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ABSTRACT

Dense non-aqueous phase liquids (DNAPLSs) pose significant threats to the ecosystem and human health due to their
persistence and migration in groundwater. This study evaluates the application of radon as a natural tracer for identifying
DNAPL distribution within a bedrock aquifer, where traditional radon deficiency principles may be compromised by
factors such as high permeability fractures. For this, two push-pull tests were conducted. The results from the inter-well
test highlighted that radon behavior was dominated by mixing processes with background water, indicating that the radon
tracer can act similarly to the conservative tracer without contamination of DNAPL. Conversely, the single-well test
indicated that radon concentrations were influenced by phase partitioning with TCE within a certain radial range,
suggesting the presence of entrapped TCE within this particular area. While this heterogeneous existence of TCE was
interpreted to induce the non-conventional breakthrough curve (BTC) patterns, heterogeneity of the flow field was also
determined to be a potential reason. Overall, the findings confirm that radon can be effectively utilized as a tracer for
monitoring DNAPL distribution within bedrock aquifers, considering the main influential physical processes, including

phase partitioning with TCE or mixing processes with other water bodies.
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1. Introduction

Dense non-aqueous phase liquids (DNAPLSs) pose a sig-
nificant threat to ecosystems and human health (Barrio-
Parra et al., 2021; Engelmann et al., 2021; Kim et al., 2024).
These contaminants are commonly found in industrial areas
and, due to their low solubility in water and higher den-
sity than water, DNAPLs can migrate extensively below the
groundwater table, contaminating multiple aquifers (Ber-
kowitz, 2002; Lerner et al., 2003). The DANPLs can
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migrate through porous media by pressure gradient and
underlain fractured rock media, especially high perme-
able fractures. Chlorinated solvents, such as tetrachloroeth-
ylene (PCE) and trichloroethylene (TCE), are particularly
risky to human health because they persist in groundwa-
ter, a crucial water resource. Therefore, understanding the
migration and mixing processes of these hazardous com-
pounds is critical for effective management, which can
enhance water security and inform remediation plans.
Radon, a naturally occurring tracer in groundwater, has
been used as a partitioning tracer to locate and quantify
NAPL saturation in aquifers. Radon is part of the uranium-
238 decay series and has a short half-life of 3.83 days. In
the presence of NAPLs, radon concentration surrounding the
contaminated source area is reduced, as radon is displaced
from the groundwater into the NAPL, a phenomenon known
as radon deficiency (Briganti et al., 2024; Mattia et al,,
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2023; Semprini et al., 2000). This principle can also be
applied in DNAPL-contaminated zones (Barrio-Parra et
al., 2021; Kim et al., 2024). However, the use of radon as
a tracer has limitations; it is sensitive to sudden environmen-
tal changes, such as mixing processes, making it not solely
influenced by the partitioning to DNAPL. Moreover, the
radon can not be used as tracer according to the bedrock
characteristics. Therefore, to evaluate the applicability of
radon as a natural tracer for delineating DNAPL charac-
teristics, it is crucial to consider specific field testing methods.

One of the most effective methods for investigating
subsurface contamination is the push-pull test (Istok, 2012).
The principle involves spiking water with a tracer, pumping it
into the well, and then extracting water from the same
well or adjacent well. Tracer concentrations are measured
during the test from the pumped water, generating a
breakthrough curve (BTC). Specifically, push-pull partition-
ing tracer tests have been used to quantify NAPL satura-
tion (Brusseau et al., 1999; Istok et al, 1999; Jin et al.,
2024). An injection solution containing both partitioning and
conservative tracers is injected into an aquifer and extracted
from the same well (single-well push-pull test) or another
well (inter-well push-pull test). Radon has been utilized as
a partitioning tracer in several studies (Davis et al., 2002,
2003, 2005). However, previous studies have primarily

been conducted in laboratory settings or as single-well

push-pull tests exclusively in NAPL-contaminated zones.
This research describes and discusses the site characteri-
zation of a DNAPL-contaminated groundwater zones based
on the radon tracer. Characteristically, the groundwater
wells in the study site are located in a bedrock aquifer. As
DNAPLs migrate through networks of highly permeable
fractures, the transport process can be influenced by factors
which potentially violate the radon deficiency principle.
Therefore, the primary goal of this study is to evaluate
the application of radon as a reliable tool to trace DNAPL
distribution along the groundwater flow within bedrock
aquifers. To achieve this, two pumping tests were conducted
to investigate the dominant physical processes affecting
radon concentrations: (1) an inter-well push-pull test in
the non-DNAPL contaminated zone, and (2) a single-well
push-pull test in the DNAPL-contaminated zone. Based
on these tests, this study provides approaches that address
the limitations of radon tracers, thereby improving their

application in DNAPL-contaminated areas.

