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ABSTRACT: This study investigates the application of the radon-deficit
technique as a real-time screening tool for detecting and delineating Dense
Non-Aqueous Phase Liquids (DNAPLs) at a creosote-contaminated site.
Traditional site characterization methods often fail to capture the spatial
complexity of subsurface contamination. The radon-deficit method makes use of
radon gas’s preferential partitioning into DNAPL phases to identify contamination
zones. A field study involving 558 measurements of 222Rn in soil gas conducted
during two years at a former railroad tie treatment facility validated the technique’s
effectiveness, revealing previously undetected DNAPL accumulations beyond an
impermeable barrier that was supposed to be containing the DNAPL
accumulation. Subsequent campaigns demonstrated its predictive value for
guiding monitoring well placement. Laboratory and modeling studies further clarified radon transport dynamics, suggesting that
specific boundary conditions, such as deep geological radon sources, significantly influence the spatial range of applicability of the
radon-deficit technique. These findings highlight the technique’s effectiveness in refining sampling strategies and enhancing the
understanding of DNAPL migration patterns in complex subsurface environments.
KEYWORDS: site characterization, creosote, screening, contamination mapping, DNAPL, partition

1. INTRODUCTION
Traditional methods of characterizing contaminated sites,
which rely on high quality, but spatially limited data acquired
from a small number of boreholes, soil cores, and groundwater
samples, often exhibit deficiencies in accurately representing
the intricate dynamics of subsurface contamination phenom-
ena. This is particularly evident when dealing with Dense Non-
Aqueous Phase Liquids (DNAPLs).1−5

The 222Rn deficit technique (RDT) is a characterization
technique that operates in near real-time that can help to
increase the density of spatial information and optimize the
subsequent and inevitable drilling, sampling and analytical
efforts.6 Radon is a radioactive gas produced by the decay of
radium which, in widely varying concentrations, is present in
all geologic materials.7 When radon is produced in the vadose
zone, it enters the pore space between mineral grains where it
partitions between the air and water phases. When a separate,
nonaqueous organic contaminant phase is present, radon
preferentially partitions into it with a resulting reduction of
what would otherwise be the background radon concentration
in soil gas in that area. In the absence of confounding factors
such as lateral changes of lithology,8 this reduction (i.e.,
deficit) in radon concentration in soil gas can be used to detect
and delineate subsurface accumulations of organic contami-

nants.9−13 Field measurements of 222Rn in soil gas can be
obtained using portable instruments that require minimal
drilling and a short data collection time. This characteristic
makes the radon-deficit technique a promising screening tool
for effectively delineating subsurface organic pollution
processes, which helps optimize characterization and monitor-
ing efforts conducted through intrusive methods.

The equation governing radon transport in the vadose zone
includes terms for production and partitioning, decay,
diffusion, and advection.9,14,15 The advection term is typically
neglected because atmospheric pressure gradients are only
relevant within the first few decimeters of the soil.16−26

Therefore, atmospheric pressure gradients should not influence
radon behavior at the standard sampling depths of
approximately 1 m. Diffusion-only models present a significant
theoretical constraint: the effective diffusion length of radon in
porous media is estimated in the range of 0.5 m for sandy soils
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and 2 m for gravel.6,27 This implies that a decrease in 222Rn
activity produced by the presence of NAPL should only be
detectable directly above or in close proximity to the
contaminant source.28,29

The scientific literature provides numerous examples of the
successful application of the radon-deficit technique to assess
sites impacted by Light Non-Aqueous Phase Liquids
(LNAPLs) at shallow depths, in which the gas sampling
point is close to the location of the NAPL.8,10,12,30−41

On the other hand, until recently only limited and
inconclusive evidence had been reported regarding the
application of the 222Rn deficit technique for characterizing
DNAPL-impacted sites through soil gas sampling in the vadose
zone.42 Several recent studies, however, have suggested that it
can be successfully implemented under specific site con-
ditions.29,43,44 More commonly, the RDT has been applied
using measurements of radon in groundwater, instead of soil
gas, using existing networks of monitoring wells.45−48 Ground-
water-based radon monitoring avoids limitations associated
with radon diffusion length and temperature-induced varia-
bility in the vadose zone,6 but its dependence on preinstalled
wells restricts its applicability in previously uncharacterized
areas.

