
����������
�������

Citation: Walencik-Łata, A.;

Szkliniarz, K.; Kisiel, J.;

Polaczek-Grelik, K.; Jędrzejczak, K.;
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Abstract: Underground locations can be used in various ways for scientific and economic purposes.
One of the main factors influencing the safety level in the underground mine workings is natural
radioactivity. The article presents research carried out on the natural radioactivity in shallow mine
workings at the GIG Experimental Mine ‘Barbara’. The description of the natural radiation includes
radon determination in the air, in situ gamma spectrometry, neutron flux measurements, and labo-
ratory measurements of 226,228Ra, 40K, and 234,238U isotopes using gamma and alpha spectrometry
techniques. In the measurement chamber at the depth 46 m (122 m w.e.) in the sandstone layer, the
photon flux registered at the 7–3150 keV energy range is equal to 17.6 ± 1.9 cm−2s−1, the gamma-ray
dose rate is 0.200 ± 0.029 µSv/h, and the thermal neutron flux is equal to (8.6 ± 1.1) × 10−6 cm−2s−1.
After closing the measurement chamber and turning off ventilation, a significant ingrowth of 222Rn
content was observed, reaching the value of 4040 ± 150 Bq/m3. An increased gamma-ray flux and
thermal neutron flux were observed in the investigated location.

Keywords: natural radiation; underground locations; radioisotopes concentration

1. Introduction

Underground laboratories are places where more and more activities can be carried out
that are not only scientific but also requiring constant temperature and humidity conditions
(these are the characteristics of underground sites), e.g., for breeding plants, fungi, or
insects. Old disused mines, subway tunnels, tunnels, and other underground locations are
often converted into underground laboratories that serve the public. Deep underground
laboratories, such as those in Gran Sasso or Modane (depth over 1000 m), are mainly used
to research physics and astrophysics, e.g., to search for dark matter or neutrinoless double
beta decay [1,2]. However, there are many readily available shallow and medium-depth
underground laboratories that have been used for a long time to measure radioactivity in
various types of samples (e.g., river sediment, water, soil, rock samples [3], 39Ar-dating [4],
14C-dating [5], neutron activation analysis [6], selection of low-level materials [7], and many
others). However, such locations are often characterized by a much greater natural radiation
background than deep locations. Therefore, special shields are constructed, among other

Energies 2022, 15, 685. https://doi.org/10.3390/en15030685 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15030685
https://doi.org/10.3390/en15030685
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4952-2451
https://orcid.org/0000-0001-5560-3667
https://orcid.org/0000-0001-6092-3307
https://orcid.org/0000-0001-8153-6322
https://orcid.org/0000-0002-7718-2725
https://orcid.org/0000-0001-5700-166X
https://orcid.org/0000-0002-0534-0712
https://doi.org/10.3390/en15030685
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15030685?type=check_update&version=1


Energies 2022, 15, 685 2 of 12

things, of concrete, steel, and lead, reducing the level of natural radiation background. An
example is the shallow laboratory “Felsenkeller” in Dresden, located at a depth of 47 m,
where such tests are carried out in two specially designed measuring chambers [3].

The sources of natural radioactivity are long-lived isotopes, radionuclides originating
from the 232Th, 238U, and 235U decay chains. In addition, the source of natural radiation
on the Earth is cosmic rays and cosmogenic radionuclides formed under the interaction
of cosmic rays with the components of the atmosphere. The source of radioactivity on
Earth is also the so-called anthropogenic activities, including coal combustion, production,
the use of phosphorus fertilizers, the mining industry, the storage of radioactive waste in
repositories, testing of nuclear weapons, and nuclear power plants [8]. For underground
locations, the sources of natural radioactivity are primarily radionuclides present in the
rocks and noble gas radon. Earlier studies have shown [9] that materials used as building
materials, e.g., concrete building, can significantly increase radiation background.

