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A B S T R A C T

This work analyzed samples from a niobium mine in Brazil which produces massive quantities of non-processed
waste (NPW) each year. Due to concerns about the environmental impact of stacking up this material in the long-
term, investigations have had been made to evaluate its re-use options. Nevertheless, there are no regulations
from the Brazilian National Commission of Nuclear Energy about commercializing this sub-product which has
highly variable radiological activity because of the different lithologies present in the mine. Thus, the activity
concentrations of 238U, 232Th, 226Ra, 228Ra, 228Th and 40K of the naturally radioactive ore (53 boreholes) and of
the NPW (8 samples) were measured. Radiological hazard indices, radium equivalent, internal and external
hazard and their equivalent doses were also calculated. Moreover, the X-ray diffraction, depth and coordinates of
all samples were used to identify radioactive prone areas in the mine. For the NPW samples, the activity con-
centrations (in Bq/kg) were, on average, 64.9 of 238U, 104.8 of 226Ra, 1813.9 of 232Th, 1292.2 of 228Th, 1224.3
of 228Ra and 1184.2 of 40K. The analysis showed great variability between samples and the results can be used to
evaluate possible uses such as building materials or foundation for roadbeds.

1. Overview

Anthropogenic sources of radiation, including naturally occurring
radionuclides that might be released into the environment as a result of
human activity, are one of the main concerns when it comes to en-
vironmental radiological protection. Although naturally occurring
radionuclides are of primordial origin, exposure to them cannot be
neglected in an assessment of environmental impact (Vives i Batlle,
Ulanovsky, & Copplestone, 2017; EC, FAO, ILO, OECD/NEA, PAHO,
UNEP, WHO, 2014). Niobium ore has been listed worldwide as Natu-
rally Occurring Radioactive Material (NORM) (Liu & Pan, 2011; Ferrira,
da Silva, Lima, & da Silva, 2018; International Atomic Energy Agency,
2013) which makes the handling of the waste and tailings more chal-
lenging from an environmental perspective. The only two countries
with relevant niobium ore reserves are Brazil and Canada. There are a
few other occurrences in Australia, USA and Africa, but together they
represent 1% of the total production. Brazil is the world leader in the

production of ferroniobium, with a share of the market reaching up to
90% and the demand increases each year because this metal is widely
used in superalloys, superconducting magnets and in medical and
jewelry applications due to its hypoallergenic properties (Departamento
Nacional de Produção Mineral., 2018; Garcia C Marques, Mohamad El
Hajj, Maques Braga Junior, Chieregati, & Delboni Junior, 2017;
Gonçalves de Lima, 2010; Rangel Alves, 2015).

According to Josef Maringer et al. (2017), industries working with
NORM raw materials produce large amounts of waste and such waste
materials constitute a huge economic and ecological burden if not
properly disposed of or re-used. In addition, as resources consumption
continues to increase, energy consumption (mainly in the milling pro-
cess), diesel use and process recovery are major issues in the mining
sector regarding sustainability, in addition to the massive amounts of
waste and tailings being produced (Calvo, Mudd, Valero, & Valero,
2016; Ma, Schott, & Lodewijks, 2017). In this research, stream material
separated from ore before it enters the production plant and which is
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stoked in open pits from a niobium mine in Brazil was analyzed. This
alteration addresses solutions for two of the main sustainability issues
in the mining sector, as discussed previously: less energy consumption
in comminution steps and improved recovery of Nb, but the amount of
NPW increased.

The ore body of this mine is composed of four main lithologies:
carbonatite, reolite, nelsonite and amphibolite, which are all mixed
together in the ore body. The mineralogy of these rocks differs from one
another, there the radioactivity also varies a great deal. Mining cur-
rently occurs in the fresh rock because almost all the weathered ore
reserves have already been depleted and transition to the fresh rock led
to major changes in the process. One of the changes is a new magnetic
separation in the crushing system that originates the mass flow from
which the samples analyzed in this research were collected, called non-
processed waste (NPW). The nonmagnetic flow is separated from the
ore, which decreases the amount of energy used in the mill and in-
creases the process recovery. The issue with this alteration is the
amount of NPW being generated in the long term because there is no
planned place to store this material, which may cause unanticipated
environmental impacts.

