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Abstract 32 

In operating mines, as well as in deep locations for planned scientific activities, it is essential to 33 

recognize the natural background radiation from the point of view of both occupational hazard and 34 

experimental background. Callio Lab, located in the Pyhäsalmi Mine, Finland, is one of the 35 

underground laboratories participating in the Baltic Sea Underground Innovation Network (BSUIN). 36 

The characterization of the natural background radiation was done at the Lab 2, which is the deepest 37 

located in Callio Lab. It involved in-situ gamma spectrometry, thermal neutron flux measurements, 38 

radon concentration determination, and α/β laboratory spectrometry of water and rock samples. At a 39 

depth of 1436 m (~4000 m w.e.) within the felsic volcanic bedrock occurs a volcanogenic massive 40 

sulphide deposit, wherein a thermal neutron flux of (1.73 ± 0.10)×10
-5

 cm
-2

s
-1

, a gamma-ray flux of 41 
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12.7 ± 1.5 cm
-2

s
-1

, a gamma-ray dose of 0.158 ± 0.029 µSv/h and a radon concentration of 213.3 42 

Bq/m
3
 ± 11% were determined. 43 
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 47 

1. Introduction 48 

Nowadays, the Underground Laboratories (ULs) offer more and more possibilities not only for 49 

physical, biological and environmental sciences but also for industrial test benches, business and 50 

agriculture [1-6]. They ensure a low radioactive background environment which is essential to perform 51 

the physics experiments searching for rare phenomena, and required for research in other areas. The 52 

depth and the level of natural radioactivity are two main parameters characterizing ULs. Both have a 53 

direct influence on the sensitivity of measurements. Therefore, the precise determination of natural 54 

radioactivity is essential. Complete characterization of the natural background radiation in an UL 55 

includes the estimation of the concentration of natural radioisotopes in rock and water, concentration 56 

of radon in air, and measurements of neutron and muon fluxes. The known main sources of 57 

background radiation are: cosmic ray (including muon) interactions, the decays of primordial 58 

radionuclides (mainly 
40

K, 
232

Th, and 
238

U), the neutron interactions that originate from (α,n) reactions, 59 

the spontaneous fission of U and Th. The contribution from gaseous Rn coming from alpha decays of 60 

226
Ra originating from the rock has to be taken into account as well. ULs are shielded with rock 61 

overburden which decreases the number of high energy neutrons created by cosmic-ray muon 62 

interactions [7]. These components influence radioactive hazard inside the underground halls. 63 

Therefore careful investigations of in-situ gamma radioactivity and neutron flux, supplemented by the 64 

laboratory analysis of rock and water samples give the complete characterization of radiation 65 

environment in an UL. 66 

This paper presents the results of in-situ gamma spectrometry, in-air radon concentration 67 

determination and neutron flux measurements performed at a depth of 1436 m (4000 m w.e.) in Callio 68 

Lab, Pyhäsalmi, Finland. The results of the laboratory analysis of the uranium and radium content in 69 

the rock and water samples, collected therein, are also included. The muon flux measurements have 70 

not been performed, since the muon component was fully characterised earlier [8]. The paper is 71 

organized as follows: after a description of the site, a characterization of the applied experimental 72 

methods is provided. It is followed by the results, including a detailed analysis of the gamma 73 

radioactivity, neutron flux measurements, and uranium concentrations in the rock and water samples. 74 

Discussion and conclusions section finishes the paper.  75 

 76 

1.1 Site geology 77 



The Pyhäsalmi mine is located in the Vihanti-Pyhäsalmi belt in the northeastern part of the 78 

Paleoproterozoic Svecofennian domain of the Fennoscandian shield. The Vihanti-Pyhäsalmi belt 79 

contains two large volcanogenic massive sulphide (VMS) deposits, from which the Pyhäsalmi deposit 80 

is the larger (75.7 Mt). The deposit was formed originally as a by-product of a submarine synvolcanic 81 

hydrothermal system. The Pyhäsalmi VMS deposit forms an elongated accumulation of base metal 82 

sulphides stretching from the current erosional level down to 1400 m depth. The deposit has a flat, 83 

subvertical shape and it can be subdivided into two ore bodies separated from each other by a shear 84 

zone: the upper ore body is 1000 m long, 150-650 m wide and 10-60 m thick and extends from the 85 

surface to about 1000 m depth, whereas the deep ore forms a 300-400 m wide and 200-300 m thick 86 

“potato”-shaped sulphide body between about 1000 m and 1400 m depths. Regarding valuable metals, 87 

the ore contain on average 0.92% Cu, 2.45% Zn, 37.4% S, 0.4 g/t Au and 14 g/t Ag [9]. The ore is 88 

characterised by massive pyrite and subordinate amounts of sphalerite, chalcopyrite, pyrrhotite, 89 

dolomite, calcite and baryte. There also occur minor amounts of arsenopyrite, bournonite, electrum, 90 

galena, gold, hessite, jordanite, magnetite, marcasite, molybdenite, seligmannite and tetrahedrite. 91 

A major proportion of the ore occurs within the domain of hydrothermally altered Rhyolite B 92 

unit that extends to more than 1 km depth [9]. The altered rock types are mainly in the form of sericite 93 

schist and cordierite-anthophyllite rock. The present metamorphic mineral assemblages of this rock 94 

type are dominated by muscovite, cordierite, quartz, biotite and baryte. Radioactive minerals are not 95 

part of the alteration or metamorphic mineral assemblages or at least are exceedingly rare. Other wall 96 

rocks of the ore include mica schist, felsic tuff, tholeiitic basalt, dolomitic marble and late unaltered 97 

mafic dykes. In addition, there occur voluminous pink, red and light grey pegmatite dykes near the 98 

eastern tectonised contact of the deposit, especially alongside the deep ore. Drill hole data from depths 99 

greater than 1400 m indicate that the bedrock underneath the deep ore is dominated by a mafic 100 

volcanic rock with interlayers of felsic volcanic rocks, pegmatite, tonalite and skarn [10]. Table 1 101 

summarises the mineralogical compositions and typical density ranges of the main rock types in the 102 

Pyhäsalmi mine. 103 

 104 

Table 1. An overview of the mineral components in the region of Pyhäsalmi mine. Only the most important accessory minerals are 105 

included. Most densities are taken from [11]. 106 

Rock/formation Main mineral content Formula 

Felsic volcanic rocks 

(rhyolites) 

~2.72 g/cm³ (all), ~2.71 g/cm³ 

(unaltered), ~2.76 g/cm³ (altered, no 

sulphides), ~ 2.84 g/cm³ (altered, with 

sulphides), ~2.92 g/cm³ (altered 

sericite-quartz schist) 

Quartz SiO2 

Muscovite KAl2(AlSi3O10)(F,OH)2 

Biotite K(Mg,Fe)3(AlSi3O10)(F,OH)2 

Feldspar (albite plagioclase) Na(AlSi3O8) 

Cordierite (Mg,Fe)2Al4Si5O18 

Sillimanite Al2SiO5 

Hornblende (in unaltered varieties) (Ca,Na)2-3(Mg,Fe,Al)5(Al,Si)8O22 

(OH,F)2 

+ occasionally some sulphides  



Mafic volcanic rocks 

(basalts) 

~2.92 g/cm³ (all), ~2.94 g/cm³ 

(unaltered), ~ 2.85 g/cm³ (altered, no 

sulphides), ~ 3.14 g/cm³ (altered, with 

sulphides) 

Orthoamphibole (anthophyllite) (Mg,Fe)2(Mg,Fe)5Si8O22(OH)2 

Biotite K(Mg,Fe)3(AlSi3O10)(F,OH)2 

Cordierite (Mg,Fe)2Al4Si5O18 

Garnet X3Z2(SiO4)3, wherein X = Mg, Ca, 

Fe(II), Mn(II), etc., and Z = Al, 

Fe(III), Cr(III), V(III), etc. 

Sillimanite Al2SiO5 

Plagioclase Ca(Al2Si2O8) 

Quartz SiO2 

+ occasionally some sulphides  

Pegmatite 

~2.68 g/cm³ 

Potassium feldspar KAlSi3O8 

Quartz SiO2 

Sulphide ore (VMS) 

~3.49 to 4.55 g/cm³ 

Pyrite (most voluminous main mineral) FeS2 

Sphalerite (main mineral) ZnS 

Chalcopyrite (main mineral) CuFeS2 

Pyrrhotite (main mineral) Fe1-xS, wherein x = 0 to 0.17 

Dolomite (main mineral) CaMg(CO3)2 

Calcite (main mineral) CaCO3 

Sericite KAl2(AlSi3O10)(OH)2 

Baryte (main mineral) BaSO4 

Arsenopyrite (accessory mineral) FeAsS 

Bournonite (accessory mineral) PbCuSbS3 

Galena (accessory mineral) PbS 

Magnetite (accessory mineral) Fe3O4 

Molybdenite (accessory mineral) MoS2 

 107 

From various rock types in Pyhäsalmi, rhyolites, felsic tuffs and pegmatite dykes are most 108 

likely the primary sources of radioactivity in the mine, although it is worth noting that also skarns may 109 

contribute. From these rock types, pegmatite dykes are way more likely to contain radioactive 110 

minerals than the other three rock types. These assessments are based on common geochemical 111 

fractionation and other typical geological processes that favour enrichment of radioactive elements to 112 

such rock types while depressing their enrichment in the other rock types in the area. To the best of 113 

our knowledge, the only radioactive minerals occurring in the mine are zircon (ZrSiO4) and titanite 114 

(CaTiSiO5). Zircons are commonly slightly radioactive due to the trace amounts of U and Th, whereas 115 

uranium concentration in titanite is usually rather high, between 100 and 1000 ppm. However, due to 116 

the lack of detailed mineralogical investigations on pegmatites, one cannot be sure that zircon and 117 

titanite are the only radioactive minerals in Pyhäsalmi. It is also possible that some parts of some of 118 

the pegmatite dykes contain greater amounts of radioactive minerals than so far documented (e.g. in 119 

small few centimetre wide pockets). 120 

Among the elements constituting minerals in the Pyhäsalmi region, characterised in Table 1, 121 

Al, Fe, Na, Mn, Zn, Cu, Sb and Mo have isotopes with (n,γ) reaction cross-section above 0.1 b [12]. 122 



This means that the activation of neutron-excess radioisotopes could appear even in the presence of a 123 

moderate neutron flux and high contribution of the thermal component of this flux will enhance this 124 

process. From the above-mentioned elements, Na, Mn and Al have only one stable nuclide, therefore it 125 

is quite easy to observe the activation in these cases. Elements like Fe, Zn, and Mo have stable 126 

consecutive isotopes, which means the neutron capture on these elements does not result in the 127 

production of a radionuclide. The products of neutron activation are mostly β
—

radioactive; however, 128 

annihilation photons might also occur, since 
65

Zn, 
64

Cu and 
122

Sb are positron emitters. The energies of 129 

decay gamma rays, for which 
28

Al, 
59

Fe, 
24

Na, 
56

Mn, 
65

Zn, 
64,66

Cu, 
122,124

Sb and 
99,101

Mo activated 130 

radionuclides are the sources, cover the range from 81 keV (
101

Mo) to 2754 keV (
24

Na) [12]. The main 131 

admixtures found in the rock types from the Pyhäsalmi mine are Ag, Au, As, Bi, Ni, Co. Among them, 132 

activation of 
198

Au and 
60

Co is the most common, which is followed by the emission of decay gamma 133 

rays of 412 keV and 1173+1332 keV, respectively [12]. 134 

Callio Lab, Finland, consists of four underground research facilities, Lab 1-4, presented in Fig. 135 

1. The facilities vary from old tunnels refurbished for re-use activities to tunnels constructed specially 136 

for the research. The measurements for this report were conducted in Lab 2 of Callio Lab. It is located 137 

at a depth of 1436 m in the Pyhäsalmi Mine, and it consists of two halls, an entrance hall (~700 m
3
) – 138 

Hall 1, and an experimental hall of 120 m
2
 (~1000 m

3
) – Hall 2 (see Fig. 1 and 2a). The air to the 139 

experimental hall is blown from the elevator shaft through ventilation pipes with an air influx of 10 140 

m
3
/s prior to the air filtration unit. This is done for the supply of fresh air and also for mitigating the 141 

radon level. The background radiation measurements were conducted at several measuring points 142 

(MPs), and samples were collected from several drillholes or equivalent locations both inside and 143 

adjacent to the aforementioned halls and outside the entrance hall. 144 

 145 



   146 

Figure 1. Pyhäsalmi mine layout with the locations of the laboratories and QR code to the SketchUp of the 3D model. Lab 1 – 75 m 147 

below the ground, Lab 2 – 1436 m, Lab 3 – 990 m and Lab 4 – 660 m, Lab 5 – 1410 m, Lab X – 400 m, Main level office – intelligent 148 

lighting pilot. More details could be found at: calliolab.com 149 

 150 

From the geological point of view, both of the halls of Lab 2 are located within a body of rock 151 

dominated by mafic volcanic rocks and subordinate pegmatite and felsic volcanic rocks [13]. The 152 

walls have been covered with 5-10 cm thickness of shotcrete, a fast-drying sprayable concrete to 153 

ensure rock stability together with rock bolts. The used shotcrete contains up to 30 % of furnace slag, a 154 

waste material of the iron industry. Depending on the source and patch the furnace slag concentrations 155 

for 
40

K, 
226

Ra and 
232

Th are up to 140 ± 11 Bq/kg, 160 ± 32 Bq/kg, 240 ± 19 Bq/kg, respectively [14], 156 

as determined by the laboratory of Finnish Nuclear Safety Authority. 157 

 158 

2. Equipment and Methods 159 

The main measuring location was chosen near the far right corner of the experimental hall 160 