Natural radioactivity research was carried out in one of the underground laboratories
of the Associated Organization, GIG Experimental Mine (EM) ‘Barbara’, participating
in the BSUIN (Baltic Sea Underground Innovation Network), and EUL (Empowering
Underground Laboratories Network Usage) projects financed by the Interreg Baltic Sea
Region. The EM ‘Barbara’ mine is a unique place where extensive research on gas and dust
explosions can be carried out. In addition, research can be provided in real conditions of
new technologies, machines, and devices for underground work. This allows for research
and service work in mining, firefighting, construction, civil defense, and many other areas.
In EM ’Barbara’ previously, no natural radioactivity measurements were carried out, except
for monitoring measures covered by the mining law, which in each case showed values
below the permitted levels. Therefore, this paper includes detailed characteristics of natural
radioactivity in EM ‘Barbara’ in a blind chamber. The research consists of in situ gamma-ray
spectrometry, measurements of thermal neutron flux, the radon concentration in the air, as
well as laboratory analysis of the concentration of radium (226,228Ra), uranium (234,238U),
and potassium (40K) isotopes in the collected rock samples (sandstone) using alpha and
gamma spectrometry.

Site Geology

The study of natural radioactivity was carried out at the Experimental Mine ‘Barbara’,
Poland, which is located in the central part of the Upper Silesian Coal Basin (50◦10′46.926”
N 18◦55′54.216” E). The mine is a part of Central Mining Institute, which is a unit that un-
dertakes research for the needs of mining and geology. At EM ‘Barbara’, the underground
workings were modernized and adapted to an experimental testing site. At present, the
underground infrastructure enables numerous types of innovative research and projects,
which are predominantly orientated on effectiveness and safety in mining and on environ-
mental protection.

The EM ‘Barbara’ area is located in the southern wing of the main anticline on the
south of the Kłodnica fault. The Quaternary and Productive Carboniferous formations
take part in the geological structure of the deposit. Quaternary formations are sand, gravel,
and clay. In a major part of the deposit’s area, the thickness of the Quaternary varies from
4 to 6 m. In some places in the southern and northeastern parts, the Carboniferous top
occurs directly under the layer of the soil. Productive Carboniferous is represented by the
Orzeskie and Łaziska Beds. The Łaziska Beds are formed in the sandstone-conglomerate
facies, among which only in some places are there thin inserts of shale. The Orzeskie Beds
are formed of alternating fine and medium-grained sandstones, in places conglomerate and
shales, among which there are numerous deposits of hard coal. The rock mass within the
range of active mining workings is not tectonically disturbed. Figure 1 shows a stratigraphic
profile of the mine.
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Figure 1. Stratigraphic profile of the GIG Experimental Mine ‘Barbara’.

2. Materials and Methods

Measurements of natural radioactivity in the EM ‘Barbara’ were carried out at the level
of 46 m (122 m w.e.) in a 30 m × 3–3.5 m × 4 m indentation (Figure 1). The testing site was
located at a blind chamber excavated in sandstone (Figure 2d). Sandstone’s parameters do
not require the use of any additional support. The volume of the work was approximately
400 m3. The chamber walls where the measurements were made are bare sandstone, which
is only supported by steel structural elements. The ventilation system and equipment in
the workings surrounding the chamber allow its ventilation and airflow cut-off depending
on the needs of tests. During normal working conditions, the mine ventilation provides the
exchange of air in the area of the blind chamber between 50 and 100 m3/min. The testing
site was characterized by stable air parameters with a temperature of 12 ◦C and humidity
of 70%. A high-purity germanium (HPGe) semiconductor detector, RAD7 radon monitor,
and helium neutron proportional counters were used for the measurements (Figure 2a–c).
In order to perform a laboratory analysis in an external laboratory (at the A. Chełkowski
Institute of Physics, the University of Silesia in Katowice, Poland), 18 rock samples were
taken from the locations marked in Figure 2e. The representative samples were taken at
intervals of 5 m (points marked from 1 to 18; see Figure 2e).

2.1. In Situ Gamma Spectrometry

In situ gamma radiation measurements in the EM ‘Barbara’ were performed using
the same measurement system as during the measurements in the Polkowice-Sieroszowice
mine [10]. The portable gamma spectrometer included a multichannel analyzer InSpector
2000, a high-purity germanium detector (HPGe), and software GennieTM 2000 v.3.2.1. The
detector used for the measurements has a carbon entry window with a thickness of 0.6 mm,
a nominal efficiency of 40%, an FWHM of 2.1 keV at a 1.33 MeV 60Co line, and a peak to
Compton ratio 57/1, and it is cooled with liquid nitrogen. During the measurements, the
detector was installed horizontally on a rack made of wood, 30 cm in front of the nearest
wall (the center of the germanium crystal was 25 cm above the floor (Figure 2b)).