2. Materials and Methods

2.1. Study area
The study area is located at the Namdong industrial
complex, Incheon, South Korea. While this place now stands

as a representative industrial complex, before the 1980’s it

Table 1. Information for monitoring groundwater wells installed at the study site

Well Elevation Well depth Screen interval Sampling depth
(m, a.s.l*) (m, b.g.l*¥) (m, b.gl. *¥) (m, b.gl. **)
BH-1 10.87 50.5 17.5-50.5 28
BH-2 6.34 50.5 15.0 — 50.5 38
BH-3 6.28 50.8 21.5-50.8 32
DJ-1 10.73 71.0 10.0 - 70.0" 31
DJ-2 10.73 71.0 10.0 — 70.0" 31
MW-1 16.42 50.0 10.0 — 50.0 34
MW-2 10.64 50.0 10.0 — 50.0 32
MW-3 10.02 50.0 10.0 — 50.0 30
MW-4 6.67 50.0 10.0 — 50.0 30
MW-5 7.04 50.0 10.0 - 50.0 25
NDMW-09 6.84 50.5 10.0 — 50.5 25
NDMW-11 6.55 52.0 18.0 - 52.0 18
NDMW-12 6.37 50.5 14.5 -50.5 33
NDMW-13 7.68 51.5 18.5 —-51.5 39

*is the a.s.l. = above sea level and **is the b.g.l = below ground level.
“The corresponding intervals are the open borehole intervals (DJ-1, DJ-2).
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consisted of salt pans and mud flats. After the Capital
Region Plan had been announced, a land reclamation project
was conducted from 1985 to 1997. Various factories were
positioned thereafter which now all make up the indus-
trial complex (Incheon Metropolitan City Museum, 2020).
There are a total of fourteen groundwater monitoring
wells (NDMW-09, NDMW-11-NDMW-13, MW-1-MW-
5, BH-1-BH-3, DJ-1, DJ-2) within our study site. Detailed
information on the monitoring wells is summarized in
Table 1. The thickness of the unsaturated zone was relatively
thin, based on the groundwater levels of the study site which
ranged between 0.935 m (b.gl) and 1.420 m (b.g.l) among
the monitoring wells that were sampled on 4th April,
2022. Based on the elevation and groundwater level obtained,
the local groundwater flow was determined to be in the
direction of North-West to South-East as shown in Fig. 1(a).
Groundwater monitoring wells have a length ranging
between 50 to 52 m, except for DJ-1 and DJ-2 which have a
length of 71 m (Table 1). DJ-1 and DJ-2 wells are con-
sisted of a casing of 20 m and the remainder of the well is an
open borehole, while the other wells are all composed of a
casing and screen. Fig. 1(b) shows the geological layers of
the study site through the cross-sectional view between DIJ,
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NDMW-09, and BH-2. The study site mainly consisted of 5
layers: landfill (silty sand), sedimentary layer (sand and
silty clay), weathered soil (silty sand), weathered rock (mica
schist) and bedrock (mica schist). Based on the well con-
figuration and geological layers, all wells were observed
to be bedrock wells.

Daily precipitation was obtained from the nearest Auto-
mated Synoptic Observing System (ASOS) of Incheon
station operated by the Korea Meteorological Administra-
tion (KMA) (KMA, 2024). Data was collected in from
Ist January 2021 to 31st December 2022. The amount of
precipitation was higher in between the months of July
and August with a maximum value of 207.8 mm on 9th
August, 2022 (Fig. 1(c)).