The use of the NPW as aggregate has already been tested and it was
showed that the material complies with the standard ABNT NBR
7211:2009 from the Brazilian Association of Technical Standards
(Associação Brasileira de Normas Técnicas, 2009). However, due to the
occurrence of naturally radioactivity, its commercialization depends on
the Brazilian National Commission of Nuclear Energy's (CNEN) ap-
proval (Comissão Nacional de Energia Nuclear, 2014; Comissão
Nacional de Energia Nuclear, 2016). However, there are no regulations
in Brazil concerning the sale of mining byproducts. Thus, this research
aims to better investigate the radiological aspects and possible future
uses of NPW, taking into account radiation protection, through mea-
surements of the activity concentrations of 238U, 232Th, 226Ra, 228Ra,
228Th and 40K of borehole drilled samples and NPW samples. This work
also helps assist in the creation of a database that provides compre-
hensive NORM information for researchers and regulators as is being
done in different countries (Iwaoka & Yonehara, 2012). A shortage of
space for tailing dams and the increasing costs of monitoring and li-
censing mining residues make its use as raw material for other manu-
facturing chains increasingly attractive (Vieira Zuccheratte, Braccini
Freire, & Soares Lameiras, 2017).

2. Materials and methods

2.1. Sampling and sample preparation

A long-term sampling campaign was conducted using a borehole
drill rig and the samples from all 53 holes were analyzed. The borehole
drilled samples were crushed and sized to achieve the sizes needed for
the neutron activation analysis (100% < 0.074mm) and the gamma
spectrometry (100% < 2mm). Moreover, two different NPW
(d95= 4.13 cm) sets of samples were obtained from the feed of the pile
that already stores NPW. Pierre Gy's Theory of Sampling (Pitard, 1993)
was observed to ensure that the radiological evaluation would be done
properly. In total, each set of samples was classified into one of the
following: gravel 1 (top size of 26.5mm), gravel 0 (top size of
13.2 mm), crushed stone (top size of 6.7 mm) and sand (top size of
1.7 mm).

2.2. Neutron activation analysis

For the determination of uranium and thorium concentrations, ap-
proximately 150mg of each sample was weighed and packed in plastic
polyethylene bags. Each batch of samples was irradiated together with
two reference materials (RM), USGS STM-2 and NIST SRM 1646a, and a
paper filter was pipetted with a standard solution of the elements of
interest. Each sample was calculated in relation to each reference

material and the final report of the results is the mean value related to
each RM. All samples and RMs were irradiated for 8 h in the IEA-R1
research reactor, at IPEN under a thermal neutron flux of
1012 cm−2 s−1. The cooling time for uranium counting was 7 days and
for thorium it was approximately 15 days.

The counting time was 1 h for each sample and RM. Gamma spec-
trometry was performed by using an EG&G Ortec HP-Ge Gamma
Spectrometer detector (AMETEK Inc., USA) and associated electronics,
with a resolution of 0.88 and 1.90 keV for 57Co (122 keV) and 60Co
(1332 keV), respectively (International Atomic Energy Agency, 1990).

Table 1
Lithological domain of each borehole drilled sample, activity concentrations
(AC) and expanded uncertainty (k=2) for 238U, 226Ra and 232Th, in Bq/kg.