Energy calibration was performed using a set of sealed radioactive sources: 133Ba,
137Cs, 54Mn, 57Co, 109Cd, 22Na, and 60Co, with a diameter of 1 cm and about 10 kBq activity.
Efficiency calibration was done using ISOCS™ software (Canberra Industries, Inc., Meriden,
CT, USA) for monoenergetic photons from the energy range of 10–3300 keV, which covers
the useful measuring range of the spectrometer used in the in situ measurements. For this
purpose, a room/box geometry with internal surface contamination was selected in the
ISOCS™ software, which was modeled in the Geometry Composer software (Canberra
Industries, Inc.). The photopeak efficiency (ε) calibration as a function of gamma-ray energy
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(E) was fitted automatically in GennieTM 2000 software to measurement geometry in the
form of a 5th-order polynomial, as shown below (Equation (1)).

ln(ε) = −11.2 − 9.362ln(E) + 6.135ln(E)2 − 1.447ln(E)3 + 0.1466ln(E)4 − 0.00547ln(E)5 (1)

GennieTM 2000 v.3.2.1 software was used to record and analyze the gamma-ray spectra
registered in the 7–3150 keV energy range (for n-type HPGe detector used, with applying
a total spectrometric gain of 5.0). Radioisotopes were identified in the spectra based on
the photopeaks’ energy. The area under each peak on the spectrum was determined using
the automated analysis sequence involving unidentified second differential and non-linear
Least Squares (LSQ) fit. Gamma-ray flux density was determined based on formula 2
presented previously in [10], taking into account the net area of each gamma line with the
peak energy (E) in the recorded spectrum, the measurement lifetime (LT), detector area
(SGe), and detection efficiency (ε).
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Figure 2. Measurement setup used during the measurements: (a) visible flat tray of helium counters
placed vertically in the stand; (b) HPGe spectrometer; (c) RAD7 detector; (d) scheme of the workings
where the research area was located; (e) enlarging the research area with the sampling site marked
for laboratory analysis (the yellow dot marks the location of the measuring devices).

The effective dose at the spectrometer position during in situ measurements was
determined using the photon flux to dose conversion factors from the ICRP report [11]. The
uncertainties of the gamma-ray photon flux and the effective dose were estimated using
the same methods as described in [10].

2.2. In Situ Radon Measurement in Air

The radon measurements in the air were performed using the RAD7 portable detector
(Durridge Company, Inc., Billerica, MA, USA). The 222Rn concentration in the air was
obtained by using a 1-day protocol with a 0.5 h measurement cycle. This monitor was placed
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next to the gamma spectrometer on the position marked in Figure 2e. The spectrometer
uses a semiconductor Ion-implanted, Planar, Silicon detector to convert alpha particles to
an electrical signal. In the Normal mode, the 222Rn concentration is determined based on
measurements of alpha particles from daughter isotopes of 214Po and 218Po.

2.3. α and γ Laboratory Spectrometry Techniques

The samples collected from 18 places (Figure 2e) were transferred to the laboratory.
Then, samples were crushed, dried, and homogenized for alpha and gamma spectrometry
measurements. Samples for gamma spectrometry measurements were placed in Marinelli
beakers, tightly closed to avoid radon leakage, and left for one month to achieve radioactive
equilibrium in thorium and uranium series.