2.2. Methods

2.2.1. Radon measurement

Radon concentrations in groundwater were measured
using a RAD-7 radon-in-air monitor connected to a RAD-
H20 accessory (Durridge Co., USA) in April and August
2022. A total of 11 groundwater samples were collected:
DJ-1, BH-1, BH-2, BH-3, MW-1, MW-2, MW-3, MW-4,
NDMW-11, NDMW-12, and NDMW-13. The samples were
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Fig. 1. (a) Groundwater levels within the study site, with black circles representing monitoring wells and red filled circles indicating
locations where tracer tests were conducted (DJ-1, DJ-2, and BH-2). (b) Cross-sectional view of the study site. (c) Daily precipitation
recorded at a nearby monitoring station from 1st January 2021, to 31th December 2022.
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collected using polyethylene bottles and an MP-1 pump
(Grundfos, USA). To facilitate the measurement, a bub-
bling kit was employed to degas radon from the water
samples into the air in a closed loop. Each 250 ml water
sample was connected in a closed circuit with a zinc sul-
fide-coated chamber for the detection of alpha activity.
Radon was allowed to uniformly mix in the air by circu-
lating in the closed circuit for a period of 5 to 10 min-
utes. The obtained radon concentrations were calibrated
based on the short half-life of radon-222.

2.2.2. Two types of push-pull tests conducted in the
study site

For this study, two types of push-pull tests were con-
ducted as described in Fig. 2: ‘Case 1: Inter-Well Push-
Pull Test’ and ‘Case 2: Single-Well Push-Pull Test’.

Case 1: Inter-Well Push-Pull Test: The inter-well push-
pull test was conducted from 1st November 2022 to 4th
November 2022 in wells DJ-1 and DJ-2. These two wells
were selected based on previous sampling campaigns that
showed relatively low DNAPL concentrations for these
wells (Fig. 3). Consequently, providing an providing an
experimental setting to figure out the behavior of radon
without the consideration of partitioning to DNAPL. The
target depth of the inter-well push-pull test was set between
15-18 m (b.g.l.) based on the presence of large-aperture
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fracture frequency, which was obtained through the bore-
hole image processing results (see the left part of Fig. 2(a)).
During the test, this target interval was isolated by a dou-
ble packer system. Prior to starting the inter-well push-
pull test, a forced gradient was generated by pumping the
groundwater from DJ-1 at the same flow rate for the test
(15.8 m’/d) to minimize disturbance of the flow field
during the injection and extraction phases. Both conserva-
tive and non-conservative tracers were injected. Sodium
chloride (NaCl) was dissolved to act as the conservative
tracer. Tracer water consequently showed an electric con-
ductivity (EC) of 2,595 uS/cm, which was higher than the
background groundwater value (1,400 pS/cm). As the
non-conservative tracer, radon was used. For the utiliza-
tion of radon as a tracer, atmospheric air was artificially
aerated to degas the radon of background groundwater
(46,849 Bg/m®) down to 6,973 Bq/m’. Extracted water
flowed through the flow cell to measure in-situ water
quality parameters in a 30-second interval using a water
quality meter (ProDss, YSI, USA). Water flowing out of
the flow cell was sampled for the measurement of radon
concentration. The radon concentration was measured using
the RAD-7 radon-in-air monitor. The overall sampling
sequence was elaborately constructed to prevent any pos-
sible influence of air bubbles on gas concentration. Detailed

information on the experiments is in Table 2.

(b) Inter well (D3-1, DJ-2)

Rn
Sampling

—
®DJ @D2 g, op

Fig. 2. Schematic diagram of the experimental setup and rationale for the sections where experiments were conducted: (a) Inter-well

push-pull test, (b) Single-well push-pull test.
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Table 2. Experiment conditions of two push-pull tests
Back- Injection Extraction
ground
Type Date Targeted interval Tracer composition
Rn Rate  Amount - e - Rate Amount
[Bg/m®] [m¥%d] [m?] [m¥%d]  [m?]
['C]  [uS/em] [Bg/m’]
Inter-well 22.11.01 — 22.11.03 DJ-2: 15 -18 m 46,849 17.0 3.000 363 2595 6973 158 43.9
Single-well ~ 22.09.30 — 22.10.02 BH-2: 32.5 — 355 m 81,493 3.60 0498 204 2285 26917 4.12 7.83

Case 2: Single-Well Push-Pull Test: The single-well
push-pull test was conducted in well BH-2. The selection of
the well was based on the previous sampling campaign results
of the analysis of DNAPL concentrations for the 15 monitor-
ing wells (see Section 3.1 for detailed information). Based on
the results, well BH-2 showed the second highest concentra-
tion of TCE and the potential for it to be from a separate
source other than the main source upgradient. Hence, the sin-
gle-well push-pull tracer test, which had the purpose to verify
and quantify the existence of liquid phase DNAPL within the
swept area, was conducted at BH-2.

