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Abstract. To determine at which extent the remained radioactive rocks pose a
treat to workers, high-resolution gamma spectrometry was used to estimate the con-
tribution of the natural radionuclides *°K and 23?Th and 238U radioactive series to
the annual effective dose within the National Radioactive Waste Repository Baita, Bi-
hor County, Romania. By using the activity to dose conversion coefficients as recom-
mended by United Nations Scientific Committee on the Effects of Atomic Radiation
Report (2012), the final results obtained for the annual dose due to natural radionu-
clides showed values between 0.29 4 0.09 and 1.98 + 0.14 mSv/y with an average
value of 0.46 £+ 0.45 mSv/y, values which are significantly lower than the thermolu-
minescence dosimeter (TLD) results previously reported of 1.55 4+ 0.11 mSv/y. The
relatively steadiness of the total annual effective dose distribution within repository as
previously determined by TLD as well as its average value higher than those due to
natural radioactivity of the Repository rocks points towards a significant contribution
of the radon as well as of the radioactive waste. Notwithstanding this fact, as the access
in Repository is allowed few days in an year and restricted to authorized personnel, the
annual effective dose is well below 1 mSv/y so any health threat to Repository workers
could be consider as negligible.

Key words: Baita Bihor, Natural radioactivity, Radioactive waste, Gamma-rays
spectrometry, XRF, Annual effective dose.

1. INTRODUCTION AND RESEARCH OBJECTIVES

The National Radioactive Waste Repository (NRWR) Baita, Bihor County, Ro-
mania is located in the Apuseni Mountains, in the western part of the Carpathian
Mountains, at an altitude of 840 m. The repository has been commissioned in 1986
in an exhausted underground uranium mine by widening the galleries and execution
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Fig. 1 — Schematic representation of the Baita-Bihor galleries with the location of sampling points.

of a drainage system to collect the potential contaminated water in a collection tank
[1]. This location was chosen due to its relative isolation, without any economic
or tourism activities, being considered due to the uranium exploitation a contam-
inated area. The repository was designed to dispose about 5,000 m?® of low-and
intermediate-level short-lived waste (LILW-SL) conditioned institutional radioactive
waste arising only from the industrial, medical and research activities, and consisting
mainly of 51Cr, 60Co, 08r+0Y, 1231 137Cg 19211 etc. Radioactive wastes are con-
ditioned by cementation in standard 220 L and 420 L steel drums and characterized
by high resolution gamma spectrometry [2]. Until 1996, the drums were stacking in
the galleries of the national waste repository, then, the free space between the drums
was filled up with bentonite powder, chosen for its excellent sorption and retention
characteristics [3].

In lithologic terms, NRWR is located in Arieseni Permian Unit. The rock for-
mations in the repository area are meta-sandstones (black, gray and striped), phyllite
and basalt [1, 4]. The basalts are intercalated between the meta-sandstone and the
phyllite. Under the repository entrance (first 150 m of the access tunnel) is an impor-
tant area of basalts (see Figure 1.1 of [1]).

It is worth mentioning that the access in the area around Repository (cca 0.5
km?) as well as in Repository is strictly restricted to the authorized qualified workers
and supervising personnel. At the same time, between human intervention, the en-
trances in Repository are sealed so that no radioactive material can accidentally con-
taminate the environment. From this point of view, the Repository poses no threat to
environment or to the peoples of neighboring localities [1].

As the Repository is a controlled radiological area, an accurate estimation of
the radiological hazard within repository is absolute compulsory, and should be done
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in accordance with the National Norm for Radioprotection [5]. For this reason peri-
odically the radiological status of the repository is monitored. The previous determi-
nations [6, 7] allowed determining the overall effective dose distribution, regardless
the radiation source, natural or coming from the deposited waste. In the last case, all
measurements were done by using thermoluminescence dosimeter (TLD) kept for 6
months in different locations within the repository [7].

The TLD, due to longer exposition time can furnish confident date regarding
total level or radioactivity regardless the source, i.e. radioactive waste, radon and
remaining traces of uranium ore as well as of the natural potassium and thorium as
component of the repository background rocks.

Consequently, to evidence the net contribution of the radioactive waste as well
as of the radon gas to the annual effective dose within repository it is necessary to
estimate also the annual effective dose due to the natural radionuclides existing in the
repository walls. In this case, the most confident results can be obtained by analyzing
samples taken from walls and determining, in laboratory conditions, the content of
natural radioactive elements.

This approach was applied for the Baita-Bihor repository, and the results of this
study are further presented and discussed.

