niques, the study of natural chemical tracers allows to evaluate the
properties of environments that are not directly accessible, such as
the subsoil, without risks of contamination or significant distur-
bances to the system. Radon is easily detectable in situ and is
naturally omnipresent in soil and groundwater, meeting all the
requirements for its use as a natural tracer (Schubert, 2015). The
radon (222Rn)-deficit technique is based on the preferential parti-
tioning of 222Rn into organic phases (H€ohener and Surbeck, 2004;
Schubert, 2015; Schubert et al., 2002, 2007b; Weiss, 1980). The
spatial representation of 222Rn activity in soil gas in the vadose zone
allows to correlate reductions of 222Rn activity, relative to the local
natural background, with the presence of subsurface NAPL hot
spots, and the applicability of the 222Rn deficit technique to char-
acterize sites affected by light NAPLs (LNAPLs) has been widely
assessed (Barbosa et al., 2014; Castelluccio et al., 2018; De Miguel
et al., 2018; De Simone et al., 2015, 2017; García-Gonz�alez et al.,
2008; Hunkeler et al., 1997; Schubert et al., 2001, 2002, 2005,
2007a; Semprini et al., 2000; Semprini and Istok, 2006).

Although the partition coefficients of 222Rn in denser-than-
water phases (DNAPLs) (Davis et al., 2002) should allow to detect
and delineate subsurface accumulations of those DNAPLs through
the same mechanism as for LNAPLs, research on the field perfor-
mance of the 222Rn-deficit technique when a DNAPL is present in
the subsurface environment is scarce, has been mostly applied to
measurements in groundwater rather than in soil gas (Chen et al.,
2014; Davis et al., 2003; Semprini et al., 2000; Semprini and
Istok, 2006; Yang et al., 2014; Yoon et al., 2013), and when it has
been used with samples of soil gas the results regarding its effec-
tiveness have been inconclusive or discouraging (Starr, 2007).
Three main reasons can explain the ambiguity of those results.
Firstly, 222Rn emanation and consequently 222Rn concentrations in
soil gas along the soil profile will vary with changes of mineral-
ogical composition (Cohen et al., 2016; Schubert et al., 2011). Sec-
ondly, changes in soil gas permeability due to the presence of
fractures and preferential migration pathways can introduce at-
mospheric pressure gradients and modify the rates of 222Rn
advective transport (Antonopoulos-Domis et al., 2009; Etiope and
Martinelli, 2002; Richon et al., 2011; Scanlon et al., 2002; Thomas
et al., 1992; Yakovleva and Parovik, 2010). Lastly, variations in
meteorological parameters (for example, ground-level atmospheric
temperature diurnal variations which determine the temperature
gradient at the soil/air interface) can also affect 222Rn activity
measurements in the upper soil (Schubert and Schultz, 2002). All
these factors can act as confounding variables in the interpretation
of reduced 22Rn concentrations in superficial soil gas as indicative
of the presence of a free phase.

The objective of the present work is to evaluate the influence of
those confounding factors, to study alternatives to minimize their
influence, and to assess the applicability and limitations of the
222Rn deficit technique as a screening and monitoring tool in a
DNAPL affected site with vertical changes of lithology along the
underlying soil profile.

2. Materials and methods

2.1. Study area

The study area is located in the north of Spain, south of the
Pyrenees (Fig. 1). The environmental impact of a chemical company
which produced lindane (i.e. -hexachlorocyclohexane) during the
2

period 1975e1992, and generated approximately 6800 t/y of solid
waste and between 300 and 1500 t/y of liquid waste, is thoroughly
documented by Fern�andez et al. (2013). Lindane belongs to a family
of organochlorine pesticides (technical hexachlorocyclohexanes or
HCHs) included in the list of Persistent Organic Pollutants (POPs) of
the Stockholm Convention (UNEP, 2009). Wastes from this chemi-
cal plant, consisting of a complex mixture of toxic organic com-
pounds (HCHs, chlorobenzenes and benzene, among others), were
stored in containers and deposited in two landfills in the vicinity of
the production plant. In the landfill included in this study, it is
estimated that 2000 tons of liquid waste were deposited and ended
up being released from their original containers and forming a
DNAPL accumulation that has affected the soil and groundwater at
the site.