(Hall 2, MP 1 in Fig. 2) in Lab 2. The Hall 2 cavern (9 m high, 15 m long and 8 m wide) drilled in the 161 

granite bedrock with a volcanic sulphide deposit is coated with a layer of shotcrete. An in-situ gamma-162 

ray high-purity germanium (HPGe) semiconductor spectrometer, a RAD7 electronic radon detector 163 

(Durridge Company, Inc.), a neutron helium proportional counters were used. Additionally, rock and 164 

water samples collected in and outside the Lab 2 were analysed using liquid scintillation α∕β counting 165 

(LSC), alpha and gamma spectrometry techniques. 48-hour in-situ gamma spectrometry and 45-hour 166 

neutron flux measurements were performed in the MP1 Hall 2 in Lab 2. The samples of rock, concrete 167 

from the wall and water gathered from the boreholes exiting the were collected for the laboratory 168 

LAB 1

LAB 3LAB 4

LAB X: Level 400

Main level

LAB 5

LAB 2



PH102

PH103

PH104

PH-2229

TIMO SHAFT

MP1

MP2

FLOOR

Shotcrete, left

Shotcrete, right

DOORS

analysis. Additionally, two more measurement locations (MP 2 and MP 3 in Fig. 2) have been selected 169 

at the central points of Hall 2 and Hall 1. In each measuring point (MP1 – MP3), the registration of the 170 

gamma-ray spectrum was accompanied by the 24-h measurement of in-air radon concentration. This 171 

procedure allows the recognizing of the sources of radon origin (ventilation ducts and the emanation 172 

from the rock as the product of radium decay) and contribution of each of them. A water sample and 173 

radon measurement were also acquired from the location outside the entrance to Lab 2 (see: Fig. 2f) 174 

for comparison purposes. 175 

 176 

(a)    (f) 177 

Figure 2. Experimental setup: (a) the scheme of Lab 2 (not in scale) with measuring points (MPs) and pictures of detectors’ 178 

positions: (b) helium counters between the wall and MP1, (c) HPGe spectrometer in MP1, (d) HPGe spectrometer and RAD7 179 

monitor in MP2, (e) HPGe spectrometer in MP3 positioned in Hall 1 (entrance hall shown in Fig. 1), (f) the layout of Level 1436 m in 180 

Pyhäsalmi mine. 181 

 182 

2.1 In-situ gamma spectrometry 183 

Equipment for in-situ gamma spectrometry measurements consisted of: 184 

- liquid nitrogen cooled semiconductor HPGe detector GR4020-7935-7F-RDC-4 (Canberra 185 

Industries, Inc.) having: 40% nominal efficiency, 0.6 mm carbon composite entrance window, 186 

resolution of 2.1 keV FWHM at 1.33 MeV 
60

Co line and the peak-to-Compton ratio of 57/1, 187 

- InSpector 2000
TM

 multichannel (8194 channels) analyzer (Canberra Industries, Inc.), 188 

- Genie
TM

 2000 v.3.2.1 acquisition and analysis software (Canberra Industries, Inc.). 189 

The measuring range of this detector covers energies from about 7 keV to 3.15 MeV when applying a 190 

total spectrometric gain of 5.0. The HPGe detector was oriented horizontally and placed 1 m above the 191 

(b)                                        (c) 

 

 

 

(d)                                        (e) 



concrete-coated floor on a table, as presented in Fig. 2. Energy calibration (covering the range of 14 – 192 

2506 keV) was performed using a set of sealed radioactive sources (1 cm in diameter and about 10 193 

kBq activity): 
133

Ba, 
137

Cs, 
54

Mn, 
57

Co, 
109

Cd, 
22

Na and 
60

Co. Identification of in-situ registered 194 

radioisotopes was based on the photopeaks’ energies. Radioisotopes recognized on registered spectra 195 

subsequently underwent quantitative analysis using detection efficiency calibration performed with the 196 

use of a geometry of room/box with internal surface contamination, modelled in Geometry Composer 197 

software (Canberra Industries, Inc.), applying ISOCS
TM

 software (Canberra Industries, Inc.) and 198 

monoenergetic photons covering the energy range of 10 – 3300 keV (an adequate measuring range). 199 

Subsequently, the calibration functions were fitted to each geometry (1. inside Hall 2 and 2. inside 200 

Hall 1) in the form of 5
th
 order polynomial 201 

ln(ε) = a + b·ln(E) + c·ln(E)
2
 + d·ln(E)

3
 + e·ln(E)

4
 + f·ln(E)

5
.   (1) 202 

The positioning of the detector, as well as the dimensions of each hall, were taken into account. 203 

Monoenergetic photon flux density was calculated from the photopeak areas employing detection 204 

efficiency curve ε(E), taking into account Ge crystal surface area (SGe) and lifetime of spectrum 205 

acquisition (LT): 206 

     
     sLTcmSE

EareanetPeak
scmE

Ge 
 

2

12 __

 .     (2)

 207 

The uncertainty assessment was based on 10% average uncertainty of efficiency value (given in Genie 208 

2000
TM

 software) and photopeak area uncertainty obtained during the procedure of automatic peak 209 

searching and fitting, performed in Genie 2000
TM

 software, using an unidentified second differential 210 

and non-linear least-squares fit. These two main sources of final photon flux density error have been 211 

treated as independent from each other. 212 

Subsequently, apparent radioactivity at a point of measurement (A [Bq/cm
2
]) of each radionuclide 213 

recognized on the registered spectra was calculated taking into account photon flux density, obtained 214 

previously, and quantum efficiency of emission of photons with a given energy during radioactive 215 

decay (taken from Tables of Isotopes [12]). The final activity of each radioisotope was calculated as an 216 

average over activities obtained on the base of a single flux density of monoenergetic photons (given 217 

photopeak area on the spectrum). The discrepancy between elemental results obtained in such a way 218 

has been expressed as the standard deviation of the mean value. 219 

The effective dose rate at each point of measurements was assessed on the base of monoenergetic 220 

photon flux density (calculated previously), using conversion coefficients for ISO geometry taken 221 

from [15]. The conversion coefficients for exact energies of registered photons were obtained using 222 

Lagrange interpolation formula of 3
rd

 degree (4-point), on the base of the values given therein for 223 

discrete monoenergetic photons from the range 0.01 – 10 000 MeV. The results were subsequently 224 

grouped according to the radioisotopes emitting monoenergetic photons under study. The uncertainty 225 

assessment was based on 10% uncertainty of conversion coefficients (stated in ICRP report [15]), and 226 



uncertainty of photon flux density described previously. These two main sources of final effective 227 

dose rate error have been treated as independent from each other. 228 

 229 

2.2 α/β and  laboratory spectrometry techniques 230 

 Nine rock samples collected in several points in Lab 2 and its surroundings (see: Fig. 2f) were 231 

prepared for laboratory gamma and alpha spectrometry analysis. Three samples were taken from rocks 232 

50 m before the entrance to Lab 2 (from both sides of the corridor): PH-104 and PH-500907 (right 233 

side), PH-2229 (left side). Additional sample (PH-250907) was taken from the right side wall about 25 234 

m from the door to Lab 2. This was done to investigate the homogeneity of radionuclide distribution in 235 

the rocks in the closest nearby of Lab 2. Samples collected in Hall 2 of Lab 2 contain concrete from 236 

wall coverage and wall material itself (PH-102 and PH-103). All rock samples were obtained by 237 

drilling from the first 10 m of the rocks. Collected samples were dried, crushed and homogenized. The 238 

gamma spectrometry measurements were carried out in polyethylene containers where samples were 239 

sealed for a month in order to obtain secular equilibrium in the uranium and thorium series. The 240 

measurements were performed with HPGe detectors having relative efficiencies from 25% to 37%. 241 

The acquisition and analysis of the spectra were performed with the use of Genie 2000
TM

 software. 242 

The energy calibration and activity concentrations of analyzed isotopes were obtained based on IAEA-243 

RGTh-1, IAEA-RGK-1, IAEA RGU-1 reference materials. The activity concentration of 
226

Ra isotope 244 

was calculated as the weighted mean of the activities of 
214

Pb (295.2, 351.9 keV) and 
214

Bi (609.3, 245 

1120.3 keV), 
232

Th (
228

Ra) from 
228

Ac (911.1 keV) and 
212

Pb (238.6 keV), and 
40

K from the 1460.8 246 

keV line. For each sample, a separate sub-sample of a mass equal to about 2 g was prepared for  -247 

 spectrometric measurement. Rock samples were digested in PTFE pressure decomposition vessel. A 248 

microwave unit MAGNUM II (ERTEC-Poland) was used for heating the samples. Samples were 249 

spiked with 
232

U isotope. The wet-mineralization of samples was performed with the use of hot acids: 250 

HF, HNO3, HCl with H3BO3. Uranium was pre-concentrated with iron and co-precipitated with 251 

ammonia at pH 9. The separation of uranium from the other radionuclides was performed with the use 252 

of the anion exchange resin Dowex 1×8 (Cl
–
 type, 200-400 mesh) based on the procedure described in 253 

[16]. A thin α source was prepared from uranium fraction by coprecipitation with NdF3 and filtration. 254 

The measurements of 
234,238

U isotopes were performed with the use of α – spectrometer 7401VR 255 

(Canberra – Packard) equipped with a passivated implanted planar silicon detector with a surface area 256 

of 300 mm
2
. Minimum detectable activity (MDA) was equal to 0.4 mBq per sample for both 

234,238
U 257 

isotopes. 258 

 Three water samples were collected for the analysis of 
226,228

Ra and 
234,238

U isotopes. Two 259 

samples (PH-102 and PH-103) were taken from two separate pipes which collect the water seeping 260 

through the rocks behind Hall 2 of Lab 2, and the third sample (PH-500907) was collected directly 261 

from the rock outside Lab 2 in its nearby (~50 m before it). Samples straight after collection were 262 

acidified in order to avoid radionuclide precipitation as well as adsorption on the walls of the 263 



containers. For uranium analysis, water samples were spiked with 
232

U isotope of known activity. The 264 

separation of U was performed with the use of the anion exchange resin according to the same 265 

procedure as described for rock samples. For both 
234,238

U isotopes, MDA was equal to 0.5 mBq/L and 266 

0.5 L of the water initial sample volume. The chemical analysis of 
226,228

Ra isotopes in investigated 267 

waters was based on the Polish Norm PN–89 Z–70072 (1989) [17]. The measurements with 1414 Win 268 

Spectral / LSC counter were performed once per day with 1 hour counting time for a period of one 269 

month. MDA was equal to 10 mBq/L and 30 mBq/L for 
226

Ra and 
228

Ra, respectively, for 1 h counting 270 

time and 2 L of water initial sample volume. The details about the applied spectrometry techniques are 271 

described elsewhere, e.g. [18,19]. 272 

 273 

2.3 Neutron flux measurements 274 

The neutron detection setup used in the presented study was placed in the far right corner of 275 

Hall 2 in Lab 2 (Fig. 2). It consisted of ten bare ZDAJ NEM425A50 helium proportional counters 276 

(Fig. 2b), filled with 
3
He at 4 atm, which are sensitive mainly to the thermal neutrons. Compared to the 277 

previous measurements [18] done in Freiberg within the BSUIN project, the number of helium 278 

counters was expanded. Counters were set in a flat vertical tray located parallel to the wall of the Hall 279 

2, about 1 m away from it. Each counter is 50 cm long, has 2.5 cm in diameter, has its own 280 

independent electronics mounted in a brass tube, powered and controlled by the main PC via USB 281 

cable, i.e. is an independent, self-triggered measuring device. The operation method of this hardware 282 

was similar to that used previously in Freiberg [18], i.e. for each neutron event, the oscilloscope-like 283 

waveform was recorded, but the electronics were upgraded. The sampling rate was decreased to 1 284 

MHz, but the length of the recorded wave-form could be remotely controlled and adjusted in a very 285 

wide range up to 10 000 samples. Remote control of the trigger level, the choice of one from a four 286 

predefined trigger position on the waveforms, and an analogue input amplifier gain have also been 287 

added. It was also possible to remotely upgrade the firmware of the device via an internet connection. 288 

The purpose of these improvements was the better adaptation of the measuring setup to the long-term 289 

remote-controlled operation. The features of the detection setup described above were useful during 290 

the calibration and adjustment of helium counters. During the measurements, the 50 samples 291 

waveforms (50 µs) were recorded, i.e. 20 samples before and 30 samples after the trigger (see: Fig. 292 

3a). The data collection was 45.4 h due to relatively high counting rate. The analysis of the waveform 293 

shape (see: Fig. 3b) was used to reject non-neutron events occurring in helium counters. Such a signal 294 

has a rise time shorter than a neutron event. 295 

The neutron signature in this kind of detectors is formed due to 
3
He(n,p)

3
H reaction, in which 296 

764 keV of energy is released. The cross-section of this reaction is inversely proportional to the 297 

neutron energy, therefore only the thermal component of neutron flux could be measured efficiently 298 

with this method. The detailed characteristic of this detection setup is described elsewhere [18,20]. 299 

