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Abstract

The numerical modeling of radon concentrations in the fault zone of the underground excavations at Ksiaz Castle was con-
ducted using a stochastic Discrete Fracture Network (DFN) model. Due to the difficulties related with obtaining the exact
fractures in a rock mass, the novel approach used in this study incorporates the stochastic model with known site data. The
analysis utilized a dataset comprising long-term measurements of 2*’Rn activity concentration and geodetic measurements
for twelve faults in the Ksiaz unit. The parameters considered in the DFN model are: fracture length, Peclet number (Pe=0.1
and 1.0, respectively), advection velocities (from 1078 m/s to 107° m/s and from range from 1077 m/s to 10~ m/s, respectively),
radon diffusion (D=2.1x 107°1/s), radon decay constant (4= 1/s), and radon gas generation (g) along the fractures within
the range of 1.5x 107> Bg/m>-s to 3.5x 10~ Bq/m®s. The calibration process obtained the best fit when the radon generation
rate was uniformly distributed through the rock mass in addition to incorporating a higher value of radon generation rate
(g=3.0x 1072 Bg/m*-s) where elevated radon concentrations have been measured. The modeling results also confirmed that
the radon generation rate should always be higher where elevated radon activity concentrations were measured regardless
of the measurement period. For the indicated “area” the radon generation rate should be higher from 25% to 37.5% between
May—October and 18.5% to 40% between November—April. The influence of fracture zones on the recorded radon activity
concentrations was noticeable up to a depth of 15 m. Within this range, the highest values of ?’Rn activity concentration,
ranging from 1,600 Bg/m?® to 2,000 Bq/m?, were consistently observed regardless of the season. However, as the depth
increased, the values of 2*Rn activity concentration decreased from 800 Bq/m? to 400 Bq/m® and became more dispersed.

Keywords Discrete fractal network (DFN) model; radon gas - Faults - 2Rn activity concentration measurements -
Underground tunnels - Stochastic methods

Introduction

The latest research advancements on radon involve utilizing
radon time series data to measure the radon flow (Alhmadi
and Abdullah, 2021; Girault et al. 2022; Haquin et al. 2021;

Highlights

e A DFN model was developed to predict radon gas concentrations
at the dislocation zone (12 faults) described by geodetic methods
in an underground excavation in Poland.

e Long-term 22?Rn activity concentration measurements were used
to validate the stochastic DFN model.

o Radon generation rate in the immediate vicinity of the fault was
calibrated to reflect results obtained from field measurements.

e Regardless of the season of measurements, a 40% higher radon
generation rate is proposed for the regions where notably
elevated radon activity concentrations have been measured.

Extended author information available on the last page of the article

Published online: 12 June 2024

Miklyaev and Petrova 2021; Muhammad and Kiilahc1 2022;
Rafique et al. 2022; Chen et al. 2023; Lei et al. 2023; Wang
et al. 2024). With underground systems, the prediction of
radon’s behaviour depends strongly on the identification of
patterns hidden in the associated time series. Hence, numer-
ous studies employ a closed-system model, reinforced by
statistical and numerical analyses, to comprehend the mech-
anisms governing radon transportation and variations in con-
centration. These analyses predominantly include methods
such as Empirical Mode Decomposition-based Hilbert-
Huang transform, Multiple Linear Regression, Artificial
Neural Network techniques, Monte Carlo simulations, chaos
theory, decomposition methods, machine learning, standard
deviation analysis, and stacking methods.

Based on these fundamentals, it becomes feasible to
ascertain the vertical movement of radon and its flow param-
eters across daily, seasonal, and yearly timescales. Li et al.
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(2024) conducted research in the Mogao Grottoes (north-
west China), concluding that variations in earth-air flow and
radon concentration are contingent upon atmospheric pres-
sure fluctuations. A decrease in atmospheric pressure leads
to earth-air outflows from soil with high radon concentra-
tion, while the reverse occurs when the atmospheric pressure
rises. Nevertheless, surface closure, landform, cracks, faults,
grain size, pore structure, soil adsorption, basal uranium/
radium content, salts, wind, lunar cycle, latitude, and alti-
tude exert significant influences on radon exhalation rates.
Studies by Li et al. (2024) corroborated that the amount of
radon exhalation correlates with the amplitude of external
atmospheric pressure fluctuations, the thickness of the inves-
tigated zone, and soil porosity. The higher radon values are
emitted in summer and lower in winter, and vary seasonally
with temperature and atmospheric pressure.

Sajwan et al. (2024) noted that fluctuations in radon data
are linked to the enhanced permeability of fracture systems,
which in turn influences the gas-bearing capacity of faults.
Nonetheless, the uneven permeability of fractures results
in the patchy distribution of soil-gas anomalies. Compara-
ble findings were also reported by Prasetio et al. (2023).
They confirmed that geogenic gas, as radon (**?Rn) can be
widely used to infer permeability zones in some geological
settings such as fault zones: Pejaten Fault, Banjarsari Fault
and Cibitung Fault, volcanic and geothermal areas: Wayang
Windu geothermal area. Li et al. (2022) also presented simi-
lar results for the mining area of northern Shaanxi, China.
They confirmed a significant positive correlation between
the radon exhalation rate and the microporosity. Among all
investigated lithologies, the soil had the largest radon exhala-
tion rate due a large amount of storage space and transport
channels. Research made by Sajwan et al. (2024) noticed
that mass exhalation rates and uranium concentration are
significantly influenced in tectonically active areas.