222Rn measurements in soil gas were specifically carried out on
a plot of land between the foot of the landfill and a reservoir used
for hydroelectric power generation. The geology at the site consists
of the following sequence of layers (thickness is approximate):
anthropogenic fill (2e5 m), silt (8 m), gravel (3 m) and marl
(bedrock substrate). The reservoir is situated 200 mwest of the site
and the opening and closing of the dam locks keep the piezometric
level in the semi-confined aquifer (gravels overlain by silt) oscil-
lating between 5 and 10 m below ground surface. Groundwater
flows in an east-west direction towards the reservoir through the
quaternary alluvial materials (gravel) and the upper 15 m of the
altered marl layer under a very low hydraulic gradient. The DNAPL
was detected at several depths, including the surface where the
topography intersects marl outcrops, generating a surface leachate
that caused an accumulation of chlorinated compounds in the
anthropogenic backfill and in the alluvial silts. The periodical
oscillation of the height of the water column in the reservoir causes
a pseudo-piston effect that together with periodical pumping op-
erations prevent the discharge of contaminants from the gravel into
the reservoir. In the altered marl layer, the DNAPL moves in a
density-driven process following preferential pathways through
fractures.

2.2. Data acquisition

Seven field-campaigns were performed at the study site be-
tween September 2016 and June 2019 with a total of 186 mea-
surements of 222Rn in soil gas. The position of soil samples
previously collected from boreholes and trial pits and their HCH
concentrations were not disclosed to the researchers until the re-
sults of 222Rn measurements had been interpreted in terms of the
location and extension of subsurface DNAPL accumulations at the
site (blind test).

A 10 m square-grid with 40 nodes was established for the first
field campaign (Zone A in Fig. 1). Stainless-steel hollow rods
equipped with lost tips were drilled into the ground and used to
retrieve soil gas samples at a depth of 0.80 m. This depth was
chosen in order to minimize the influence of atmospheric variables
(García-Gonz�alez et al., 2008; Schubert et al., 2005). For the second,
third, fourth and fifth field campaigns (Zone B in Fig. 1), 9 dedicated
tips with PTFE tubing were installed at a depth of 1.70 m in order to
assess the variability of 222Rn activity with depth. One of the rods
was obstructed in the second campaign (only 8 sampling positions)
and was replaced for the third campaign. Before the beginning of
the fourth field campaign, four of the dedicated tips were rendered
unusable during conditioning works at the site and could not be
replaced. In the sixth field campaign, 4 additional dedicated tips
were installed at a depth of 0.80 m in Zone B in order to assess the
temporal variability of 222Rn determinations with depth. Lastly,
hollow rods and lost tips were used in the seventh campaign to
sample soil gas at a depth of 0.80 m in Zone C (Fig. 1). In order to



Fig. 1. Sketch of the study site. Position of 222Rn sampling grids and soil sampling points (boreholes) in the study area.
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avoid the possible influence of changing soil water contents, all
sampling campaigns were performed at least one week after the
last rain episode. A summary of the characteristics of each sampling
campaign is presented in Table 1.

In-situ measurements of 222Rn concentrations in soil gas were
performed with a RM-2 pulse ionization detector (RADON v.o.s.)
with a measurement range of 0.5e1200 kBq m�3. Before sampling,
vacuum was applied to the ionization chambers and hollow rods
were purged by extracting 450 mL of gas with a 150 mL syringe to
avoid dilution effects due to the influence of atmospheric air in the
rod space. A soil gas sample was then collected with the same
150 mL syringe and introduced into the ionization chamber by
connecting it through a PTFE tube, fitted with a Drierite® and
particle filter to prevent moisture and particles from entering the
chamber. Measurements were registered after a residence time of
15 min.

Once the 222Rn data was validated and spatially analyzed, 67
analytical determinations (33 from the anthropic layer, 15 from the
Table 1
Summarized description of222Rn sampling campaigns.