The characteristic structure of the helium counter spectrum is shown in Fig. 3c. On the ADC spectrum 300 



also wall effect (connected with the escape of a part of the energy from the 
3
He-n reaction) and alpha 301 

particle events from internal impurities of the counter body are also observed. The frequency of alpha 302 

particle interaction with 
3
He in ZDAJ counters is about 3.2/h, and as a well-known effect could be 303 

used as an internal calibration source during low-rate neutron flux measurements. To determine the 304 

counting rate of neutron events, the pulse-shape analysis for each helium counter was applied. The cut-305 

off threshold was based on the analysis of the maximal change in the signal during a rise time referred 306 

to the maximum amplitude of this signal (Fig. 3b). The effect of applying the cut-off threshold on the 307 

spectrum registered by helium counter is shown in Fig. 3c. Subsequently, for neutron events extracted 308 

from the spectrum of signal maximum amplitudes, a distribution of neutron counts over time was 309 

plotted separately for each helium counter. Then, the thermal neutron count rate was averaged over all 310 

detectors used, and the uncertainty of this result is a standard deviation of the mean value. 311 

 312 

(a)    (b)  313 

(c)    314 

Figure 3. (a) An example of a single neutron event registration: oscilloscope like waveforms with 20 samples before and 30 samples 315 

after the trigger. (b) 2D histogram of the exclusion and inclusion regions of the pulse-shape analysis of neutron events. (c) The 316 

spectrum of signal maximum amplitudes registered in the helium counter: dashed line – without cut-off, solid line – with cut-off 317 

applied; around 115 ADC (764 keV) – deposition of a full energy of neutron interaction, 28 – 115 ADC (191 – 764 keV) – the “wall 318 

effect”, 150 – 200 ADC alpha particle signal. 319 

 320 

3. Results 321 

In-situ gamma-ray spectrum presented in Fig. 4 was registered for 48 h during neutron flux 322 

measurements. The portable HPGe detector was placed in MP 1 (see: Fig. 2), a point located close to 323 

the detection setup for neutron flux investigations. Applying long counting time (from Saturday to 324 

Monday), allowed for the registration of both, the primary peaks with low statistical uncertainty, and 325 

low-intensity gamma rays, which are not often visible in underground locations. The summation lines 326 

in the high energy region (2650–3150 keV) and the characteristic X-rays for bismuth and lead are also 327 



visible. These phenomena are a clear evidence of high 
214

Bi concentration originating from 
238

U 328 

isotope as a precursor of the uranium series. 329 

The concentration of 
222

Rn presented together with 2σ statistical uncertainty has been 330 

determined using RAD7 air-analyser. In MP1 it equals to 213.3 Bq/m
3
 ± 11%, whereas 251.3 Bq/m

3
 ± 331 

11% was measured in MP2 and 270.4 Bq/m
3
 ± 10% in MP3. The measurements lasted 24 – 48 h with 332 

1-h sampling time and did not show any time-dependent structure. These findings are consistent with 333 

the previous in-air radon concentration measurements of 50 – 300 Bq/m
3
 in the mine including the 334 

Hall 2 in Callio Lab 2 [14]. For comparison, the value of 233.3 Bq/m
3
 ± 11% was measured in 335 

additional point outside the lab (near the point of a collection of a water sample). This suggests that 336 

concrete-coating of rock inside the Callio Lab 2 do not influence much the radon concentration. 337 

Comparing to the radon concentration in dwellings determined in indoor surveys given by UNSCEAR 338 

[21] as an arithmetic mean, which equals to 120 Bq/m
3
 in Finland, at a depth of 1436 m in the 339 

Pyhäsalmi mine a two-fold increase in radon concentration is observed. The presence of 
226

Ra line at 340 

the in-situ gamma-ray spectrum suggests that radon is not only transported with ventilation air but also 341 

originates from the uranium decay chain of radioisotopes incorporated in the rock. Typically radon 342 

concentration in the open air is 10 – 20 Bq/m
3
, whereas in worldwide underground laboratories it was 343 

determined at the level of 33 – 120 Bq/m
3
, except for Soudan UL, where seasonal variations between 344 

300 and 700 Bq/m
3
 were observed [2]. 345 



 346 

Figure 4. In-situ gamma-ray spectrum registered in the Hall 2 (MP 1) by the portable HPGe spectrometer within a 48-hour period. 347 

The main peaks are described. The presence of the escape peaks as well as the summation peaks indicates a relatively high level of 348 

radioactivity. The contribution to the effective dose of each radioisotope is presented in Table 2 together with detailed characteristics 349 

of count rates in particular spectral lines. 350 

 351 

3.1 Quantitative analysis of the gamma-ray spectrum 352 

The integral count rate on the spectrum up to 2700 keV equals to 654 ± 26 s
-1

 at the location of 353 

neutron flux investigation (MP1), whereas in MP2 and MP3 the values of 673 ± 26 s
-1

 and 517 ± 23 s
-354 

1
, respectively, were found. In other underground locations investigated previously it varies from 1.85 355 

± 0.02 s
-1

 in deep salt-rock location [22] through 107.86 ± 0.04 s
-1

 in deep calcschist-rock formation 356 

[23] to 371.50 ± 0.05 s
-1

 in shallow gneiss formation [18]. The photon flux density, assessed on the 357 

base of full-energy peaks, in MP 1 is 12.7 ± 1.5 cm
-2

s
-1

, and the total spectrum continuum (the total 358 

spectrum without full-energy peaks), which contains the contribution of the photons scattered inside 359 

the detector and the electromagnetic avalanche from the cosmic rays and their secondaries, is equal to 360 

110.1 ± 12.4 cm
-2

s
-1

. For comparison purposes, the photon flux density in MP2 is 9.5 ± 1.3 cm
-2

s
-1

 361 

and in MP3 is 5.5 ± 1.4 cm
-2

s
-1

, showing the walls as a primary gamma radiation source. These values 362 

are basically one order of magnitude higher than typical for the deep ULs, i.e. for locations deeper 363 



than ~100 m photon flux depends on the local geology and typical values are of the order of 1 cm
-2

s
-1 364 

[3]. For instance, photon flux of 1.23 ± 0.17 cm
-2

s
-1

 is reported in LSC Canfranc [24], of 1.9 ± 0.4 cm
-365 

2
s

-1
 in SURF Dakota [25], 2.16 ± 0.06 cm

-2
s

-1
 below 1300 m in Sanford Lab [26], 0.128 cm

-2
s

-1
 in 366 

Boulby [27], 0.301 – 0.622 cm
-2

s
-1

 in Modane [23], whereas in LNGS values of 0.25 – 1 cm
-2

s
-1 

are 367 

reported [28, 29]. 368 

The apparent activity of radionuclides, i.e. the radioactivity of isotopes incorporated in the 369 

wall materials (rocks and concrete coating), as seen by the spectrometer placed in the free air of the 370 

experimental hall (taking into account the gamma-ray absorption in the wall materials itself as well as 371 

the inverse square law factor) is at the level of 59 ± 17 Bq/cm
2
 with the 51% contribution of 

40
K, 21% 372 

of actinium series radionuclides, 18% of uranium-series radioisotopes and 10% of thorium decay chain 373 

nuclides. As concluded from previous studies at other underground localizations [18,30], the 374 

significant contribution to the measured signal from thorium series radionuclides is connected with the 375 

internal impurities of detection setup. The energies of radioisotopes recognized on the spectrum 376 

registered by 48-h in MP 1, count rate in each gamma line and radionuclides’ contribution to the 377 

effective dose are presented in Table 2. The total effective dose was assessed at 0.158 ± 0.029 µSv/h 378 

in MP 1, 0.160 ± 0.032 µSv/h in MP 2 and 0.071 ± 0.007 µSv/h in MP 3. That means, the vicinity of 379 

the concrete-coated wall influences the estimation of radiation hazard. 380 

 381 

Table 2. Counts per second of naturally occurring radionuclides as seen on the spectrum registered by the portable HPGe 382 

spectrometer and presented in Fig. 4, and their contribution to the effective dose in the point of measurement (MP 1). 383 

Isotope  

(effective dose rate 

×10-3 µSv/h) 

Energy 

[keV] 

Counts per 

second (cps) 

Isotope  

(effective dose rate 

×10-3 µSv/h) 

Energy 

[keV] 

Counts per 

second (cps) 

Thorium decay chain K-40 (55.05 ± 7.79) 1460.8 5.702 ± 0.006 

Tl-208 

(34.76 ± 0.40) 

211.4 0.038 ± 0.008 Uranium decay chain 

233.4 0.050 ± 0.004 Ra-226 (0.14 ± 0.01) 186.1 0.589 ± 0.011 

252.6 0.022 ± 0.004 Th-234 

(0.07 ± 0.01) 

63.3 0.084 ± 0.016 

277.3 0.161 ± 0.004 92.6 0.596 ± 0.008 

510.8 0.739 ± 0.005 Pa-234 (0.18 ± 0.03) 1001.0 0.035 ± 0.002 

583.2 1.582 ± 0.005 Pb-214 (3.73 ± 0.68) 242.0 0.893 ± 0.005 

763.1 0.026 ± 0.001 274.5 0.029 ± 0.003 

860.6 0.203 ± 0.003 295.2 1.501 ± 0.005 

1093.9 0.013 ± 0.003 351.9 2.712 ± 0.008 

2614.5 1.109 ± 0.003 487.1 0.032 ± 0.002 

Pb-212 

(1.37 ± 0.82) 

115.2 0.062 ± 0.015 533.7 0.011 ± 0.004 

238.6 3.280 ± 0.006 785.9 0.113 ± 0.002 

300.1 0.224 ± 0.003 Bi-214 (41.4 ± 16.6) 387.0 0.022 ± 0.002 

Bi-212 

(1.90 ± 0.15) 

288.1 0.012 ± 0.006 389.1 0.032 ± 0.003 

452.8 0.022 ± 0.004 609.3 2.639 ± 0.006 

727.2 0.342 ± 0.002 665.4 0.091 ± 0.002 



893.4 0.016 ± 0.003 697.9 0.004 ± 0.002 

1078.6 0.021 ± 0.001 703.1 0.034 ± 0.002 

1620.5 0.055 ± 0.001 719.9 0.023 ± 0.001 

1806.0 0.0035 ± 0.0002 768.4 0.274 ± 0.002 

Ac-228 

(17.72 ± 2.51) 

99.5 0.127 ± 0.013 806.2 0.068 ± 0.003 

129.1 0.218 ± 0.012 934.1 0.160 ± 0.003 

154.0 0.117 ± 0.010 1052.0 0.018 ± 0.002 

209.2 0.299 ± 0.010 1070.0 0.011 ± 0.001 

270.2 0.300 ± 0.004 1120.3 0.735 ± 0.004 

321.6 0.016 ± 0.005 1133.7 0.008 ± 0.002 

327.6 0.195 ± 0.003 1155.2 0.088 ± 0.003 

332.4 0.016 ± 0.003 1207.7 0.021 ± 0.003 

338.3 0.731 ± 0.004 1238.1 0.297 ± 0.002 

409.5 0.119 ± 0.003 1281.0 0.065 ± 0.002 

463.0 0.276 ± 0.005 1377.7 0.187 ± 0.001 

478.3 0.030 ± 0.002 1385.3 0.040 ± 0.001 

562.5 0.043 ± 0.004 1401.5 0.063 ± 0.001 

674.6 0.007 ± 0.003 1408.0 0.112 ± 0.001 

707.4 0.012 ± 0.002 1509.2 0.095 ± 0.001 

755.3 0.050 ± 0.002 1538.5 0.019 ± 0.001 

772.3 0.073 ± 0.002 1543.3 0.013 ± 0.001 

782.1 0.021 ± 0.001 1583.2 0.0339 ± 0.0004 

794.9 0.211 ± 0.004 1599.3 0.0146 ± 0.0003 

830.5 0.031 ± 0.001 1661.3 0.046 ± 0.001 

835.7 0.083 ± 0.002 1684.0 0.011 ± 0.001 

840.4 0.073 ± 0.002 1729.6 0.127 ± 0.001 

904.2 0.036 ± 0.001 1764.5 0.683 ± 0.002 

911.2 1.218 ± 0.003 1838.4 0.014 ± 0.001 

958.6 0.009 ± 0.001 1847.4 0.088 ± 0.001 

964.8 0.244 ± 0.002 1873.2 0.009 ± .0.001 

969.0 0.727 ± 0.002 1896.3 0.009 ± 0.001 

988.4 0.011 ± 0.002 2052.9 0.003 ± 0.001 

1110.6 0.014 ± 0.002 2110.0 0.0044 ± 0.0005 

1247.1 0.016 ± 0.001 2118.5 0.050 ± 0.001 

1495.9 0.034 ± 0.001 2204.2 0.207 ± 0.002 

1501.6 0.016 ± 0.001 2293.4 0.013 ± 0.001 

1557.1 0.007 ± 0.001 2447.9 0.062 ± 0.001 

1580.5 0.0220 ± 0.004 Characteristic X-rays (0.70 ± 0.10) 

1588.2 0.131 ± 0.001 Pb – Kα1 75.0 1.870 ± 0.009 

1625.0 0.011 ± 0.001 Pb – Kβ1 84.9 0.658 ± 0.008 

1630.6 0.063 ± 0.001 Bi – Kα1 77.1 2.514 ± 0.010 

1638.3 0.020 ± 0.001 Bi – Kβ1 87.3 1.244 ± 0.008 

1666.5 0.0055 ± 0.0005 Tl – Kβ1 82.6 0.266 ± 0.008 



1887.1 0.007 ± 0.001 Ac – Kα1 90.9 0.740 ± 0.008 

Actinium decay chain Th – Kβ1 105.6 0.104 ± 0.014 

Pb-211 (0.014 ± 0.004) 404.9 0.013 ± 0.002    

U-237 (0.050 ± 0.009) 33.2 0.079 ± 0.008    

164.6 0.032 ± 0.012    

267.5 0.073 ± 0.005    

Ra-223 (0.009 ± 0.001) 144.2 0.057 ± 0.013    

U-239 (0.094 ± 0.004) 662.2 0.037 ± 0.002    

 384 

3.2 Ratio of K-40/Bi-214 385 

As in the previous paper describing radiation environment at TU Bergakademie in Freiberg 386 