Furthermore, research conducted by Thuamthansanga
and Tiwari (2022) corroborated that the rates of soil radon
production and exhalation are contingent on depth and
exhibit distinct correlations with geophysical phenomena
along the Indo-Burman subduction region. A strong corre-
lation coefficient was visible during the non-anomaly period
between the radon activity and exhalation rate while a weak
or insignificant correlation coefficient during the anomaly
period. Miklayev at al. (2022) suggested that radon release
is caused by a single mechanism (convective), probably con-
nected with the atmospheric air circulation in shallow per-
meable zones due to the temperature difference between the
inside mountain and ambient atmosphere (called “breathing
mountain”).

Over the past few years, radon (**’Rn) activity con-
centration measurements have been conducted at a large
underground space in Poland. The measurements are
near the faults zone recognized in the corridors of the
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underground complex under one of the largest castles in
Poland (Fijatkowska-Lichwa and Przylibski 2016, 2021;
Fijatkowska-Lichwa 2020). These measurements provide
an insight into potential variation in the gas concentrations
during any period (season, day, or transitional period). Given
the results, seasonal changes observed in the annual cycle
are typical for many underground facilities in the world
(Barbosa et al. 2010vasi et al. 2010; Vaupotic et al. 2010;
Alvarez-Gallego et al. 2015; Gillmore at al. 2005; Groves-
Kirby et al. 2015; Tchorz-Trzeciakiewicz and Parkitny
2015; Kleinschmidt et al. 2018; Smith et al. 2019; Pla
et al. 2020, 2023; Ambrosino et al. 2020; Smetanova et al.
2023; Miklayev et al. 2024). Daily changes in **’Rn activ-
ity concentrations are not significant but are dependent on
the seasonal changes. The identified concentrations differed
by no more than 10% from the corresponding mean values.
The short-term changes recognized in transitional periods
occurred from April to October when air movement was
very slow, obstructed, or completely stopped (Fijatkowska-
Lichwa and Przylibski 2011, 2016, 2021, 2023; Fijatkowska-
Lichwa 2020). The findings show that radon propagation has
a spatial character, not limited only through fault zones. The
changes in 2?2Rn activity concentrations are visible in the
excavations surrounding the fractured rocks and in non-frac-
tured rock mass that are well insulated. The patterns of these
changes are almost identical, and the difference between the
absolute values of 22’Rn activity concentrations recorded in
these periods is significant.

Based on these findings, the researchers used radon as a
tracer to recognize the mechanism of radon flux from the
faults in non-isolated rocks surrounding the workings. To
estimate the radon generation (exhalation) rate, long-term
radon activity measurements conducted inside the object
directly in the fault zone as well as in the entire corridor
system (mainly non-tourist) are used. The findings from
these measurements provide insights into the pattern and
trends of radon concentration throughout the year. However,
there are limitations (represented by specific radon migration
pathways like: porous media or crashed rocks in dislocation
zones) to the application of these measurements for inves-
tigating radon flux and the impact of different parameters
on radon transport. Therefore, the objective of this study is
also to develop a numerical model that could replicate the
radon measurements.

The numerical modeling approach can be classified into
discrete or continuum methods. In the continuum approach,
transport properties are presumed to be uniformly distrib-
uted throughout the rock mass. However, this assumption
does not accurately reflect field conditions, as fractures serve
as the primary conduits for fluid flow. Therefore, the dis-
crete approach is preferred, as it explicitly models fractures
and assumes that their permeability is orders of magnitude
greater than that of the rock matrix. Nonetheless, a limitation
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of this approach is the inability to collect all fracture param-
eters for a rock mass during field studies. Hence, this study
employs a novel approach that integrates a stochastic model
with known site data. The model is calibrated based on the
site condition with the assumption that most of the observed
radon activity concentrations are from faults and fractures. It
is intended that this model could be used for further predic-
tive modeling under different conditions after it is validated
with the field measurements.

2. Research approach

2.1. Description of the site, rock characteristics,
and faults

The study site is located within the Riese complex, con-
structed by the German paramilitary organization Todt in the
Sowie Mountains during World War II, specifically in the
years 1943-1945 (Pawlikowska 2008). The site comprises a
system of underground tunnels beneath the cour d’honneur
of Ksiaz Castle, divided into two parts: the non-tourist sec-
tion and the tourist route. The Geodynamic Laboratory
(GL) of the Space Research Centre of the Polish Academy
of Sciences (SRC PAS) is situated in the non-tourist sec-
tion, which was established in the mid-1970s (Kaczorowski
1999; Kaczorowski et al. 2012). This laboratory facilitates
research on non-tidal processes, including kinematic effects
in the rock massif (Kaczorowski and Wojewoda 2011; Kasza
2014). The tourist route, accessible to visitors since October
15, 2018, is the second part of the site (Fijatkowska-Lichwa
and Przylibski 2021).