To determine the target depth interval, the vertical dis-
tribution of dissolved DNAPL concentrations within BH-2
were analyzed. Seventeen diffusion samplers were installed
within the screen interval of the well from a depth of
16.5 to 48.5 m at a 2 m interval on 22nd July 2022.
After the recommended time of installment, the diffusion
samplers were recovered and analyzed by Sanji Univer-
sity using the GC/MS (Saturn 2100T, VARIAN) for the
dissolved TCE concentration analysis. As a result, the
interval between 32.5 to 48.5 m (b.g.l.) showed rela-
tively elevated TCE concentration values compared to
the shallower depths (see left part of Fig. 2(b)). Based
on these results, the targeted interval was selected to be
between 32.5 and 35.5 m (b.g.l.). Inflatable double pack-
ers were used to isolate this interval, which enabled the
injection and extraction of the tracer water for this spe-
cific depth.

Tracer water consisted of a conservative and a non-con-
servative tracer. For the conservative tracer and non-con-
servative tracer uranine and radon were used respectively.
Radon has the property of phase partitioning to the liquid
phase NAPL which has been commonly utilized to quan-
tify the liquid phase NAPL (Davis et al., 2002; Schubert

et al., 2007, Semprini et al., 2000). Groundwater for the
tracer water was pumped from BH-2 at a depth of 40 m.
The pumped water was put into a 1-ton tank. Thereafter,
to degas the water of radon, artificial aeration by bub-
bling atmospheric air into the tank (for 8.3 hr) and natu-
ral aeration by leaving the tank open to the air (for 14 hr)
were proceeded. Finally, uranine was dissolved into the
water. The manufactured tracer water consisted of 367.1
ppm uranine and 26917.2 Bg/m® radon. For the analyzation
of the background concentration of the tracers, groundwa-
ter sampling was conducted for the targeted interval a day
before the tracer water injection. Uranine and radon con-
centrations were 0 ppm and 81,493 Bg/m® respectively.
The single-well push-pull test was conducted from 30"
September 2022 to 2" October 2022. The test setup was
as shown in the right side of Fig. 2(b). The experimental
section within the well was isolated between a 32.5-35.5 m
(b.g.l.) using a double packer system. Between the two
packers, tracer injection extraction was conducted. 0.498
m® of tracer water was injected at an average rate of 3.6
m>/d, which was followed up by 7.83 m® of groundwater
extraction at an average rate of 4.12 m*/d. Extraction was
persisted until the recovery rate of uranine was more than
90%. During the extraction period sampling of uranine

and radon were conducted 20 times.

2.2.3. Analytical solution

Gelhar and Collins (1971) derived the approximate solu-
tion for the relative tracer concentration during the extraction
phase of the tracer test. This is based on the governing
equation of solute transport affected by advection, disper-
sion and sorption within a radial transport flow system of

a homogeneous confined aquifer:

J. Soil Groundwater Environ. Vol. 29(6), p. 141~153, 2024
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where C and S are dissolved and sorbed phase concentra-
tions respectively [ML73], n is bulk density [ML73], nis
effective porosity [, ¢ is time [T], ¢; is longitudinal disper-
sivity [L], v is average pore water velocity [LT™'], » is radial
distance [L]. The linear equilibrium sorption isotherm model
is applied. Once the tracer water is injected, the maximum
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3. Results and Discussions

3.1. Spatio-temporal distribution of DNAPL conta-
minants and radon

At the study site, the dissolved concentrations of chlori-
nated ethenes—PCE, TCE, 1,2 cis-DCE, and VC—were
monitored during two seasons, April and August 2022
(Fig. 3). The results showed that the sum of PCE, TCE,
cis-DCE, and VC decreased slightly in all monitoring
wells in August, the wet season. In April, the dry season,
the average concentrations of PCE, TCE, 1,2 cis-DCE,
and VC were 2.662, 0.318, 0.265, and 0.011 mg/L, respec-
tively, resulting in a total average of 3.255 mg/L. In
August, the wet season, the average concentrations of PCE,
TCE, and 1,2 cis-DCE were 2.298, 0.159, and 0.159 mg/L,
respectively, totaling 2.621 mg/L. In both seasons, high
total values were observed for NDMW-11 and NDMW-13,
whereas low values were noted for MW-1, MW-3, and BH-
1. The sum of contaminant concentrations decreased for
BH-2, MW-2, NDMW-11, and NDMW-13 in the wet sea-
son. Generally, the source zone exhibited decreasing pat-