[18] the ratio of count rates under the peaks of 1460.8 keV and 1764.5 keV from 
40

K and 
214

Bi, 387 

respectively, was assessed. The values of 8.35 ± 0.01, 8.18 ± 0.01 and 11.91 ± 0.04 for Callio Lab 2 388 

MP 1, MP 2 and MP 3, respectively, are higher than the values reported for other deep ULs and are 389 

closer to those from a shallow localization of e.g. Reiche Zeche shaft at TUBAF in Germany [18]. For 390 

example, at the Sanford Underground Research Facility (SURF) located in a volcanic rock with 391 

rhyolite intrusions in halls covered by a layer of sprayed shotcrete 
40

K/
214

Bi ratio is 8.86 – 9.66 [25]; at 392 

Gran Sasso LNGS laboratory in dolomitic limestone covered by concrete it is 2 – 6.2 depending on the 393 

season [31]; at LSC in Canfranc laboratory in calize rock, which is a calcium carbonate with traces of 394 

quartz, it is 5 [32]; in salt rock surrounded by anhydrite layer it is around 3.3 [22]. From this short 395 

overview, it seems that the combination of volcanic rock and shotcrete wall coverage is responsible for 396 

40
K/ 

214
Bi > 8 for depths greater than 1 km w.e. 397 

 398 

3.3 Radioactivity content in rocks and water 399 

The data from the atlas of the Forum of European Geological Surveys (FOREGS) [33] 400 

concerning uranium, thorium and potassium concentrations in the subsoil of Pyhäsalmi mine region 401 

(63.95 latitude and 26.25 longitude) are the following: 1.12 ppm of U, 4.36 ppm of Th and 1.81% of 402 

K. Hence, the radioactivity concentrations are the following: 13.8 Bq/kg for 
238

U, 17.7 Bq/kg for 
232

Th 403 

and 286 Bq/kg for 
40

K. The activity concentrations of 
226

Ra,
 232

Th, 
40

K obtained from laboratory 404 

gamma spectrometric measurements are presented in Table 3. The concentrations of analyzed isotopes 405 

varied greatly depending on the place of sample collection in Lab 2, and the mean values (average ± 406 

SD) of 45.6 ± 68.5 Bq/kg, 25.3 ± 20.8 Bq/kg and 453.8 ± 339.6 Bq/kg were obtained for 
226

Ra, 
232

Th 407 

and 
40

K, respectively. Since the deviation from sample to sample are large, the average values stated 408 

for the whole mine of 0.8 ppm U and 3.2 ppm Th [14] should not be applied for the prediction of 409 

radiation conditions in studied localization of Callio Lab 2. The results of alpha spectrometry 410 

measurements in rock samples are presented in Table 4. The concentrations varied in the range from 411 

1.4 ± 0.2 Bq/kg to 211 ± 10 Bq/kg and from 1.6 ± 0.2 Bq/kg to 212 ± 10 Bq/kg for 
234,238

U, 412 

respectively. The highest uranium content, calculated based on the uranium concentration, was equal 413 



to 17.08 ± 0.77 ppm. In analyzed samples, 
234

U and 
238

U isotopes are in radioactive secular equilibrium 414 

and 
234

U/
238

U activity ratios, within the estimation of uncertainty, were equal to 1. On the other hand, 415 

226
Ra/

238
U activity ratio varied in a range from 0.70 ± 0.05 to 13.66 ± 2.03, which means, a part of the 416 

rock samples showed disequilibrium between 
238

U and 
226

Ra isotopes. Sometimes building materials 417 

(i.e. cement, bricks) contain industrial wastes and ashes from conventional furnaces. It is known, that 418 

during coal combustion disequilibrium between isotopes from uranium and thorium series may occur 419 

and the same isotopes are portioned between fly and bottom ashes. These findings confirm quite large 420 

differences in the content of concrete used to cover floor and walls, since the natural radioactivity in 421 

floor material was of higher concern during Hall 2 preparation and therefore is at a lower level, 422 

whereas walls were prepared prior to the establishment of the Lab 2 and therefore covered by the 423 

shotcrete with a relatively high content of natural radioactivity at the levels of 140 ± 11 Bq/kg 
40

K, 160 424 

± 32 Bq/kg 
226

Ra and 240 ± 19 Bq/kg 
232

Th [14]. 425 

 426 

Table 3. Radioisotopes activity concentrations as a result of the analysis of rock samples with the use of gamma spectrometry 427 

technique in laboratory conditions. 428 

Sample Activity concentration [Bq/kg] 

226Ra 232Th (228Ra) 40K 

PH-102 19.1 ± 0.8 6.8 ± 0.5 104 ± 10 

Concrete samples of the floor 

material used in Lab 2 

34.9 ± 1.0 23.6 ± 1.1 484 ± 37 

Wall shotcrete, left side of Lab 2 40.2 ± 1.6 53.8 ± 3.1 662 ± 53 

Wall shotcrete, right side of Lab 2 91.0 ± 2.4 34.4 ± 1.5 1136 ± 47 

R-2229 32.7 ± 0.9 8.2 ± 0.4 256 ± 20 

PH-500907 58.0 ± 2.3 46.6 ± 2.4 272 ± 24 

PH-250907 10.6 ± 0.6 3.7 ± 0.4 122 ± 12 

PH-104 8.1 ± 0.4 2.6 ± 0.3 302 ± 24 

PH-103 188.2 ± 5.1 47.8 ± 2.0 746 ± 56 

 429 

Table 4. Radionuclide content in rock samples obtained with the use of alpha spectrometry technique. The results are presented in 430 

terms of uranium activity concentration, uranium content, and 234/238U, 226Ra/238U activity ratios. 431 

Sample 
Radionuclide content 

238U [Bq/kg] 234U [Bq/kg] U [ppm] 234U/238U 226Ra/238U 

PH-102 
1.4 ± 0.2 1.6 ± 0.2 0.11 ± 02 1.14 ± 0.19 13.66 ± 2.03 

Concrete samples of the floor 

material used in Lab2 
25.8 ± 1.6 24.1 ± 1.5 2.17 ± 0.16 0.94 ± 0.10 1.35 ± 0.09 

Wall shotcrete, left side of Lab2 
57.4 ± 3.7 53.9 ± 3.5 4.46 ± 0.30 0.94 ± 0.09 0.70 ± 0.05 

Wall shotcrete, right side of Lab2 
87.1 ± 3.6 89.2 ± 3.7 7.05 ± 0.30 1.02 ± 0.60 1.04 ± 0.05 

R-2229 
11.4 ± 1.4 10.3 ± 1.3 0.93 ± 0.11 0.90 ± 0.15 2.86 ± 0.36 

PH-500907 
4.3 ± 0.5 5.2 ± 0.5 0.53 ± 0.04 1.20 ± 0.17 13.49 ± 1.66 



PH-250907 6.4 ± 0.8 6.9 ± 0.8 0.50 ± 0.04 1.07 ± 0.18 1.66 ± 0.23 

PH-104 
5.8 ± 0.4 6.0 ± 0.4 0.47 ± 0.03 1.03 ± 0.09 1.39 ± 0.12 

PH-103 
211 ± 10 212 ± 10 17.08 ± 0.77 1.00 ± 0.06 0.89 ± 0.05 

 432 

The results of the analysis of uranium and radium in water samples are presented in Table 5. 433 

Two samples, obtained in Hall 2 Lab 2, showed uranium 
238

U concentrations below 0.5 mBq/L. For 434 

water sample collected outside Callio Lab 2 (PH-500907) uranium content is equal to 0.53  0.05 435 

µg/L. This water also showed disequilibrium between 
234,238

U isotopes. Disequilibrium between these 436 

two isotopes in underground water is a common phenomenon and processes responsible for that are 437 

reviewed e.g. in [34]. On the other hand, all water samples showed 
226

Ra, 
228

Ra concentrations above 438 

the limit of detections. This may indicate that there are favorable conditions for water to receive the 439 

radium isotopes from reservoir rocks or rocks are rich in radioactive content. 440 

 441 

Table 5. Activity concentrations of uranium and radium isotopes analyzed in water samples with the use of LSC counter and alpha-442 

spectrometry techniques. 443 

Sample 238U 

[mBq/L] 

234U 

[mBq/L] 

U  

[µg/L] 

238U/234U 226Ra  

[Bq/L] 

228Ra [Bq/L] 

PH-500907 6.5  0.7 11.1  0.9 0.53  0.05 1.70  0.23 54.9  1.3 36.0  2.8 

PH-102 <0.5 4.9  0.7   116.6  2.7 10.7  4.5 

PH-103 <0.5 0.8  0.2   15.1  0.4 6.1  0.9 

 444 

3.4 Qualitative neutron activation analysis 445 

All of 146 spectral lines observed at the spectrum measured in-situ in Callio Lab 2 (MP1) and 446 

shown in Fig. 4, were identified as natural background radiation from natural radioactive chains 447 

(decay gammas and characteristic X-rays) and potassium K-40. Nevertheless, the investigation of the 448 

potential neutron-induced radionuclides was made. Such radioisotopes could be activated if the 449 

neutron flux would be more intense and therefore could affect gamma-energy spectrum and contribute 450 

to the radiation hazard in this localization. A rock sample from the wall of experimental Hall in Lab 2 451 

(Hall 2 in Fig. 2) was irradiated by neutron flux of about 10
5
 n/cm

2
s from a 

252
Cf source for 452 

approximately one month. This means, the neutron flux was 10 orders of magnitude higher than that 453 

measured in MP1. Subsequently, the gamma-ray spectrum of an activated sample was registered using 454 

a HPGe detector, the same laboratory setup as for radioisotopes concentration analysis. As a result of 455 

the neutron capture process (n,γ), secondary decay gamma radiation from 
24

Na, 
28

Al, 
56

Mn, 
46

Sc, 
59

Fe 456 

and 
60

Co was observed. This suggests that potentially neutron-induced gamma radiation originates in 457 

the activated admixtures in the rock of Pyhäsalmi region as well as in one of the main elements (iron 458 

in ferrite). Photon energies are within the range from 847 keV (
56

Mn) to 2754 keV (
24

Na). Among the 459 

activated radionuclides, only scandium is not the main component or metal admixture in rock types of 460 

Pyhäsalmi region, listed in Table 1. However, this element can be found in chalcopyrite, but does not 461 



belong to the common additives. Measurable effect of neutron activation in laboratory conditions 462 

shows a relatively high concentration of scandium in studied rock samples. 463 

The count rates in activation saturation conditions were in the range of 10
-3

 – 10
-1

 s
-1

. Since the 464 

neutron flux during in-situ measurements in MP1 was about 10 orders of magnitude lower than that 465 

used in laboratory conditions, one may expect the count rates at a level of 10
-13

 – 10
-10

 s
-1

 in Hall 2 of 466 

Lab 2 assuming the activation, which contribute to the registered gamma-ray spectrum, occurs at the 467 

first few centimetres of rock, i.e. self-attenuation is negligible. For non-low-background equipment 468 

this is far below the detection limit. However, in low-background experiments it could be not-469 

negligible. 470 

 471 

3.5 Neutron flux results 472 

The calculation of neutron flux was based on the neutron counting rate in each of helium 473 

counters (Tab. 6) and the Monte Carlo simulations of detector response in a known isotropic thermal 474 

neutron flux. GEANT4 version 10.04 with QGSP_BERT_HP and Neutron HP Thermal Scattering 475 

packages was used. The coefficient as a ratio of simulated response of the detector (counting rate) and 476 

simulated neutron flux was then applied as the detection efficiency coming from the computer 477 

simulations, to convert the value of measured neutron counting rate (Fig. 5a) to neutron flux density [s
-478 

1
cm

-2
] (Fig. 5b). The distribution of neutron events over measuring time, as exemplary presented in 479 

Fig. 5a, showed good stability of the signal for each of helium counter. 480 

 481 

(a)     (b)    482 

Figure 5. (a) Exemplary distribution of neutron events over measuring time as seen by a single helium counter and (b) distribution of 483 

thermal neutron flux for the entire detection setup.  484 

 485 

The final thermal component of neutron flux was (1.73 ± 0.10) × 10
-5

 cm
-2

s
-1

, obtained as the average 486 

from the results for each helium counter, as presented in Table 6. This value is higher than for any 487 

other location studied using the ZDAJ detection setup, as presented in Table 7. 488 

 489 

Table 6. Neutron count rate as seen by each of helium counters and the corresponding neutron flux. The uncertainties are the result 490 

of the precision of fitting linear functions to the distributions of counts over time. Detector number is determined by the counter 491 

position in a tray (see: Fig. 2b). The result from detector #3 was not taken into account as the counter became damaged during 492 

measurements. 493 



Detector number Neutron count rate per 1 hour Neutron flux ×10-5 [cm-2s-1] 