The study site is situated within the Ksiaz massif, specifi-
cally the Ksiaz morphological elevation, which represents
the central part of the Swiebodzice Unit (Fig. 1b). The area
is characterized by an intricate network of faults (Fig. 1a,
¢). The Swiebodzice Unit is bounded by several dislocation
zones: the Sudetic marginal fault separates it from the fore-
Sudetic block to the northeast, the Szczawienko fault acts
as a boundary along with the Owl Mountain gneiss block
to the south, and the Cieszé6w metamorphic complex marks
the northern border. These dislocation zones define the bor-
ders with adjacent units such as the Pogorzata Formation,
Petcznica Formation, Ksigz Formation, and Chwaliszow
Formation (Fig. 1b, Zelazniewicz and Aleksandrowski,
2008). The formations mainly consist of carboniferous sed-
imentary rocks (Porgbski 1981). Within the Swiebodzice
Unit, the sedimentary rocks exhibit strong local folding, with
mesofolds primarily oriented in the west-east direction. The
faults in the study site are well-recognized within the highly
deformed Ksiaz Formation (Fig. 1a, ¢). The Ksiaz Forma-
tion comprises coarse-grained, poorly sorted conglomerates
containing individual clasts (grains) reaching a maximum

diameter of 2 m. The framework grains consist of gneisses,
migmatites, and granites, with sub-angular limestone clasts
mixed in. The Ksigz Formation within the Ksigz massif dis-
plays significant deformation (Fig. 1a), and the faults indi-
cate recent activity (Kasza et al. 2018).

2.2. Radon concentration measurement at the site

The data for this study was obtained from continuous >*’Rn
activity measurements conducted between June 2014 and
October 2020. Five semiconductor SRDN-3 detectors
(probes no. 2-6) were used, operating in 1-hour mode
throughout the entire observation period on an annual basis.
The using semiconductor detectors SRDN-3 were designed
and built at the Institute of Chemistry and Nuclear Technol-
ogy in Warsaw (Przylibski et al. 2010). The probes have
been adapted to operate in a high-humidity and low-tem-
perature environment like underground facilities, corridors,
mining plants. The detectors are used for passive registration
of radon activity concentrations using the diffusion phenom-
enon. Radon flows through the air inlet, protected by an air
filter from contamination with dust particles, into the semi-
conductor detector chamber. In the detection chamber, radon
nuclei decay and emits « particles. This initiates the flow
of electric current which is then measured and registered
in the probe microcomputer. The a-emission is counted as
a pulse during a given time interval in the microcomputer
counter. The automatic recording of the number of counts
is repeated until the data memory is full. Then the data are
removed or a new measurement cycle is started (Przylibski
et al. 2010). Before the first in-situ measurements, the probes
were calibrated for 24 successive hours in the conditions
of known 22*Rn activity concentration (484, 990, 4740 and
8873 Bg/m?) pre-set in the radon chamber of the Institute of
Nuclear Physics, Polish Academy of Sciences in Krakow.
The conditions were controlled with a reference device
AlphaGUARD. The number of pulses counted by the semi-
conductor detectors of SRDN-3 radon probes was compared
with the values of >’Rn activity concentration recorded by
the AlphaGUARD device. On this basis, the lower limits of
detection (LLD) equalling 96.5 Bg/m?, 94.8 Bg/m?, 94.0 Bq/
m?, 96.3 Bg/m® and 95.0 Bg/m?® were determined for the
detectors of radon probes No. 2, 3, 4, 5 and 6 respectively
(Przylibski et al. 2010).

The radon activity concentrations were most observed
within five ranges of values (Fig. 2a). Approximately 60%
of the data recorded by probe no. 6 fell within the range of
500 Bg/m?3 and around 50% for probe no. 5 (Fig. 2a). Values
of 1000 Bg/m3 were reported by probes no. 5 and 6 (over
30%), as well as probe no. 3 (over 45%). Radon activity con-
centrations within the range of 1500 Bq/m? were measured
by probes no. 2 and 3 (over 20%). The highest values, within
the range of 2,500 Bg/m?3 and 3,000 Bq/m3, were exclusively
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Fig.1 Location of 12 main faults recognized by Kasza and co-
authors (2014, 2018) in study area on a simplified geological map of
the Sudetes (b) and the radon measuring positions on a plan of the
underground tourist and non-tourist tunnels under Ksigz Castle (a)
(based on Kaczorowski and Wojewoda 2011 ; and Kasza et al. 2018
; Przylibski et al. 2020 ). Cross-sections (c¢): A-A’ — NW direction
through WT1-2; B-B’ - NW direction through WT3-4. Colors repre-
sent tectonic block divided by the recognized tectonic faults (based
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Explanations: blue points represent SRDN-3 positions, the numbers
2-6 represent no. of SRDN-3 probe, red line represents tourist part of
undergrounds, blue line represents non-tourist part, used by the Geo-
dynamic Laboratory (GL) of the Space Research Centre of the Polish
Academy of Sciences (SRC PAS), purple lines represent the location
of water tube tiltmeters, green lines represent man fault zones
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Fig.1 (continued)

measured by probe no. 4 (30% and over 25%, respectively).
The analysis of the 56,326 datasets from the measurements
show that radon activity concentrations are comparable at
each measurement point (Fig. 2b).