Field Campaign Date Number of sam

1 (Zone A) 26e29 September 2016 Sampling Point
Sampling Dept
222Rn Measure

2 (Zone B) 14e15 March 2017 Sampling Point
Sampling Dept
222Rn Measure

3 (Zone B) April 28, 2017 Sampling Point
Sampling Dept
222Rn Measure

4 (Zone B) May 4, 2018 Sampling Point
Sampling Dept
222Rn Measure

5 (Zone B) 17e18 May 2018 Sampling Point
Sampling Dept
222Rn Measure

6 (Zone B) 9e11 July 2018 Sampling Point
Sampling Dept
222Rn Measure

7 (Zone C) 4e6 June 2019 Sampling Point
Sampling Dept
222Rn Measure

3

silt layer, 5 from the gravel layer and 14 from the altered-marl layer)
of the sum of concentrations of a-, b-, g-, d- and ε-hexa-
chlorocyclohexane isomers (SHCH) in soil were made available to
the authors for evaluation of the performance of the 222Rn-deficit
technique. Soil samples were retrieved from trial pits (anthropic
layer) and from soil cores from boreholes (all four layers). Rotary
drilling (with drilling diameters between 4 and 6 inches) was used
to retrieve the soil cores and the boreholes extended to depths that
ranged between 3 m and 39 m below ground level. The concen-
tration of the different HCH isomers was determined by GC-MS in a
certified external laboratory.

Spatial correlation analyses with Inverse Distance Interpolation
between values of 222Rn concentration in soil gas and the con-
centration of SHCH in each of the four stratigraphic layers at the
site (anthropic backfill, silt, gravel, and marlstone, Fig. 1) were
carried out to evaluate the degree of coincidence between the
decrease of the 222Rn signal and the possible presence of DNAPL. An
analysis of the variance (ANOVA) was applied to assess the
pling positions and sampling depth Atmospheric conditions

s: 40
h: 0.80 m
ments: 50

Mean Temperature (oC): 22.2
Mean Pressure (mbar): 939

s: 8
h: 1.70 m
ments: 54

Mean Temperature (oC): 16.7
Mean Pressure (mbar): 937

s: 9
h: 1.70 m
ments: 13

Mean Temperature (oC): 14.1
Mean Pressure (mbar): 928

s: 5
h: 1.70 m
ments: 10

Mean Temperature (oC): 21.2
Mean Pressure (mbar): 924

s: 5
h: 1.70 m
ments: 12

Mean Temperature (oC): 16.1
Mean Pressure (mbar): 924

s: 9
h: 0.80 and 1.70 m
ments: 31

Mean Temperature (oC): 25.0
Mean Pressure (mbar): 929

s: 6
h: 0.80 m
ments: 16

Mean Temperature (oC): 28.2
Mean Pressure (mbar): 915
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influence of atmospheric variables (pressure and temperature) on
the registered 222Rn measurements.

3. Results

A summary of 222Rn analytical determinations is presented in
Table 2. 222Rn concentrations in soil gas at the study site ranged
between <500 and 112000 Bq/m3, with a mean value of 27300 Bq/
m3. The maximum variability was found during the 7th field
campaign. For the other campaigns, minimum 222Rn concentra-
tions varied between 1700 and 10100 Bq/m3, while maximum
values ranged between 40500 and 68500 Bq/m3. In order to assess
the influence of sampling depth on the measured 222Rn concen-
trations, a Kolmogorov-Smirnov test was performed showing no
significant differences between samples taken at depths of 0.8 m
and 1.7 m (D ¼ 0.09, p-value ¼ 0.83). This result suggests a negli-
gible effect of sampling depth on the results in the study area, and
thus allows to regard measurements at both depths as a single data
population. A Tukey’s range test showed statistically significant
differences (p-values < 0.05) between campaign #7 and campaigns
#1, #2, #5 and #6, indicating a determining influence of the loca-
tion of the sampled area (Fig. 1). Also, campaigns #2, #3, #4, #5 and
#6 in Zone B (at the intersection of Zones A and C), repeated be-
tween Spring 2017 and Summer 2018, did not present statistically
different average values, suggesting that the influence of temporal
variability on the variability of 222Rn measurements is unimportant
relative to that of sample location.