(b) TCE (c) cis-DCE
MW-1 - E E;:"; MIJrL MW-1
Y MW-2 - : - |

Mw-2
o

s o s |
OOnDMW-09 i A O ONDMW-08 - iz |
aug' | BH3
ﬂl-: | BH-2 q
o |
o 'm__on - L] 'm_m B
v;l-q.\- ] [ DGE (may
| e
MW-1 —forep ! 0Mw-1 —ren
MW-2 Mw-2
o O
DJ-1 4 [PIE] .
o} DMW-13 (o MW-13
MW
o] o
=0 NDMW-11 o NDMW-11
MW-5 o MW-5
OOnDMw-09 tivaw-sz | | OOnomw-03 .
aug BH-3
_._é(ek-z | BH-2 9
- @
0 20 40 BO " nae L
- — O —

Fig. 3. Distribution of dissolved DNAPL concentrations in groundwater across two seasons (April and August): (a) PCE, (b) TCE, and (c)

cis-DCE.
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Fig. 4. Radon concentrations in groundwater for the two seasons:
brown color represents April (dry season) and green color
represents August (wet season).

terns during the wet season.

The spatio-temporal distribution of radon was also ana-
lyzed during the two seasons (Fig. 4). The average radon
concentration was 31,568 Bg/m* in April (dry) and 44,077
Bg/m*® in August (wet), which aligns with the general
phenomenon of increased values in the wet season. High
values (> 50,000 Bg/m?®) were observed in NDMW-11 during
the dry season and at BH-3, NDMW-11, and NDMW-12
during the wet season. According to the principle of
radon deficiency, radon concentrations generally decrease
as the sum of contaminant concentrations increases. This
phenomenon was only observed in BH-2 and NDMW-11.
However, most groundwater wells did not follow this
principle, indicating that other factors, such as seasonal
effects, are predominant at this study site. An increase in
radon concentration was observed in most groundwater
wells, except MW-2 and NDMW-13. This pattern could
be attributed to the mixing effect from local precipitation,
consistent with the contaminant results (Kim et al., 2024).
Groundwater flow was directed from MW-2, located on a
hill, to NDMW-13. Groundwater level modeling data also
supported this (Fig. 5). Additional modeling data was
illustrated in Supplementary file with Fig. S1-S3. Wells
MW-1 and MW-2 responded significantly to precipita-
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Fig. 5. Breakthrough curves (BTCs) of tracers for each experiment:
(a) Breakthrough curve of EC and Rn during inter well push pull
experiment. The gray shade indicates the injection period (4.2 h).
Blue circles are the measured EC and red triangles are the
measured concentration of radon. Blue straight line means the
background of EC and red dot line means the radon of background
groundwater. (b) Breakthrough curve of uranine and Rn during
single-well push-pull experiment. Blue circles are the measured
uranine and red triangles are the measured radon concentrations.
The blue solid line and red dotted line indicate the background
groundwater concentration of uranine and radon respectively.

tion, with a notable increase (> 20,000 Bg/m?®) observed at
BH-3, NDMW-11, and NDMW-12, which showed a delayed
response to water level changes compared to the other wells.
In other words, if the contaminated zone is located in a bed-
rock aquifer, the phase partitioning of radon to TCE may not
the dominant process affecting radon concentration patterns.
Therefore, to evaluate the application of radon as a tracer for
detecting DNAPLSs, two pumping tests were conducted: (1)
an inter-well push-pull test in the non-DNAPL contaminated
zone (case 1) and (2) a single-well push-pull test in the
DNAPL contaminated zone (case 2).

3.2. Push-pull test to evaluate the application of
radon for DNAPL tracing

3.2.1. Case 1: Inter-well push-pull test without DNAPL
contamination

The BTCs of EC and radon during extraction are shown in

J. Soil Groundwater Environ. Vol. 29(6), p. 141~153, 2024



148 Jaeyeon Kim * Ye Ji Kim * Ji-Young Baek * Jun-Young Shin * Seong-Sun Lee + Kang-Kun Lee

BH-1 DJ-1 — NDMW-11 —— MW-1 —— MW-4
—— BH-2 ------ D)2 ——— NDMW-12 —— MW-2 —— MW-5
——— BH-3 —— NDMW.-9 NDMW-13 —— MW-3
%
©
E
)
>
2
]
®
=
o
c
3
=
(L]
B precipitation - 200 E
- 160 &
o
F120 =
g
- 80 s
- 40 o
e
Lo oo
20/06/18 21/07/23 22/08/27 23/10/01 24/11/04

Date (yy/mm/dd)

Fig. 6. Modeled groundwater level monitoring data from 14
wells at the study site, spanning from June 20, 2018, to
November 4, 2024. The figure below indicates precipitation data
during this period.