Despite the constraints imposed by radon transport in
unsaturated media and the inconclusive outcomes reported in
earlier studies, the results presented here�derived from blind
field campaigns at a creosote-contaminated site�suggest that
the radon-deficit technique may offer a viable approach, under
specific site conditions, for the preliminary delineation of
DNAPL contamination.

The primary objective of this study is to assess the feasibility
and boundary conditions for applying the 222Rn deficit
technique to real-time detection and spatial delineation of
DNAPL contamination using soil gas measurements. Through
a blind case study at a creosote-impacted site, we aim to
demonstrate the operational potential of the method and to

elucidate the mechanisms that govern its performance in the
vadose zone.

2. METHODS AND MATERIALS
2.1. Study Area and Contaminants of Concern. The

site under study is a former railroad tie treatment plant which
operated between 1938 and 1995 (Figure 1). Historically,
creosote (a.k.a. Coal tar oil, Brick oil, Naphthalene oil), a
byproduct obtained from the high-temperature processing of
coal to make coke or natural gas, was employed as a wood
preservative. With a density between 1.00 and 1.17 g/cm3

creosotes are black or dark brown water-immiscible liquids or
semisolids with a naphthalene-like odor. Its composition is
variable between creosotes and consists of complex mixtures of
hundreds of individual compounds, including aliphatic hydro-
carbons, light aromatic compounds (i.e., benzene, toluene,
ethylbenzene, and xylene), phenolic compounds and most
notably polycyclic aromatic hydrocarbons (PAHs), which can
constitute up to 90% by weight of creosote. Some of the PAHs
identified in creosote are anthracene, benzo(a)anthracene,
benzo(a)pyrene and pyrene, but naphthalene is by far the most
abundant. Chronic exposure to creosote can lead to cancer in
humans and animals and is also lethal in acute exposures to
aquatic organisms.49−51 Although many hydrocarbons present
in the creosote mixture are less dense than water and cease
their downward migration upon reaching the water table,
creosote products with densities slightly above unity may be
able to penetrate as an immiscible phase and continue
migrating below the water table.52 At the study site, a creosote
DNAPL accumulation exists that reaches an apparent thickness
between 1 and 150 cm in the most contaminated groundwater
monitoring wells. The presence of DNAPL in the saturated
zone has been shown to vary over time. Detections in one
sampling period often do not recur in the next for the same
monitoring well, and vice versa.

The lithological sequence at the site consists, from top to
bottom, of a 0.5−1 m sand and gravel anthropic backfill

Figure 1. Study area with spatial distribution of (i) monitoring wells installed to collect groundwater samples and locate the DNAPL
contamination, (ii) detected DNAPL in June 2020, (ii) former premises of the railroad tie treatment plant, (iv) location of impermeable barrier, (v)
groundwater flow directions, and (vi) soil gas 222Rn sampling positions during the different field campaigns.
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followed by a 1.5−3 m layer of silty clay, 1−2 m of silty sand,
and 1−3.5 m of gravels with a sandy matrix, underlain by
greenish gray marl at a depth of 7 to 8 m below ground surface
(mbgs) that act as an impermeable layer and controls the
mobility of the DNAPL. The thicknesses of these layers vary
significantly across the site. The groundwater table at the time
of the study lied at approximately 6 mbgs and the groundwater
flow through the gravel layer follows a north−northwest
direction. Accompanying the groundwater flow, a plume of
dissolved contaminants (with concentrations of benzene and
naphthalene ranging between 30−300 and 70−7000 ug/L
respectively) reach an industrial area bordering the study area
to the north. The DNAPL accumulates in the permeable gravel
level, confined by the underlying impermeable marl. In some
areas, where buildings in which creosote operations were
located, the soils are affected by the presence of organic
contamination with vertical migration patterns affecting the
unsaturated profile (i.e., down to depths of about 5 m).