Sample # Lithological
domain

238U 226Ra 232Th

Bq/kg ± Bq/g ± Bq/kg ±

1 PHY I 43.1 9.1 33.0 2.5 727.3 65.1
2 CB I 19.5 3.2 59.8 2.8 606.1 54.3
3 PHY II 26.4 8.4 75.1 3.7 562.0 50.9
4 MIS 217.1 23.3 22.0 7.6 1864.2 159.6
5 CB I nd 54.6 1.5 1792.9 12.6
6 CB II 66.4 18.3 61.6 6.2 1099.2 94.5
7 PHY I 15.1 7.8 80.7 3.7 282.6 2.1
8 AMP II 77.6 12.5 68.1 7.6 1472.8 133.4
9 MIS Nd 56.0 2.2 227.7 19.6
10 CB I 29.7 8.6 146.6 8.6 804.6 66.3
11 CB II nd 28.5 5.7 702.7 39.5
12 CB II nd 134.6 2.7 2332.5 203.0
13 PHY I 90.3 9.9 153.6 5.5 2039.3 181.8
14 CB II 205.0 28.5 52.3 6.7 2933.9 282.0
15 PHY II 98.3 9.3 72.2 5.1 499.0 45.2
16 AMP II 42.5 10.6 56.0 5.7 226.6 1.6
17 AMP II nd 44.4 3.9 954.4 78.6
18 AMP I 121.7 7.1 111.4 2.9 192.0 1.4
19 CB I 105.6 13.3 52.3 6.7 253.1 23.5
20 PHY I 0.0 0.0 78.4 2.8 1298.6 113.0
21 CB I 16.5 10.5 39.2 5.3 221.3 20.1
22 PHY I nd 87.0 8.7 1630.4 135.8
23 PHY II 142.7 28.2 43.1 4.6 573.8 49.3
24 PHY I 1898.7 103.9 65.3 4.0 278.6 24.9
25 AMP II nd 58.6 8.9 1220.4 8.6
26 PHY I nd 88.3 5.5 1109.7 92.4
27 MIS 117.4 11.0 232.1 2.4 984.5 87.8
28 PHY II 56.6 8.6 128.2 3.8 870.4 78.8
29 AMP I 70.5 8.2 63.1 2.2 314.3 17.7
30 PHY II 29.7 8.6 32.4 3.0 804.6 66.3
31 CB II 65.7 27.2 67.9 8.9 5056.1 283.1
32 PHY I 64.2 7.5 87.0 2.3 555.5 31.2
33 CB II 13.6 4.6 87.6 3.3 718.9 40.3
34 CB I 77.4 16.1 808.9 24.3 641.5 57.4
35 PHY I 41.8 8.9 74.3 2.1 597.0 53.4
36 CB II nd 130.6 9.4 1764.9 145.4
37 AMP II 70.2 3.7 76.1 6.7 517.9 45.1
38 PHY II 49.7 10.1 70.5 7.5 298.6 26.6
39 AMP I nd 89.1 8.8 1867.7 155.5
40 AMP I 110.2 9.0 92.1 7.5 520.4 46.6
41 MIS 40.5 12.9 108.2 4.2 1381.6 123.2
42 PHY I 62.5 5.2 75.5 2.4 818.7 46.0
43 AMP II 32.2 4.8 69.6 3.4 933.1 52.4
44 CB I nd 121.4 8.5 3343.5 290.9
45 CB I nd 71.7 2.7 1885.4 168.8
46 MIS 67.8 8.4 134.0 4.1 1267.3 71.0
47 MIS nd 47.6 2.6 1759.7 153.1
48 PHY I 41.1 9.5 52.2 4.1 318.4 29.6
49 AMP I 81.7 12.5 145.3 7.9 806.0 66.4
50 AMP I 10.7 6.8 47.9 2.1 357.9 31.9
51 CB II 152.1 46.9 85.7 8.1 2689.7 224.1
52 PHY I 29.8 8.4 45.4 7.2 530.2 43.7
53 CB I 234.0 110.4 124.5 7.4 2962.6 246.7

Average 89.4 94.2 1141.0
Standard

deviation
259.8 107.3 955.9

nd= not determined.
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The analysis of the data was carried out by using in-house gamma ray
software (the VISPECT program) to identify the gamma-ray peaks. The
methodology evaluation was performed by cross-checking the reference
materials and synthetic standards.

2.3. Gamma spectrometry

For gamma spectrometry the samples were sealed in plastic cans
(50ml), in order to avoid radon loss, for at least 30 days before the
measurement to ensure equilibrium between 226Ra and its short half-

life progeny. Specific sample activities were determined using a HPGe
detector, model GX 2020, from Canberra Industries. The reference
materials RGU, RGTh and RGK, from IAEA, were used for efficiency
calibration and calibrated sources of 60Co, 137Cs, 152Eu and 241Am, were
used for energy calibration. For the determination of 226Ra activity
concentration, the mean value of three photopeaks of its progeny,
295 keV and 352 keV of 214Pb and 609 keV of 214Bi, were taken. The
Lower Limit of Detection (LLD) for this measurement configuration was
1.8 Bq/kg. For 228Ra activity concentration determination, the mean
values of the photopeaks in 338 keV and 911 keV of 228Ac were used
(LLD of 3.6 Bq/kg), and the mean values of the photopeaks in 238 keV
of 212Pb and 727 keV of 212Bi were used for the determination of 228Th
activity concentration (LLD of 4.0 Bq/kg). The photopeak in 1460 keV
energy was used to directly determine 40K activity concentration (LLD
of 17 Bq/kg).