In 2018 probe no. 4 registered significantly lower values
of ??’Rn activity concentration during the period of distur-
bance caused by adaptation works conducted in the main
corridor of the underground facility. The commencement
of these works and the subsequent long-term opening of
entrance and exit holes resulted in significant changes to
the air circulation conditions between the interior space and
the atmosphere, contributing to the reduction of observed
concentration levels (Fig. 2b). These observations were fur-
ther clarified by Fijalkowska-Lichwa and Przylibski (2021).

The recorded values of *Rn activity concentration
within the Ksigz tunnels varied from hundreds to thousands
of Bq/m3 (Fig. 2a). The results indicate that the **’Rn activ-
ity concentration (Fig. 2b) is comparable throughout the
entire facility, with the only noticeable differences occur-
ring in the immediate vicinity of the fault zone (Fig. 2b,
probe No. 4). Previous studies conducted by Przylibski and
co-authors (2020) have suggested that these differences may
be attributed to local variations in the concentration of the
mother isotope 22°Ra in the rock. It could also be influenced
by tectonic pressure changes in the orogen, resulting from
tectonic activity involving alternating compression and
extension phases, which in turn leads to fluctuations in radon
exhalation from the rocks into the air within the underground
tunnels. Przylibski and co-authors (2020) confirmed that gas
exchange between the lithosphere and the atmosphere within
the workings occurs not only through active fault zones but
also through the entire (fractured) surface of the rocks com-
prising the roof, floor, and side walls of the underground
workings (Fijatkowska-Lichwa 2020).

2.3. Discrete fracture network (DFN) model

This study utilized the 12 main faults, as described by Kasza
and co-authors (2014, 2018), which are visible in two parts
of the study site (Fig. 2A), to develop a stochastic Discrete

Fracture Network (DFN) model. Geodetic techniques were
employed to measure the dislocation zones. An oriented
total station with stabilized points of the horizontal con-
trol network was utilized for fault measurements. Kasza and
co-authors (2018) identified that most dislocations were
accompanied by zones exhibiting intense cataclasys, sec-
ondary silification, as well as Fe and Mn mineralization.
They further confirmed that the faults were formed due to
the reactivation of joint fractures intersecting the steeply
dipping (at 75°-90°) deposits of the Ksiagz Conglomerate
Formation (Kasza et al. 2018).

Directional parameters, such as dip and azimuth, were
determined and measured for several dozen visible faults
within the excavation area of the Ksigz Massif by Kasza
and co-authors (2018). These parameters, combined with
archival data from clinometers installed in the Geodynamic
Laboratory (GL) of the Space Research Centre of the Polish
Academy of Sciences (SRC PAS), allowed for the interpreta-
tion and identification of the main fault structures. Conse-
quently, the “creation” of 12 main fault zones was achieved
(Fig. 3), following the approach presented by Porgbski
(1981). According to Porgbski, the thickness of the Ksigz
Formation at the study site is estimated to be no less than
2,000 m, which is also supported by the works by Teisseyre
(1956, 1968). However, there is a lack of recent field work
(boreholes, geophysical research) available from The Pol-
ish Geological Institute (PGI) website (www.pgi.gov.pl/en)
up until June 2023, which could provide confirmation of
this information. Therefore, the simulations and modeling
were conducted using a “safe value” of 100 m (depth) and
200 m (width) for the thickness of the Ksiaz Formation.
These assumptions align with the morphology of the region
of interest, as supported by previous studies and are consist-
ent with the geodetic measurements conducted by Kasza and
co-authors (2014, 2018).

Within the modelling area, there are 12 main known faults
distributed across different domains, which are incorporated
into the model as predefined parameters (Fig. 3). Additional
fractures are generated using a stochastic approach, a com-
mon method in Discrete Fracture Network (DFN) modelling.
The location of fracture centres is modelled using a uniform
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distribution, while the length of fractures follows a power law
distribution. The orientation of fractures is modelled using
Von-Mises Fisher’s distribution, with a two-set fracture net-
work featuring orientations of 0° and 90°, and a maximum
variance of 30°. The stochastic fracture network is generated
based on the findings reported by Kasza and co-authors (2018).
Figure 3 presents a sample of the DFN model developed with
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the stochastically generated fracture network, incorporating the
12 known faults present at the study site. The fracture density
is calculated by summing the lengths of fractures and dividing
it by the surface area. To estimate the Fracture.

and Fault Density (FFD), the area covered by the theoretical
12 main dislocations is assumed to be approximately 150 m x
250 m (equivalent to 37,500 m? or 0.0375 km?), and the total
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Fig. 3 Discrete fracture network
model for the study site with
known faults and stochastic
fracture network. Fracture
network based on Kasza et al.
(2018) and Przylibski et al.
(2020). Explanations: the
numbers 2—6 represent no. of
SRDN-3 probe

Depth (m)

100

T q‘ﬁ?r ‘

I!i I I

length of these 12 faults within the modelling area is approxi-
mately 1,250 m. Considering that all faults and cracks would be
about 3—4 times longer (as suggested by the FFD calculation),
the estimated fault length would be around 3—4 times longer
than the measured length. For the modelling area, a fracture
density of 0.13 m/m? is assumed, calculated as 1,250 m (4 times
longer) divided by 37,500 m2. A fracture density of 0.20 m/m2is
used to account for potential dead ends in the fracture network
that are not included in the length calculation.

