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Abstract. The radioactive noble gas radon has an ambivalent nature:
on the one hand is it of main concern with regard to radiation protec-
tion, on the other hand can it be applied as powerful tracer tool in var-
ious fields of applied geosciences. Due to its omnipresence in nature, its
chemical and physical properties, and its uncomplicated detectability
radon fulfils all requirements for being used as environmental tracer.
This application is discussed in the paper with focus on the use of
radon as tracer for subsurface contamination with Non-Aqueous Phase
Liquids (NAPL). After a short introduction in the ambivalence and
ubiquitous presence of radon in nature, the theoretical background of
its suitability as NAPL tracer is summarized. Finally three potential
applications are discussed. Background information and practical ex-
amples are given for (i) the investigation of residual NAPL contamina-
tion in soils, (ii) the investigation of residual NAPL contamination in
aquifers and (iii) the monitoring of the remediation of dissolved NAPL
contamination in groundwater. The presented information reveals that
radon is an ideal tracer for the assessment of a wide range of subsurface
NAPL contamination. Still, its application is not without restrictions.
Problems may occur due to mineralogical heterogeneity of the soil or
aquifer matrix. Furthermore, local changes in the permeability of the
subsurface may be associated with preferential groundwater or soil gas
flow paths bypassing isolated sub-domains of an investigated NAPL
source zone. Moreover, NAPL aging may result in alterations in the
composition of a complex NAPL mixture thus giving rise to significant
changes of the radon partition coefficient between NAPL and water
or soil gas. However, since radon shows a strong affinity to NAPLs in
general, semi-quantitative results will always be possible.

1 Introduction

If the natural occurrence of radon is being discussed the element is rarely considered a
useful component of soil gas or groundwater. The reason for that point of view is that
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radon and its progeny are inhaled with every breath; while radon is exhaled again,
part of the inhaled progeny gets trapped in the respiratory tract and the lungs. As
the progeny undergoes further radioactive decay some of the short lived radionuclides
(2'8Po, 21Po) emit alpha particles, which strike the sensitive lung tissue, potentially
leading to the formation of cancerous cells. With the aim to quantify the related risk
based on an extensive data pool Darby et al. [1] performed a collaborative analysis
of data taken from 13 independent case studies. The results revealed that the risk of
lung cancer increases steadily with increasing radon in air concentrations and that
the famous quotation by Paracelsus “sola dosis facit venenum” (the dose makes the
poison) does not seem to hold for radon. The determined linear dose/response relation
between long-term radon exposure and cases of lung cancer did not suggest any lower
threshold value.

However, in spite of the health related issues referred to above, radon can also be
looked at from a completely different angle: not as a cause of problems but as a tool
for tackling environmental challenges. During the last two decades a variety of novel
applications based on the use of naturally occurring radon as aqueous or gaseous
tracer appeared in the field of applied and environmental geosciences.

Motivation for the application of tracers in general is the difficulty to monitor
certain subsurface processes directly. Another intention for using tracers is that most
conventional subsurface survey approaches that are based on soil or groundwater
sampling result in information that has to be considered point values only. Hence,
their suitability for the characterization of large-scale and/or long-term processes
is rather limited. As alternative, the application of tracers allows measurements at
larger scales in both space and time [e.g. [2-5]]. In particular Environmental Tracers
are suitable in the given context. They are defined as ubiquitously occurring natural or
anthropogenic substances and/or physical indicators that are detectable in virtually
all environments. In contrast to injected artificial tracers, environmental tracers have
three key advantages: (i) they involve no risk of environmental contamination, (ii)
they involve no perturbation to the system that is being studied, and (iii) they are
suited to large-scale and/or long-term studies.

Radon is an element that is present in all soil gas and groundwater. Due to this om-
nipresence in nature, its chemical and physical properties, and its uncomplicated and
precise detectability both on site and in the laboratory [6—10] radon fulfils practically
all requirements for an application as environmental tracer. Prominent examples in-
clude approaches for (i) the investigation of groundwater migration processes [11,12],
(ii) surface water/groundwater interaction studies in marine [13-17] and freshwater
systems [18-23], and (iii) the investigation of soil or groundwater contamination [24—
30]. With the aim to call the attention onto this advantageous side of radon, the
possibility of its application as environmental tracer for the evaluation of subsurface
contamination with Non-Aqueous Phase Liquids (NAPL) is discussed in the paper.