2.4. Radiological hazard indices

For the activity concentration of natural uranium, thorium and
potassium, their specific activity of 12.437 Bq/kg and 4.057 Bq/kg,
respectively, was used considering an isotopic abundance of 99.2742%
for 238U, 100% for 232Th and 0.0117% for 40K (NPL Report IR 6, 2008).

Radium equivalent activity (Raeq) was defined as the weighted sum
of 238U, 232Th and 40K activities, based on the assumption that 370 Bq/
kg of 238U, 259 Bq/kg of 232Th and 4810 Bq/kg of 40K gives an absorbed
dose of 1.5mGy per year, equal to 1mSv annual effective dose (Tufail,

Table 2
Lithological domain of each borehole drilled sample, activity concentrations
(AC) and expanded uncertainty (k=2) for 228Th, 228Ra and 40K, in Bq/kg.

Sample # Lithological
domain

228Th 228Ra 40K

Bq/kg ± Bq/kg ± Bq/kg ±

1 PHY I 555.0 4.0 562.0 4.0 1680.0 11.0
2 CB I 732.1 13.3 740.5 6.6 2039.2 14.3
3 PHY II 741.7 12.9 752.6 6.4 1878.9 11.8
4 MIS 1880.6 19.2 1930.8 13.6 1324.5 11.9
5 CB I 1811.9 17.3 1832.5 9.6 1432.3 12.6
6 CB II 1158.2 14.4 1062.2 9.8 1642.9 12.8
7 PHY I 292.6 5.5 296.4 1.8 2627.9 15.2
8 AMP II 1857.7 19.4 1688.0 13.5 1582.7 13.5
9 MIS 236.5 8.8 250.9 4.2 657.9 9.1
10 CB I 386.9 8.2 667.8 8.3 425.3 13.0
11 CB II 788.5 11.3 755.8 7.6 1752.1 12.2
12 CB II 2028.7 19.3 2103.2 10.2 706.7 11.0
13 PHY I 2028.6 28.5 2099.1 11.3 1738.4 22.4
14 CB II 3118.9 44.0 3445.3 25.1 1006.0 17.2
15 PHY II 482.2 8.4 484.7 7.3 2266.8 22.2
16 AMP II 212.2 7.9 204.8 4.8 1271.0 11.2
17 AMP II 809.4 11.5 831.9 6.9 1348.3 17.8
18 AMP I 206.4 8.8 224.2 4.0 1443.6 12.7
19 CB I 3118.9 44.0 3445.3 25.1 1006.0 17.2
20 PHY I 1178.4 3.4 1200.4 8.3 1791.8 13.8
21 CB I 282.7 7.6 259.5 5.1 1235.3 10.7
22 PHY I 1422.6 13.6 1462.1 11.4 1918.7 21.1
23 PHY II 587.3 7.5 594.3 5.7 1668.3 12.0
24 PHY I 319.2 3.7 330.2 5.9 1813.8 18.9
25 AMP II 1179.0 14.2 1207.0 10.7 1710.7 20.4
26 PHY I 1091.4 14.8 1101.9 8.0 2383.5 15.3
27 MIS 1103.6 10.5 1123.7 8.1 1609.4 13.7
28 PHY II 907.7 9.2 910.6 6.5 1908.5 11.5
29 AMP I 530.5 6.3 886.2 7.0 2252.0 14.4
30 PHY II 696.1 4.6 717.7 4.7 1866.2 12.3
31 CB II 3812.4 32.3 3496.7 22.1 1356.1 12.5
32 PHY I 884.8 14.0 906.9 7.1 1630.4 11.1
33 CB II 572.8 7.3 562.9 5.7 536.1 6.4
34 CB I 5699.9 47.6 5927.2 58.2 16798.7 129.3
35 PHY I 651.6 6.7 666.5 6.2 2025.5 10.9
36 CB II 2004.4 6.3 2050.4 9.9 1247.7 18.5
37 AMP II 497.7 14.5 507.5 6.4 1772.5 17.4
38 PHY II 1716.2 18.2 1559.6 12.5 1441.0 12.4
39 AMP I 2168.1 22.2 2008.5 15.3 1269.0 13.3
40 AMP I 476.9 14.4 486.5 7.0 1568.5 18.7
41 MIS 1433.1 11.3 1459.6 8.9 1961.5 14.5
42 PHY I 890.2 14.0 895.0 7.1 2191.3 14.5
43 AMP II 971.9 13.4 991.2 7.2 1694.0 12.9
44 CB I 2894.2 29.9 2977.4 16.0 792.8 18.6
45 CB I 1880.8 14.0 1910.6 10.7 2011.2 15.5
46 MIS 914.0 9.2 926.1 7.0 1969.7 12.0
47 MIS 1688.5 6.5 1714.6 9.5 583.9 10.4
48 PHY I 292.8 7.7 198.6 4.2 2016.9 11.5
49 AMP I 1093.2 20.3 1116.6 10.0 1740.7 19.7
50 AMP I 407.1 6.3 413.6 5.0 1698.8 12.4
51 CB II 3075.9 27.5 2806.2 19.1 878.8 11.5
52 PHY I 589.2 10.5 539.0 7.0 2139.0 13.6
53 CB I 2902.0 26.0 2675.1 18.0 1100.6 11.7

