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ABSTRACT

The use of mining residues in agriculture may be possible, as long as there be previous studies in different areas,
one of them being the analysis of the involved radionuclides behavior. This study determined the concentrations
of 22Th activity in soil, soil treated with lime, soil with carbonate residue from niobium mining, soil with the
mixture of lime and carbonate, in two moments. The transfer factor of 232Th from the soil to the plant was ana-
lyzed, in this case, lettuce (n=20), in the different types of treatment and in two moments. The addition of car-
bonate to the soils did not significantly alter the levels of radioactivity for 232Th radionuclide in lettuce. The effec-

tive dose resulting from the lettuce ingestion varied from 0.09 to 0.3 uSv y %
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1. INTRODUCTION

Brazil is the world leader in the ferroniobium production, accounting for more than 90% of
world production. This alloy is widely used in superalloys, superconducting magnets and in medical
and jewelry applications [1] .

The main rocks that contain niobium-enriched mineral deposits are carbonatites, which are de-
fined as igneous rocks with more than 50% carbonate minerals. They are common in complexes of
magmatic origin associated with alkaline rocks [2].

To beneficiate the ore, it is necessary to submit the rock to crushing and pre-concentration process
by means of magnetic separation, in which the magnetic particles are considered as a product, while
the non-magnetic particles are considered as waste. Then, grinding and classification is carried out,
followed by unmudding, to remove very fine particles (< 0.010 mm). After this process, the ore pulp
is directed to silicate flotation. In this flotation, the pulp has a basic pH around 10. The silica concen-
trates are obtained from the silicate flotation cleaning step, are the particles from the foam [3].

After obtaining the silicates, carbonate flotation occurs, which also takes place in two stages and
this flotation also has a basic pH, of approximately 10. From its foam, the carbonate concentrates
are acquired. Then, silica and carbonate concentrates are sent to containment dams, generating pro-

cess residue deposits [3]. Figure 1 presents the process of niobium beneficiation.

Figure 1: Process of Niobium beneficiation
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Due to the geological association of niobium ore with Naturally Occurring Radioactive Material
(NORM) and the large amounts of waste produced, by its exploitation, the latter constitute an eco-
nomic and ecological burden if not properly disposed or re-used. Due to the radioactivity of NORM
residues, there is the need of controlling the radiation exposure of workers and general public, in
accordance with current national and international standards of safety and protection [4].

According to brazilian standard, in regard to radiological protection and radioactive waste man-
agement (CNEN 3.01 and CNEN 8.01 standards), materials with natural radionuclides are not sub-
jected to safety and radiological protection requirements when activity concentrations of Th and U
natural series radionuclides are below 1000 Bq kg™, being possible, therefore, that such materials be
utilized without incurring in non-assessed risks to workers, public and environment [5,6].

Mining in Brazil is subjected to several laws and regulations, both state and federal, which de-
fine norms and guidelines from concession to inspection and compliance with Brazilian mineral and
environmental legislation.

The use of mining residues in agriculture may be possible, as long as there are previous studies
in different areas, one of them being the analysis of the involved radionuclides behavior. Consider-
ing the need of expansion, development and the process of food supply to society, it is necessary to
evaluate agricultural production using fertilizers of organic or mineral origin which benefits from
ferroniobium production waste, if it does not cause damage to population health, providing the nec-
essary nutrients to the plants.

The objective of this work is to evaluate the 2*2Th activity concentration in niobium mining
waste for use as agricultural input in accordance with the newly wasteless concept directed towards
the social and technological environment concern. This evaluation has been made with different soil
treatments for lettuce culture, observing the transfer factor of 232Th from soil to leaves. The
analyzed waste is produced in the city of Cataldo - GO, Brazil, as tailings in the early stages of the
niobium production.

Previous measurements carried out in this waste showed that the 23?Th activity concentration
has mean value of 1,141 Bq kg, reaching up to 5,056 Bq kg™, depending on the lithological do-
main it comes from [7].