2 The ubiquitous presence of radon in nature

The radioactive noble gas 222Rn (hereafter referred to as radon) is produced via alpha-
decay of its parent nuclide 26Ra (hereafter referred to as radium). Since radium is
present in virtually all mineral material, radon is produced constantly in every soil
or aquifer matrix corresponding to the radium activity concentration of the mineral
matrix (Ag,). Alpha recoil is the most important driver for radon release from the
mineral lattice into the open pore space, i.e. for its emanation from the mineral matrix.
When a radium atom decays, an alpha particle is ejected and the newly formed radon
atom recoils in the opposite direction [e.g. [31]]. The distance, which a newly formed
radon atom is able to migrate do to its recoil is in a range between 0.02 and 0.07 ym
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depending on the mineral structure [32]. Hence, the location of the decaying radium
atom in the mineral grain (i.e. its distance to the grain surface) and the direction of
recoil (toward the grain surface or the opposite way) determine whether the newly
formed radon atom has a chance to enter the pore space or not. Emanation via
diffusion is negligible since the diffusion coefficient of radon in mineral lattices (about
10-20 cm? /s; [32]) allows only diffusion lengths between 107 and 10726 ym [33]. The
ratio between the number of radon atoms that emanate from a mineral matrix into
the soil gas or groundwater filled pore space and the total number of radon atoms
produced is expressed by the emanation coefficient (£), a dimensionless and matrix-
specific parameter that ranges between 0.1 and 0.7 and can normally be assumed to
be around 0.25 [31].

Besides Ag, and ¢, the radon concentration in the pore space of an aquifer or soil
(Cs) depends on the porosity (n) and the bulk density (pq) of the mineral matrix.
The relationship, which describes the equilibrium radon concentration in the pore
space as function of the four parameters is given with Eq. (1) [34].

C. = eARapd
n

[Bq/m?]. (1)

Radon concentrations in soils or aquifers (i.e. in soil gas or groundwater, respectively)
range generally between roughly 5 and 50 kBq/m®. That means that radon concen-
trations that are typically found in natural environments are in general considerably
above the respective detection limits of modern (mobile) radon detectors.

Besides the omnipresence of radon in soil gas and groundwater, it is its generally
inert behavior, which makes it a suitable tracer. Its affinity to fluorine or its bonding
within some phenol clathrates, as it has been observed in laboratory experiments
by Weigel [35], is generally of no relevance for on-site tracer applications. The same
holds for radon adsorption onto activated coal, a characteristic that might become
a problem if activated coal filters are used over a long time for soil gas remediation
purposes without recycling [36]. Very dry soils tend to adsorb radon, an effect that
becomes negligible if the water content exceeds only a few per cent and is hence
in natural environments hardly ever of relevance [31]. Microbial metabolization of
radon can be ruled out as radon sink term as well. Hence, the radon concentration
in soil gas or groundwater is more or less constant in both space and time if a fairly
homogeneous lithological composition of the soil or the aquifer is present. In an un-
contaminated mineral matrix the radon concentration will only decrease due to the
diffusive or advective escape of radon from the groundwater or the soil gas into the
atmosphere (“exhalation”; [37-39]) (the radon partition coefficient between water and
air at temperatures typically found in groundwater (at temperate latitudes) is about
0.35; [40,41]). Hence, lateral or temporal radon anomalies in soil gas or groundwater
that are not caused by changing lithological conditions can be used as indicators for
processes or conditions that spatially or temporarily influence the subsurface radon
distribution pattern. A prominent example of such influence is subsurface contami-
nation with NAPL.

3 Radon as tracer for NAPL contamination assessment
3.1 Common challenges in NAPL contamination assessment
A major problem frequently encountered at (abandoned) industrial sites is soil or

aquifer contamination with NAPL. Effective remediation planning and risk assess-
ment necessitate the localization and quantification of both, the residual NAPL that
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is present in the subsurface (“NAPL source zone”) and, in the case of aquifer conta-
mination, the contaminants that occur dissolved in the groundwater (NAPL plume).
While NAPL plumes can be investigated rather easily by straightforward groundwa-
ter sampling and (on-site) water analysis, NAPL source zones within an aquifer are
harder to localize since they cannot easily be distinguished from the plume. That is
due to their usually erratic and patchy shape, which complicates their investigation
by conventional means, i.e. by groundwater or aquifer material sampling.