Gamma radiation from samples was analyzed using a high-purity germanium (HPGe)
detector (GC2018) of 60.7 mm crystal diameter and Cryo-Pulse 5 Plus, an electrically pow-
ered cryostat from Canberra-Packard. The detector has a relative efficiency of 20%, energy
resolution (FWHM) of 1.7 keV, and Peak-to-Compton (P/C) ratio of 53.8:1 at 1.332 MeV
gamma line from 60Co. The activities of 226Ra, 228Ra, and 40K isotopes were calculated
based on a standard prepared from certificated materials obtained from the Central Labora-
tory for Radiological Protection (CLOR) in Poland. The concentration of the 40K isotope was
calculated from the 1460.8 keV gamma line. The concentrations of 226Ra and 228Ra isotopes
were calculated as the weighted mean of the concentrations of daughter isotopes 214Pb
(295.2, 351.9 keV), 214Bi (609.3, 1120.3 keV), and from 228Ac (338.3, 911.1 keV), respectively.
Additionally, for six samples (sampling points 1–6 marked on Figure 2e) taken from places
closest to the gamma and radon spectrometers, the laborious and time-consuming chemical
preparation of samples for uranium isotope concentrations was performed. These samples
placed in PTFE pressure decomposition vessels were digested using a microwave unit
MAGNUM II (ERTEC-Poland). A standard of 232U isotope was added for each analyzed
sample, and the wet mineralization was performed using hot acids: HF, HNO3, and HCl
with H3BO3. Uranium was pre-concentrated with iron and co-precipitated with ammonia
at pH 9. Uranium isotopes were separated using the anion exchange resin Dowex 1 × 8
(Cl− type, 200–400 mesh). The alpha spectrometry source suitable for alpha spectrometry
measurement was obtained from the co-precipitation of uranium fraction with NdF3 and
filtration. The measurements of 234,238U isotopes were performed by using α spectrometers
7401VR and Alpha Analyst™ (Mirion Technologies (Canberra), Inc., Meriden, CT, USA)
equipped with passivated implanted planar silicon (PIPS) detectors. A detailed description
of sample preparation may be found in [10,12]. The uncertainties of the activity concen-
trations for the above-mentioned isotopes were calculated using the same methods as
presented in [10].

2.4. Neutron Flux Measurements

The same setup was used in the present study as in [10]. The thermal neutron flux
measurements were performed using gas proportional counters filled with helium-3 (3He).
The helium captures the nucleus in the reaction (Equation (2)):

3He(n,p)3H + 764 keV, (2)

and the charged products (proton and tritium) of the reaction have the sum of kinetic
energies of 764 keV. Proton and tritium ionize and can be detected by a proportional
counter, similar to standard radiation. This method is sensitive only for thermal neutrons
with an energy of about 0.2 eV. The energy of these neutrons is negligible to the heat of
the reaction (764 keV); hence, neutron registrations form a very characteristic “peak and
tail” amplitude spectrum. This allows distinguishing neutrons events even with a large
background of other types of radiation. The measurement setup consisted of a flat tray
of helium counters positioned vertically in a rack Figure 2a. The tray was divided into
two parts: first, there were four Centronic counters (Centronic 50He3/190/50MS), a 30 cm
space, and again four ZDAJ counters (ZDAJ NEM425A50). There were 5 cm gaps between
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the individual counters to limit a shadowing effect. The counters of both types were steel
pipes 50 cm long, but they differed in diameter (5 cm for Centronic and 2.5 cm for ZDAJ)
and helium-3 pressure (2 atm for Centronic and 4 atm for ZDAJ).

The data acquisition system (DAQ) was designed and made at the NCBJ laboratory
in Łódź. DAQ is built in the form of a cassette with 8 measurement cards. Each card
contains 4 independent measurement channels, up to 32 input channels in total. Each
measurement channel is sampled with a frequency of 10 MHz by an ADC with a dynamic
of 10 bits. A waveform is recorded after the trigger, with length dynamically adjusted to
the current measured pulse length. For very short pulses (electronic disturbances), the
run contained 32 samples. DAQ has flash memory and may work as an autonomous
system without connecting to an external computer. The connection via the Internet was
available during the measurements, and the setup work was monitored remotely. All
recorded data were analyzed offline. As the measuring system recorded the pulses from
counters, it was possible to analyze the pulse shape for each event. This is a key issue
in determining the rate of counts. In underground laboratories, very few neutrons are
usually recorded (a few counts per counter per hour), while the DAQ may be triggered
by the number of background pulses interfering with the measurement. The pulse shape
analysis was based on the two-dimensional distribution of the maximum pulse amplitude
versus the maximum pulse step rise on the rising edge. In such a distribution, pulses of
different shapes populate separate areas. Laboratory measurements approved that method
for separating neutron-induced pulses from others.