3.1. Analysis of variance (ANOVA)

In order to evaluate the influence of (a) atmospheric variables
(pressure and temperature), (b) location of sampling points, and (c)
depth, on the variability of 222Rn measurements, an ANOVA was
performed with the entire 222Rn dataset (Table 3). The results
confirmed that 222Rn measurements were influenced neither by
sampling depth, nor by atmospheric pressure. This result agrees
with the hypothesis of the absence of atmospheric influence on
advective transport due to pressure gradients at depths of 0.8 m or
greater (De Miguel et al., 2018; García-Gonz�alez et al., 2008;
Schubert et al., 2005). On the other hand, ground-level atmospheric
temperature showed a significant influence on the recorded 222Rn
signal (Fig. 2). This observation concurs with the theory of thermo-
diffusive transport supported by several works (Minkin, 2002;
Minkin and Shapovalov, 2016) and field observations of recent
studies (Yang et al., 2019). 222Rn concentration also depends on the
location of the sampling point. Two reasons may explain the spatial
variability of the 222Rn signal. Firstly, the spatial variability of
geological materials may be associated with a heterogeneous po-
tential for 222Rn emanation. Secondly, if 222Rn emanation is
assumed to be spatially constant, 222Rn concentrations in soil gas
will vary depending on the saturation of organic contaminants in
Table 2
Descriptive statistics of222Rn measurements. All data in Bq/m3.

Data group Min. 1st Quartile

All field campaigns <500 16700
All campaigns with sampling depth: 0.8m <500 16600
All campaigns with sampling depth: 1.7m 3000 17100
Campaign #1 9000 21100
Campaign #2 3000 12100
Campaign #3 7300 24300
Campaign #4 10100 27800
Campaign #5 1700 8300
Campaign #6 3600 15900
Campaign #7 <500 25500

4

the subsurface.

3.2. Spatial correlation analysis

To assess whether the spatial variability of 222Rn is associated
with the presence of organic contaminants, a spatial correlation
analysis was performed with the “raster” library in R (Hijmans,
2019). In order to obtain a representation of an area as large as
possible, a combination of the information of campaigns #1 and #7
(Zones A and C, Fig. 1) was employed for this purpose. Data from
campaigns #2 to #6 in Zone B were not included in the spatial
correlation analysis, but were used instead to evaluate the temporal
repeatability of 222Rn measurements and the influence of depth on
their variability. The existence of a linear correlation between
temperature and mean 222Rn signal (Fig. 2) prevents the direct use
of 222Rn concentrations of different field campaigns in the spatial
interpolation. To overcome this problem, each data set (i.e.
Campaign #1 and Campaign #7) was rescaled by dividing each
individual datum by the mean 222Rn concentration of each
campaign. Alternatively, a common 222Rn background value for the
whole study could have been used for the rescaling process.
However, two difficulties made this more straightforward approach
impractical: Firstly, no a priori knowledge was available as to where
unaffected, background samples could be obtained or whether they
would be representative of the whole study area (blind test). Sec-
ondly, statistically significant differences (p-values < 0.05; Tukey’s
range test) were found between not only the mean 222Rn concen-
trations but also the mean ground-level atmospheric temperature
of campaigns 1 and 7, which made it inadvisable to use a common
factor for rescaling the data from the two campaigns.

The results of the Inverse Distance Weighted (IDW) interpola-
tion of SHCH soil concentrations at each stratigraphic layer (i.e.
anthropic backfill, silt, gravel, and altered/fractured marl), the
rescaled 222Rn concentrations, and the respective spatial correla-
tion values between the rescaled 222Rn concentrations and the
SHCH soil concentrations of each stratigraphic layer are repre-
sented in Fig. 3. Red tones in the spatial correlation maps (right-
hand column, Fig. 3) indicate a negative local correlation between
rescaled 222Rn values and the corresponding SHCH values, i.e. they
mark areas where the radon signal decreases with increasing
organic contamination. In other words, red areaswould confirm the
validity of the hypothesis on which the 222Rn-deficit technique is
based: that there is a reduction in the 222Rn signal due to the
preferential partition of 222Rn in the organic phase. On the contrary,
blue cells are indicative of a positive correlation between 222Rn and
SHCH values. A predominance of blue cells would, therefore, point
at the inadequacy of the method for that particular stratigraphic
layer. In any case, the interpretation of these maps should be done
carefully because of the introduction of uncertainties and mathe-
matical artifacts in the interpolation process.