During the last two decades, several authors suggested the use of radon as envi-
ronmental tracer for the localization and assessment of residual NAPL contamination
in both soil [29,30,42] and aquifer [43-45,51]. It was shown that in soil and aquifer
portions that are contaminated with residual NAPL (i.e. NAPL source zones) the
preferential partitioning of radon into the residual organic phase results in a local
radon deficit in soil gas or groundwater. The resulting radon deficit (with regard to
the site specific radon background concentration) can be utilized as NAPL indicator.
Hence, using radon as environmental tracer allows localizing a NAPL contaminated
soil zone by carrying out a straightforward survey of the local radon distribution pat-
tern in the soil gas. In the case of aquifer contamination radon allows on top of the
localization a quantitative estimation of the NAPL contamination.

The magnitude of the radon deficit within a NAPL source zone in a soil or aquifer
domain depends primarily (i) on the share of pore space that is occupied by residual
NAPL and (ii) on the NAPL specific (temperature dependent) radon partition coef-
ficient that is either applicable for soil gas (Kyapr/sq) or groundwater (Kyapr/w)
as discussed in the following.

3.2 Radon partitioning behavior
3.2.1 The radon partition coefficient

The understanding of the radon partitioning between residual NAPL, soil gas and
groundwater (or soil moisture) is of key importance if radon is to be used as quantita-
tive NAPL tracer. On the one hand, the radon partitioning between soil gas (air) and
water is well described and quantified [40]. The related partition coefficient (K /s¢),
which quantifies the ratio of the equilibrium radon concentrations in water (Cy) and
soil gas (Cs) depends on temperature and water salinity and can be determined as
given in [41]. An equation that considers solely the temperature dependency and is
hence applicable for most groundwaters and terrestrial surface waters was given by
Weigel [35] (Eq. (2)).
Cw

Kwise = 5= (T) = 0.105 + 0.405¢ ~-05027T°Cl, (2)

On the other hand, hardly any reliable radon solubility data is available for multi-
component NAPL mixtures [26,40,45] even though a considerable quantity of radon
data has been published for pure organic components [40,46]. However, knowledge
of the related radon partition coefficients is mandatory if radon shall be used for
quantitative NAPL contamination assessment of aquifers since complex NAPL mix-
tures such as gasoline, diesel fuel, and kerosene are the most frequently occurring
contaminants in such cases.

For describing the radon solubility in NAPLs the Regular Solution Theory of
Hildebrand and Scatchard can be applied, which uses Hildebrands solubility parame-
ter (&) as molecular descriptor [47,48]. The general concept is based on the following
observation [26] if NAPL specific radon solubilities (in terms of the partition coef-
ficient Kyapr/w are plotted against the corresponding Hildebrand parameters of
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Fig. 1. Relationship Kyapr/w vs. ¢ for rough estimation of the radon solubility [26].

Table 1. Kyapr,w for olive oil and environmentally relevant complex NAPL mixtures.

olive oil diesel fuel  kerosene gasoline
KyapLyw 45654+0.8 60.0+1.3 4744+0.2 389409

the NAPLs, a sharp maximum is obtained at the Hildebrand parameter of radon
(18.1 MPal/Q; valid for 298 K; [49]). Figure 1 illustrates the Kyapr/w vs. 0 — rela-
tionship. The correlation allows a rough estimation of the radon solubility in a NAPL
if the respective NAPL-specific Hildebrand parameter is known. Apart from that
possibility of approximate theoretical prediction of the radon partition coefficient,
experimental results revealed that at temperatures around 15°C radon partition co-
efficients between NAPL and water of about Ky apr/w = 40 to 60 can be expected.
Experimentally achieved values as given in [26] are summarized in Table 1.

3.2.2 Radon partitioning in the NAPL contaminated soil or aquifer matrix

Based on Eq. (1), Eq. (3) describes the equilibrium radon concentration of the soil
gas (Coo) within a NAPL contaminated soil volume. Defined shares (S) of the pore
space are occupied by soil gas (Ss¢), pore water (i.e. soil moisture; Sy) and NAPL
(SnapL), respectively. The total fluid saturation of the pore space, i.e. Sy apr + Sw,
is given as Sp. Equation (3) considers the decrease of the air filled pore space (n)
due to its occupation by the fluids and the partitioning of radon between the three
phases. Xy apr, stands for the NAPL share of Sg (i.e. Syapr + Sw = Sp = 1).