To determine the neutron flux, it is necessary to use Monte Carlo simulation. The
simulations were performed using the Geant4 package version 10.07 applying the physical
package QGSP_BERT_HP and NeutronHPThermalScattering, where the latest is essentially
for low-energy neutron interactions with nucleons bound in nuclei. In the simulation, the
helium counter tray model was placed in the center of an empty sphere with a diameter of
3 m. Each point of the sphere was an isotropic source of thermal neutrons. The simulated,
isotropic neutron flux in the sphere’s center can be analytically calculated. Based on the
obtained results, the ratio of the simulated counters’ counting rate to the simulated neutron
flux has been evaluated. The neutron flux at the measurement site was determined from
the ratio mentioned above and the measured counting rate.

3. Results and Discussion
3.1. Analysis of the Gamma-Ray Spectrum

Based on the in situ measurements of gamma-ray in the EM ‘Barbara’, detailed analysis
of the site was carried out. Figure 3 shows the measured 23 h gamma-ray spectrum in the
investigated place. Spectrum counts have been normalized to the day (d), energy (keV),
and mass of germanium crystal (kgGe). The total number of counts per second (cps) in
the collected spectrum for the energy range of 7–3150 keV is 350.00 ± 0.05. This value is
two times lower compared to similar measurements made at the Reiche Zeche mine in
Germany at a depth of 150 m in gneiss (702.53 cps) [13] and the Pyhäsalmi mine in Callio
Lab in Finland at a depth of 1436 m in sulfide (683.52 cps) [9].

Table 1 lists the effective dose rate and the total apparent activity in the measuring
point for all identified radioisotopes in the in situ gamma-ray spectrum.

The gamma-ray flux determined based on in situ measurements in the chamber
excavated in sandstone of the EM ‘Barbara’ is 17.6 ± 1.9 cm−2s−1, while the effective dose
rate is 0.200 ± 0.029 µSv/h. The most significant contributions to the effective dose rate are
potassium 40K radioisotope (46.9%), bismuth 214Bi radioisotope (25.1%) from the uranium
series, and thallium 208Tl and actinium 228Ac radioisotopes from the thorium series (15.2%
and 6.6%, respectively). For comparison, the average gamma dose rate density in Katowice
(Poland) for ground measurement is 0.088 µSv/h [14]. The effective dose rate estimated
in this study in a shallow location (122 m w.e.) in an unshielded chamber excavated in
sandstone is 1.3 times higher than in Callio Lab at a depth of 4000 m w.e. within the
volcanogenic massive sulfide deposit, 25 times higher than in the Polkowice-Sieroszowice
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mine in the anhydrite layer at a depth of 2941.8 m w.e., and 5.7 times higher than in the
Reiche Zeche mine in a chamber covered with gneiss (Alte Elisabeth shaft) at a depth of
410 m w.e. On the other hand, the gamma-ray flux is about seven times higher than in
another shallow location in the Reiche Zeche mine (410 m w.e.) and about 28 times higher
than in the deep location Polkowice-Sieroszowice mine (2941.8 m w.e.). Compared to the
leading deep European underground laboratories, the gamma-ray flux in the Experimental
Barbara mine is about 140 times higher than in Boulby in Great Britain (0.128 cm−2s−1 at
2800 m w.e.) [15] and 120 times higher than in Gran Sasso in Italy in the parent rock-dolomite
limestone (0.151 cm−2s−1 at 3200 m w.e.) [16].
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Table 1. Effective dose rate (EDR), with the relative contribution (%) to each radionuclide to EDR, and
total apparent activity associated with each source of photon radiation recognized at the spectrum
registered in situ.

Decay
Chain Nuclide Apparent

[Bq/cm2]
∆

[Bq/cm2]
EDR

[pSv/s] ∆ [pSv/s] % to EDR

Uranium

234Th 3.36 0.59 0.025 0.004 0.05
234mPa 1.23 0.40 0.032 0.011 0.06
226Ra 1.89 0.42 0.036 0.006 0.06
214Bi 3.26 0.38 13.97 2.07 25.13
214Pb 2.55 0.51 1.85 0.27 3.32
210Pb 2.45 0.34 0.018 0.003 0.03