1 13.9 ± 0.5 1.62 ± 0.06 

2 14.8 ± 0.5 1.73 ± 0.06 

3 breakdown — 

4 14.4 ± 0.5 1.68 ± 0.06 

5 14.8 ± 0.5 1.73 ± 0.06 

6 14.5 ± 0.5 1.70 ± 0.06 

7 15.4 ± 0.6 1.80 ± 0.06 

8 14.4 ± 0.5 1.68 ± 0.06 

9 14.0 ± 0.5 1.64 ± 0.06 

10 16.8 ± 0.6 1.96 ± 0.08 

 494 

The previous investigations of the neutron flux at the level of 1410 m in Pyhäsalmi mine [35] 495 

gives the results of (42.2 ± 5.0) × 10
-7

 cm
-2

s
-1

, (16.8 ± 5.8) × 10
-7

 cm
-2

s
-1

 and <1.6 × 10
-7

  cm
-2

s
-1

 for 496 

energy regions of <1.5 MeV (including thermal neutrons also measured in presented study), 1.5 – 12 497 

MeV (fast neutrons produced in (α,n) reactions) and >12 MeV (muon-induced neutrons). In deep 498 

underground locations, the primary mechanism of neutron production is (α,n) reaction, followed by 499 

fission process, and muon-induced neutrons are of minor importance due to decreasing of muon 500 

intensity at large in-rock depths. Therefore, the originated neutron spectrum is peaked around 1 – 2 501 

MeV. However, in-cavern measurement influences on neutron spectrum to a large extent since a 502 

significant thermal component of neutron flux occurs. Some investigations demonstrate that the 503 

component below ~1.5 MeV might have up to about 70% contribution in a total neutron flux in deep 504 

underground locations [35,36]. The results presented here, in comparison with that, reported earlier for 505 

Pyhäsalmi mine [35] (localization different than Lab 2) confirms these findings since the thermal 506 

neutron flux component measured in the vicinity of the concrete-coated wall is about 75% higher than 507 

neutron flux with E < 1.5 MeV obtained at similar depth in this mine [35] but for different measuring 508 

point surroundings. Large differences in obtainable results are also pointed out by other investigators 509 

[26,36,37] paying attention mostly to the uranium and thorium concentration in materials surrounding 510 

the experimental hall. Also, the vicinity of walls coated with concrete (hall dimensions) are mentioned 511 

as a factor increasing the low-energy component of neutron flux [38]. 512 

 513 

Table 7. Comparison of thermal neutron flux measurement performed using ZDAJ helium counters setup in different European 514 

underground locations. 515 

Location Depth Surrounding rocks Thermal neutron flux ×10-6 

[cm-2s-1] 

Gran Sasso, Italy [39] 1400 m (3800 m w.e.) limestone 0.56 ± 0.23 

Slanic Prahova, Romania [39] 208 m (600 m w.e.) salt 0.12 ± 0.05 

Freiberg, Germany [18] 150 m (410 m w.e.) gneiss 3.12 ± 0.10 

Pyhäsalmi, Finland 1436 m (4000 m w.e.) granite 17.30 ± 1.00 

 516 

4. Discussion and Conclusions 517 

Gamma-ray flux of 12.7 ± 1.5 cm
-2

s
-1

 and neutron flux of (1.73 ± 0.10) × 10
-5

 cm
-2

s
-1

, 518 

measured in Callio Lab 2, are directly dependent on the U and Th concentrations in rocks, which were 519 

determined in the range of 0.11 – 17.08 ppm and 0.64 – 13.23 ppm, respectively. The natural radiation 520 



background characterized by the gamma-radiation dose rate, here at the level of 0.158 ± 0.029 µSv/h, 521 

and radon concentration, here of 213.3 ± 23.5 Bq/m
3
, in halls prepared for experimental use is 522 

modified by the presence of additional coating materials, e.g. shotcrete, could be not negligible even in 523 

deep located laboratories. The main contributors to the effective dose are 
40

K (35%), 
214

Bi (26%), from 524 

uranium series and 
208

Tl (22%) from thorium series. This is also due to the relatively high 525 

concentration of potassium 
40

K of 104 – 1136 Bq/kg, as measured in rock samples. 526 

The uranium and thorium concentration and thus, neutron production yield deep underground 527 

is relatively high for granite rock types, where 1.32 – 6.25 ppm U, 4.38 – 11 ppm Th and 7.3 – 17.9 528 

neutrons/g/y is reported e.g. in [37]. In limestone and sandstone rock types the concentrations of U and 529 

Th are about 1 ppm and neutron yield about 1.5 n/g/y [37]. The concentration of uranium in salt rock 530 

type is usually below 1 ppm, but since the concentration of thorium is about 2 ppm, the neutron yield 531 

could reach 3.6 – 6.5 n/g/y [37, 40]. Higher values of 44.13 ppm U and 6.83 ppm Th in gneiss could 532 

result in 61.2 n/g/y of neutron production [40]. As reported in [27], halite rock contains 32 ± 7 ppb of 533 

238
U and 160 ± 20 ppb of 

232
Th, which could result in neutron yield of the order of 1 n/g/y provided 534 

that the data given in [37] are linearly dependent. Lab 2 is surrounded by felsic volcanic bedrock with 535 

a volcanogenic massive sulphide deposit and additionally covered by various types of concrete from 536 

the inside (with increased concentration of natural radionuclides, as our analysis has shown). 537 

Therefore, based on the average uranium and thorium concentrations in rocks measured in the 538 

presented study (3.69 ppm U and 6.22 ppm Th), the neutron yield produced via ( ,n) and uranium 539 

fission mechanisms might be of the order of 12.2 n/g/y if the relationship given in [37] is linear. 540 

The muon flux measurements in Pyhäsalmi mine [8] show a clear dependence on the w. e. 541 

depth. The value of (1.1 ± 0.1) × 10
−8

 cm
-2

s
-1

 obtained closest to the location of environmental 542 

radioactivity investigations in Callio Lab 2 is about 40% higher than the result of calculation based on 543 

the semi-empirical formulae [7,37,41] from the literature, which give the results within the range of 544 

(6.1 ÷ 6.8) × 10
−9

 cm
−2

s
−1

sr
−1

. The similar value of 6.27 × 10
−9

 cm
−2

s
−1

sr
−1

 is also given by 545 

Kudryavtsev et al. for the depth of 4 km w.e [42]. However, every empirical formula, as well as Monte 546 

Carlo simulations are very sensitive on the rock composition [43]. Therefore the results of 547 

measurements for the Pyhäsalmi mine at the 1436 m depth level could be different from the calculated 548 

predictions made for the “ordinary rocks” [43] taking into account specific local geology (see: 549 

subsection 1.1). Moreover, since the Pyhäsalmi mine is still operational, significant changes in 550 

densities occur, i.e. a lot of extracted ore was replaced with less dense material to stabilize the 551 

geology. Therefore, the predictions of muon flux based on the depth and rock densities at a present-552 

day are probably underestimated.  553 

Muon induced neutron flux at a given w.e. depth was estimated using a fitting function for literature 554 

data, as analysed in [7]. According to the relation given therein, the muon-induced neutron flux in 555 

studied localization of Callio Lab 2 in Pyhäsalmi mine at 4000 m w.e. is of the order of (8.21 ± 3.15) × 556 

10
-10

 cm
-2

s
-1

, where the uncertainty was calculated based on the uncertainties of fitting parameters 557 



presented in [7]. Neutron flux originated from the ( ,n) reactions is independent on the depth and thus, 558 

as mentioned above, is related to the U/Th concentrations in rocks, whereas muon-induced neutron 559 

flux is strongly depth-dependent. Therefore, the difference of three orders of magnitude is expected 560 

[7,42] for deep ULs (~3 km w.e. coverage) between the total measured neutron flux and muon-561 

induced neutrons. Almost five orders of magnitude difference obtained in the presented study indicates 562 

that Lab 2 of Callio Lab in Pyhäsalmi mine could be perceived as deep location, since high 563 

concentration of uranium and thorium in concrete-coating of Hall 2 walls results in the thermal 564 

neutron flux at the high level of (1.73 ± 0.10) × 10
-5

 cm
-2

s
-1

. The same order of magnitude is reported 565 

for neutron flux in Yangyang (Korea), Jinping (China), Kamioka (Japan), and Canfranc (Spain) 566 

underground laboratories [44,45], which are located at shallower depths of 2000 – 2700 m w.e. At the 567 

depth larger than 4000 m w.e. about two-times lower values are reported, e.g. for SNOLAB in Canada 568 

[24] and SURF laboratory where low energy neutron flux was measured [38]. 569 

The issue of doses in underground experimental halls is usually of minor concern and is rarely 570 

studied, even when muon, neutron and gamma-ray fluxes are deeply investigated [1,2]. Nevertheless, 571 

it is important both, from the point of view of radiation hazard (when there is a supposition about an 572 

increased level of radioactivity e.g. in concrete materials), and when characterising the background for 573 

biological experiments. The absorbed dose in the air in Finland as shown in UNSCEAR report [21] 574 

ranges from 0.022 to 0.184 µGy/h taking into account outdoors and indoors expositions, which gives 575 

the range of 0.026 – 0.222 µSv/h of the radiation hazard. From the underground laboratories, there are 576 

scarce literature information about dose estimations. Among them, LSM in Modane localized in 577 

calcschist rock concrete-coating shows the gamma background dose at the level of 20 nSv/h [5], 578 

Jinping in marble rock shows 23.22 nSv/h [46], Slanic Prahova, Romania in salt rock reported up to 579 

2.56 ± 0.55 nSv/h [47], salt cavern in Sieroszowice, Poland – 2.1 nSv/h [22], and Asse salt mine, 580 

Germany 1.3 nSv/h [48]. The result of 0.158 ± 0.029 µSv/h obtained on the base of the gamma-ray 581 

spectrum registered in MP 1 in Callio Lab is within the range reported by UNSCEAR for the ground 582 

locations in Finland. 583 
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Highlights: 

 Gamma ray dose of 158±29 pSv/h was observed at the depth of 1436 m in felsic 

volcanic bedrock with sulphide deposit 

 Deep underground location in pyrite mine has neutron flux of (1.73 ± 0.10)×10
-5

 cm
-2

s
-1 

 Disequilibrium between 
238

U and 
226

Ra indicates the content of industrial wastes in 

wall coverage materials 

 Increased intensity of gamma rays gives high-energy summation peaks on the 

spectrum 

 Metal component susceptible on neutron activation are 
24

Na, 
 28

Al, 
46

Sc, 
56

Mn, 
59

Fe 

Highlights (for review)



Reply to Reviewer’s comments 

to the paper “Natural background radiation at Lab 2 of Callio Lab, Pyhäsalmi mine in Finland” 

 

 

Dear Reviewers, 

 

Thank you very much for your notes and all your help to correct and improve our paper. Below, we 

present a reply to your remarks. 

 

 

Reviewer #1 

 

1. Abstract: Specify that the neutron flux given here regards thermal neutrons. 

Reply: The specification of „thermal” neutron flux was added in lines 38 and 40, to clarify the 

statement about measured component of neutron flux. 

 

2. Line 49-50: "ensure a ", also possibly you want to replace "required for" with "as well as for". 

Reply: “Ensure a low background” was the statement we wanted to give. This was corrected.  

 

3. Line 51: "and the level" 

Reply: This was corrected according to the Reviewer’s suggestion. 

 

4. Line 56-58: Cosmic muons are cosmic rays 

Reply: Indeed, the cosmic muons are the cosmic rays, but to emphasize that, we corrected the 

statement in lines 56-58 by adding “(including muon)” and by removing “cosmic muon interactions” 

 

5. Line 61: What do the authors want to say with "non-radioactive hazards"? 

Reply: This was an editor’s mistake. It should be “radioactive hazard” and it was corrected. 

 

6. Line 119: "the neutron capture results [..]: -> "neutron capture on these elements does not result in 

the production of a radionuclide" 

Reply: This part of a sentence was corrected according to the Reviewer’s suggestion. 

 

7. Line 154: It might be better to state the rock and water sampled were analysed in an outside 

laboratory using alpha and gamma spectrometry 

Reply: The sentence about measurement techniques used was corrected, taking into account the 

Reviewer’s suggestion. 

 

8. Line 222: Shouldn't the series not already have been in equilibrium in the underground? And why 

should one month of storage help in the case equilibrium had somehow not previously been reached? 

Reply: Rock samples isolated from external factors, only after a certain, sufficient time depending on 

half lives of analyzed radionuclides, may reach secular radioactive equilibrium. For measurement 

purposes sample is dried, crushed and homogenized, which could disturb the equilibrium between 

consecutive radionuclides in the decay chains. The gamma spectrometry measurements were carried 

out in a polyethylene containers. Therefore, samples were sealed to prevent the escape of 
222

Rn and 

left for a month in order to obtain radioactive equilibrium between 
226

Ra and its short lived daughters 

(1 month is sufficient in this case) as well as for isotopes present in 
232

Th chain. This enables the 

analysis of 
232

Th and 
226

Ra on the base of their decay products. Such procedure was applied because 
226

Ra gamma line is not convenient for analysis due to significant interference of 
235

U (57.5 % 

emission probability) on the 186 keV gamma line of 
226

Ra. 

 

9. Line 232: Samples were spiked for what purpose? 

Reply: At the beginning of the chemical analysis the 
232

U isotope of a well-known activity was added 

to samples in order to quantify chemical recovery as well as 
234,238

U concentrations, since the chemical 

efficiency may differ significantly from sample to sample. Using 
232

U as a radiochemical tracer for 

*Response to Reviewers &/or Editor



analysis of 
234,238

U isotopes concentration is an established method for determination uranium content 

in water samples. 

 

10: Line 253: "The neutron detection [..]" (the listing of missing articles by me is not exhaustive) 

Reply: this was corrected and the entire text was reviewed for language corrections. 

 

11. Line 262: The detectors appear to be the same as previously, maybe the electronics were 

upgraded? 