Cos

_ eARapd ' 3)
n(1 = Sr + Kw/seSr(1 — Xnarr) + Knapr/scXnapLSF)

Figure 2 illustrates the theoretical dependence of Co, with increasing fluid satura-
tion S of the pore space according to Eq. (3), the fluid being a mixture of water
(soil moisture) and residual NAPL. The exemplary NAPL chosen for illustration
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Fig. 2. Influence of residual NAPL contamination on the radon concentration of the
soil gas.

is characterized by radon partition coefficient of Kyapr/s¢ = 10. The plot illus-
trates that increasing NAPL saturation of the pore space (i.e. increasing Sr at high
NAPL shares Xy 4pr) leads to a significant reduction in the radon concentration in
the soil gas, as expected. For instance at a 20% fluid saturation of the pore space with
a 80% share of residual NAPL (i.e. Sp = 0.2, Xyapr = 0.8) the equilibrium radon
concentration in the soil gas is theoretically reduced to about 41% of the concentra-
tion that would have to be expected as background value for the uncontaminated soil
(i.e. = 100%). At the same time it can be seen, that an increasing water saturation
of the pore space without any noteworthy contamination leads to an increase of the
equilibrium radon concentration in the soil gas, which is due to the reduction of the
soil gas filled pore space (Eq. (1)). If only soil gas and NAPL are considered, i.e. if a
soil with negligible soil moisture content is assumed (Xyapr = 1), Eq. (3) reduces
to Eq. (4). If no NAPL is present either (Syapr = 0) it reduces to Eq. (1).

ARa
C.. = EARaPA ) (4)

n(1 — Svapr + Knapr/saSnapL)

In case of an aquifer contamination, i.e. in case of negligibly small volume of soil
gas in the pore space, the radon concentration of the groundwater depends on the
residual NAPL saturation of the pore space and on Ky apr/w of radon as given in
Eq. (5). Again, if no NAPL is present (Syapr = 0) Eq. (5) reduces to Eq. (1).

o €ARapd
* n(l—Syaprr + KnaprywSnapL)

: (5)
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Fig. 3. Statistically recurring patterns of the radon concentrations at a depth of 5cm and
at the soil/air interface (0cm) on basis of a 24 — hour period summarizing a 7 day time
series [37].

4 Practical applications
4.1 Assessment of soil contamination with NAPL

Generally, if NAPL contamination of the soil zone is subject of investigation at-
mospheric influences on the radon distribution pattern in the subsurface have to be
taken into account. The most influencing parameters are air pressure, wind speed
and the temperature gradient at the soil/air interface [38,39,52]. In order to quantify
the individual influences Schubert and Schulz [37] recorded the influential parameters
simultaneously with radon concentration time-series in several depths of a defined
soil column and at the soil/air interface over a seven day period. The results revealed
distinct diurnal variations of the radon concentrations at the soil/air interface and in
a depth of 5cm (Fig. 3). In greater depths (down to 200 cm) no significant diurnal
changes were detected (with a 7.5% stochastic error typical of the applied detection
equipment). The diurnal radon pattern was found to correlate closely with the tem-
perature gradient at the soil/air interface. It was concluded that mainly short-term
temperature changes trigger the magnitude of the individual contributions of diffusive
and convective radon migration to the overall radon transport. The diurnal pattern of
the temperature gradient causes an increase in the radon concentration in the upper
soil during the night and early morning hours and a decreased concentration in the
evening. The radon concentration in the upper soil is also modulated by the diurnal
variation of the wind speed, causing a concentration increase during the night (sta-
tistically characterized by lower wind speed) in particular at the soil/air interface.
In order to give a practical example for the assessment of soil contamination
with NAPL a study carried out by Schubert et al. [29] shall be discussed briefly. An
abandoned 120,000 m? airfield in northern Germany characterized by a homogeneous
sandy soil was investigated. The contaminated zone had previously been investigated
by means of soil coring revealing a heavy contamination with diesel fuel. The study
aimed at confirming the results by means of a radon survey. For that purpose a total
of 209 soil gas-samples were taken and analysed directly on site. All samples were
taken from a depth of 70 cm to avoid meteorological influences on the soil gas compo-
sition. Figure 4 shows the resulting radon concentration pattern. The white dashed
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Fig. 4. Low radon concentrations of the soil gas indicate a kerosene contamination of the
soil.

line encloses the contaminated area as it was localized previously by soil coring. As it
can be seen, the radon distribution pattern reflects the NAPL contamination closely.
Zones with low radon concentrations correspond to NAPL polluted areas. Background
radon levels (around 15kBq/m?) were found only outside the contaminated zone.
Occasionally occurring higher radon concentrations are due to a tarmac covering of
the ground and are, hence, not representative. The data allowed a more detailed
localization of the contamination than the soil coring even though the radon survey
was much less costly and time-consuming.