2.4. Radon transport through a fracture network
Radon transport through a single fracture is affected by the

advection, diffusion, radon gas generation and decay as pre-
sented in Eq. 1:

40 60 80 100 120 160 180 200

Domain width (m)

In Eq. 1, D is radon’s coefficient of molecular diffusion
(m?/s), c is radon concentration (Bg/m?), and u is advec-
tion velocity (m/s), 4 is the decay constant(1/s), ¢ is time
in seconds (s), V is fluid velocity, and ¢ is radon generation
rate (Bg/m>s). Assuming a steady, incompressible, and one-
dimensional transport of radon along the fracture axis (z),
Eq. 2 is obtained as:

d%c Jc

a—zz—ua—z—/lc+q=0 2

Using boundary conditions of ¢(0) = ¢, and ¢(L) = ¢;,
Ajayi and co-authors (2018) solved for radon flux along a
single fracture of length (L) and is the sum of flux due to
advection and diffusion and it is derived by Fetter and Fet-
ter (1999):

% — V.(DVe) — V.(T/'c) _dc+g 1y I =cs+c,f-qd 3)
0 5+p- 2 A
5=%<u—\/u2+4/1D coth(y)),ﬂ e2 (Vu2+4/1D csch(y)) ¢ = Lju)’ = (%) +%.

Equation 3 describes the radon flux along an individual
fracture; however, fractures are often interconnected through
a network. Figure 4 presents a simplified representation of
a fracture network consisting of two internal nodes (1-7)
and three external nodes (8—15). In this network, the radon

activity concentration at the external nodes is assumed to be
known and assigned default values. However, the concen-
trations at the internal nodes remain unknown, and a mass
balance approach is applied at these internal nodes to predict
the radon activity concentrations:
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For the simple discrete fracture network in Fig. 4, Eq. 5

=1 Y =0 @ is obtained by applying mass balance at the internal nodes:
g1 + 091 +065) Br 0 0 €y
Pia (8122 + 8150+ 8322) By 0 53
0 brs (83-5 + 843 +65_3) Bz Ps—s 0 3
0 0 B (834 + 874 +6144) 0 0 Bry Cy
0 0 0 (810-5 + 6-5) Bo-s 0 Cs
0 0 0 Ps—s (65-6 + 116 + 676) P16 6

| 0 0 Baq 0 Bo-7 (867 + 847 + 61377 1L | (5

qbs_y +qbo_y + qdyy — cghy_y — CoPo_y
P12+ qh3 5 +qPi52 — C15Pi5
by 3+ 943+ qds_3
= P34+ qP7_4 + 4P1a_y — C1aPras
qP10-5 + 4%6-s — C10P10-5
q¥s_6 + qP11_¢ + 49716 — 1181126
i qPs_7 + qP13-7 + qPs_7 + 4P12_7 — 138137 — C12Pray |

The advection velocity («#) in Eq. 2 is a crucial parameter
that can be determined through the application of the cubic
law, utilizing uniform values from the literature, or utilizing
the Peclet number (Pe). To simplify the modeling process, a
uniform advection velocity can be assumed, and correspond-
ing values from the literature can be assigned. However, this
approach has limitations, particularly when considering the
presence of known faults at the study site, as these faults may
exhibit different velocity characteristics compared to other
fractures within the rock formation. The use of the cubic
law can alleviate this limitation; however, it may introduce
a bias in the velocity distribution, favoring regions where a
higher-pressure head is applied to establish a pressure gradi-
ent. Another viable alternative is the utilization of the Peclet
number (Pe), which is a dimensionless parameter employed to
compare the mass transport achieved through advection to that
achieved through dispersion or diffusion (Wels et al. 2003).
The Peclet number is defined as follows:

(Pe) = (6)

The advection velocity for each fracture in the network is
calculated by assigning a Peclet number to the model, using
Eq. 6. As a case study, Fig. 5a, and 5b illustrate the distribu-
tion of advection velocity for a fracture network generated with
Peclet numbers of 0.1 and 1, respectively. In Fig. Sa, for a Peclet
number of 0.1, the velocities range from 108 m/s to 107° m/s.