Since the detection of creosote contamination in 2007,
several efforts have been made at the site to characterize and
contain the migration of DNAPL through the gravel layer. In
2010, the spatial distribution of the contamination was
believed to be well-known, and it was decided to build an
impermeable barrier to contain the advance of the DNAPL.
The bentonite cement barrier, which was installed in
December 2011, is 9 m deep, 0.45 m thick, and penetrates 2
m into the impermeable marl. It incorporates 9 openings to
allow clean groundwater circulation. When the barrier was
built, the groundwater table lied at 5 mbgs, so the 2 m wide
openings were opened from 0.0 to 5.5 m below ground level.
Nowadays these “windows” are no longer operational due to a
drop of the water table caused by overexploitation of the
aquifer and long-lasting regional droughts. By 2020, prior to
the radon deficit studies, 60 groundwater monitoring wells had
been installed at the site.
2.2. Sampling and Analysis. A total of five 222Rn

sampling campaigns were carried out in the study area
(Table 1). The objective of campaigns #1 and #2 was to
validate the radon-deficit technique using blind surveys, i.e.,
conducting campaigns without the researchers having any
information on the presence or absence of DNAPL, and a
posteriori validation of the results using information provided
by the site managers. Once the technique was validated,
campaigns #3 to #5 were used with a predictive purpose, i.e., to
guide the sampling design in areas where direct information
from boreholes about NAPL pollution was lacking. The

inferred information on possibly contaminated areas obtained
with the radon-deficit technique was used to position new
monitoring wells with which to confirm the presence or
absence of DNAPL. The design of the sampling network in
each campaign, as well as the spatial representation of the
DNAPL distribution at the site known prior to the start of the
work, is shown in Figure 1.

Field measurements were carried out as follows (a more
detailed description of the field methodology can be found in
Garciá-Gonzaĺez et al.41 and Barrio-Parra et al.43): Stainless-
steel, hollow rods equipped with lost tips were driven into the
ground to a depth of approximately 0.8−0.9 m. At that depth,
the lost tip was disengaged opening a gap through which, after
purging, 150 mL of soil gas was collected with a syringe and
introduced in a vacuum-ready detachable ionization chamber.
After a standing time of 15 min (to allow thoron (220Rn) to
decay), the chamber was connected to a RM-2 pulse ionization
detector (RADON v.o.s.), and the activity of radon in the
sample was registered after the ionization current generated by
α radiation from the decay of 222Rn was measured over a 120-s
interval. The signal is processed by the reader using a
calibration constant derived from a factory calibration
performed in a radon chamber traceable to international
standards. The RM-2 system operates within a measurement
range of 3 to 1200 kBq/m3 and offers a detection resolution of
100 Bq/m3. To assess the replicability of the measurements, 11
measurements were replicated during campaign #2 with two
different detectors at the sampling position. A comparison of
means test (Tukey’s test) showed no statistically significant
differences between the measurements performed with each
instrument (p-value = 0.7).

The separation between sampling points was always 10 m.
For that dense sampling spacing, once the steel rods were in
place, a total of approximately 15 measurements per hour were
registered. If the sampling point presented a low pneumatic
permeability (e.g., due to the presence of clays at the sampling
depth) the point was reinstalled in the vicinity of the original
sampling position. Previous studies have shown the relation-
ship between atmospheric temperature at ground level and the
registered 222Rn concentration.29,44,53 To minimize the
influence of this confounding factor, series of successive
measurements of 222Rn were conducted and the mean value of
the measurements at each point was considered for
interpretation. The number of field replicates is specified for
each field campaign in Table 1.

Table 1. Summarized Description of 222Rn Sampling Campaignsa

222Rn measurements mean soil conditions
mean atmospheric

conditions

field
campaign date

number of
Probes installed N min. mean max.