At the site, the highest SHCH concentrations were found in the
Median Mean 3rd Quartile Max.

26400 27300 35500 112000
25400 28300 35600 112000
27300 26500 34800 64300
27200 28700 34500 68500
24400 24000 33300 50500
27800 27900 32600 40500
29100 31600 37600 56100
13400 18300 28200 51400
22200 24900 34700 64300
35200 42700 58000 112000



Table 3
ANOVA results.

Dependent Variable: 222Rn Concentration

Independent variables Df Sum Sq Mean Sq F value Pr(>F) Significant

Depth 1 1.61Eþ08 1.61Eþ08 1.5083 0.222 No
Sampling Point 48 3.22Eþ10 6.71Eþ08 6.3026 <2.2E-16 Yes
Temperature 1 1.02Eþ09 1.02Eþ09 9.5649 0.002 Yes
Pressure 1 5.87Eþ06 5.87Eþ06 0.0551 0.815 No
Residuals 133 1.42Eþ10 1.06Eþ08

Fig. 2. Mean 222Rn concentrations recorded in each field campaign vs mean temper-
ature. The red line represents a statistically significant (90% confidence level) linear
regression model. The length of vertical and horizontal bars is equal to 1 standard
deviation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 3. SHCH soil concentrations (mg/kg) in each soil layer (left column), IDW maps of
rescaled 222Rn concentrations (Campaigns #1 and #7) (top), and the respective spatial
correlations (right column). Correlation maps show statistically significant (90% con-
fidence) Pearson’s correlation coefficients.
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silt layer (2000 mg/kg), followed by the anthropic backfill and marl
layers (1500 mg/kg, approximately). The residual SHCH concen-
tration in the gravel layer reached a maximum value of 420 mg/kg.
The IDWmaps on the left column of Fig. 3 reveal the contamination
processes that took place at the site. A surficial stream of leachate
loaded with organic pollutants coming from the landfill situated to
the east of the site crossed the study area through a ravine in the
direction of the reservoir. The ravine was then filled with anthropic
backfill and the percolation of these HCHs through the anthropic
layer resulted in an enrichment in organic contaminants in the
underlying silt layer. The finer texture of the silt layer favored the
retention of the HCHs, giving rise to the highest concentration in
the soil profile. The IDW map of the gravel layer shows a contam-
ination process associated with the groundwater flow from the
landfill towards the reservoir (Fig. 1). Lastly, the IDW map of the
marl layer reveals the accumulation of HCHs along preferential
pathways in the fractured media (Fern�andez et al., 2013).

The rescaled 222Rn surface map (Fig. 3) must be interpretedwith
care because of the irregularity of the datamesh in the study area. It
reveals a northern region with concentrations above the mean (1.5
or higher), a central zone with values around the mean and lower
(0.75 or lower) with a couple of points with concentrations above
the mean (1.5 or higher), and a southern region with low values.
The northern and central areas above the 222Rnmean activity, seem
5
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to enclose the surface plume of HCHs in the anthropic backfill,
marking the shape of the old ravine. The low 222Rn concentration
points detected in the central region seem to have a good spatial
correlation with the highest SHCH concentrations in the anthropic
backfill and silt layer.

The north-south corridor of low 222Rn values to the east of the
study site would similarly appear to be spatially related with the
shape of the contamination plume in the gravel stratum. However,
a causal relationship between both information layers seems un-
likely because of the lower contamination levels in the gravel
stratum compared with the overlying materials and because of the
depth of this stratum: Long transport distances are not expected if
diffusion is assumed to be the main 222Rn transport mechanism
(Koike et al., 2014; Richon et al., 2011). The highest diffusion length
in porous media is estimated at 5 m in gravels (Cothern and Smith,
1987) and 0.5 m in sand and silt (Cohen et al., 2016). The high
concentrations of SHCH in the marl substrate also seem to have a
spatial correspondence with the low values of 222Rn in the central
region of the study site. However, and in spite of the higher
contamination of this layer compared to the gravel layer, the
greater depth and the presence of the overlying water-saturated
gravel complicates the establishment of a causal relationship be-
tween increased HCH concentrations and reduced 222Rn values.