Reply: The Reviewer was right, only the electronics was upgraded not the helium counters 

themselves. Therefore the statement “detectors themselves were upgraded” was replaced by 

“electronics was upgraded” not to confuse a reader. 

 

12. Line 280: Presumably the stated alpha count rate is per counter; what alpha activity per surface of 

the counter material does that translate to? 

Reply: Indeed, we presented the alpha count rate per counter. If it is assumed that alpha particles come 

from a steel tube of the counter, the count rate can be translated into surface activity equal 2.3 

µBq/cm
2
. On the other hand, alpha particles might also come from a ceramic insulator between the 

tube and wire (anode). In this case, insulator surface activity would be much higher, but it is more 

difficult to assess. At present, it cannot be decided which origin is more probable. 

 

13. Line 282: By "signal cut-off" you mean "pulse-shape analysis"? 

Reply: The Reviewer was right. This was corrected. 

 

14. Line 284-285: Has the pulse-shape analysis been tested on the surface/with a neutron source? 

What is the rejection rate for neutrons (false negatives)? The spectrum shown in Fig 3b looks rather 

messy (before PSA), a 2D histogram showing the exclusion and inclusion regions for the PSA would 

be helpful in convincing the reader that the method is under control. 

Reply: The choice of neutrons using PSD is based on the differences in the rise time of signals from 

different particles. Since our ADC samples the signal quite rarely (every 1 µs), a good measure of the 

rise time is the maximum signal jump between two successive samples (on the rising edge of the 

signal). The attached drawing (also inserted in the text – Fig. 3b) shows a two dimensional histogram 

amplitude vs. maximum signal jump for one of the counters used during the measurements described 

in this paper. The neutrons are in the area “ACCEPTED”, i.e. below the C1 line and above the C2 line. 

Points for neutrons form a triangle shaped ribbon with a vertical band at 115 ADC. This band 

corresponds to a full energy peak (764 keV). This shape of the distribution is probably related to the 

fact that the reaction products 
3
He(n,p)

3
H are moving in various directions relative to the counter wire 

(anode). Cases located in the same area but with amplitudes greater than 115 ADC are derived from 

alpha particles. Around the amplitude of 130 ADC a vertical band is visible associated with the 

saturation of the analog amplifier. Above the C1 line there are cases with a very short rise time. They 

probably come from high voltage leakage on insulators. Below the C2 line there are signals with low 

amplitudes and rise times greater than for neutrons. They probably originate from other ionizing 

particles. The C1 and C2 lines alone show the cuts used to select neutrons. Since the rejection of 

neutrons with the lowest amplitudes is not critical to the result (see below), the C2 cut is shifted 

slightly up. 



 
For accepted events, the spectrum of maximum values from the waveform was built up. An 

example of such a spectrum is shown in this article in the figure 3b (solid line) (now: fig. 3c). The 

characteristic structure of the helium counter spectrum is clearly visible: a 764 keV peak around 115 

ADC and a tail of the wall effect reaching up to around 50 ADC. In this case the wall effect should 

reach to about 28 ADC, but part of the spectrum is rejected by cuts. However, the missing part can be 

determined by fitting the recorded part of the wall effect spectrum with a linear function and extending 

it to the expected end of the spectrum. By comparing the number of registered and missing events, one 

can determine the correction factor related to the cuts. Then, for the events accepted by the cuts, a 

distribution of count over time was made (for example see fig. 5a in this paper). This distribution is 

flat, so one can fit it with a linear function and this fit determines the counting rate. The value obtained 

must still be multiplied by the correction factor. 

This procedure was used separately for each counter of the setup, and the results are shown in 

the table below. The order of the counters in the table corresponds to the position of the counter in the 

tray. One of the counters (No. 3) failed during the measurement, therefore it is not included in the 

analysis. The errors shown in the table are the result of the uncertainty of fitting linear functions to the 

distributions of count over time. The average of the results for individual counters was used as the 

final result. The error is a standard deviation from this average. 

 
Counter number Neutron count rate per 1 hour Neutron flux ×10

-5
 [cm

-2
s

-1
] 

1 13.9 ± 0.5 1.62 ± 0.06 

2 14.8 ± 0.5 1.73 ± 0.06 

3 breakdown — 

4 14.4 ± 0.5 1.68 ± 0.06 

5 14.8 ± 0.5 1.73 ± 0.06 

6 14.5 ± 0.5 1.70 ± 0.06 

7 15.4 ± 0.6 1.80 ± 0.06 

8 14.4 ± 0.5 1.68 ± 0.06 

9 14.0 ± 0.5 1.64 ± 0.06 

10 16.8 ± 0.6 1.96 ± 0.08 

 

The assessment of the quality of cuts is difficult because during testing with neutron source 

(even very weak) the signal from neutrons dominates completely over all types of background. 

However, in the region of the full energy peak (764 keV) signal and background separation is close to 

100%. Probably a much larger error in the assessment of the neutron flux is due to the simplifications 

in the simulation of the measurement setup environment. In test measurements under controlled 

C1 

 

 

 

 

C2 



conditions (graphite well with counters and known weak source of neutrons) we obtain the agreement 

of measurement and simulation at the level of few percent. 

 

15. Line 306-307: Over what time period does the radon concentration vary? Randomly in time or 

following a pattern? 

Reply: The statement concerns the variation of radon concentration from one measurement point to 

another, since each of a gamma spectrometry measurement was accompanied by the measurement of 

radon concentration. The information about the period of time (24 h) of each radon measurement was 

added and the results were presented in more details. 

 

16. Line 328-337: It is not clear how meaningful the count per second values are, as those depend on 

the detector used, thus are very hard to compare to measurements from other labs. The photon flux 

seems to be the only parameter that makes much sense here. Also, I assume the "photon flux density" 

refers to only the individual full-energy peaks? If so, also that value depends strongly on the detector. 

Reply: The Reviewer was right, the cps values depend on the detector used, but it could be compared 

with other published data when the information about the detection efficiency is given and knowing 

that this is a commercially available equipment, i.e. not specially designed low-background setup. 

Since in other publications the information about the integral count rate is given, we decided to give 

such information to enable the comparison, even if it is rather rough. the photon flux density was 

assessed on the base of full-energy peaks but it takes into account the detector efficiency. Therefore, it 

seems to be not much dependent on the detector itself. The information about the assessment on the 

base of a full-energy peaks was added. 

 

17. Table 2: The number of significant digits is excessive in many cases here. 

Reply: Data in Table 2 have been changed from effective dose for each line to counts per second and 

the effective dose for each radionuclide was also given. We think that this make the results presented 

in Fig. 4 more complete, and basically there is no need to present the contribution to the effective dose 

from particular gamma line whereas the contribution from each radionuclide could be essential for the 

estimation of radiation hazard. Such changes were suggested by the other Reviewer. As for the 

presentation of the results, we would like to stay them consistent with the previous data [18], therefore 

they are presented with three decimal places. 

 

18. Line 362: In reality the numbers here are all upper limits and should probably be stated as such 

Reply: These values are simply the average over numbers presented in table 3. Therefore the standard 

deviation is so large. These SD values were intended to demonstrate the large differences in activity 

concentration from sample to sample. In this paragraph the reader could compare the data presented in 

table 3 in terms average value (which is of a minor importance due to large SD) with numbers 

provided by FOREGS.  

 

19. Table 3: It appears that most of the locations (sample column) are not explained in the text. 

Reply: The locations of samples collection were described in the text of subsection 2.2. 

 

20. Line 433-435: State the detection efficiency coming from the simulation. 

Reply: The explicit statement about the detection efficiency coming from the simulations was added. 

 

21. Line 441: Is the statistical uncertainty included in the neutron flux value? 

Reply: The average of the results for individual counters was used as the final result. The final 

uncertainty is then a standard deviation from the average. The statistical uncertainty for a single 

counter is one order of magnitude smaller, as shown in table where the fluxes of neutrons are 

presented (see: remark 14.) 

 

 

Reviewer #2 

 

ABSTRACT 



1.38: I would write better "radon concentration determination". 

Reply: This was corrected according to the Reviewer’s suggestion. 

 

1.41: it would be interesting to report also the final results for the flux of gamma rays and radon 

concentration. 

Reply: The information regarding photon flux and radon concentration was added in the abstract.  

 

INTRODUCTION 

2.49: You could add to Refs. [1-4] some more recent references on underground labs like these ones: 

- The world deep underground laboratories, A. Bettini, Eur. Phys. J. Plus (2012) 127: 114 

- Review of technical features in underground laboratories, A. Ianni, International Journal of Modern 

Physics A Vol. 32 (2017) 1743001 

Reply: According to the Reviewer’s suggestion, the more recent references were added. 

 

2.56: If the sentence refers to ULs, I would remove "cosmic ray interactions", as later specifically 

"cosmic muon interactions" are mentioned and no other cosmic rays arrive deep underground. 

Reply: The sentence was reformulated to include muon interactions in a broad category of cosmic 

rays, since this statement describes the background generally, shallowly and deeply located. 

Now it is as follows: “The known main sources of background radiation are: cosmic ray (including 

muon) interactions, the decays of primordial radionuclides (mainly 
40

K, 
232

Th, and 
238

U), the neutron 

interactions that originate from (α,n) reactions, the spontaneous fission of U and Th.” 

 

2.65: again better "radon concentration determination" 

Reply: The statement was corrected according to the Reviewer’s suggestion. 

 

2.65-68: later in section 4, muon flux measurements available are discussed. I guess muon 

measurements have not been made now because this background was fully characterized before. A 

mention to this could be done here. 

Reply: According to the Reviewer’s suggestion, the following sentence was added: “The muon flux 

measurements have not been performed, since the muon component was fully characterised earlier 

[8].” 

 

Section 1.1: many geological details are given, which is really hard to follow for a physicist. Are all 

they relevant for the background measurements presented? If not, I suggest simplifying this section, 

highlighting the information useful for the interpretation of the background measurements. 

Reply: This section was rewritten to give the information more relevant for physicists and the 

attention has been paid to the information about radioactive content of the rocks.  

 

Indeed, I recommend you to consider to create a new section, with the contents of section 1.1 and the 

first two paragraphs of section 2, to present the laboratory including the geological information. 

Reply: The two first paragraphs of section 2 were moved to the subsection 1.1, since they indeed 

provide the characterization of the site. 

 

2.77: what is the meaning of NW in NW-trending? North-West? 

Reply: The section was rewritten and now the shortcuts do not appear. 

 

3.82 and 3.84: what is the meaning of a in the Ga units? (G, M I guess correspond to Giga, Mega). 

Reply: The section was rewritten and now the shortcut does not appear. 

 

3.91: the indicated contents of the mined ore do not sum 100%, which are the dominant elements not 

given? 

Reply: Indeed, the indicated contents of the mined ore does not sum up to 100%. However, it is the 

standard convention that geochemical data of an ore are reported this way. By definition, the term 

"ore" means that the components that are part of the ore (i.e., they constitute it) must be economically 

viable for extraction (if not, the stuff is not ore). What is not an ore deposit now may be ore in the next 



year, and so worth. Hence, when the contents of an ore are listed, only the components that are 

economically important at the time of writing are mentioned. In this case the sentence "Regarding 

valuable metals, the ore contain on average 0.92% Cu, 2.45% Zn, 37.4% S, 0.4 g/t Au and 14 g/t Ag" 

list those components of the ore that are important from the point of view of the mining operation (in 

this case for the Pyhäsalmi mine). 

Nearly all rock pieces larger than a small pebble contain practically most elements from a periodic 

table. It is just a question of how much there is each element. If there is a reason to show the whole 

content of the rock, then geologists always use numeric tables, but it seems to be pointless in this 

paper. However, even then the sum of the components does not ever reach 100%, unless they are 

normalized mathematically to this (which is not often done). The reason for this is that many rocks 

contain so called volatile components that escape the rock before the analysis or they cannot be 

analyzed with the used method. 

 

Table 1: for the mineral contents of sulphide ore, it is indicated "main mineral" and "accesory 

mineral", what are the criteria to fix it as main or accessory? If this information is not given for the 

other rocks presented in the table, I would not include it neither in this case. 

Reply: Rocks are composed of minerals. From a geological point of view, a mineral is a naturally 

occurring substance which is usually solid, crystalline, stable at room temperature and inorganic. 

There are almost 5000 known mineral species, yet the vast majority of rocks are formed from 

combinations of a few common minerals, referred to as “rock-forming minerals”. The rock-forming 

minerals are: feldspars, quartz, amphiboles, micas, olivine, garnet, calcite, pyroxenes. In the case of 

ores (which are a special type of rocks), the term "rock-forming mineral" is changed to the term "main 

mineral". The definition is still the same, i.e., a main mineral is one of the major constitutes of the ore. 

Minerals occurring within a rock in small quantities are referred to as “accessory minerals”. The 

accessory minerals do not greatly affect the bulk composition of the rock. However, although 

accessory minerals are present in only small amounts, they may provide valuable insight into the 

geological history of a rock, and are often used to ascertain the age of a rock. In some ore deposits, 

like in Pyhäsalmi, the ore is so rich in ore minerals that they are main minerals themselves (like pyrite 

in Pyhäsalmi). Accessory minerals can be further subdivided into "main accessory minerals" (or 

"important accessory minerals") and "minor accessory minerals". The difference is typically not 

exactly defined. 

Therefore, we would like to leave it like it was since the information presented in this table could be 

useful also for geologists and industry for whom these terms might be more meaningful and useful and 

from a physicists point of view they are not misleading. 

 

4.124: Which is the difference between the elements reported here and those given before in line 114? 