number of field
replicates humidity temperature temperature pressure

#1 22−25 February
2021

32 135 <500 10,626 48,100 5 NA NA 15.6 991.9

#2 4−7 May 2021 32 192 <500 13,007 87,900 6 NA NA 24.9 991.5
#3 13−16

September
2021

37 119 1300 25,660 84,900 4 22 26 25.6 974.8

#4 19−22 October
2021

43 59 <500 13,894 45,700 1 15 22 26.1 992.7

#5 23−26 May
2022

34 53 700 28,519 52,800 6 15 29 28.3 992.7

aDescriptive statistics of 222Rn measurements (Bq/m3) at 0.8 meters below ground level (mbgl), soil and atmospheric conditions - humidity (%),
temperature (°C) and pressure (mbar) -. NA: Not Available.
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The conditions and details of each experimental campaign
are summarized in Table 1 and spatially represented in Figure
1. The first sampling campaign was aimed at validating the
radon deficit technique in an area divided in two by the
impermeable barrier: One half of the area, within the barrier,
presented a known DNAPL accumulation (under a former site
facility); the other half, outside the barrier, was assumed to be
free of DNAPL (Figure 1). Given the unexpected results (see
discussion below) of this first campaign, the decision was made
to replicate the same sampling grid during campaign #2. Once
the method had been validated, the following campaigns were
designed to obtain preliminary information for deciding the
location of new monitoring wells to intercept the potential
northwest DNAPL migration. The sampling profiles were
located in areas where there had been no historical
contamination sources, i.e., if DNAPL were present, it could
not have originated in situ. During campaigns #3 to #5, soil
temperature and humidity were recorded with a TEROS11
(METER Group) placed at a depth of 30 cm.

Lastly, groundwater samples and samples of DNAPL were
collected from two monitoring wells, one with 152 cm and the
other with 0.5 cm of DNAPL at the bottom of the water
column. To confirm the hypotheses that a light NAPL
emulsion could be segregating from the DNAPL body, the
water samples were taken at two depths (near the top of the
water column in the monitoring well and right above the
DNAPL accumulation at the bottom). Samples were taken
with a peristaltic pump at a low-flow rate of 0.5 l/min at depths
of approximately 6.5 m (“Top” sample) and 7 m (“Bottom”
sample). These depths were selected based on site-specific
hydrogeological conditions: the water table was located at
approximately 6.2 m, and the impermeable base of the gravel
aquifer was identified at a depth of around 7.5 m. The
concentrations of aliphatic and aromatic hydrocarbon
fractions, the USEPA’s (US Environmental Protection Agency)
16 priority-pollutant PAHs,54 and benzene, toluene, ethyl-
benzene, and xylenes were determined by gas chromatography
(GC-FID and GC-MS). In addition, a simple partitioning
experiment was carried out in the laboratory. For this purpose,
a sample (1/3 by volume) of the DNAPL extracted in the
monitoring wells during the remediation processes and a
sample of commercial creosote (CAS Number 8021-39-4)
were placed in two vials and made up to 50 mL with water (2/
3 by volume). The vials remained at room temperature and
without shaking for one year (from November 2023 to
November 2024). After this standing time, the vials were
inspected and photographed to check if a light NAPL had
developed.
2.3. Modeling. To evaluate the influence of site-specific

factors on the performance of the radon-deficit technique, the
1D_RnDPM model29 was employed, a one-dimensional
numerical tool that simulates 222Rn production, partitioning,
and diffusive transport in unsaturated porous media. The
model solves the radon mass balance equation considering
radioactive decay, temperature-adjusted production, and phase
partitioning between air, water, and NAPL. Transport is
assumed to occur exclusively by diffusion, neglecting advective
fluxes, which are considered negligible at the sampling depths
used in this study.8,33

The model requires site-specific input parameters, which
were derived from laboratory analyses of soil samples collected
during field campaigns. These included equilibrium radon
activity (Ceq), bulk density (ρ), and total porosity (θt),

determined following the methodology described in Barrio-
Parra et al.29 The radon emanation rate was calculated from
accumulation chamber experiments, and porosity was
estimated from gravimetric measurements for two solid
samples of about 1 kg from the anthropic backfill and silty-
clay layers obtained from soil cores at the site. In the model,
the vertical profile was discretized into two layers (1 m of
anthropic backfill, and a 5 m-thick subsurface layer of silt) each
characterized by its own physical properties following the
methodology described by Barrio-Parra et al.29