2. MATERIAL AND METHODS

In order to realize a complete characterization of the repository were collected
17 samples of rocks covering all accessible galleries of repository. The location of
sampling points being presented in Fig.1. Each sample used for radiometric and XRF
measurements was about 1 kg of rocks. The contents of 232Th and 2**U were deter-
mined by means of high resolution gamma-ray spectrometry [8] while the content of
40K was determined by gamma ray spectrometry, as well as by X-ray fluorescence

[9].
2.1. SAMPLES PREPARATION

For XRF measurements, samples were crushed up to a maximum 1 cm diam-
eter. Then, about 100 g was ground in a Retsc AM 10 ball mill until the maximum
grain size 0.63 mm was reached. Samples were dried at a constant temperature of
60 °C, gravimetrically homogenized and pressed at 25 tf by using a FLUXANA -
HD ELECTRONIK VANEOX 25 t type press in a 32 mm diameter mold. The max-
imum grain size of 63 pm was chosen to avoid any influence on the measurement
accuracy. In the case of radiometric determinations, another 150 g of crushed sample
was ground up to 100 pm by using the same ball mill. The powder obtained was then
introduced in Sarpagan boxes, sealed and stored for 28 days to reach the radioactive
equilibrium.
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2.2. RADIOMETRIC MEASUREMENTS

The activity concentrations of “°K, ?32Th and 23®U radionuclides were deter-
mined using a CANBERRA system consisting of a n-type, 0.6 mm epoxy carbon
HPGe detector with ISOXCALL characterization, a DSA 1000 multichannel ana-
lyzer and 747 type Pb shield. The detector has a relative efficiency of 40% and the
resolution is 1.96 keV at °°Co 1332 keV and 0.89 keV at >"Co 122 keV line. GENIE
2000 software was used for data acquisition and processing while the efficiency cal-
ibration, self-absorption and coincidence summing correction were performed by
using CANBERRA LabSOCS software. The background contribution was obtain as
the average of tree independent measurements, each of them of 300 000 s. The nu-
clear data were those provided by Chu ef al. [10] while the spectral lines overlapping
were corrected by the method presented in [8].

The 232Th natural series was investigated by means of gamma spectra of de-
scending radionuclides **®Ac (209.25 keV, 794.95 keV, 911.20 keV and 968.97 ke V),
212pp (238.63 keV), 21?Bi (727.33 keV and 1620.50 keV) and 2°°TI (583.19 keV and
860.56 keV). In the case of 238U series, was used the gamma spectra of 24Pb ( 295.22
keV and 351.93 keV), 21Bi (609.31 keV, 768.36 keV, 934.06 keV, 1120.29 keV,
1661.28 keV, 1729.60 keV and 1847.42 keV) and 2'9Pb (46.54 keV energy). “°K has
single gamma emission energy of 1460.83 keV. The accuracy of radiometric mea-
surements was checked by using the IAEA certified materials IAEA-RGTh-1 (tho-
rium Ore), IAEA-384 (Fangataufa Sediment) and IAEA-385 (Irish Sea sediment).
Differences between the measured and certified values were less than 5 %.

In all estimations we have considered both 232Th and 233U series in secular
equilibrium, as the Cretaceous-Paleogene age of Baita-Bihor mineralization is sig-
nificantly higher than the age of radioactive equilibrium of both radioactive series

[4].
2.3. XRF MEASUREMENTS

XRF determinations were performed by means of a EX-6600 SDD Xenemetrix
spectrometric system provided with an an EG 60 X-ray generator (P4, = 300 W,
HV,0z = 60 kV, L,,0z= 4.9 mA) and a 25 mm? SDD connected with an analog
digital pulse processor. XRF spectra were analyzed and processed with a nEXt,
2.0.q.6 software. The quantitative analyse was performed following the procedures
presented by Tugulan et al. [9] and developed in accordance with [11].

In both cases, the measurement uncertainties were estimated according to the
references [12—14].
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2.4. DOSE ASSESSMENT BY THE NATURAL ACTIVITY CONCENTRATIONS

The most straightforward method to assess for the dose distribution starting
from the activity concentrations values consists of using the activity to dose conver-
sion coefficients [15] to calculate the dose rate according to:

D =0.0417- Ago,, +0.604- Agza,, +0.462 - Agss, (1)

where 0.0417, 0.604, and 0.462, and are the dose conversion factors for the absorbed
dose rate in air produced by the natural radionuclides “°K, as well as 232Th and 2*U
series, while Ay, , A232,, and Assg,; are the corresponding activity concentrations.
Finally, the annual effective dose was calculated by multiplying the dose rate,
equation (1), with the average number of hours in an year, i.e. 8740, and the conver-
sion factor of the absorbed dose rate to the annual effective equivalent dose H, i.e.
0.7 [16] as follows:
H =8740-0.8-0.7- D107© 2)
where the factor 1076 assures the conversion from nSv to mSv.