Similarly, Fig. 5b shows a velocity range of 10~/ m/s to
10~* m/s. This aligns with expectations, as a Peclet number
of 1 implies higher advection velocities compared to a Peclet
number of 0.1. In general, a Peclet number of 1 indicates that
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the impact of advection and diffusion are the same. These
advection velocities are compared with field measurements
conducted at different locations. For example, airflow stud-
ies at a rock pile from a former uranium mine at Nordhalde
reported a velocity of 2.3148 x 10~ m/s (Benoit et al. 1991).
Advection velocities presented in the literature for vari-
ous sites (McPherson 1993; Chakraverty et al. 2018; Feng
et al. 2021; Soki et al. 2022) range from 3.5 X 1078 m/s to
4.64x 107" m/s. Based on these comparisons, a Peclet num-
ber of 0.1 is selected for this study. In Eq. 3, g represents the
radon generation rate (Bq/m’s) and represents the radon flux
along the fractures per unit aperture. Several factors, such as

15 14 13

Fig.4 Conceptualized simple DFN model used to illustrate gas trans-
port. Explanations: 1-7 — internal nodes and 8—15 external nodes
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particle soil grain size (Yang 2021), water content (Cozmuta
et al. 2003; Yang et al. 2021), porosity (Kumar and Chauhan
2017; Linares-Alemparte et al. 2019), the internal structure
of the soil, mineralization type, porosity and permeability

Domain width (m)

of the soil, and emanation coefficient (Ayman and Tayseer
2019; Azeez et al. 2021), can impact the radon exhalation
rate of porous media. For this study, a value ranging from
1.5% 107 t0 3.5 1072 Bg/m’s is assigned along the fracture
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network. Additionally, a 40% higher value is assigned to
the region surrounding the fourth probe, where consistently
higher radon concentrations have been measured.

2.5. Model assumptions and boundary conditions

The fracture network within a rock mass is typically more intri-
cate than depicted in Fig. 4, making it challenging to precisely
represent in a model. The challenge lies in the impracticality of
fully representing all fractures within a rock mass due to various
unknown factors such as fracture length, density, aperture, loca-
tion, and orientation. Moreover, the connectivity of fractures,
influenced by factors like the number of fracture sets, in-situ
and induced stress, and fracture density, adds another layer of
complexity. Additionally, uncertainties regarding fluid transport
parameters, such as the presence of water or other gases, further
complicate the modeling process. To address these complexi-
ties, Discrete Fracture Network (DFN) models often incorpo-
rate stochastic elements and consider known site conditions,
including faults. This stochastic approach entails using verified
distributions to represent fracture parameters. Typically, frac-
ture length is modeled using a power law distribution, fracture
orientation with a von Mises—Fisher distribution, and the loca-
tion of fracture centers with a uniform distribution.

At this study site, radon measurements have been carried
out in both the immediate proximity of a significant fault zone
and various smaller, sporadic deformations within the entire
excavation system (Fijatkowska-Lichwa and Przylibski 2016;
Przylibski et al. 2020). Therefore, a deterministic and stochas-
tic approach was used to develop the DFN model with the
incorporation of known faults. The radon diffusion coefficient
(D) is modeled as 1.1 x 10~>m?/s (McPherson 1993) through
the fractures like the condition in air. The diffusion coefficient
of radon can vary depending on the medium, particularly if
the rock unit is saturated with a different fluid. In this study,
the transport behavior of fractured rock is simulated under the
assumption that it behaves similarly to air, disregarding the
presence of other fluids. The presence of water or any other
fluid within the rock can significantly affect the diffusion
coefficient utilized in this modeling. Nevertheless, according
to field measurements conducted near the prominent faults,
there is no notable presence of water that could alter the trans-
port properties, despite the possibility of some being trapped
within the rock. The radon decay coefficient is modeled as
2.1x10-61/s. Kasza and co-authors (2018) have noted that
the identified faults are filled with clay gouge, occasionally
calcified, and contain impregnations of hematite mineraliza-
tion. To consider these characteristics, the hydraulic aperture is
employed, which is typically a fraction of the fracture’s maxi-
mum opening, known as the mechanical aperture. The mecha-
nisms of gas migration in homogeneous medium include dif-
fusion and advection. But in the faults and in porous media

@ Springer

model of radon migration include gas permeability of soils
related to the total porosity, water saturation, and arithmetic of
fraction (since 1980s). Most of the fluid flow in fractured rock
tends to be carried by a tiny of the all fractures (Chen et al.
2023). Based on to the difference in water content, the fractures
are divided roughly into two categories: unsaturated and satu-
rated. We assumed that are fractures zones are unsaturated and
could be saturated in different depths. So, the mechanisms of
gas transport in such different conditions could be determined
by diffusion and advection, and also the conventional model. In
saturated zones the radon flow is connected with groundwater
flows through a fracture-rich rock, gases dissolving in the water
released as bubbles with the fracture opening, pressure, or tem-
perature conditions changing (multiphase flow). In unsaturated
fractured zones, convection influences radon migration in addi-
tion to diffusion. This phenomenon was very widely described
by Miklayev et al. (2022). They observed that radon variations
in air close correlated with changes in air temperature, and to
a lesser with changes in soil moisture. Radon concentration in
groundwater varied throughout the year in a relatively narrow
range without clear seasonal variations. This confirmed that
seasonal variations of soil radon exhalation at the fault zone
are not related to the groundwater gas transport. The results of
studies indicated that the most likely cause of seasonal vari-
ations in the radon values at the fault zone is the inversion of
the direction of the convective air flows. The authors observed
the convective air flow is directed from fractures and fissures
in summer period. The release of radon-carrying air may form
abnormal radon levels in soil gas and the surrounding atmos-
phere. But in winter, on the contrary, atmospheric air is sucked
into the fractures of the mountain massif, resulting in a sig-
nificant decrease in the soil gas radon concentration and sup-
pression of radon exhalation from surface. Radon monitoring
conducted over 4-years in research site showed, in our opinion,
similarity in the nature of radon activity concentration changes.
Therefore, the assumption in the is consistent with the proposal
of Miklayev and co-authors (2022).