Soil is not only a part of the ecosystem, but also plays a fundamental role in human survival,

which is tied to the maintenance of its productivity. Soil has very important and complex functions
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as filter, storage, and transformation systems, protecting the global ecosystem against the effects
of pollution [8].

Thorium contents in uncontaminated soils worldwide vary within the range of 8 — 11 mg kg*
and large amounts of Th may be introduced into the biosphere from fossil-fuel power plants and
from phosphate fertilizers [8]. This element is widely distributed in the environment and occurs at
low levels in water, soil, rocks, plants, and animals. Thorium is a typical lithophilic element and its
geochemical behavior is very similar to the rare earth elements (especially cerium), zirconium, haf-
nium and uranium [9] being a rather immobile element.

Furthermore, Th-232 has sufficient mass to make them chemically toxic and normally accumu-
late in soils and sediments. The output of this compartment occurs through geological processes
such as students, and sometimes by leaching [10].

The study of Th transfer from soil to edible vegetation through root uptake is very important,
especially considering accumulation of this radionuclide in food chains. An understanding of the Th
mobility in soils and its transfer to different plants requires a detailed knowledge about the interac-
tions of this nuclide with abiotic and biotic soil components. Previous experimental results demon-
strated that distribution of Th in soil is highly variable [9]. Despite numerous studies on Th contents
in vegetation, there is little information yet related to its uptake rate and storage by different plant
species. In general, roots serve as a natural barrier preventing the transport of many trace metals,
including radionuclides to upper plant parts. Moreover, the rate of radionuclide translocations from
roots to shoots is probably species-dependent. It may be different for different species and even
cultivars. Generally, Th concentrations in roots are higher than in leaves and in seeds [11].

Due to the utilization of municipal and industrial wastewater, as well as the uncontrolled use of
chemical and livestock fertilizers, leafy vegetables have a high content of heavy metals, like Th [12].

The general public is exposed to Th by means of external gamma radiation, building materials
and food consumption. Whether human-made or natural in origin, radioactive material transfers to
the human body through the food chain [13].

Vegetables, particularly leafy vegetables, receive more heavy metal through their roots and store
them in their tissues than other plants [14].

In regard the intake in the diet, 2?Th ingestion dose coefficients for all age are up to one order
of magnitude higher than 28U ones [15]. Scarce data are available on 23U intake with the diet and
even less on 2%2Th, and few countries have conducted representative national surveys [16,17].
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2. METHODOLOGY

To assess the radiological implications of using the niobium carbonate waste as soil amendment,
40 samples of lettuce (Lactuca sativa) from two different harvesting, the first one with 20
samples and 20 from the second one, making use of the same vases of first harvesting to
improve nutrients absorption. Lettuce was chosen due to its short time of growing and is a
benchmark cases in literature.

The lettuce cultivation was carried out in partnership at the University of Taubaté, UNITAU, in
Taubaté campus, in collaboration with the Department of Agricultural Sciences, which was
responsible for planting and caring lettuce samples from seeding to seedling growth and
transplanting for vases.

The lettuce was cultivated in four different treatments and two harvesting: a) soil, b) soil + lime,
c) soil + lime + carbonate and d) soil + carbonate. In the treatments b and d, 3 kg of lime or
carbonate was added to 1 m® of soil. In the condition ¢, 1.5 kg of lime and 1.5 kg of carbonate was
added to 1 m? of soil. The lettuce samples were arranged respecting the completely randomized
design (CRD) [18].