Simulations were conducted under the assumption of a dry
soil profile (i.e., zero water-filled porosity) to isolate the effect
of NAPL on radon partitioning. To study the theoretical effect
of the presence of DNAPL in the soil profile two sets of
simulations were performed. Simulation #1 assumed a clean
soil profile with no DNAPL, while in Simulation #2 a residual
DNAPL saturation of 0.0029 was assumed in the first 1m of
soil above the water table, in accordance with the analytical
information obtained from boreholes in the study area (see
Section 3.2). Partition coefficients were set at 4.420 for air−
water (KH) and 1333 for air−NAPL (Kn). A Dirichlet boundary
condition was assumed in the upper part of the profile with a
222Rn activity of 0 Bq/m3 representing the atmospheric
dilution process. For each simulation, two types of lower
boundary conditions were tested to assess their influence on
simulated radon profiles: (i) a Neumann condition (zero-flux),
and (ii) a Dirichlet condition with fixed radon activity at depth.
The latter was introduced to evaluate whether elevated radon
concentrations at the base of the profile�potentially
associated with deep geological sources or uranium enrich-
ment�could reproduce radon activities within the range
observed in the field.

The comparison of the 222Rn activities predicted by these
simulations with the empirical measurements at the site were
employed to evaluate hypotheses about the theoretical radon
transport processes that could explain the obtained field
results.

3. RESULTS
3.1. Field Campaigns. This section describes the sequence

of results obtained during consecutive data collection
campaigns in the study area and how they align with direct
observations of DNAPL presence and thickness in monitoring
wells. The first two sampling campaigns were blind studies,
meaning that site managers did not disclose to the authors any
prior information about the distribution of the DNAPL at the
site.

To validate the applicability of the radon-deficit technique,
the site managers proposed sampling on both sides of the
impermeable barrier in Campaign #1. According to the
preliminary conceptual model, site managers were aware of
the presence of a DNAPL on the eastern (inner) side of the
barrier and believed that the western (outer) side was free of
contamination since no DNAPL had been detected in the few
monitoring wells installed on this side (Figure 1). During the
222Rn-deficit campaign, two areas of negative anomalies were
detected, one to the east of the barrier and the other to the
west. Given the disagreement between the 222Rn-deficit results
and the assumed distribution of the DNAPL, which was
supposed to be present only in the eastern half of the study
area, confined inside the impermeable barrier, and absent from

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c13917
Environ. Sci. Technol. 2025, 59, 26796−26805

26799

pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c13917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the western half, it was decided to replicate the 222Rn
measurements in the same area in Campaign #2.

As shown in Table 1, the mean 222Rn activity values were
similar in both campaigns, although higher maximum activity
values were detected during Campaign #2. This increase in
maximum values were probably related to the higher
temperatures registered during the second campaign.13,16,44,55

Figure 2 synthetically presents the results of Campaign #2.
Consistent with the results of Campaign #1, two zones with a
222Rn deficit were identified, one to the east of the
impermeable barrier (where the presence of DNAPL was
already well established) and another one to the west of it.
New monitoring wells specifically drilled and installed to verify
these results (Figure 3) proved that the second anomaly
outside the impermeable barrier was indeed associated with a
large DNAPL accumulation that had gone undetected until
that moment, and served as confirmation of the applicability of
the radon-deficit technique at the site.

The 222Rn concentrations recorded during campaigns #3
and #5 are shown in Figure 4, where low radon levels are
clearly surrounded by values similar to or above the mean.
These areas of low concentrations were identified as potentially
affected by the presence of DNAPL (Figure 3). Sampling of
the new monitoring wells installed after the campaign
confirmed either the presence of DNAPL, as predicted by
the 222Rn deficit technique, or, where DNAPL was absent, high
concentrations of dissolved TPHs (Total Petroleum Hydro-
carbons) and evidence of smearing in the corresponding soil
cores. The presence of an impermeable clay lens at the
sampling depth (0.8 m) made the extraction of soil gas
impossible in 28 of 35 sampling points during campaign #4,
which was discarded.
3.2. Groundwater Chemical Analyses. The detailed

results of the chemical analyses of the four groundwater
samples collected from two monitoring wells at the site are
presented as Supporting Information. As expected, the

Figure 2. Normalized mean 222Rn activity surface map obtained during Campaign #2 with a Nearest Neighbor Interpolation. The data obtained in
each series of measurements was divided by its average so that values above 1 represent points with 222Rn concentrations above the average and
vice versa (unitless). Dashed lines represent the delineation of the DNAPL with data from monitoring wells before the first 222Rn deficit technique
campaign was undertaken at the site.
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concentrations of aromatic compounds greatly exceeded those
of their aliphatic counterparts. Naphthalene and acenaphthene
presented the highest individual concentrations with maximum
values of 8100 and 1200 μg/L, respectively. The concen-
trations of the different aliphatic fractions were similar in both
monitoring wells whereas those of aromatic fractions were
consistently and significantly higher in the well with the thicker
DNAPL layer.