4.2 Assessment of aquifer contamination with NAPL

Besides soil contamination, NAPL contamination of aquifers is a common problem
at any kind of industrial sites. While the actual contamination source is usually
found close to the surface it is in particular dense NAPL (NAPL > 1g/cm?) that is
likely to migrate into the aquifer resulting in a NAPL source zone. Such NAPL source
zones generally comprise small, disconnected residual blobs of organic liquid, typically
between 1 and 10 pore throats in length, which are entrapped in the aquifer matrix
by capillary forces and can typically occupy up to 20% of the pore space available
[50]. Residual NAPL contamination of aquifers has to be considered as long term
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Fig. 5. NAPL saturation of the pore space (Syapr logarithmic scale!) vs. Radon Deficit
Factor (ACr,) after Eq. (7).

sources of dissolved organic contaminants, which is mainly due to the in general low
solubility of most DNAPLs.

Compared to soil contamination, the assessment of aquifer contamination with
NAPL by using radon as a tracer has a general advantage: while the radon concen-
tration in the gas filled pore space of an unsaturated soil can be subject to (temporal)
variations as discussed above, no such influences are likely for the aquifer. That is
due to the in general slow groundwater flow velocity (roughly 1-4 cm/d) and the very
low radon diffusion coefficient in water of 1.16 x 1072 m? /s at 20 °C (compared to air:
1.20 x 107> m?/s at 20°C). Hence neither advection nor diffusion/dispersion plays a
significant role for radon distribution patterns in saturated aquifers. At steady-state
conditions, i.e. at complete radon partitioning between water and NAPL, a constancy
of Cw as function of time can be assumed. Based on Eq. (5) a dimensionless Radon
Deficit Factor ACg,, can be derived (0 < ACg,, < 1), which allows direct comparison
of the radon background concentration (i.e. Sy = 1) to the radon concentration in
the contaminated but otherwise identical aquifer.

AC, = = .
Coo(Sw=1) Knapryw — KnaprywSw + Sw

(6)

After rearrangement (Syapr + Sw = 1)Syapr can be quantified as function of the
determined Radon Deficit Factor as given in Eq. (7).

1-—AS, 7
ACsKnapLyw — ACx

SnapL =

Figure 5 illustrates the decrease of the Radon Deficit Factor with increasing NAPL
saturation of the pore space (logarithmic scale). Plots are given for two partition coef-
ficients Ky 4pr/w- It becomes obvious that the radon concentration is most sensitive
to changes in Sy apyr, at low NAPL saturations (Syapr, < 5%) and not very sensitive
above NAPL saturations of about Syapr, > 10% [27].
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Fig. 6. Schematic sketch of the principle of using radon as IAS efficiency indicator; not to
scale [24].

4.3 Evaluation of the efficiency of groundwater remediation by in situ air
sparging

Radon cannot only be applied as tracer for residual NAPL contamination but also
in the case of groundwater contamination with dissolved NAPLs. A common ap-
proach for remediation of groundwater contamination with volatile organic com-
pounds (VOCs) is contaminant stripping by means of in situ air sparging (TAS).
Within the physical range of the air sparging, i.e. within the range in which the air
bubbles rise through the contamination plume, the VOCs partition from the water
into the injected air and are thereby stripped from the groundwater. The stripped
VOCs are carried into the overlying vadose soil zone, where they are collected by
means of air pumps (Fig. 6).

Progress assessment of such remediation measure necessitates information (i) on
the spatial range of the IAS influence and (ii) on temporal variations of the IAS ef-
ficiency. In a study published by Schubert et al. [24] it was shown that radon can
be used as suitable environmental tracer for achieving the related information. Due
to the distinct water/air partitioning of radon and due to its straightforward
on-site detectability, the radon distribution pattern in the groundwater can be
used for assessing the progression of an ITAS measure as a function of space
and time.