In each treatment, the substrate and lettuce were analyzed by instrumental neutron activation
analysis (INAA) for Th determination. In the laboratory, the soil samples were dried for two days at
temperature of 40 °C until constant weight has been reached. Stones, gravels, leave and roots were
removed from the sample, and then it was weighed. The samples were dried in an oven at 100 °C
for 24 h to attain constant dry weight, crushed into fine powder, and homogenized by passing it
through a 125-pum sieve. The dried and crushed samples of about 120 mg were packed in
polyethylene bags and irradiated in the IEA-R1 nuclear reactor along with reference materials used
for concentration determination by the comparative INAA method. The statistical treatment of
experimental data included a calculation of mean concentrations for two replicates and analysis of
variances to estimate statistically significant differences between groups of samples. The
measurement of induced gamma activity was performed using a Ge-hyperpure detector.

Estuarine Sediment, SRM 1646a from the National Institute of Standards and technology
(NIST), Syenite, Table Mountain and STM-2 from the United States Geological Survey (USGS),
both with 120 mg each and synthetic standard solutions (SPEX Certiprep) were used as certified

reference materials. Pipetted standards, reference materials and samples were irradiated together
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under a flux of the order of 102 n cm? s, in the IEA-R1 nuclear research reactor at IPEN-
CNEN/SP. Highpure germanium detector was used for the induced gamma radiation measurement
in the plant and soil material.

In the comparative method [19,20] the concentration is determined by comparing the peak areas
obtained in the gamma spectrum of the irradiated sample with the peak areas of the same elements
in the spectra of the reference materials that were irradiated together with the samples, used for the
calculation the Eq (1):
_ (Aai M, Gy ) e
Api M,

Cai 1)

Where,

Cai: Concentration of element i in the sample [mg kg™];

Cpi: Concentration of element i in the reference material [mg kg™];
Aai: Activity of element i in the sample [cps];

Api: Activity of element i in reference material [cps];

Ma and Mp: Sample and reference material masses, respectively [kg];
\: Decay constant of the radioisotope formed [s];

ta — tp: Time difference between the sample and reference material counts, respectively [s].

2.1. pH in soil and carbonate

To carry out this analysis, 10 g of carbonate, 10g of soil and 10.3g of the mixture of soil and
carbonate (10g, 0.3g, respectively) were placed in a 100 mL beaker, then 25 mL of a 1.0 mol L™
potassium chloride solution was added, stirred with an individual glass rod and left to rest for an
hour. After the time, the sample was shaken again with a glass rod and then the pH was read with a

Quimis brand pH meter previously calibrated with pH 4 and pH 7 standard solutions.
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2.2. Transfer factor (TF)

The TF of trace elements within the soil-plant chain is a part of the biochemical cycling of
chemical elements. It is a complex process of natural and anthropogenic factors [21]. The TF was
calculated as the ratio of Th concentrations in the plant divided by that in the corresponding soil as

shown in Eq. (2) according to [22]

Com
TF = —ptant 2
: @

soil

where, Cplant and Csoil are the 2%2Th activity concentration at dry weight sample [mg kg™'] for each

different soil treatment.

3. RESULTS AND DISCUSSION

Physical-chemical parameters of soil

Soil-to-plant transfer of naturally occurring radionuclides is largely affected by the soil physio-
chemical properties such as pH, cation exchange capacity (CEC), potassium (K), calcium (Ca),
phosphor (P) and organic matter [13]. The main soil parameters that govern processes of sorption
and desorption of trace elements was presented in Erro! Fonte de referéncia ndo encontrada. and
Erro! Fonte de referéncia ndo encontrada..

The measurements of soil pH are presented in Table 1 for soil, carbonate and the mixture of soil
plus carbonate. They correspond to the average and standard deviation of two measurements of
each sample. It can be observed that the addition of carbonate contributed to pH increase, and that is
the reason it is added to correct soil acidity. The soil pH has an influence on the adsorption of Th. In

basic soil pH, this element is more easily adsorbed [15].
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Table 1: Values of pH measurements (mean * standard deviation) of carbonate, soil, soil and
carbonate samples, n=2

Sample pH + deviation
Soil 4.97 £.0.02
Carbonate 8.78 £ 0.01
Soil and Carbonate 6.18 £ 0.03

In Table 2, the physico-chemical parameters, CEC, Ca, K, and P concentrations and organic

matter are presented.