Reply: The elements mentioned in the line 114 are the main building materials, whereas the elements 

mentioned later are the admixtures in the rocks. Since the antimony was mentioned in the line 114, it 

was removed from the later statement. 

 

MATERIALS AND METHODS 

5.128: Section could be better titled as "Equipment and methods". 

Reply: According to the reviewer’s suggestion, the title of this section was changed. 

 

Figure 1: the depths indicated in the layout for labs 1 and 2 can hardly be read. It would be useful to 

indicate also those for labs 3 and 4. 

Reply: The information about the location of the labs was added to the figure 1 caption. 

 

6.148: Although Ref. [11] is given, you could briefly indicate here how the reported activities were 

obtained. 

Reply: The activities for shotcrete (Ra, K, Th) mentioned in the ref. [11] (now [14]) are from the 

shotcrete suppliers self-monitoring documents. The activity is required by the industry. The 

measurements were conducted by the laboratory of Finnish Nuclear Safety Authority, but in the 

industry document these were presented without errors. Such information was added in the text at the 

end of subsection 1.1. 



 

6.154: All gamma measurements took 48 h? The duration of measurements could be presented better 

in the next subsections describing the measurements. 

Reply: One measurement in MP1 took 48h and this information was added in the text. Other gamma 

measurements were shorter and took from 1 to 24 hours. 

 

6.161: "i.e. is the ventilation dominant" is not clear to me, could you explain this better? 

Reply: The sentence was reformulated. 

 

7.170: You could complete the title as "In-situ gamma spectrometry" 

Reply: The subsection title was completed according to the Reviewer’s suggestion. 

 

7.172: the meaning of HPGe has been previously defined, here you can use it directly. 

Reply: The Reviewer was right and the sentence was corrected accordingly. 

 

7.176: #8194 is the number of channels? If so, you could state it more clearly. 

Reply: The information regarding the number of channels was changed to be clearer. 

 

7.191: was taken -> were taken 

Reply: This mistake was corrected. 

 

8.212: 3th -> 3
rd

 

Reply: This mistake was corrected. 

 

8.221: remove "a" before polyethylene containers 

Reply: This has been done. 

 

8.228: gamma emission from 
212

Pb is at 238.6 keV (not 338.6).  

Reply: This mistake was corrected. 

 

Do you combine directly the two emissions from 
232

Th? Equilibrium could be broken at 
228

Th having a 

half-life of 1.91 y, so activity from 
212

Pb could be firstly assigned to 
228

Th.  

Reply: The activity concentrations of 
226

Ra and 
232

Th isotopes were calculated as the weighted mean 

of the activities of their daughter isotopes assuming radioactive secular equilibrium (which is most 

likely due to 1-month storage of a sample material before the analysis). On the other hand, 
40

K activity 

was calculated straight from a gamma (1460.8 keV) line originating from this isotope. 

The isotopes 
228

Ac and 
212

Pb are widely used for analysis 
232

Th concentration in rock/soil samples (for 

example: Uosif et at., 2015; Guidotti et al., 2015) and also provide the information about radioactivity 

equilibrium between 
228

Ra (
228

Ac) and 
228

Th (
212

Pb) isotopes. According to (Chiozzi, et al) 
232

Th series 

may be considered in equilibrium in most geological environments and in rocks older than 10
6
 years 

(Guidotti et al., 2015). 

 
Guidotti, L., Carini, F., Rossi, R., Gatti, M., Roberto, Cenci, M., Beone, G.M., 2015. Gamma-spectrometric 

measurement of radioactivity in agricultural soils of the Lombardia region, northern Italy. Journal of 

Environmental Radioactivity 142, 36-44, https://doi.org/10.1016/j.jenvrad.2015.01.010 

 

Chiozzi, P., Pasquale,V, Verdoya, M., 2002. Naturally occurring radioactivity at the Alps–Apennines transition. 

Radiation Measurements 35 (2),147-154, https://doi.org/10.1016/S1350-4487(01)00288-8 

 

Uosif, M.A.M.,Issa, S.A.M, Abd El-Salam, L.M., 2015. Measurement of natural radioactivity in granites and its 

quartz-bearing gold at El-Fawakhir area (Central Eastern Desert), Egypt. Journal of Radiation Research and 

Applied Sciences 8(3), 393-398, https://doi.org/10.1016/j.jrras.2015.02.005 

 

You could give the energy of the gamma emission from 
40

K with the same precision than others (one 

decimal place). 

Reply: This has been corrected. 



 

Section 2.2: MDA and counting times are given for the water samples. It would be useful to provide 

the same information also for the rock samples. 

Reply: The information about MDA for rock sample analysis was added as follows: “Minimum 

detectable activity was equal to 0.4 mBq per sample for both 
234,238

U isotopes.” 

 

Section 2.2: what about the samples of concrete wall mentioned before (page 6, line 156)? Are they 

included in the nine samples of rock described here? It seems so from tables 3-4, but it could be 

clarified here. 

Reply: The locations of samples collection were clearer described in the text of subsection 2.2. 

 

9.271-273: could you comment on the efficiency of the Pulse Shape Discrimination method applied to 

identify neutron events? I guess the filtering method is based on the signal cut-off described later in 

page 10, lines 282-285. As detectors are used to quantify a neutron flux, the effect of this efficiency is 

very relevant. 

Reply: The choice of neutrons using PSD is based on the differences in the rise time of signals from 

different particles. Since our ADC samples the signal quite rarely (every 1 µs), a good measure of the 

rise time is the maximum signal jump between two successive samples (on the rising edge of the 

signal). The attached drawing (also inserted in the text – Fig. 3b) shows a two dimensional histogram 

amplitude vs. maximum signal jump for one of the counters used during the measurements described 

in this paper. The neutrons are in the area “ACCEPTED”, i.e. below the C1 line and above the C2 line. 

Points for neutrons form a triangle shaped ribbon with a vertical band at 115 ADC. This band 

corresponds to a full energy peak (764 keV). This shape of the distribution is probably related to the 

fact that the reaction products 
3
He(n,p)

3
H are moving in various directions relative to the counter wire 

(anode). Cases located in the same area but with amplitudes greater than 115 ADC are derived from 

alpha particles. Around the amplitude of 130 ADC a vertical band is visible associated with the 

saturation of the analog amplifier. Above the C1 line there are cases with a very short rise time. They 

probably come from high voltage leakage on insulators. Below the C2 line there are signals with low 

amplitudes and rise times greater than for neutrons. They probably originate from other ionizing 

particles. The C1 and C2 lines alone show the cuts used to select neutrons. Since the rejection of 

neutrons with the lowest amplitudes is not critical to the result (see below), the C2 cut is shifted 

slightly up. 

 
For accepted events, the spectrum of maximum values from the waveform was built up (fig. 3b – now 

fig. 3c). 

 

C1 

 

 

 

 

C2 



10.280-282: could you comment on the origin (maybe internal background of the detector?) and the 

signal of the alpha events? 

Reply: Alpha-emitters are the internal impurities of materials the counter is made of. Since alpha 

particles are emitted from various depths of counter body, they reach an active area of the counter 

having various energies, from nearly 0 to about 9 MeV (maximal energy of alpha particles emitted by 

the natural decay chains). Therefore they are recorded by the counter (using low gain measurements) 

as a flat rectangular spectrum extending in this energy range. This shape of the spectrum suggests that 

alpha particles are originally monoenergetic, but they are born at a random depth in some material, so 

they lose some of their energy before they reach the counter active volume. Therefore the spectrum is 

recorded as rectangular. If it is assumed that alpha particles come from a steel tube of the counter, the 

count rate can be translated into surface activity equal to 2.3 µBq/cm
2
. Another possibility is that the 

alpha particles come from a ceramic insulator between the tube and wire (anode). In this case, 

insulator surface activity must be much higher. At present, it cannot be decided which origin of alpha 

particles is more probable. 

To be more informative, in the text a statement “from internal impurities of the counter body” was 

added” in relation to the alpha particles observed on ADC spectrum. 

 

10.286: could you precise how neutron events are extracted from the spectrum of signal maximum 

amplitudes? I guess you select events of the peak around 115 ADC, but how exactly? As I pointed out 

before, as detectors are used to quantify a neutron flux, the efficiency of this selection is also  very 

relevant. How "wall effect" is taken into account to determine the counting rate of neutron events? 

Reply: The characteristic structure of the helium counter spectrum is the following: a 764 keV peak 

around 115 ADC and a tail of the wall effect reaching up to around 50 ADC. In this case the wall 

effect should reach to about 28 ADC, but part of the spectrum is rejected by cuts. However, the 

missing part can be determined by fitting the recorded part of the wall effect spectrum with a linear 

function and extending it to the expected end of the spectrum. By comparing the number of registered 

and missing events, one can determine the correction factor related to the cuts. Then, for the events 

accepted by the cuts, a distribution of count over time was made (for example see fig. 5a in this paper). 

This distribution is flat, so one can fit it with a linear function and this fit determines the counting rate. 

The value obtained must still be multiplied by the correction factor. 

 

 

RESULTS 

10.306-307: the indicated variation in radon concentration refers to variation in time or to variation at 

different measuring points? It is not stated if RAD7 detector was taking data during the 48 h of data 

taking for the HPGe detector, this could be clarified. As radon concentration can significantly change 

in time, the time span of the radon measurements is relevant. If measurements are available for the 

three MP, it would be very useful to present them clearly. 

Reply: The results on radon concentration monitoring was presented in more details, as the Reviewer 

suggested. 

 

10.307: it seems a bit strange to report the uncertainty as +-10%. You must indicate in any case how 

this 10 or 11% has been estimated, is it given by the detector specifications? 

Reply: The concentrations are presented with two-sigma statistical uncertainty. According to the 

Detector User Manual (Rad7, Electronic Radon Detector User Manual, 

https://durridge.com/support/product-manuals/) RAD7 defines sigma as 1 + SQR(N+1), where N is 

the number of counts. The information about the concentration uncertainty was inserted in the text.  

 

Figure 4: as the spectrum is an energy distribution, units for Y-axis must indicate the energy bin 

considered for plotting, that is, for example counts per second and per keV. 

Reply: The presentation of the spectrum in Fig. 4 was corrected and now the Y-axis includes the 

information about energy binning. 

 

Section 3.1: you present total effective dose at three measuring points (MP1-MP3) (lines 347-348); for 

the sake of completeness and for comparison, it would be very useful to show also the previous results 



from gamma measurements at these other points MP2 and MP3, including the energy spectrum (as 

shown in Figure 1 for MP1) and the photon fluxes. 

Reply: In our opinion there is no need to present the gamma energy spectra from points MP2 and MP3 

as they are very similar to that collected in MP1 (no other gamma lines were observed in these points). 

However, for comparison purposes it might be useful to present photon fluxes, as the Reviewer 

suggested, and it was done. Qualitatively the spectra obtained in these tree points are the same and 

only counts in particular lines (and spectrum continuum position) are a little bit different, what is 

suggested by the differences in photon fluxes.  

 

11.326-328: I suggest presenting the count rates at each line in a table and identifying the lines as in 

figure 4 and other parts of the text (one decimal). I guess statistical uncertainty in the rates is very 

small, but it can be quoted in any case. If possible, you could give the rates at the three MP. 

Reply: According to the Reviewer’s suggestion, counts per second were shown for each gamma lines 

(in Table 2). For comparison purposes, integral count rates up to 2700 keV from spectra measured in 

MP2 and MP3 were also presented. Data in MP2 and MP3 are only supportive to show there are no 

big differences between measuring points located nearer and further the wall of Hall 2, therefore they 

were not presented in such details as in MP1, which is the main experimental location in which also 

neutron flux was characterized. As for the presentation of the results, we would like to stay them 

consistent with the previous data [18], therefore they are presented with three decimal places. 

 

12.331: the integral count rate could also be presented in the same new table. The reported uncertainty 

seems quite large (4%), is that OK? How has it been estimated? If correct, I would rather write 654+-

26 (two significative digits for the uncertainty). 

Reply: The information about integral count rates in all three measurement points was inserted in the 

text, since it has been estimated only up to 2700 keV to enable the comparison with other published 

data mostly restricted to that energy. The data was presented with two significant digits, as the 

Reviewer suggested. The uncertainty is simply the square root of integral count rate. Since the detector 

used is not made of low-background materials, the value of 4% is adequate. 

 

12.335: it would be interesting to compare also the photon flux with those measured at other labs. 

Using for instance the reference I proposed in a previous comment (The world deep underground 

laboratories, A. Bettini, Eur. Phys. J. Plus (2012) 127: 114), the flux is around one order of magnitude 

higher than other labs. 

Reply: The comparison of photon flux with data reported for several underground labs was added in 

the subsection 3.1. 

 

12.335-337: how this other rate (total spectrum continuum) has been determined? This is not described 

in section 2.1. 

Reply: The photon flux density was assessed on the base of a full-energy peaks, and the total spectrum 

continuum was estimated as a difference between the whole registered spectrum and all full-energy 

peaks. That explanation was added in the text of subsection 3.1. 

 

12.341: I would express the activity giving two (three at most) significative digits for the uncertainty, 

that is, 59+-17 Bq/cm
2
. 

Reply: This was corrected according to the Reviewer’s suggestion. 

 

Table 2: I guess you decided to present all the results using three decimals, but I think it is more 

adequate to indicate all the results with the same precision giving for instance two significative digits 

for the uncertainty. 

Reply: As stated above, we would like to stay them consistent with the previous data [18], therefore 

they are presented with three decimal places. 

 

I consider it is not very useful to show the effective dose for each individual line (as other previous 

results like the gamma counting rate are not shown at such level of detail), it would be enough to show 

the total effective dose for each isotope. 