Average 1306.9 1320.2 1856.9
Standard

deviation
1084.5 1093.4 2149.9

Table 3
NPW activity concentrations (AC) and expanded uncertainty (k=2) for 238U,
226Ra and 232Th, in Bq/kg.

NPW Sample 238U 226Ra 232Th

Bq/kg ± Bq/kg ± Bq/kg ±

Gravel 1 – Batch 1 47.0 7.0 157.0 9.0 2223.0 134.0
Gravel 0 – Batch 1 45.0 8.0 115.0 7.0 1044.0 63.0
Crushed stone – Batch 1 80.0 10.0 160.0 9.0 1495.0 90.0
Sand – Batch 1 142.0 14.0 233.0 14.0 2091.0 126.0

Gravel 1 – Batch 2 81.4 6.1 56.9 2.7 1249.0 70.0
Gravel 0 – Batch 2 88.7 6.3 42.4 1.9 1529.4 85.7
Crushed stone – Batch 2 71.2 11.3 57.4 3.2 1650.5 102.0
Sand – Batch 2 16.4 9.2 64.8 2.5 1049.9 53.5

Gravel 1 – Average 64.2 6.6 107.0 5.9 1736.0 102.0
Gravel 0 – Average 66.9 7.2 78.7 4.4 1286.7 74.4
Crushed stone – Average 75.6 10.6 108.7 6.1 1572.8 96.0
Sand – Average 52.8 7.7 124.7 6.4 2660.0 159.6

Table 4
NPW activity concentrations (AC) and expanded uncertainty (k=2) for 228Th,
228Ra and 40K, in Bq/kg.

NPW Sample 228Th 228Ra 40K

Bq/kg ± Bq/kg ± Bq/kg ±

Gravel 1 – Batch 1 2290.0 285.0 2189.0 273.0 1369.0 87.0
Gravel 0 – Batch 1 1042.0 130.0 1025.0 128.0 2095.0 135.0
Crushed stone – Batch 1 1254.0 156.0 1205.0 150.0 1745.0 112.0
Sand – Batch 1 1814.0 226.0 1713.0 214.0 1387.0 89.0

Gravel 1 – Batch 2 738.4 9.2 689.1 6.3 834.3 9.9
Gravel 0 – Batch 2 901.7 15.2 843.6 5.7 868.5 8.7
Crushed stone – Batch 2 819.6 11.3 725.2 8.6 947.0 11.4
Sand – Batch 2 854.2 8.5 800.4 6.8 852.5 8.0

Gravel 1 – Average 1514.2 147.1 1439.0 139.6 1101.6 48.5
Gravel 0 – Average 971.9 72.6 934.3 66.8 1481.8 71.8
Crushed stone – Average 1036.8 83.7 965.1 79.3 1346.0 61.7
Sand – Average 1645.9 84.1 1558.5 77.8 807.3 35.6
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2012). Raeq was calculated from the following relation (Eq. (1)) pro-
posed by Beretka and Mattew (1985):

Raeq= CU + 1.43CTh + 0.077CK (1)

where CU, CTh and CK are the activity concentrations of 238U, 232Th and
40K, in Bq/kg, respectively.