Fig. 7. During the push-pull test, 80% of conservative
tracer was recovered. For radon concentration, similar to
the above single-well push-pull test, the background con-
centration was much higher than that of injected water so
a decrease in radon concentration was observed. Around
7.5 hours after the start of injection, radon concentration
showed the lowest value as a peak. Similar to radon, EC
also started to decrease after 7.5 hours. Unlike the single-
well push-pull test under the contaminated site, the inter-
well push-pull test without contamination showed a similar
peak time between EC and radon concentration (Fig. 5(a)).
Here, one interesting point is that the EC value showed
the maintenance of peak for about an hour (from 6.1 to
7.5 hours) before it decreased during extraction. As the
finite pulse type of peak showed, injected sodium chlo-
ride was transported from DJ1 well to DJ2 well for 1.5 m
in Euclidean distance and recovered well up to 80%
during 26 hours of extraction. Also, the resulted radon
concentration from the inter-well push-pull test showed
the influence of mixing due to the wellbore or fractures
as a vibration of concentration values. This indicated that
without contamination of DNAPL, the radon tracer may

act similar to the conservative tracer, dominantly affected
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Fig. 7. Single-well push pull test results: (a) Normalized uranine
and radon concentrations (C”) depending on the relative volume
of extraction to injection (V,/V). Blue circles indicate the
sampled uranine values, and red triangles indicate the sampled
radon values. Grey lines depict the theoretical relationship
between V,./V and C". R1 is the best fit curve for the uranine data
points (7= 0.015, o, = 0.4). The dotted lines each correspond to the
curves with retardation factors (R) of 1, 10, 50, and 100. The
grey shaded area is the explainable area by the Eq. (3) with
varying R values. (b) Radon and TCE concentrations depending
on the relative volume of extraction to injection (V,./V). Red
triangles indicate the radon values, and green squares indicate the
dissolved TCE values.

by mixing along with groundwater flow dynamics as also
founded in Hoehn et al. (1992), and Bertin and Broug
(1994).

3.2.2. Case 2: Single-well push-pull test in DNAPL
contaminated zone

The extraction BTC of uranine and radon are shown in
Fig. 5(a). For the comparison between the two tracers, nor-
malized concentrations (C*) were used as shown in Fig. 7(a).
For uranine C = 1—C/ C,, and in the case for radon, since
the tracer water was aerated for the radon concentration to be
lower than the background, = (C=C)/(Cpe=Cp). C is
the measured concentration, C, is the concentration within
the tracer water before injection, and Cj, is the back-
ground concentration. The uranine BTC showed a grad-

ual increase with no evident change in curvature. This
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indicated the validity of the assumption of a Fickian dis-
persion behavior during the extraction phase (Gouze et
al., 2008). In other words, the application of Eq. (3)
which assumed radial flow in a homogeneous confined
aquifer can be considered valid. Despite the fact that the
targeted interval of the single-well push-pull test was
within the bedrock aquifer, the development of a dense
fractured network allowed the assumption of an equili-
brated porous media.

The porosity and dispersivity in well BH-2 were deter-
mined using Eq. (3) by finding the best fit curve with the
uranine BTC, due to the absence of field hydraulic tests
at this well. Since uranine was used as a conservative
tracer, R was set as 1 indicating no retardation. As a result,
the derived values were 0.015 for porosity and 0.275 m
for dispersivity, which showed an RMSE of 0.132 with
the normalized uranine concentrations.

Based on these derived hydraulic parameters, the retar-
dation factor (R) was varied to determine the degree of
retardation of radon to liquid TCE within the swept area
(Fig. 7(a)). However, the radon BTC did not show an
appropriate match since the curvature varied. Since the
aquifer was earlier verified of being assumed an equili-
brated porous media, this non-fickian behavior of radon
did not indicate the probability of varying aquifer charac-
teristics, but rather the non-homogeneous distribution of
free phase TCE. When deriving this equation, the ideal
transport conditions including the spatially uniform linear
equilibrium sorption was assumed (Gouze et al., 2008;
Schroth et al., 2000). In other words, the existence of a
constant amount of free-phase DNAPL within the swept
area during the push-pull test was assumed. However, het-
erogeneous contaminant distribution due to the presence
of contaminant pools can limit the application of the solu-
tion (Davis et al., 2002; Willson et al., 2000). For this
reason, this could also lead to the poor fit to the extraction
phase BTC (Schroth et al., 2000). The field results of this
study also showed aligning results, so it was determined
that there was a possibility for heterogeneous TCE distri-
bution around BH-2.