Thorium

228Ac 1.45 0.40 3.66 0.54 6.60
208Tl 0.63 0.18 8.43 1.23 15.16
212Pb 1.12 0.21 0.342 0.049 0.61
212Bi 1.92 0.23 0.571 0.085 1.03

None

40K 51.63 5.10 26.06 3.70 46.88
239Pu 19.00 5.06 0.011 0.002 0.02
X-rays 0.343 0.049 0.62

Annihilation 0.242 0.035 0.44
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3.2. The Ratio of K-40/Bi-214

One indicator of the level of naturally occurring gamma radiation in underground
locations is the counting rate under the peak of the 40K potassium radioisotope (1460.8 keV)
in relation to the count rate under the peak of bismuth radioisotope 214Bi (1764.5 keV).
This ratio is determined due to the leading contribution of the 214Bi radioisotope from
the uranium series in the gamma radiation spectrum as a derivative of radon and the
ubiquitous 40K potassium radioisotope in the environment. This parameter also determines
the production of radon in rocks and the transport of radon through ventilation ducts. For
the tested location in this work (excavation chamber), the 40K/214Bi counting rate ratio is
12.3, which is typical for shallow underground localizations (several tens of meters) [10].
This coefficient was also measured in other works. For comparison, the research performed
in the shallow (150 m) Reiche Zeche mine in the Alte Elisabeth shaft, in a bare rock cave,
the value of the 40K/214Bi ratio was 9.22 [13]. However, for deeper locations, the value of
this coefficient decreases. For the Polkowice-Sieroszowice mine, the coefficient equals 3.8
for a depth of 1014.4 m, for Modane 2.27 [17] for a depth of 1200 m, and for Gran Sasso
1.56 [16] for a depth of 1400 m.

3.3. Radon Concentration in Air

The measurement of radon 222Rn in the air was carried out from 10 to 11 September
2020. After closing the door to the measurement chamber and cutting off the airflow to the
chamber, an increase in radon concentration was observed. The concentration of 222Rn var-
ied from 42± 26 Bq/m3 to 4040± 150 Bq/m3. In addition, a high 222Rn concentration equal
to 805.1 ± 10.4 Bq/m3 was observed in the Reiche Zeche mine of Freiberg, Germany, at the
higher depth (150 m) within the gneiss formation [13]. For comparison, the measurements
of 222Rn concentrations in 200 underground tourist routes in Poland have shown values
over 20 000 Bq/m3 with the arithmetic mean of 1610 Bq/m3 [18]. It is well known that
exposure to a high radon concentration may cause lung cancer [19]. The radon concentra-
tion in underground laboratories depended on several factors, including soil/surrounding
rocks characteristics, ventilation facilities, meteorological conditions, temperature, humid-
ity, etc. [20]. The radon background is one of the most critical parameters for ultra-low
background and rare-event physical experiments in underground laboratories [20]. For
example, LSM Modane provides a low-radon clean room to achieve radon concentration
lower than 100 mBq/m3 for radiobiology experiments and nanoelectronics fabrication [21].