The external hazard index (Hex), proposed by Hewamanna,
Sumithrarachi, Mahawatte, Nanayakkaraand Ratnayake (2001), is ap-
plied for a house with walls of finite thickness, windows and doors, and

can be calculated as Eq. (2):

Hex= CU/370 + CTh/259 + CK/4810 (2)

The radiation hazard due to Hex will be negligible if its value is less
than unity. Additionally, the internal hazard index (Hin), as defined in
Valan, Mathiyarasu, Sridhar, Narayanan, and Arumainathan (2014),
takes also into consideration internal exposure due to radon and its
short-lived decay products as a threat to the respiratory system. It is
calculated as Eq. (3):

Hin = CU/185 + CTh/259 + CK/4810 (3)

The external gamma absorbed dose rate (D), related to the risk due
to the amount of ionizing radiation, deposited in a body per unit of
time, that arises from terrestrial gamma emitters can be derived (nGy
h−1) from the measured activity concentrations and the following
conversion factors, as given by UNSCEAR (2010) and shown in Eq. (4):

D=0.462CU + 0.604CTh + 0.0417CK (4)

2.5. Statistical analysis

Univariate and multivariate statistical analyses were applied to the
results for data interpretation. The Pearson Correlation Coefficient, in
which the correlation coefficient (r) is used to measure association
strengths, was used to verify the relationship between the natural
radionuclide activity concentrations and the mineral composition of the
samples (Devore, 1995; Hupp, Marshall, Campbell, Smith, & Mcguffin,
2008). Hierarchical cluster analyses were applied with the purpose of
assembling objects based on their similarities. This goal is achieved by
sorting cases into groups or clusters, resulting in a strong association
between members of the same cluster and a weak association between
members of different clusters (Otto, 1998).

3. Results and discussion

3.1. Radiological characterization

Table 1 and Table 2 show the lithological domain of each borehole
drilled sample and activity concentrations (AC) for 238U, 226Ra, 232Th,
228Th, 228Ra and 40K, in Bq/kg and their respective expanded un-
certainty (k=2). Table 3 and Table 4 show the AC for the same
radionuclides in the NPW samples and their respective expanded un-
certainty (k=2). The uncertainty of the results was obtained by means
of error propagation with 95% confidence. The lithological domain
abbreviations shown in Tables 1 and 2 correspond to the following:

Table 5
Radiological hazard indices radium equivalent activity (Raeq), external hazard
index (Hex), internal hazard index (Hin) and absorbed dose rate (D) – borehole
drilled samples.

Sample # Raeq Hex Hin D

Bq/kg nGy/h

1 1202 3.2 3.3 525
2 1084 2.9 3.1 479
3 1023 2.8 3.0 453
4 2790 7.5 7.6 1191
5 2729 7.4 7.5 1168
6 1760 4.8 4.9 761
7 687 1.9 2.1 318
8 2296 6.2 6.4 987
9 465 1.2 1.4 205
10 1330 3.6 4.0 571
11 1168 3.2 3.2 511
12 3524 9.5 9.9 1500
13 3204 8.7 9.1 1375
14 4325 11.7 11.8 1838
15 940 2.6 2.7 421
16 478 1.3 1.4 216
17 1513 4.1 4.2 653
18 497 1.3 1.6 228
19 492 1.3 1.5 219
20 2073 5.6 5.8 895
21 451 1.2 1.3 203
22 2566 6.9 7.2 1105
23 992 2.7 2.8 436
24 603 1.6 1.8 274
25 1936 5.2 5.4 836
26 1859 5.0 5.3 810
27 1764 4.8 5.4 769
28 1520 4.1 4.5 665
29 686 1.9 2.0 313
30 1327 3.6 3.7 579
31 7403 20.0 20.2 3142
32 1007 2.7 3.0 444
33 1157 3.1 3.4 497
34 3020 8.2 10.3 1462
35 1084 2.9 3.1 479
36 2751 7.4 7.8 1178
37 953 2.6 2.8 422
38 608 1.6 1.8 273
39 2858 7.7 8.0 1222
40 957 2.6 2.8 422
41 2235 6.0 6.3 966
42 1415 3.8 4.0 621
43 1534 4.1 4.3 666
44 4964 13.4 13.7 2109
45 2923 7.9 8.1 1256
46 2098 5.7 6.0 909
47 2609 7.0 7.2 1109
48 663 1.8 1.9 301
49 1432 3.9 4.3 627
50 690 1.9 2.0 309
51 4000 10.8 11.0 1701
52 968 2.6 2.7 430
53 4446 12.0 12.3 1893