Instead of determining a specific retardation factor, the
radon BTC was compared with the dissolved TCE BTC
and was analyzed of three distinctive sections (section A

— C) (Fig. 7(b)). Within each section, radon and TCE
concentrations showed characteristic trends. Radon con-
centrations varied between 25,588 Bg/m® and 85,262 Bg/
m®, and TCE concentrations varied between 0.006 mg/L
and 0.069 mg/L. The background and injection water con-
centration for radon was 81,493 Bq/m® and 26,917 Bg/m’
respectively. The background concentration of TCE was
0.005 mg/L. For section A, the radon concentrations rap-
idly increased, while dissolved TCE concentrations rapidly
decreased. Two potential reasons for the change in radon
concentrations are mixing of injected tracer water and
background water, or phase partitioning of radon to lig-
uid TCE. In order to determine the possibility of the influ-
ence of phase partitioning, the derivative dC */d( V../V) of
the curves for varying retardation factors from 1 to 100
were compared with the slope of rapid increase. The
maximum possible derivative value of the theoretical
curves was 0.48, whereas the slope of rapid increase for
the field samples was 2.33. This shows that this drastic
change cannot be solely explained by the phase partition-
ing of radon to TCE. It was more likely to be influenced
by the mixing procedure between the injected tracer water
and background water, since the TCE concentration trend
also indicated this process. As for section B, the radon
concentration trend changed to a mild increase, and the
TCE concentrations started to suddenly increase. In this
case, this section was likely to be influenced by the phase
partitioning of radon to TCE. If this section were to be
explainable by mixing, the trend of radon concentration
change would be a continuum of section A. However, the
evident change of trend in radon backed up the possibil-
ity for the influence of nearby free phase TCE. In addi-
tion to the radon change, the TCE change also gave
evidence to this interpretation. Within this section, TCE
concentration increased from 0 to 0.04 mg/L. This increase
can be considered to be a meaningful difference since it
is a value higher than all fourteen wells within the study
area except three (Fig. 3). Last off, section C has a rela-
tively more rapid increase of radon concentration than the
previous section and TCE concentrations decreased. The
radon concentrations reached the background concentra-
tion and TCE concentration changed back into the back-

ground concentration. Also, the recovery rate of uranine
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at this point was approximately 80% already. Therefore,
this indicated that the mixing process with the back-

ground could be predicted to be dominant.

3.2.3. Comparison of flow characteristics between
single and inter-well push-pull tests

To compare the behavior between conservative tracers
of case 1 (NaCl) and case 2 (uranine), the scaling factor
of the power law of each BTC was obtained by calculat-
ing the normalized time (time divided by the peak time)
and normalized concentration multiplied by the peak time
to ensure the area under the BTC equals 1 (Kang et al.,
2015) (Fig. 8). The resulted power-law late-time scaling was
~1.74 for case 1 (DJ wells) and ~1.46 for case 2 (BH-2).
This slope can indicate the degree of heterogeneity (Kang
et al., 2015), which means that various flow velocities and
preferential paths could affect the BTC (Bianchi et al., 2011).
Generally, single-well push-pull tests show to be less sen-
sitive to heterogeneity compared to convergent tests (Tsang,
1995; Hansen et al., 2016). However, in this study, the
single-well push-pull test (case 1) showed a gentler slope
of ~1.46 which suggested the possibility of relatively
larger influence of heterogeneity. There could be two pos-
sible reasons. First, BH-2 shows slower velocity than the
DJ wells (Table S1). The artificial injection and extraction
procedure could lead to larger variation in flow velocities