3. RESULTS AND DISCUSSION

3.1. COMPARISON BETWEEN “°K XRF AND RADIOMETRIC DATA

As mentioned before, to check the accuracy of radiometric measurements, the
content of “°K was determined both by XRF and high resolution gamma spectrome-
try. The experimental results reproduced in Table 1 showed that the results obtained
by both methods were coincident with a probability of 92%, as the Student’s ¢-test
value of -0.170 confirmed. Unfortunately, due to the reduced accuracy of XRF de-
termination for contents lower than 50 mg/kg, the data regarding the 23>Th and 238U
could not be confirmed by two independent methods.

3.2. DISTRIBUTION WITHIN REPOSITORY

The natural radionuclide activity concentrations in the 17 chosen location of
the DNDR Baita rock walls samples determined as described in section Radiometric
measurements are presented in Table 1. For a proper assignment, the experimental
values are presented as weighted averages with respect to the considered wall sur-
faces.

From the Table 1 data it can be remarked that the average activity concentration
of the 232Th radioactive series, i.e. 39 Bg/kg is slightly lower than the previously
reported values for different rock from Romania [8, 17]. On contrary, the average
activity concentrations of 233U series of 83 Bg/kg is about two times greater the
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similar reports for Romanian loess of 35.4 Bq/kg [8] or the value of 51 Bg/kg reported
for volcanic and metamorphic rocks of Romania [17]. In the case of “°K, the average
activity concentrations 739 Bq/kg was slightly higher than the activity concentrations
reported by [17] or 690 Bg/kg and almost double than in the case of loess: 424 Bq/kg
[8].

The distribution of the activity concentrations within repository galleries is il-
lustrated in Fig. 2a. It can be remarked that the activity concentration has a relatively
constant distribution for the °K radionuclide, but totally different for >>Th and 23U
series, both of them marked by more maximums.

Indeed, 232Th series activity concentrations presents two significant maximums,
corresponding to P2/GP and P2/23/1 collecting points were it reached 68 4 8 and
respectively 64 4+ 6 Bg/kg. At their turn, both “°K and ?*U showed in some points
significant higher activity concentrations of 1200 + 140 and 700 + 80 Bg/kg respec-
tively.

By comparing the calculated data with the previous experimentally determined
ones, some particularities could be evidenced: i) with two exceptions (sampling
points PIGP and P2/23/1), the calculated values are three to seven times smaller
then the TLD measured ones; ii) the calculated values showed a greater spread —
approx 98% compared with the measured one whose variation was of only 9%.

This is most probable the explanation of the fact the estimated dose near P2/23/1
point is higher than the experimentally measured one, as the calculated data obtained
from a 0.5 kg sample were attributed to all neighbouring area. At the same time,
while TLD measurements need about six months of continuous exposure within
repository in an atmosphere rich in radon, while the gamma-rays spectrometry were
performed in laboratory, in the absence of any trace of radon. Moreover, the influ-
ence of background of radioactive wastes deposited in Repository, and whose total
activity is estimated to 1 TBq, could supplementary augment the TLD data.

In these conditions, the observed peculiarities could be well explained by tak-
ing into account: i) the entire amount of radioactive wastes whose total activity, as
mentioned before, was estimated to about 1 TBq distributed in six galleries of the
former mine; ii) a variable mineralogical composition of the rocks which compose
the Baita-Bihor geological formation, as data reproduced in Table 1 confirms; iii)
the presence of radon which continuously accumulates in repository, as the galleries
ventilation is performed only few days in a year during the maintenance activities.

Regarding the second remark, it should be noticed that the 23U series pre-
sented an activity concentration varying between 12 and 700 Bg/kg, an expected
behavior for an exhausted mine where small patches of uranium minerals, without
no commercial values, still can be evidenced in the gallery walls. In this regard, the
area with highest 233U activities were localized at the Repository entrance as well as
in the experimental gallery no. 23 where there are no disposal activities.
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Fig. 2 — Two diagrams showing the distribution of the activity concentrations of natural radionuclides
(a) as well as their contribution to the total background radioactivity as previously measured by ther-
moluminescence dosimeter (TLD) (b) [7] (Tugulan et al. 2015).

The areas with increased uranium contents, i.e. P1/GP and P2/23/1, repre-
sent small remains of uranium ore after the entire uranium content was completely
extracted. These area in fact represent some hot points” which due to their small
dimension could be considered as punctiform so the dose decreases with the square
of distance and posse no significant threat to human personnel.