Table 2: physical-chemical parameters of soil

Ca K P Organic
Sample CEC [mmolidm?]  [mmol/dm?]  [mg/dm?] [g/%trtﬁ%
Soil 61.2 25 2.2 7 14
Particle size and texture g/kg ggﬁf fﬁ San5dgt50tal

The behaviors of heavy metals such as Th radionuclide in soil are significantly related to soil
properties. For estimate the toxicity of elements in soil were used the phytoavailability of this heavy
metal [23]. The lower the pH value, the higher the bioavailability of Th. In this case, the addition of
carbonate waste to soil increased the pH value, reducing the bioavailability of Th to the lettuce.

3.1. Th activity concentrations in soil samples

Thorium activity concentration in the carbonate niobium waste presented mean value of 652 +
61 Bq kg* and in soil with no addition of any amendment (treatment a), the concentration was 37 +
2 mg kg. In the substrates used in treatments b (soil + lime), ¢ (soil + lime + carbonate), and d (soil
+ carbonate), the concentrations of this nuclide were 30.7 £ 0.3, 36 £ 7 and 44 + 2 and respectively.
No significant difference is observed in Th concentration for the soil with no amendment and the
ones treated with lime, carbonate or both. As a reference, in Table 3 there are values observed in

other studies. It has been observed that the soil used in the current study has activity concentration
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higher than the global average reported by UNSCEAR but it is in the range of concentrations
reported for other locations.

The Th radionuclide is component of the biosphere, and thus occur naturally in all soils and
plants, though their concentrations in plants may be rather low [9]. Reported values of Th in soil
treated with different types of amendment shows relatively similar results to the ones found in this
study. Soil fertilized with ammonium phosphate fertilizer in the region of Maharashtra, India varied
its Th mean activity concentration from 57.2 + 1.1 to 72.9 + 0.8 Bq kg™? after treatment [24]. A
study conducted in Marismas of Lebrija (Spain) showed that no variation in Th content was ob-
served after phosphogypsum application as soil amendment, with mean values of 32.4 Bk kg for
both, control and treated soil [25]. Agricultural lands of Gediz River basin, Western Turkey,
showed values of 20.56 and 22.08 Bq kg™ in fertilized and non-fertilized soil, using phosphate ferti-
lizers[26]. References cited in the same study indicates a range varying from 18.93 to 51,25 Bk kq*
for treated and non-treated soil using the same type of fertilizers.

The activity concentrations in different types of materials use as soil amendment present a wide
range of Th activity concentrations. Reported values for fly ash varies from 40.5 to 101 Bq kg
[27]. Biosoil produced using sewage sludge from the Sewage Treatment Station in Jundiai — SP,
Brazil, presented Th activity concentration of 23.5 Bq kg™ [28] and the sewage sludge collected
from an industrial water treatment plant of Japan presented 32 Bq kg™ of Th [29]. Biochar, charcoal
made from biomass in the pyrolysis process, from Poland presented mean value of Th activity con-
centration of 22.9 Bq kg* [30]. Application of bauxite mining residues (red mud) with Th concen-
trations of about 1350 + 40 Bq kg™ was used as soil amendment in Swan Coastal Plain in Western
Australia. In this case, the highest rate of red mud application (480 t h*?) led the soil Th concentra-
tion to 188 + 6 Bq kg [31].

Theses results emphasizes the high dilution factor of the elements, including the radioactive

ones, when applied as soil amendment, as shown in Erro! Fonte de referéncia néo encontrada..
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Table 3: 2%2Th activity concentration + deviation [Bq kg™?]