in cases where slower background groundwater velocity
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was present (Kang et al., 2015) resulting the gentle slope
of late-time scaling. Second of all, the geological charac-
teristics of the targeted interval for the two tests differ.
While the targeted depth of BH-2 was located across the
bedrock layer, the targeted depth of DJ wells was located
across the weathered rock layer which has a higher possi-
bility to show less heterogeneous properties. Hence, both
spatial and vertical characteristics could influence the
complexity of the groundwater system leading to the varying
heterogeneity of conservative tracers’ behavior during the
push-pull experiments. Furthermore, this also has the poten-
tial to influence the non-conservative tracer behavior. As
mentioned before, when we examined the single-well push-
pull BTC of radon, we observed a tendency that did not
align with the curve described by the traditional analyti-
cal solution. with the curve described by the traditional
analytical solution. In section 3.2.2., we had mentioned
that this could be due to the heterogeneity of the TCE
saturation within the area of influence of the single-well
push-pull test (Davis et al., 2002; Willson et al., 2000).
Another possible explanation for this phenomenon of the
non-conservative tracer can be related to the characteris-
tic that the conservative tracer was analyzed to have. It
was explained that the heterogeneity in the flow field may
resulted in the violation of the assumption of radial flow
(Kang et al., 2014) which explains the non-alignment of

the radon BTC curve with the traditional analytical solu-
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tion that is based on the assumption of radial flow (Davis
et al., 2002).

3.3. Verification of radon tracer and limitations

In cases where groundwater wells are located in a bed-
rock aquifer, the application of the radon tracer possess
numerous constraints to quantify DNAPL since phase par-
titioning may not be the dominant process affecting radon
concentrations. Although seasonal effects, such as mixing
due to local precipitation, were generally observed at the
study site, the behavior of each groundwater well could
not be interpreted using the principle of radon deficiency
solely.

To evaluate radon as a reliable tracer for DNAPL char-
acterization, two push-pull tests were conducted. First, the
inter-well push-pull test demonstrated that the predomi-
nant physical processes affecting radon concentrations
were mixing processes with other water bodies. In con-
trast, the single-well push-pull test provided insights into
the dominant physical process at each zone of influence
by evaluating three separate sections. Section B was found to
be influenced by the phase partitioning of radon to TCE,
indicating the presence of free phase TCE between radial
distances of 1.98 m and 2.77 m. Outside of this area, free
phase TCE was not present in sufficient quantities to sig-
nificantly affect the radon and TCE BTCs, making mix-
ing processes between the injected tracer and background
water dominant. Consequently, this sectional analysis and
the comparison of radon and TCE BTCs allowed for the
identification of entrapped TCE zones.

The concept of DNAPL deficit has primarily been applied
to porous media, but its application in fractured rock aquifers
has been limited. In the case of this study site, applying
this concept to the section corresponding to the fractured
rock aquifer revealed some inconsistencies during the
interpretation of experimental results. To address this, this
study first examined the behavior of radon in uncontami-
nated areas, and then conducted experiments in contami-
nated areas. This demonstrated that the distribution of
DNAPL using radon as a tracer could also be applied
within the fracture zones. Thus, the results indicate that
radon in groundwater can be applied as a reliable tracer

to investigate DNAPLs migration alongside groundwater

flow in a bedrock aquifer. However, considering the half-
life of radon, the experiments are recommended to be
conducted within a timeframe of approximately 3—4 days.
Given that most push-pull tests are relatively short dura-
tion experiments, this approach is expected to be well-

suited for site-specific applications.

4. Conclusion

While radon has been used as a promising tool for
DNAPLs tracing in groundwater, its effectiveness can be
constrained by environmental factors, geological condi-
tions, and mixing processes. In particular, within a bed-
rock aquifer zone, DNAPLs can be influenced by various
factors through highly permeable fractures. This study
aimed to conduct push-pull tests in a bedrock aquifer to
verify the application of radon as a reliable natural tracer
for DNAPLSs in groundwater.

Firstly, an inter-well push-pull test was performed in an
area absent of DNAPL contamination, revealing that
radon concentrations were predominantly affected by mix-
ing effects, with a recovery rate of the conservative tracer
of approximately 80%. Secondly, a single-well push-pull
test was conducted in the DNAPLs-contaminated zone.
This test demonstrated that radon concentrations were ini-
tially influenced by phase partitioning effect with TCE within
a certain radial range and later dominated by mixing pro-
cesses with other water bodies, such as rainfall. The com-
parison of radon's transport characteristics as a tracer in
these two experiments offered valuable insights into using
radon to assess the radial ranger of DNAPL distribution
within a bedrock aquifer. Overall, this study highlights the
potential of using radon concentrations in groundwater as
a useful tracer for monitoring DNAPL characteristics in a
bedrock groundwater system. In wet season, the DNAPL
distribution should be investigated in consideration of the
partitioning effects and the seasonal mixing effects. The
findings provide valuable insights for future research on

groundwater contamination and remediation strategies.
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