The concentrations of the lighter hydrocarbon fractions,
both aromatic and aliphatic, are always clearly below their
respective theoretical water solubilities.56−58 However, the

reported dissolved concentrations of aromatic fractions > C16
and aliphatic fractions > C12 are all above their respective
water solubilities and although those values cannot be
interpreted in quantitative terms, they are strongly indicative
of the presence of NAPL in the water column. Of special
interest is the fact that aliphatic fractions > C12-C16, > C16-
C21 and > C21-C35, all of which have densities below that of
water, are reported to reach concentrations in the “Top”
samples (i.e., collected immediately beneath the top of the
water column) between 2 and 5 orders of magnitude higher
than their theoretical water solubilities. This observation lends

Figure 3. Time evolution of the monitoring well distribution, detected organic contamination and summarized results of the 222Rn deficit field
campaigns. Results of Campaigns #3 and #5 are represented as proportional circles (bigger diameters stand for higher 222Rn activities and vice
versa). The contours of the dissolved Total Petroleum Hydrocarbons (TPH) measured during June 2022 is also plotted.

Figure 4. West-East mean 222Rn activity profiles obtained in Campaigns #3 and #5. The origin of X-coordinates has been established at the
westernmost point of the profile of Campaign #3. Note that the position of the points of the profile of Campaign #5 are shifted in the Y-coordinate
and that here they appear next to those of Campaign #3 due to the two-dimensional representation. The exact position of the sampling points for
each campaign can be found in Figure 1.
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support to the hypothesis that a light free hydrocarbon phase,
segregated from the main DNAPL body, can have developed at
the site.
3.3. Modeling Results. In order to obtain the information

necessary to perform simulations of the diffusive transport
process, generation/decay and partition of 222Rn in the subsoil
of the site, laboratory measurements of the equilibrium activity
of 222Rn, porosity and bulk density were performed for two soil
samples (corresponding to the levels of anthropic fill and clays)
following the protocols described in Barrio Parra et al.29

Equilibrium radon activities of 139.35 and 153.5 Bq/m3 were
obtained for the anthropic and clay levels, respectively. The
bulk densities and porosities obtained were 1105.5−1334.2 kg/
m3 and 51−46% respectively for the anthropic fill and clay
layers.

To study the vertical evolution of radon activity at the site,
two simulations were performed with the 1D_RnDPM
model.29 Simulation #1 assumed a clean soil profile with no
DNAPL, while in Simulation #2 a residual DNAPL saturation
of 0.002 was considered in the first 1m of soil above the water
table. Figure 5 shows the 222Rn activity profiles in the
subsurface for both simulations with a Newman (zero-flux)
lower boundary condition. The 222Rn activity decreases
significantly in the vicinity of the DNAPL and recovers values
similar to those obtained for an undisturbed profile at a depth
of approximately 5 m. The results of both simulations yield
222Rn activities close to 2000 Bq/m3 at the sampling depth (0.8
m). This result indicates, on the one hand, that contaminated
sections of the soil profile cannot theoretically be distinguished
from unaffected ones by sampling at a depth of 0.8 m, and, on
the other hand, that the predicted 222Rn activities are
substantially lower than those measured in the field (Table 1).

In order to identify the conditions under which the
numerical model would yield results similar to those registered
in the field (under the hypotheses of 222Rn generation-decay,
partition, and diffusion-only transport of the 1D_RnDPM
model), the same two simulations were repeated employing a

Dirichlet boundary condition for the lower part of the soil
profile. By setting a Dirichlet condition of 106 Bq/m3 at a
depth of 6 m, activities of 30,000 and 2,500 Bq/m3 were
obtained for simulations #1 and #2 respectively at the sampling
depths (0.8 m). These values are in the range of the activities
measured in the field (Table 1, Figure 3) and allow to
discriminate between contaminated and clean soil sections.