3.4. Radioactivity Content in Rocks

The activity concentration of the 40K isotope varies in the range from 434 ± 7 Bq/kg
to 609 ± 10 Bq/kg with the arithmetic mean and the median equal to 517 Bq/kg and
527 Bq/kg, respectively. The 226Ra concentration ranged from 8.1 ± 0.4 Bq/kg to
54.4 ± 1.8 Bq/kg (mean: 18.3 Bq/kg, median: 13.7 Bq/kg). The values of 228Ra con-
centrations ranged from 7.0 ± 0.3 Bq/kg to 31.5 ± 0.7 Bq/kg with the mean equal to
15.6 Bq/kg and the median equal to 12.5 Bq/kg. The analyzed rock samples exhibited
the variability of the 226,228Ra concentrations. The worldwide average activity concentra-
tions of 226Ra, 232Th, and 40K in the earth’s crust are equal to 40 Bq/kg, 40 Bq/kg, and
400 Bq/kg, respectively [22]. Hence, the median values of 226,228Ra concentrations were
lower than the above-mentioned worldwide average 226,228Ra activity concentrations in the
earth’s crust. For comparison, 226,228Ra concentrations were higher than values observed in
the Polkowice-Sieroszowice mine in Poland at a depth of 1014.4 m within the anhydrite
layer [10]. The 226,228Ra concentrations obtained in the present study were in range of
values obtained at Lab 2 of Callio Lab, Pyhäsalmi mine in Finland at a depth of 1436 m [9].
The concentrations of 238U isotope in the analyzed sandstone samples vary in the range
from 10.4 ± 0.8 Bq/kg to 21.6 ± 1.0 Bq/kg (mean: 14.8 Bq/kg, median: 15.0 Bq/kg) and for
234U isotope from 10.4 ± 0.8 to 22.2 ± 1.1 Bq/kg (mean and median: 15.1 Bq/kg). Based
on the 238U concentration, the calculated uranium content was in the range 0.84 ± 0.06 to
1.75 ± 0.08 ppm. The analyzed samples exhibited a radioactive equilibrium between 234U
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and 238U isotopes (the mean and the median of 234U/238U activity ratio was equal to 1.0).
The 226Ra/238U activity ratio varied from 0.82 ± 0.06 to 1.16 ± 0.07 with the mean and the
median equal to 1.0. This result also suggests a radioactive equilibrium between the 238U
isotope and daughter isotope 226Ra. Previous studies [23] of 226Ra concentrations in rocks
collected in the southern part of the Lower Silesia also showed low values of this isotope in
sandstones (3.0–33 Bq/kg, mean: 12.8 Bq/kg). In addition, low U, Th mass values, 226,228Ra,
and 40K concentrations were observed in sandstone samples collected in waste from coal
combustion on a heap mine belonging to the Polish Mining Group [24].

3.5. Qualitative Neutron Activation Analysis

One of the samples taken from the rock was subjected to neutron activation with
a source of californium (252Cf). The sample was activated for one month. Immediately
after activation, gamma measurements were made with the HPGe detector described in
Section 2.3. These measurements were carried out to investigate the effect of neutrons on
the production of radionuclides in the studied location. The higher intensity of the neutron
flux in the underground location could affect the gamma-ray spectrum and increase the
radiation hazard level at this location.

Gamma-ray measurements were taken in several cycles (a few minutes of measure-
ments immediately after activation and several hours and several days) to record the
short-lived and long-lived radioisotopes produced in the (n,γ) reaction.

Several radioactive isotopes resulting from the reaction (n,γ) with gamma probability
emission intensity were identified in the recorded gamma-ray spectra of the activated
sample. They were: 56Mn (846.8 keV (98.9%)), 46Sc (889.3 keV (100%), 1120.2 keV (100%)),
24Na (1368.6 keV (100%)), 42K (1524.7 keV (18%)), 140La (487.0 keV (45.5%), 1596.2 keV
(95.4%)) [25]. The identified radioisotopes in the gamma-ray spectrum suggest that they
come from activated admixtures in sandstone.

3.6. Neutron Flux Results

Data were collected for approximately 2 weeks (11–23 September 2020). Periods with
a large level of noise were excluded from the analysis. Therefore, the lifetime of data
collection by the ZDAJ counters was about 12 days. On the other hand, the Centronic
counters collected good quality data for 27 h only, which was probably due to a failure
of the HV power supply. In addition, data from one of the Centronic counters were not
suitable for analysis. Equipment problems were probably the result of a large increase in
humidity in the measurements room.

For the individual counter, the neutron counting rate, i.e., counting rate for signals
with an amplitude from the area of the neutron peak or smaller (“peak and tail”) was
determined by creating histograms of the number of counts in a given time and fitting
them with Gaussian distributions. By averaging the results for counters of the same type,
one can get a counting rate of 16.6 ± 2.8 for Centronic and 6.8 ± 1.2 for ZDAJ (per counter
per hour). The result for ZDAJ counters is approximately two times lower than that for
Centronic counters, since the surface area of ZDAJ counters is about twice smaller than
that of Centronic counters. A similar analysis method was used to determine the counting
rate of signals with an amplitude greater than the neutron peak, i.e., signals from alpha
particles emitted from the elements of the counter itself. This radioactivity is known from
previous laboratory measurements and should not depend on the measurement conditions,
so it can be considered a test source. After taking into account the measured energy range,
the average rate of counts was 6 ± 2 for ZDAJ and 14 ± 2 for Centronic per counter per
hour, which is close to expected (3.2 h−1 and 16.2 h−1 respectively).