Average 1869.0 5.0 5.3 810.2

Standard deviation 1367.9 3.7 3.8 579.9

Table 6
Radiological hazard indices radium equivalent activity (Raeq), external hazard
index (Hex), internal hazard index (Hin) and absorbed dose rate (D) – NPW
samples.

NPW Samples Raeq Hex Hin D

Bq/kg nGy/h

Gravel 1 – Batch 1 3392.7 4.6 9.6 1452
Gravel 0 – Batch 1 1742.1 2.3 5.0 760
Crushed stone – Batch 1 2017.5 2.7 5.9 875
Sand – Batch 1 2789.4 3.8 8.2 1200
Gravel 1 – Batch 2 1106.5 1.5 3.1 477
Gravel 0 – Batch 2 1316 1.8 3.7 565
Crushed stone – Batch 2 1167 1.6 3.3 504
Sand – Batch 2 1275 1.7 3.6 549

Gravel 1 – Average 2249.6 3.0 6.4 964.5
Gravel 0 – Average 1528.8 2.1 4.3 662.5
Crushed stone – Average 1592.5 2.1 4.6 689.3
Sand – Average 2415.6 3.2 6.9 1032.6
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PHY is all the phyllite domains within the mine; CB I and CB II are
carbonatites; MIS are those which correspond to a mixture of different
domains; and AMP I and AMP II are amphibolites. For the borehole
drilled samples the AC (in Bq/kg) were, on average, 89 ±260 of 238U
(ranging from 10.7 to 1898.7), 94 ± 107 of 226Ra (ranging from 22.0 to

808.9), 1141 ± 956 of 232Th (ranging from 192.0 to 5056.1),
1307 ± 1085 of 228Th (ranging from 206.4 to 5699.9), 1320 ± 1093
of 228Ra (ranging from 198.6 to 5927.2) and 1857 ± 2150 of 40K
(ranging from 423.3 to 16798.7), the values followed by the± sign are
the standard deviations. The activity concentrations found are much

Fig. 1. Radium equivalent (Raeq) and absorbed dose rate (D) for the borehole drilled samples.

Fig. 2. External (Hex) and internal (Hin) hazard indices for the borehole drilled samples.

Fig. 3. Radium equivalent (Raeq) and absorbed dose rate (D) for the NPW samples.
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higher than the global average, as presented in UNSCEAR (2010).
However, AC of the same order of magnitude was also found in other
naturally radioactive Th rich mineralization studied in Brazil (Larijani
et al., 2017; Alves, Pereira, Neto, & Menegotto, 2018; Hazin, Gazineu, &
de Farias, 2008; El Hajj et al., 2017). In this case, it is important to
investigate whether the type of rock influences the radionuclides’ ACs.
Therefore, the average for the carbonatite samples and the average for
the samples of all others lithological domains was calculated. The AC
was, on average, 1753.5 Bq/kg for 232Th in the carbonatite samples and
851.8 Bq/kg in all other samples. This fact is important when predicting
the radiological profile of the raw material entering the ore treatment
plant.

For the NPW samples the AC (in Bq/kg) were, on average,
64.9 ±9.4 of 238U (ranging from 16.4 to 142.0), 105 ±23 of 226Ra
(ranging from 42.7 to 233.0), 1814 ±594 of 232Th (ranging from
1044.0 to 2223.0), 1292 ± 338 of 228Th (ranging from 738.4 to
2290.0), 1224 ±321 of 228Ra (ranging from 689.1 to 2189.0) and
1184 ±296 of 40K (ranging from 834.3 to 2095.0). The control of NPW
composition is a challenge because only in the last few years the control
of the ore grade has been done. Due to the great variability in the

lithologies and their AC, the inclusion of radiological evaluation in the
mine planning context for the material that enters the ore treatment
plant and consequently the metallurgical process may help to segregate
the tailings and to create different possible applications.