4. DISCUSSION
At the site, the results of the successive 222Rn-deficit campaigns
guided the installation of new monitoring wells, which
confirmed the presence of previously unknown DNAPL
affected areas and zones of residual NAPL saturation
(smearing), and marked the extent of the plume of dissolved
TPHs. The technique helped to identify sources gone
undetected during the initial conventional site characterization,
to detect unsuspected contaminant migration toward the
north, and to unveil an incorrect design of the retention
barrier, thus facilitating and optimizing subsequent inves-
tigation efforts.

Most interestingly, 222Rn anomalies associated with the
presence of DNAPL at depth were detected in areas where
there had been no activities related to creosote production, use
or disposal. This finding suggests that the 222Rn deficit
technique can identify DNAPL bodies which are not located
directly beneath their source zones43 but have migrated away
from them.

A potential explanation for this unexpected result is the
development of a light NAPL, segregated from the main
DNAPL body at the site. The frequent mention in field records
of the presence of an oily sheen on groundwater sampling tools
used at the site, the results of the analyses of groundwater
samples from wells with DNAPL, and the development of a
thin, overlying separate phase in test tubes containing a
mixture of commercial creosote and water (Figure A1 in
Supporting Information), seem to corroborate the above
assumption. The presence of a light NAPL segregated from an

Figure 5. 222Rn activity profiles obtained for simulations #1 and #2 over a 30-day time span with a Newman boundary condition at the bottom.
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underlying DNAPL accumulation, as suggested by Scherr et
al.50 and corroborated by the laboratory and field observations
described above, could smear the vadose zone as the
groundwater table fluctuates59 and the residual NAPL trapped
in the smearing zone could create a radon-deficit indirectly
associated with the DNAPL present in the saturated zone.

The modeling results at the site are in agreement with
previous studies which evaluate the influence of boundary
conditions in the 222Rn activity profile in the vadose zone.9,32,60

These studies emphasize the use of high boundary conditions
in the lower part of the profile to fit experimental 222Rn activity
determinations in the vadose zone to theoretical generation
and transport models.14,61 This 222Rn activity in the lower part
of the profile may have a deep geological origin.41 Deep 222Rn
may be transported to the surface by carrier gases, driven by
atmospheric air circulation in the shallow permeable vadose
zone, which is influenced by the temperature difference
b e t w e e n t h e s u b s o i l a n d t h e a m b i e n t a t m o s -
phere.17,18,24−26,44,53 Another possible explanation for the
elevated boundary condition at the base of the profile is
related to uranium precipitation processes. The application of
the 222Rn deficit technique in the exploration of petroleum
reservoirs associates uranium precipitation and enrichment
around the deposit with the reducing conditions generated by
the presence of hydrocarbons. Uranium precipitation could act
as a source of 222Rn at depth justifying the use of high lower
boundary conditions.62,63 There are strong indications that this
is the case at the study site, where the groundwater is
suspected to be significantly enriched in UO2

2+ due to the
presence of an upstream waste storage deposit suspected of
generating leachates with elevated concentrations of dissolved
uranium.

Although the Radon Deficit Technique (RDT) is useful for
detecting subsurface contamination, it faces significant
limitations due to the complex and site-specific variability of
222Rn activity in soil gas. Environmental parameters such as soil
moisture, temperature gradients, and atmospheric pressure
fluctuations can substantially influence radon measurements,
complicating the interpretation of reduced 222Rn concen-
trations as indicators of NAPL contamination.16,43,64 These
confounding factors are particularly problematic when
measurements are taken across different campaigns or seasons,
making it difficult to distinguish between natural background
oscillations and contamination-induced deficits. Furthermore,
the variability in the uranium content of the bedrock and the
226Ra activity may also contribute to fluctuations in soil gas
radon background levels, potentially affecting the reliability of
RDT.65,66 These findings underscore the need for further
research into the geochemical and environmental controls on
radon dynamics to enhance the robustness and interpretative
power of RDT in heterogeneous field conditions.