Sample used in harvesting Th activity concentration + deviation [Bq
kg]
Soil (this work) 37+£2
Brazil - Cerrado biome [32] 49
Soil - diferent countries [33] 110.0+0.8
Clay Soil [34] 100 £ 20
Sandy Soil [34] 3212
UNSCEAR 2000 30
Treatments
Soil + lime 30.7x0.3
Soil + carbonate 44 £ 2
Soil + lime + carbonate 367
Carbonate niobium waste 652 + 61
Clay soil + phosphogypsum [35] 100 + 30
Sandy soil + phosphogypsum [35] 31+1
Sewage sludge-derived compost [27] 66.4 +13.0

3.2. Absorption of Th by plants

Studies have shown that thorium in the system soil-plant is preferentially bound to the root of
plants and that translocation into the above-ground parts is low [35,36], probably due to its low
solubility and high affinity for negatively charged components of the cell wall [37]. Different types
of vegetables analyzed for their Th content in southern coastal regions of India, a high background
radiation area, indicated that the highest concentrations were found in root, up to 184 mBq kg* and
green vegetables varied from 26 + 1 to 62 + 2 Bq kg™ [38].

The IAEA determines the reference value for Th ingestion in leafy vegetables as 0.004 mg kg™
to fresh weight [39]. Leafy vegetables are among the most sensitive foodstuffs from the viewpoint
of food safety since they accumulate radionuclides [33].

The concentration of Th obtained in the lettuce samples for the different treatments is shown in

Figure 2. It can be observed that the lowest concentration was found in crops in soil without
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amendment addition (0.14 + 0.03 mg kg™). In the treatment with lime, carbonate or a mixture of
both, no significant difference is observed among them (0.2 + 0.2 to 0.45 + 0.1 mg kg™).

In Table 4 the Th activity concentration found in lettuce for different harvesting conditions are
shown for fresh and dry weight. Although the soil to plant transfer process depends on soil
properties, physicochemical behavior of the radionuclide, plants physiological response to
environmental parameters, it can be seen that the Th concentration found in this study is close to
the ones reported in literature. The broad range of values can be highlighted by the Th
concentration found in fresh weight for the Rio de Janeiro [40] samples and for the dry weight

samples from Vietnam [41].

Table 4: Th activity concentration found in lettuce for different harvesting conditions

Location Th [mg kg™]
Malvési - south of France [42] 0.12 - 0.8 (dry)
Buena, Rio de Janeiro, Brazil [40] 0.24 (fresh)
Rio de Janeiro, Brazil [43] 0.00074 — 0.0072 (fresh)
Ho Chi Minh City, Vietnam [41] 0.32 (dry)
Central Poland [44] 0.34 (dry)
Hoai Duc District, Vietnam [45] 2.79 (dry)
Korean cities [46] 0.0005 (fresh)

In the current study, it was observed that, on average, there was an increase in concentrations
of Th in lettuce from the 1st to the 2nd harvesting, as seen in Figure 2. However, due to the stand-
ard deviation associated with the measurements, there may be specific cases in which this trend is

not observed.
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Figure 2: Thorium concentration in lettuce cultivated in (a) soil without treatment, (b) soil + lime,
(c) soil + lime + carbonate and (d) soil + carbonate. In blue, first harvesting and in red, second
harvesting.
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The addition of lime in the mixture in treatments C when compared with the treatment D did not
imply a significant difference in the mean values of Th concentrations in cultivated lettuce, since in
treatment D there is no lime in soil. When comparing the treatments B (soil+lime) and D
(soil+carbonate), the concentration in lettuce presents the same order of magnitude, especially con-
sidering the second harvesting. Comparing the results of this study with the ones of [34], the 2%2Th
concentration on lettuce cultivated in soils without amendments was of 0.21 + 0.01 Bq kg™ in [34],
while in this study is of 0.14 + 0.03 Bq kg™. Two different treatments were considered in [34]: clay
soil with phosphogypsum and sandy soil with phosphogypsum. The results of activity concentration
in lettuce for them were of 0.35 + 0.02 Bq kg™ and 0.24 + 0.01 Bq kg2, respectively. These results
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are in the same order of magnitude with ones observed in the current study, shown in Figure 2 and
also with the ones presented in Table 4.