The main source of radon is strongly fractured Upper
-Devonian and Lower-Carboniferous gneiss conglomerates
(Przylibski 2005; Wotkowicz 2007). Based on correlation
analyses made by Al-Shboul (2023), the amount of Ra-226
in soil significantly influences the radon exhalation rate. Al-
Shboul (2023) confirmed that higher moisture levels and
greater fine particles in the soil are associated with lower
radon exhalation rates. Al-Shboul (2023) stated that the water
presence modifies the air volume in the soil and the tortuosity
of the pore system, thereby influencing radon diffusion and
possibly making it more difficult for radon atoms to reach
the surface. He observed that the gravel particles with larger
pore spaces associate with higher radon exhalation rates.
Therefore, in our perspective, gneiss conglomerates rich in
radium-226 suggest obtaining similar results. In this study,
the transport behavior of fractured rock is simulated under
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the assumption that it behaves similarly to air (Miklayev et al.
(2022), disregarding the presence of other fluids.

3. Results and discussion

This section presents the findings derived from the devel-
oped methodology in this study for predicting >*Rn activ-
ity concentration at the study site, where main faults, fault

zones, and numerous smaller cracks are present in all exca-
vations. The calibration process is extensive, involving
adjustment of several parameters to achieve comparable
results. However, this study ensures that all parameters fall
within a range clearly identified in the literature. The model
utilizes the advection velocity distribution described in
Fig. 5b, as explained in Section 2.4. A critical parameter for
model calibration is the radon generation rate (g in Eq. 1),
which is extensively discussed in Section 2.4. These two
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parameters play a significant role in model calibration and
can vary considerably across different sites. To initialize the
model, a constant radon generation rate (¢=2.4x 107> Bg/
m?s) is applied uniformly throughout the rock mass, allow-
ing for observation of variations in 2*Rn activity concen-
tration values with changes in the advection velocity model
depicted in Fig. 5b. Figure 6 illustrates the radon concentra-
tion map obtained from the numerical model developed for
the study site, along with the probe locations, using a radon
generation rate of g=2.4x 107> Bg/m’s. Similarly, Fig. 7
presents a concentration map using a higher constant radon
generation rate (g=3.0x 10~ Bq/m’s), while Fig. 8 demon-
strates the implementation of varied radon generation rates
(¢) ranging from ¢=1.5x 1073 Bg/m’s to 3.5 x 10~> Bg/m’s.
The model showcases an average distribution of radon gas
concentration initialized at 200 Bg/m>.

The results show radon activity concentration at steady
state. Although this condition could be transient, field obser-
vations indicate that radon fluctuation within a day is not
significant. In Fig. 6, the steady-state concentration reveals
higher levels of radon activity near faults and particularly in
the vicinity of probe 4, as observed in the field. To assess
the model’s sensitivity to changes in radon generation rate
throughout the rock mass, Fig. 7 displays the steady-state
outcome for a higher and constant radon gas generation rate.
The results in Fig. 7 exhibit higher radon concentrations
compared to Fig. 6. This finding supports and validates the
previous observation that variations in radon concentrations
may be linked to the generation rate within the rock mass.
As radon’s parent source is uranium, its distribution across
the rock mass is non-uniform. This further explains why
certain locations may experience elevated radon activity

@ Springer
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concentrations. Furthermore, the results emphasize the
importance of calibrating the model to align with field meas-
urements, demonstrating that the observations fall within the
range of over 50,000 radon activity concentration measure-
ments obtained from field measurements. As mentioned in
Section 2.4, a 40% higher radon gas generation rate (q) is
applied to the area surrounding the fourth probe. Conse-
quently, the results indicate elevated levels of radon concen-
tration near the fourth probe, as depicted in Figs. 6, 7 and 8.

Based on measurements between late spring and autumn
(from May to October), 222Rn activity concentration values
ranged from 800 Bg/m? to 1200 Bg/m?, and even 3200 Bg/
m? in the vicinity of the main fault (probe No. 4). Between
November and April, values of 222Rn activity concentra-
tion are lower, ranging from 500 Bq/m? to 1000 Bg/m? and
2700 Bg/m® next to the main fault (probe No. 4). It shows
that the 22?Rn activity concentrations values vary at each
measurement site. It found out that the comparable values
are measured in the entire excavation system, correspondingly
higher in the warmer period and lower in the colder period of
the year (Fig. 2b). Comparing these values to measurement
results registered by probe no. 4 (located directly at the fault),
it was noticed that they are almost 50% higher than for probes
no. 2, 3, 5, and 6. From May to October the average radon
activity concentration values ranged from 600 Bg/m? to over
1000 Bq/m3 (probes no. 2, 3, 5 and 6). The values measured in
this time by probe no. 4 is over 2500 Bq/m>. Based on 25,862
data recorded between April and November, the average radon
activity concentration values are in the range 340-620 Bq/
m?. But for probe no. 4, the average concentration value is
over 2000 Bg/m>. It has been observed that the significant
variation in the radon activity concentration values occurred
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in 2 periods during a year: November-April (lower), May-
October (higher), but not all measuring devices registered the
same range of values. Because the observed values of >*’Rn
activity concentration varies, the radon gas generation rates
cannot be assumed as constant in the main fault vicinity. All
these conditions could be studied independently using the
developed model. Radon generation rate should be higher for
the area where the highest radon activity concentrations were
measured. In addition, its value should be higher from 18.5
to 40% between November and April, and from 25 to 37.5%
between May and October compared to places where probes
(no. 2, 3, 5, and 6) registered significantly lower radon activity
concentration values.