After comparing the neutron counting rate with the Monte Carlo simulations (de-
scribed above), the neutron flux can be calculated, and for ZDAJ counters, it is equal to
(8.2 ± 1.5) × 10−6 cm−2s−1 and for Centronic: (9.1 ± 1.5) × 10−6 cm−2s−1. As both results
are consistent within the limits of the errors, it makes sense to use the average of the neutron
flux determined for individual counters, and it is equal to (8.6 ± 1.1) × 10−6 cm−2s−1. This
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result can be compared to our previous measurements obtained with a similar setup and
method. The results have been summarized in Table 2 (the previous version of this table
was published in our previous work [10]).

Table 2. Comparison of thermal neutron flux measurement in different European underground
locations (complemented based on [10]).

Location Flux of Thermal Neutrons (×10−6 cm−2 s−1)

Barbara, (Poland) 8.6 ± 1.1 (this work)
Polkowice-Sieroszowice, (Poland) 2.0 ± 0.2 [10]

Gran Sasso, (Italy) 0.56 ± 0.22 [26]
Slanic Prahova, (Romania) 0.12 ± 0.05 [26]

Freiberg, (Germany) 3.12 ± 0.10 [13]
Pyhäsalmi; Lab 2, (Finland) 17.30 ± 0.10 [9]

The neutron flux in the EM ‘Barbara’ turns out to be relatively high, the highest except
at Lab 2 in Pyhäsalmi, where the radiation source was probably the blast furnace slag used
as filler in the concrete casing of the chamber. The decision regarding the source of the
neutrons in the EM ‘Barbara’ mine is not clear and would require additional research.

4. Conclusions

The measurements performed in the chamber located at the depth 46 m (122 m w.e.)
in the sandstone layer showed a low content of analyzed radionuclides. The sandstone
layer shallowly located under the surface in the Upper Silesia region shows a relatively
high content of potassium (40K is responsible for nearly 50% of the effective dose rate in
the studied location). The absence of summation peaks on the registered in situ spectrum
suggests a relatively lower content of uranium daughters than in other shallow locations
studied previously by us, e.g., Reiche Zeche mine [13]. However, the 40K/214Bi ratio in
both these locations is typical for shallow underground sites.

Assuming 2000 working hours per year, an effective dose rate of 0.2 µSv/h determined
here, amounts of 0.4 mSv do not increase the gamma-ray radiation hazard for mineworkers
compared with the total population.

The high radon concentration was associated with the closing of the utility hole and
the shutdown of ventilation. The increased value of the gamma-ray flux may partly come
from gamma radon daughters. Hence, an important parameter related to the activities of
the underground laboratory and radiation protection of employees is ventilation, ensuring
a low radon level.

The presented results of thermal neutron flux measurements are relatively high com-
pared to other underground locations where similar measurements were performed. In
order to make a credible hypothesis why this is so, it would be crucial to identify the source
of the measured neutrons. In general, the neutrons in the underground environment come
from the fission of uranium present in rocks, from reactions of the (α,n) type, where alpha
particles from the decay of radioactive elements interact with the nuclei of light elements,
causing emissions of neutrons, and also from the interaction of cosmic rays muons. The
neutrons emitted by these processes differ in their energy spectrum, so in principle, these
processes could be distinguished by measuring energy. However, the problem is that the
neutrons born inside the rocks “thermalize” before they reach the detector; i.e., they lose
energy on elastic scattering on the atomic nuclei of the matter being penetrated. This
process effectively distorts the energy spectrum of neutrons. The thermalization process
depends not only on the chemical composition of the rocks but also on their humidity
(because hydrogen is an excellent thermalizer, since its mass is similar to a neutron mass).
In the present study, helium counters were used, which are the most sensitive to neutrons
that have already achieved thermal equilibrium, the so-called “thermal neutrons”. It is a
reasonable approach to determine the overall neutron flux at a given location (since each
neutron tends to a state of thermal equilibrium) but says nothing about their primary energy.
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Therefore, we can only state that the thermal neutron flux is relatively high, as shown in
Table 2. A quantitative explanation of the neutrons’ origin requires further detailed study
in this area.
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