The interpretation of the correlation maps in Fig. 3 reveals two
main features. On the one hand, the lack of continuity in negative
correlation regions presented by the gravel and marl layers suggest
the absence of a causal relationship between low 222Rn concen-
trations and the presence of contaminants. In contrast, the corre-
lation maps of the anthropic and silt layers appear to be
complementary. When the two layers of information correspond-
ing to the concentrations of SHCH in soil in the anthropic and silt
layers are added (i.e. superimposed), the new correlation map
(Fig. 4) presents negative values in almost the whole site.

This result suggests that 222Rn concentrations diminish in the
presence of contamination either in the anthropic layer or in the silt
layer, and hence that the 222Rn-deficit technique is able to spatially
describe the contamination processes that affect, jointly, the two
most superficial layers of the soil profile. This is further confirmed
by the comparison of the iso-concentration map of joint
(anthropic þ silt) concentrations of chlorinated compounds and
that of rescaled 222Rn concentrations (Fig. 5) which show a clear
Fig. 4. Map of correlation between IDW SHCH soil concentrations at the anthropic and
silt layers (added) (mg/kg) and IDW map of rescaled Rn concentrations (Campaigns #1
and #7).

6

spatial relationship between the highest contaminant loads in the
central zone of the study area and the lowest values of rescaled
222Rn in the same sector. The 222Rn negative anomaly in the
southern-most part of the 222Rn grid cannot be interpreted given
the absence of boreholes and therefore of information on
contamination levels or changes in the soil profile in that area. The
good correlation between 222Rn minima and contaminant con-
centration maxima is limited to the upper portion of the soil profile
a fact that indicates that the 222Rn-deficit technique with superfi-
cial (between 1m and 2 m below ground level) soil-gas samples, is
useful for delineating the surface distribution of contaminant loads
but incapable of describing their vertical variation.

3.3. Further validation of the 222Rn deficit technique

In order to further verify that the 222Rn deficit technique can
improve the probability of finding areas with high concentrations
of SHCH in the upper part of the soil profile, the following analysis
was performed: (1) the mean value of SHCH concentrations in the
IDW maps of the anthropogenic and silt layers were calculated for
all 222Rn sampling locations (campaigns #1 and #7), (2) the fre-
quency of SHCH concentrations above the mean in the whole 222Rn
sampling grid was calculated, (3) a Kolmogorov-Smirnoff normality
test was performed on the rescaled 222Rn concentrations dataset
and it was confirmed that its distribution was not significantly
different (D ¼ 0.21429, p-value ¼ 0.2924) from a Normal distribu-
tion [N(1, 0.49)]; (4) the rescaled 222Rn concentrations were clas-
sified into four categories, and (5) the frequency of SHCH
concentrations in each of these categories above the overall mean
was estimated. The results of this exercise are summarized in
Table 4. The mean SHCH concentration obtained from the 42
sampling points was 261 mg/kg. The frequency of analytical results
above thismean value in thewhole sampling grid was 33% (positive
skewness). Compared to this frequency, Table 4 shows that the
locations with the lowest 222Rnmeasurements (i.e. Class <0.5) have
a notably higher frequency (75%) of SHCH concentrations above the
overall mean. Based on these results, the probability of finding
sampling points with high contamination levels in the anthropo-
genic and silt layers seems to increase when measurements of
222Rn in soil gas are low.