The study was carried out at a former industrial site in Central Germany. During
decades of production storage tanks and pipelines had led to a considerable large-
scale NAPL groundwater contamination. For the pilot study an air injection well
(AS) was chosen, which was surrounded by seven groundwater sampling wells (SW).
The TAS measure was carried out continuously for six months. During the procedure
five sampling campaigns were carried out. Four weeks were allowed between each two
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Fig. 7. Spatial radon distribution patterns around the air injection well (AS) without IAS
influence (radon background, 7A) and during the IAS procedure (7B).

consecutive sampling campaigns. The radon concentration of the groundwater was
measured immediately on site.

The achieved data allowed a twofold evaluation of the IAS efficiency: (i) an assess-
ment of its range of influence and (ii) an evaluation of temporal variations. Figure 7
illustrates the radon distribution pattern at the site without any sparging influence
(A) and during the remediation measure (B). Figure 7A indicates a linear geologic
structure running NW-SE with inhomogeneities in the mineralogical aquifer compo-
sition that result in a distinct pattern of the radon background concentration in the
groundwater. That was taken into consideration by using well-specific background-
normalized radon concentration rather than absolute radon values for data
evaluation. Figure 7B illustrates the Rn distribution pattern averaged over the en-
tire period of air sparging, i.e. averaged over all five sampling campaigns. The plot
shows a heterogeneous distribution of the IAS influence around the injection well.
That spatial variability of the stripping efficiency is most likely due to an inhomoge-
neous permeability distribution within the aquifer. For instance, the data recorded at
well SW7 indicate a comparably poor IAS efficiency despite the fact that SW7 is the
sampling well closest to the injection well. A general conclusion that can be drawn
from the results is that the efficiency of the air sparging measure is limited, i.e. that
the accessibility of the saturated zone for the injected air varies spatially significantly.
The data reveals that a circularly distributed sparging cone around the injection well,
as it could be expected theoretically (cf. Fig. 6), has not developed. In Fig. 8 the tem-
poral variability of the IAS efficiency is illustrated for all seven wells. The data shows
that the IAS efficiency was most constant well SW4. In the neighboring wells SW3
and SW5 the average radon concentrations decreased to approximately the same level
but the observed IAS efficiency is not as consistent with time. A reason for a varying
efficiency can be a sparging induced change of porosity within the aquifer. Pathways
can be clogged by air bubbles, thus altering air accessibility and flow paths through
the aquifer (air clogging). Sampling wells SW1 and SW2 were located south of the
air injection well, i.e. opposite to the wells discussed above. The radon concentrations
detected here showed temporal patterns, with the lowest concentrations in the middle
of the remediation measure. That indicates that the stripping of radon (and hence of
VOCs) was somewhat delayed and did not reach the intensity observed in northern
wells, which was attributed to the lower permeability and to the resulting reduced
accessibility of that part of the aquifer to the injected air (cf. Fig. 7B).
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Fig. 8. Temporal variability of the air sparging efficiency illustrated for seven wells for the
five sampling campaigns t1ts.

5 Conclusion

The presented background information and data sets show that radon can ideally
be applied as environmental tracer for the assessment of subsurface NAPL conta-
mination both in soils and aquifers. The key property of the noble gas is its very
strong affinity to a wide range of pure NAPLs and NAPL mixtures. A key advantage
of its use is its uncomplicated and quick detectability by means of mobile detection
equipment. However, in spite of this the presented approaches are not applicable
without restrictions. Problems may occur due to mineralogical heterogeneity of the
soil or aquifer matrix, which complicates final data assessment. The possibility of a
non-homogeneous radium concentration of the mineral matrix has always to be taken
into account since radon might therefore not be produced uniformly throughout the
investigated portion of the subsurface. Furthermore, local changes in the subsurface
permeability may be associated with preferential flow paths of soil gas or groundwa-
ter bypassing isolated sub-domains of the investigated NAPL contamination. Note
also that NAPL aging may lead to considerable alterations in the composition of a
complex NAPL mixture thus giving rise to a significant change of the radon partition
coefficient of the remaining residual NAPL. The experimentally achieved partition
coefficients summarized in the paper can only be considered as approximate values.
However, since radon shows a strong affinity to NAPLs in general, semi-quantitative
results will be possible.
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