In Fig. 8, a simulation is presented with a random distri-
bution of radon generation rates ranging from.

1.5% 1072 Bg/m>-s to 3.0 x 107> Bq/m*>s across the rock
mass. It was discovered that this calibration leads to a more
realistic distribution of 22?Rn activity concentration, resem-
bling the field measurements. The concentration distribution
depicted in Fig. 8 reflects a more realistic scenario where the
radon generation rate varies throughout the rock mass. This
approach allows for a more dispersed concentration pattern,
where both the advection velocity and radon generation rate
can influence the radon flux. It is recommended that future
studies adopt a similar approach, as demonstrated in Fig. 8,
to ensure a better representation of field conditions.

The obtained results showed variations of radon exhala-
tion rate with depth of rock mass. With the depth increased,
the radon activity concentration value followed by a decreas-
ing trend. Radium-226 present in the stratum rich of gneiss
conglomerates is released by a large number of fissures
which are used as transport channels for the transfer of free
radon gas inside the stratum and finally to the underground
atmosphere, forming atmosphere of a highly radon activity
concentration. It seems that radon migration takes place as:
radon in pore air (mainly) and also in deeper parts as radon
dissolved in pore water. The free migration of radon gas
occurs in the internal pores and fissures of each stratum in
whole rock mass. As the degree of compression increased,
the pore air in internal fissures acts as the major medium of
propagation for radon, and free radon attached to it starts
moving quickly. The opposite situation may occur during
rock mass tension. At the same time, the mutual migration of
free radon gas also occurs between the different lithologies
(cracked and solid mass) and the radon gas in the deep stra-
tum migrated to the shallow stratum and was finally released
into the underground atmosphere. It can be assumed that
the migration of free radon gas outside the fault’s matrix
occurs by diffusion through the small pores, cracks, fissures
inside each stratum of rock mass. The number of disloca-
tions (deformation) and macroporosity degree of gneiss
conglomerates should be recognize as the major storage
spaces for free radon. It seems to be confirmed by obtained

seasonal fluctuations of radon activity concentration and
radon exhalation rate. The changes are caused by inversion
of the convective radon flow directed from the interior of the
underground object to atmosphere in winter, and from the
atmosphere to underground object inside in summer. The
anomalies resulted from the temperature difference between
the facility air and atmospheric air.

4. Conclusions

This study introduces a developed Discrete Fracture Network
(DFN) model aimed at predicting radon concentrations in a
study site in Poland. The model utilizes field radon concen-
tration measurements conducted over the past four years,
incorporating known faults, and generating additional frac-
ture networks using a stochastic approach. The velocity dis-
tribution used in the model is established based on a diffusion
dominant transport mechanism, indicated by a Peclet number
of 0.1. Calibration of the model basis on over 50,000 radon
data includes adjusting the radon generation rate within the
range of 1.5x 107 Bg/m®s to 3.5x 10~ Bg/m®s.

Calibration of the DFN model made it possible to determine
the radon generation rate in the excavation system. The rock
mass breathes in its entirety, with a variable radon generation
rate. It has been confirmed that the radon generation rate value
should be increased up to 40% in places with elevated radon
activity concentration values compared to other parts of the
facility, where the recorded values are significantly lower both
in the warmer (May—October) and colder (November—April)
periods of the year. Furthermore, the modeling results indicated
that the influence of fracture zones on the recorded concentra-
tions was noticeable up to a depth of 15 m. Within this range,
the highest values of >**Rn activity concentration, ranging from
1600 Bg/m? to 2000 Bg/m®, were consistently observed regard-
less of the season. However, as the depth increased, the values
of 2*’Rn activity concentration decreased from 800 Bg/m? to
400 Bg/m? and became more dispersed.

The method developed is implemented in code developed for
this study. The results demonstrate that the model shows radon
concentration values within a similar range to the field measure-
ments. This successful validation indicates that the method and
model developed could have further application in the investi-
gations of different transport parameters on radon flux. Potential
future studies using this model could explore seasonal varia-
tions in radon concentrations, the influence of fracture water
saturation on radon flux, and the effects of diffusion/advection
using the Peclet number. Overall, this study presents a realistic
and simplified numerical approach for predicting radon con-
centrations, providing an alternative to resource-intensive field
work, and offering expanded investigative potential. However,
it is important to note that for application to different study sites,
an appropriate calibration specific to each site is necessary.
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