3.2. Radiological risk assessment

The radiological hazard index (RHI) radium equivalent activity
(Raeq), external hazard index (Hex), internal hazard index (Hin) and
absorbed dose rate (D) of the samples analyzed in this study are shown
in Table 5 and Table 6.

For better visualization, the data was plotted in the graphs in
Figs. 1–4. The average results for the borehole drilled sample were
1860.7 ±1377.6 (Bq/kg) for the Raeq, 806.6 ±584.1 (nGy/h) for D,
5.0 ± 3.7 for Hex and 5.3 ±3.8 for Hin. The main conclusions were
that all RHI showed high standard deviation (the same order of mag-
nitude of the averages) for the borehole drilled samples and this can be
explained by the mineralogical composition of the rocks that form the
deposit. Both, the borehole drilled samples and the NPW samples show
values of radiological hazard indices which are higher than the re-
ference values or the global average (370 Bq/kg for Raeq, Hex and
Hin > 1 and 58 nGy/h (UNSCEAR, 2010)). Therefore, the use of NPW
without dilution as a general building material, with the same com-
position as the material researched in the present study, could represent
a risk to human health if no boundary use conditions are adopted.

3.3. Multivariate statistical analysis

The Pearson correlation rank was calculated for the RHI of each
sample and the mineralogical content; the results are shown in Table 7.
The results corroborate the initial premise that the carbonatite li-
thology, bold in the table, was most radiologically hazardous since both
the alkali feldspar and the dolomite presented significant correlations
with all RHI.

Cluster analysis was applied to the radiological indices showed in
Table 5. When cutting the obtained dendrogram at a level of 20% of the
100·Dlink/Dmax, four main groups were observed (Fig. 5). The bold
group is the one that corresponds to the highest radiological hazard
indices and all the samples are from the carbonatite domains. This re-
sult is helpful when sequencing the mine, so the workers would not be
exposed to unnecessary risks.

In Fig. 6 the borehole drilled samples were classified in the mine,
considering the radiological hazard indices and coordinates of the
collars. The red dots in the map represent the highest risk, the yellow

Fig. 4. External (Hex) and internal (Hin) hazard indices for NPW samples.

Table 7
Spearman Rank Order Correlations – marked correlations are significant at
p < 0.05.

Variable Raeq
(Bq/kg)

Hex Hin D
(nGy/h)

Pyrochlore 0.04 0.04 0.07 0.05
Kalipyrochlore −0.31 −0.31 −0.3 −0.32
Ferrous cordierite −0.2 −0.2 −0.19 −0.19
Magnetite −0.07 −0.07 −0.08 −0.06
Ankerite 0.33 0.33 0.33 0.33
Magnesian Calcite −0.04 −0.04 −0.06 −0.05
Phlogopite −0.07 −0.07 −0.07 −0.08
Biotite 0.3 0.3 0.28 0.31
Orthoclase 0.4 0.4 0.4 0.39
Alkali feldspar 0.77 0.77 0.77 0.77
Siderite 0.31 0.31 0.32 0.31
Richterite −0.24 −0.24 −0.25 −0.23
Quartz −0.18 −0.18 −0.18 −0.17
Calcite −0.16 −0.16 −0.16 −0.16
Hydroxyapatite 0.04 0.04 0.04 0.04
Anquerite 0.42 0.42 0.44 0.43
Sanidine −0.09 −0.09 −0.08 −0.09
Ferrous phlogopite −0.32 −0.32 −0.32 −0.32
Dolomite 0.74 0.74 0.76 0.74
Barytocalcite −0.44 −0.44 −0.44 −0.44
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ones represent intermediate and the green ones are the ones with low
risk.

4. Conclusion

From the analysis of 53 borehole drilled samples, high variability in
relation to radioactivity content related to mineralogical characteristics
was observed. The lithology denominated by carbonatite is the most
critical with regards to the radiological activity in the deposit.
Regarding the NPW, the radiological hazard indices were higher than
the reference values or the global average, so some investigations could
be carried out in further studies which would consider the use of diluted
NPW in cement to produce concrete or its application for roadbed
foundation. The re-use of this material would be optimal for minimizing
the negative environmental consequences of having the material
stacked in a roofless environment, but it should only be done if it is
proven to be safe, with regards to radiation protection.
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