The matrix of the correlation coefficients reproduced in the inset of the Fig. 2a
illustrates a relative good correlation at p < 0.05 only between “°K and 232Th activity
concentrations, this finding suggesting that the potassium and thorium are distributed
in one mineral fraction wile the uranium is contained by another one as proved in [4].

Regardless these remarks, the estimated average contribution of the natural
radionuclides radiometrically determined, to the total annual dose within Baita-Bihor
Repository represents about 30 % of the global annual effective dose of 1.55 mSv/y
as TLD data showed. Moreover, excepting for the short time devoted to maintenance
and monitoring activities as well as to disposal activities in the Repository which
are no longer than few days per year, the human access is totally restricted. In these
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Table 1

The experimental values of 232y, 238y, and 4°K activity concentrations (in Bq/kg) as determined
by high resolution gamma ray spectrometry and XRF (only 40K), the calculated dose rate (in nG/h)
and annual calculated effective doses (in mSv/y). For comparison, the experimentally measured annual
doses (in mSv/y) [7] are reproduced in the last column. A Student t test showed the concordance

between the “°K radiometric and XRF activity concentrations experimental data at p < 0.08.

Radionuclide activity concentration

Sample 232Th 238y OKyrers  “°Kxrr D Hea Hexp
P1/GP 46 + 5 420 + 50 1275 + 147 1393 £+ 210 277 1.36 1.55
P2/GP 68 + 8 57+7 964 + 111 1069 + 161 107 0.53 1.55
P3/GP 34 +4 43 +5 768 + 88 779 + 118 72 0.35 1.60
P4/GP 13+2 58 +7 351 +£40 342 + 52 50 0.24 1.62
P5/GP 28 £3 587 494 + 57 448 + 68 64 0.32 1.52
P6/GP 42 +5 21 +3 918 + 106 960 + 140 73 0.36 1.46
P1/N1 23+3 52+6 344 £+ 40 344 + 53 53 0.26 1.55
P1/23/1 43+ 5 62+7 990 4+ 120 900 + 140 96 0.47 1.46
P2/23/1 64 +7 700 £+ 80 1020 £ 120 1080 £ 160 404 1.98 1.60
P3/23/1 15+£2 170 4+ 20 310 £+ 36 317 + 46 102 0.50 1.44
P4/23/1 35+4 26+ 3 750 £ 86 738 + 111 64 0.32 1.47
P1/23/2 38+4 22+3 680 + 78 680 + 102 62 0.30 1.46
P2/23/2 54+6 98 £ 11 890 + 94 933 + 139 115 0.56 1.44
P3/23/2 56 £7 48+ 6 1200 + 140 1340 £ 200 107 0.52 1.61
P1/27/1 47+ 5 45+5 840 £ 100 750 + 110 84 0.41 1.38
P1/27/2 22+3 245+ 3 830 £ 100 810 £ 120 59 0.29 1.52
P2/27/2 38 +4 1241 1170 £+ 130 1120 £ 170 72 0.38 1.67
Mean =SD 39 + 16 113 4+ 180 739 + 85 749 + 86 93+£92 046+045 1.55+0.14

conditions, the annual dose received by working personnel is far beyond the 1 mSv/y,
the annual effective dose for the non-professional exposure.

4. CONCLUDING REMARKS

High resolution gamma-rays spectrometry was used to determine the content
of main natural radionuclides, i.e. °K and 2*?Th and 238U radioactive series mem-
ber in a set of 17 rock samples of about 1 kg each, and collected from the walls of
the National Radioactive Waste Repository - Baita-Bihor (Romania) in order to esti-
mate the distribution of the annual effective dose within Repository. The accuracy of
gamma-rays spectrometry was checked by determining the content of natural potas-
sium by XRF. An ANOVA t-test proved the identity of spectrometric and XRF data
with a probability higher than 92 %.

The activity to dose conversion performed by means of the United Nations Sci-
entific Committee on the Effects of Atomic Radiation Report gave for the annual
dose due to natural radionuclides an average value of 0.46 4 0.45 mSvl/y, signifi-
cantly lower than the TLD results previously reported of 1.55 + 0.11 mSv/y. This
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difference could be attributed to radon which, in the absence of a continuous ventila-
tion, accumulates within Repository as well as to the radioactive wastes themselves
which total activity is estimated to 1 TBq.

At the same time, by taking into account that the access in Repository is re-

stricted only to authorized personnel and only for a few days in an year, the health
threat to Repository workers can be considered negligible as the annual effective dose
is significantly lower then 1 mSv.
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