4. Discussion

The results of this study indicate the absence of a significant
effect of atmospheric pressure on the concentrations of 222Rn in soil
gas measured at a depth of 0.8 m or deeper. The sampling depths
employed in this study seem to avoid the effect of atmospheric
pressure in the advective flux in the upper part of the soil (Richon
et al., 2011; Thomas et al., 1992; Yakovleva and Parovik, 2010), as
well as the possibility of dilutionwith atmospheric air. On the other
hand, our results reveal a significant dependence of 222Rn emana-
tion with ground-level atmospheric temperature, a fact which is in
agreement with field observations of other researchers (Yang et al.,
2019), who found a positive effect of air temperature on the
exhalation rate, a negative correlation with soil temperature and a
negligible effect of atmospheric pressure on soil 222Rn exhalation.
Under dry conditions in controlled laboratory experiments,
Iskandar et al. (2004) found a linear relationship between the
temperature of the materials and their 222Rn emanation power.
These apparently contradictory results can be explained consid-
ering the time delay between the change in soil temperature and
the 222Rnmigration to the sampling point at a site, masking the real
effect at shallow sampling points (Yang et al., 2019).

An increase of temperature reduces the physical adsorption of
222Rn onto grains, and consequently, the 222Rn diffusion coefficient



Fig. 5. Iso-concentration maps of cumulative concentrations of SHCH in anthropic and silt layers (top) and rescaled 222Rn concentrations (bottom).

Table 4
Classification of rescaled222Rn values (Class), number of sampling points that falls in each class (N), mean SHCH concentration obtained in those points, and probability of
obtaining SHCH concentrations above the mean.

222Rn Class N Mean SHCH concentration (mg/kg) Frequency of SHCH values above the mean.

<0.5 4 353 75%
0.5e1 22 290 45%
1e1.5 10 218 10%
>1.5 6 160 0%
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and its concentration in pore air rise (Chakraverty et al., 2018;
Stranden et al., 1984). Another explanation for the same observa-
tion is given by Perrier et al. (2009) who suggest a dependence of
the water/air partition coefficient of 222Rn with soil temperature.
The relationship between 222Rn concentration and temperature is
also in agreement with the diurnal 222Rn oscillations found by
Schubert and Schultz (2002) and De Miguel et al. (2020), and with
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the thermo-diffusive transport mechanism proposed by Minkin
(2002) and Minkin and Shapovalov (2016). The statistically signif-
icant relationship between ground-level atmospheric temperature
and soil 222Rn activity described in this study is hence explained as
the consequence of two interrelated facts: the already mentioned
positive correlation between 222Rn concentration in soil gas and
soil temperature, and the determining influence of ground-level
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atmospheric temperature on the soil temperature gradient in the
upper soil profile.

Given the confounding effect of temperature, measurements of
the concentration of 222Rn in soil gas are not directly comparable
between different field campaigns. Samples collected at the same
location at different times of the day may yield different values of
222Rn concentration. Hence, 222Rn surface maps prepared with data
pooled from different days or different campaigns cannot be
directly correlated with the presence of organic contaminants un-
less the results are corrected to discount the effect of temperature
change. The results of this study show a significant correlation
between the rescaled data of two 222Rn campaigns and the accu-
mulation of organic pollutants in the top two layers of the soil
profile. Thus, a rescaling of the 222Rn determinations in which each
individual value is divided by the arithmetic mean of the dataset of
each campaign could be a useful alternative to avoid the problem of
atmospheric influence on measurements of 222Rn concentration in
superficial soil gas.

Modeling results from previous works (Chakraverty et al., 2018;
Cohen et al., 2019; H€ohener and Surbeck, 2004; Savovi�c et al., 2011)
supported the idea that the concentration of 222Rn in soil gas
should increase with depth in homogeneous porous media. The
results of this study, however, did not find a statistically significant
relationship between 222Rn measurements and sampling depth.
Similarly, Antonopoulos-Domis et al. (2009) and Winkler et al.
(2001) found concentration profiles of 222Rn that did not follow
the above trend and that could be explained in terms of the
sequence of geological layers with different transport properties.
The vertical heterogeneity of geological materials with different
222Rn emanation rates and different porosities would affect the
transport process of 222Rn, and therefore the concentration profile
of 222Rn (Cohen et al., 2016). Our results have shown a statistically
significant correlation between the presence of organic contami-
nants and the decrease of 222Rnmeasurements in the upper zone of
the vadose zone. As reported by H€ohener and Surbeck (2004),
changes in NAPL saturation along the soil profile have a strong
influence on the vertical distribution of 222Rn and may affect the
222Rn signal recorded at different sampling depths. The un-
certainties associated with the effect of vertical geological hetero-
geneity and with changes of NAPL saturation on the 222Rn vertical
profile can be reduced with the combined use of transport models
and laboratory tests to characterize the 222Rn emanation rate of
each material (Hassan, 2014; Sakoda et al., 2011), which in turn
would help to discriminate NAPL-affected areas from those
composed of geologic materials with low 222Rn emanation rates.