5. IMPLICATIONS
During this study, a combination of field measurements of
radon in soil gas, laboratory analysis of soil and groundwater
samples, and modeling efforts has allowed to understand the
expanded set of circumstances under which the radon deficit
technique can effectively detect and delineate DNAPL
accumulations. Conventionally, this technique has been
considered applicable only when:

(a) the DNAPL body is sufficiently shallow so that the
effective diffusion length of 222Rn is not a limiting factor,
or

(b) the whole soil profile is smeared by a DNAPL
percolating from a shallow source. The residual
saturation left behind in the upper soil profile by the
percolating DNAPL creates a radon-deficit in soil gas
indicative of a DNAPL accumulation at depth.

In both cases, the radon-deficit technique is only
useful to detect and delineate the original source
zone(s).

Two more circumstances have been identified that
expand the range of applicability of the technique to
include the detection of DNAPL bodies which have
migrated (or are migrating) from the source zone:

(c) A light nonaqueous phase segregates from the advancing
DNAPL body and smears the vadose zone as the
groundwater table fluctuates. As in case (b) above, the
residual NAPL trapped in the smearing zone creates a
radon-deficit in soil gas indirectly associated with the
DNAPL present in the saturated zone.

(d) High emanation rates at depth result in concentrations
of 222Rn in shallow soil gas high enough to make the
difference in radon levels in unpolluted areas and areas
where the DNAPL is measurable.

Under these circumstances, the radon-deficit technique can
trace the presence of DNAPL not only directly beneath its
source zone but also along its migration pathways, and it can,
therefore, substantially reduce the cost of environmental
investigations and the possibility of DNAPL accumulations
going undetected by conventional site characterization
techniques. To standardize the use of the radon-deficit
technique as a screening tool at DNAPL-impacted sites,
however, further research is needed to understand and quantify
the variations of natural radon concentrations in soil gas with
soil temperature and water content given that these oscillations
act as strong confounding factors in the interpretation of radon
deficits.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.5c13917.

Analytical results of groundwater samples including
photographs of DNAPL partition experiments (PDF)
222Rn activities recorded during field campaigns (XLSX)

■ AUTHOR INFORMATION
Corresponding Author

Fernando Barrio-Parra − Prospecting & Environment
Laboratory (PROMEDIAM), Universidad Politécnica de
Madrid, 28003 Madrid, Spain; orcid.org/0000-0001-
5475-3567; Email: fernando.barrio@upm.es

Authors
Humberto Serrano-García − Prospecting & Environment

Laboratory (PROMEDIAM), Universidad Politécnica de
Madrid, 28003 Madrid, Spain

Miguel Luri − Ingénieur Géologue ENSG − Consultant,
28003 Madrid, Spain

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c13917
Environ. Sci. Technol. 2025, 59, 26796−26805

26803

https://pubs.acs.org/doi/10.1021/acs.est.5c13917?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c13917/suppl_file/es5c13917_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c13917/suppl_file/es5c13917_si_002.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+Barrio-Parra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5475-3567
https://orcid.org/0000-0001-5475-3567
mailto:fernando.barrio@upm.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Humberto+Serrano-Garci%CC%81a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+Luri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+Izquierdo-Di%CC%81az"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c13917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Miguel Izquierdo-Díaz − Prospecting & Environment
Laboratory (PROMEDIAM), Universidad Politécnica de
Madrid, 28003 Madrid, Spain

Eduardo De Miguel − Prospecting & Environment
Laboratory (PROMEDIAM), Universidad Politécnica de
Madrid, 28003 Madrid, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.5c13917

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This study was financed through the CARESOIL-CM [TEC-
2024/ECO-69] research programme of the Regional Govern-
ment of Madrid (Comunidad de Madrid - Spain) and the
Multiannual Agreement 2023-2026 with Universidad Politécn-
ica de Madrid in the Line A, Emerging Ph.D researchers ML-
TRACER grant [DOCTORES-EMERGENTES-24-71H88I-
60-POKTT9] (Comunidad de Madrid - Spain).

■ REFERENCES
(1) Fernández, J.; Arjol, M. A.; Cacho, C. POP-Contaminated Sites
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