Reply: The Reviewer was right, data in Table 2 have been changed from effective dose to counts per 

second for each gamma line and total effective dose for each isotope is also presented as more 

adequate information about radiation hazard. 

 

14.357: I would use here the same notation used later in the paragraph (for an easier comparison of 

results), indicating mg/kg as ppm. I suggest also giving the natural potassium concentration rather than 

the percentage of K2O. 

Reply: This was corrected according to the Reviewer’s suggestion. 

 

14.362: I think the mean value should be for 
226

Ra (not 
238

U). The upper part of the chain has not been 

analyzed (due to low intensity of gamma emissions)? If possible, it would be interesting to make an 

estimate of 
238

U activity to cross-check with alpha measurements. 

Reply: It was corrected (
238

U -> 
226

Ra) as suggested by the Reviewer. The upper part of the decay 

chain has not been analyzed indeed, but the 
238

U concentration might be estimated based on the 

measurement of 
234

Th gamma line. However, it was not the subject of present study to compare results 

obtained from different nuclear spectrometry techniques. 

 

14.362-363: does the given percentage correspond to 
40

K? I recommend to present directly the 

corresponding activity (Bq/kg) as made for 
238

U and 
232

Th. 

Reply: The presentation of 
40

K content was changed from percentage to Bq/kg, according to the 

Reviewer’s suggestion 

 

14.363-364: concentrations from [11] give activities which are in the range defined taking into account 

the very large SD in the measurements presented here; uncertainty of SD are not reported in [11]?. 

Reply: Very large SD for the presented concentrations are the result of big differences among values 

obtained from each samples as presented in Table 3. We decided to present it like this to pay attention 

to a very large variation of result which one might obtained taking the samples at a relatively small 

area. By the statement: “Therefore, the average values stated for the whole mine of 0.8 ppm U and 3.2 

ppm Th [11] are not applicable here” we wanted to stress that since the differences are large, the 

average value reported in [11] (now [14]) should not be used to predict radiation conditions in studied 

localization of Pyhasalmi mine. That was also clarified in the text. 

The uncertainties of concentration values given from [11] (now [14]) were added. 

 

Table 3: I would change "Radioisotopes concentrations" to "Radioisotopes activity concentrations" in 

caption and "Radioactivity concentration" to "Activity concentration" in the columns. 

Reply: This was corrected according to the Reviewer’s suggestion. 

 

Table 4 and 5: again, I would change "radioactivity concentration" to "activity concentration". 

Reply: This was corrected according to the Reviewer’s suggestion. 

 

Table 3-4: Identification of some samples (PH_*, R-2229*) is obscure, could you indicate more 

clearly the origin, as for other samples? 

Reply: The locations of samples collection were better described in the text of subsection 2.2. 

 

15.386: I guess both gamma and alpha spectrometry have been used to derive the results in Table 5. It 

could be stated, as done in previous tables for rock samples. 

Reply: As stated in subsection 2.2, results presented in Table 5 were obtained using LSC counter and 

alpha-spectrometry technique. This information was added in the heading of Table 5. 

 

Table 4: alpha spectrometry analysis cannot give results for 
232

Th chain or for the lower part of the 
238

U chain? It would be useful to cross-check results from gamma and alpha spectrometry. 

Reply: Uranium 
238

U content could be estimated based on 
234

Th isotope content, which emits low 

energy 63.41 keV photons with low emission probability (3.83 %). Low emission probability involves 

long time of measurement which is particularly troublesome for low-radioactive environmental 

samples. Also self-absorption correction for low energy gamma line should be estimated. For this 



purposes alpha spectrometry technique was used to determine 
234,238

U isotope concentrations as the 

uncertainty of gamma spectrometry in this case could be much higher. 

 

15.387-388 and Table 5: sometimes it appears "/L" in the units, but I think the proper notation is "/l". 

Reply: To avoid confusion with “1” (the number one) we decided to use capital “L”, to be consistent 

with the previous paper [17]. Therefore in Table 5 it was corrected to “
228

Ra [Bq/L]” and in the entire 

text the notation “/L” is used. 

 

Table 5: I think the samples in the last two rows correspond to MP1 and MP2. If so, you could use this 

notation already defined and used. 

Reply: The points of samples collection do not correspond directly to the points where gamma spectra 

were registered, therefore the use of MP1 and MP2 notation in Table 5 would be misleading. For the 

clarity of presentation the description of points of water samples collection was added in subsection 

2.2. 

 

16.397: I suggest presenting section 3.3 (with results from in-situ gamma measurements) before 

section 3.2, to describe together all the obtained results from the gamma measurements in the lab. 

Reply: This was corrected according to the Reviewer’s suggestion 

 

16.400 and 401: I suggest writing "..., respectively, ..." 

Reply: The Reviewer was right – it was corrected accordingly. 

 

16.412: I think you refer to the spectrum in figure 4; to make this clearer you could include in the 

sentence "... measured in Callio Lab 2 (MP1) and shown in Fig. 4 were ..." 

Reply: The Reviewer was right – it was corrected accordingly. 

 

16.418: the neutron flux of the 
252

Cf source is given in n/cm
2
, but which is the unit time (per second, 

per minute...)? 

Reply: The flux is per second and this information was updated. 

 

16.420: as also thorium has been determined, I would change "radium and potassium concentration" to 

"radioisotopes concentration". 

Reply: The Reviewer was right – it was corrected accordingly. 

 

17.424-425: it would be better to indicate the isotope for the two lines attributed to manganese and 

sodium. 

Reply: It was corrected according to the Reviewer’s suggestion. 

 

17.434-435: I do not understand the last sentence about high concentration of selenium, as no 

selenium isotope is reported to have been identified after the irradiation of the rock samples. 

Reply: By mistake “scandium” was changed to “selenium”. This sentence applies to scandium and it 

has been corrected. 

 

Section 3.4: it could be completed with an assessment of real danger of neutron activation from the 

environmental neutron flux in normal conditions. 

Reply: The NAA measurements were design only as qualitative, i.e. sample was not specially 

prepared for taking into account self absorption of induced gammas as well as to maintain the 

uniformity of neutron flux through the entire sample. Moreover, no special attention was paid to the 

detection efficiency (geometry of the setup detector – sample) during spectrum registration. Therefore 

any quantitative assessment in terms of radiation hazard would be highly imprecise. The only 

estimation which is possible in this study, is to predict the maximal count rate in particular gamma 

lines assuming the activation during in-situ investigations occurs at the first few cm of the rock (self 

absorption is negligible). Such assessment was added in subsection 3.4 as the last paragraph. This was 

possible by scaling the counts per second in saturation conditions, where the scaling factor was the 

neutron flux. By saturation conditions we mean a state in which radioisotope activity does not increase 



anymore and the processes of radionuclide activation and radioactive decay are in equilibrium. Such 

conditions are fulfilled when the neutron flux is constant over time and this could be assumed in 

environmental measurements like in presented study of Callio Lab. 

 

17.432: as there are significant differences in the modeling of neutron interactions in different Geant4 

versions, you could indicate the one you used. 

Reply: The simulations were carried out using the Geant4 package version 10.04 with the physical 

package QGSP_BERT_HP and Neutron HP Thermal Scattering which are important for low-energy 

neutron interactions with nucleons bound in nuclei. We use this set as our standard neutron simulation 

kit, although in this particular case neutrons travel through the vacuum. In this simulation, the helium 

counter tray model was placed in the center of an empty sphere with a diameter of 3 m. Every point of 

this sphere was an isotropic source of thermal neutrons. This was done to ensure the neutron flux in 

the center of the sphere is isotropic. Then, the ratio of simulated counter response, i.e. neutron count 

rate, to simulated neutron flux was determined. Knowing this ratio and the measured count rate one 

can determine the neutron flux at the measurement site. 

The information about the version of GEANT4 and physical packages was added to the text of 

subsection 3.5. 

 

17.433-435: which has been the energy of the simulated neutrons (fixed or with some distribution over 

a particular range)? The estimated coefficient is the same for all the counters? It could be useful to 

report the obtained value and to indicate if uncertainty for it has been somehow quantified. I think it 

could be interesting to show in a table the neutron flux obtained for each counter (as in fig. 5.b 

numbers cannot be precisely deduced), even including also the counting rates, reporting the 

corresponding uncertainties if quantified. 

Reply: Monoenergetic neutrons with energy equal to 0.024 eV were used in the simulation. One 

coefficient was used for all counters. The table containing the results of count rate and neutron flux for 

all helium counters was inserted in the text. 
 

Figure 5: could you improve the quality of the plots? Legends are hardly readable. Plot a is just for one 

counter or for all? This could be clarified in the caption. The purpose of this plot a is to show stability 

over time? If so, this could be commented in the text. Range of X axis in plot b should be reduced, as 

values are concentrated in 15
-20

 10
-6

 s
-1

 cm
-2

. 

Reply: The plot in fig. 5a is for a single helium counter and this was clarified in the caption. Also the 

comment of the stability of signal demonstrated in this figure was inserted in the text. The plot in fig. 

5b was corrected. The quality of plots in fig. 3 and 5 was improved, as suggested by the Reviewer. 

 

17.445-446: I do not understand the sentence "These energy ranges roughly correspond to the energies 

covered in the presented study" since the measured neutron flux gives the thermal component. I would 

suppress it. 

Reply: This sentence was removed but the information was incorporated in the previous sentence as 

we think it is important. 

 

DISCUSSION AND CONCLUSIONS 

The discussion presented in this section is very interesting and includes background components not 

directly measured is this work (like the muon flux, neutron yields from radioactivity and muon-

induced neutrons). But I think it should be included also a summary of the relevant results obtained 

from the measurements in the work: values of gamma flux, radon concentration, dose rate, activity in 

rock and water, neutron flux. 

Reply: The paragraph briefly presenting the results was added in section 4, according to the 

Reviewer’s suggestion. 

 

18.467-472: Ref. [32] is given for U and Th concentrations in granite rock. Could you provide also 

some references for the quoted concentrations in the other types of rock? 

Reply: The references were added in the text and the paragraph was slightly expanded. 

 



19.487: remove "a" before "significant changes" 

Reply: This was done according to the Reviewer’s suggestion. 

 

19.493: could you indicate the origin on the estimated uncertainty for the muon-induced neutron flux 

(from muon flux, from fitting function...)? 

Reply: Muon-induced neutron flux was calculated from the equation given in ref. [5] (now [7]). This 

equation gives neutron flux as a function of one variable – depth in terms of water equivalent, and two 

fit parameters, which are given together with uncertainties. Therefore the uncertainty of neutron flux 

was calculated using total derivative method, however the depth was taken as an exact value without 

any error. The calculation was checked for consistency and slightly corrected. In the text a statement: 

“the uncertainty was calculated based on the uncertainties of fitting parameters presented in [7]” was 

added to clarified the origin of the presented uncertainty. 

 

19.504-506: why the comparison to SNOLAB and SURF neutron flux is explicitly made, if values are 

also of the same order of magnitude than the one measured for Callio Lab 2, as for the other labs 

mentioned in Korea, China, Japan and Spain? I would just say that all the results are at the same level 

or show all the numbers. I think there is a mistake in line 504 when referencing with [39], 

corresponding to a study in Gran Sasso, the flux measured in SNOLAB. 

Reply: We wanted to stress that results from labs located at shallower depths are closer to results 

obtained by us than data reported for labs located at a depths similar to Callio Lab 2. According to the 

Reviewer’s suggestion, the sentence was corrected to avoid the confusion of the Reader.  

The reference citing neutron flux for SNOLAB was corrected. 

 

19.504: change For SNOLAB to for SNOLAB 

Reply: This was done according to the Reviewer’s suggestion. 

 

19.505: change 0,8 to 0.8 

Reply: Following the Reviewer’s suggestion from remark 19.504-506, the sentence was reformulated 

and the value was removed. 

 

19.508: I would give here just general references like [1,2], otherwise, you should quote most of the 

references of the paper, related to measurements of muon, neutron and gamma ray fluxes. 

Reply: This was corrected according to the Reviewer’s suggestion. 

 

19.515-517: some doses are given in Gy, but it would make the comparison of results easier, to present 

all the results converted to Sv. 

Reply: The Reviewer was right, the units should be unified for the purpose of a comparison. Since in 

all the cited references the dose type (air absorbed dose or dose equivalent) was clearly stated, it was 

possible to convert doses from Gy to Sv and this was done. 

 

REFERENCES 

1: You should include the published reference: AIP, Conf. Proc. 1338 (2011) 12. 

Reply: This was done according to the Reviewer’s suggestion. 

 

6-8, 13: these references seem quite unclear to me. Are they reports, book chapters, or conference 

proceedings? Could you provide a more precise identification? 

Reply: Ref. [13] (now [16]) is a report of the Swedish Radiation Protection Institute – this was more 

precisely described. Ref. [6] (now [9]) is a book chapter, which was more precisely presented, ref. [7] 

(now [10]) is a report, what was previously stated and now also link to the electronic version is 

provided, ref. [8] (now [11]) is a geological technical report and now also link to the electronic version 

is provided. 

 

28: Page of the contribution is missing. 

Reply: The page number was added.  

 



40: Reference to the corrigendum can be simplified as it is already published at Astropart. Phys. 118 

(2020) 102372. 

Reply: This was corrected according to the Reviewer’s suggestion. 

 

41: You should include the published reference: Annual Review of Nuclear and Particle Science 67, 

231-251 (2017). 

Reply: This was corrected according to the Reviewer’s suggestion. 
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