In the study area, the negative spatial correlation between
contaminant concentration and 222Rn activity in superficial soil-gas
samples is significant only in the upper part of the vadose zone,
down to the top of the silt layer. The presence of DNAPL in the
water-bearing gravel layer goes unnoticed in the register of 222Rn
measurements given its vertical distance to the point of soil gas
sampling, much larger than the effective diffusion length of 222Rn,
especially when considering that the gravel layer is semi-confined
by low permeability silts. This is an important handicap when
characterizing sites affected by deep DNAPL pools. Although the
vertical profile of contamination could theoretically be described
with the help of the 222Rn-deficit technique, it would involve the
collection of soil-gas samples at discrete intervals of increasing
depth which, given the growing complexity of the required drilling
operations, would invalidate its usefulness as a fast and inexpen-
sive screening technique. For these situations, the use of comple-
mentary non-intrusive methods, like geophysical techniques
(Castelluccio et al., 2018) is required for an accurate on-site
description of the vertical profile of contamination.
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4.1. Uncertainties and limitations

The interpretation of the results of this study is affected by a
certain degree of uncertainty, resulting from the lack of direct
measurements of two important parameters: water saturation and
soil temperature. Water saturation is a key factor controlling 222Rn
transport in the vadose zone. Although the field campaigns were
always conducted letting at least one week go by since the last
rainfall, direct measurements were not undertaken to corroborate
that water saturation remained approximately constant between
the different sampling campaigns. Similarly, temperature along the
depth of the soil profile was not recorded. Instead, ground-level
atmospheric temperature was monitored and the assumption was
made that the soil temperature gradient with depth would be a
direct function of surface air temperature.

In standard environmental engineering practice, the efforts
involved in the solution of these uncertainties need to be balanced
against the requirements of cost- and time-efficiency demanded of
any screening technique for the preliminary assessment of poten-
tially contaminated sites. In the case of the 222Rn-deficit technique,
which in the context of this work is used as a tool to detect and
delineate potential contaminant hotspots, monitoring additional
variables would increase the confidence in the interpretation of
field data, but it would also increase the cost of the field campaigns
and would significantly delay the completion of the preliminary
site assessment.
5. Conclusions

The results of seven field campaigns performed during the
period 2016e2019 in a DNAPL affected site, with a total of 186 222Rn
measurements, allow to conclude that measurements of 222Rn
concentration in soil gas at depths larger than 0.8 m seem to be
independent of atmospheric pressure (222Rn transport is not
advectively driven) but significantly dependent of atmospheric
temperature. This latter fact prevents the direct comparison or
integration of 222Rn isoconcentration maps from different field
campaigns unless the confounding effect of temperature is elimi-
nated. Rescaling 222Rn data by dividing each individual measure-
ment by the mean 222Rn concentration in its campaign seems to
accomplish this objective.

This study also determines that there is negative spatial corre-
lation of rescaled 222Rn concentrations in soil gas and the organic
contaminant load in the uppermost two strata of the multi-layer
soil profile and that contaminant hot spots at the site are
correctly detected with rescaled 222Rn isoconcentration maps. This
fact allows to conclude that when the distance between the soil-air
inlet of the sampling device and the contaminant pool falls within
the effective diffusion length of 222Rn, the probability of finding
highly contaminated areas beneath sampling positions with low
222Rn concentrations increases.

Lastly, the inability to describe the vertical profile of contami-
nant concentration along the soil profile with only superficial
samples of soil gas probably invalidates the 222Rn-deficit technique
as a screening tool to quickly and inexpensively detect and delin-
eate deep DNAPL accumulations.
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