The elemental transfer from soil to edible plants, in addition to environmental parameters, also
depends on the agricultural practices. Generally, in the second planting an increase in the trace ele-
ments concentration occurs as a result of increased bioavailability of nutrients after the harvest of
the first planting. In this second planting, the plant is able to bio absorb more nutrients. As a conse-
quence, the soil will become poorer, that is, if there is a new planting in this soil without amend-
ments, it would be poor in nutrients. In this study, on the other hand, the Th’s bioavailability in-
creased from the first to the second harvesting, nevertheless, because of variability the Th concen-
tration, it is possible the existence of samples in which the bioavailability is greater in the first har-
vesting than in the second one.

The global average for the activity concentration, reported by the United Nations Scientific
Committee on the Effects of Atomic Radiation [16], due to the intake of 2%2Th in dry leafy vegeta-
bles, is 0.02 Bq kg™ [34,47], corresponding to 0.005 Bq kg™ in dry weight. It was also reported that
different vegetables consumed in a high background radiation area in Brazil presented mean value
of 232Th concentration 0.002 mg kg™. In both cases the values are lower than the ones reported here,

only for lettuce.
3.3. Effective dose

The effective dose is a measure of the adsorbed dose rate and also the time spent in contact with

the radioactive source — occupancy factor, according to the expression 3 [29,32]

E[ﬂLS'U]=ZZCﬁ'Mj' T- hj (3)

i

Where, E is the committed effective dose (mSv) per group. Cs is the average activity
concentration (Bq kgt) of a radionuclide j in each group of food. M;j is the mass (kg day™?) of a food
item f consumed per day. T is the total time (days) considered. h;j is the ingestion dose coefficient

(mSv BgY) of a radionuclide j.
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Considering the mean Brazilian values of ingestion of 2.6 g day™ of lettuce [5] and the mean
values presented in Figure , the effective dose, in this case, varies from 0.12 to 0.4 uSv y*. The
reference value reported by UNSCEAR to Th is 0.36 uSv y!, which, from a radiological point of
view, the ingestion of lettuce planted in carbonate is unsafe.

Scarce data are available on 2%2Th intake with the diet and few countries have conducted
representative national surveys [16,47]. Sathyapriya et al. [38] estimated an effective dose resulting
from 232Th of 0.038 and 0.050 pSv y* due to the ingestion of green leafy vegetables for female and
male, respectively. The effective dose resulting from #2Th ingestion in the daily diet in Poland was
reported as 0.2 pSv y* [44]. The dose due to the ingestion of leafy vegetables from different
locations of Cameron Highlands, Pahang, Malaysia was reported as 16.37 uSv y [46]. The total
diet study made in the HBRA! of Pogos de Caldas, Brazil, presented effective dose due to 2*2Th
ingestion of 3.57 uSv y* and 1.1 uSv y* for urban and rural regions, respectively. The wide range
of effective dose depends on the 32Th activity concentrations and on the daily intake of the
analyzed type of food; nevertheless, in all cases the effective dose due to the ingestions of this
radionuclide is much lower than the average of 0.29 mSv y* resulting from the ingestion of food

and water considering all natural radionuclides.

3.4. Transfer factor

The Table 55 shows the average values of TF of Th in lettuce considering the different soil
treatments. In the first planting, the ascending order of transfer was Soil < Soil + carbonate < Soil +
lime + carbonate < Soil + lime. In the second treatment, the increasing order of TF was Soil < Soil
+ lime < Soil + lime + carbonate < Soil + carbonate. One of the possible reasons for the change in
TF is due to the pH of the soil being acidic and due to the addition of lime, the pH changes to more

basic values, increasing the mobility of metals and their absorption by plants.

1 A HBRA is defined as “an area or a complex of dwellings where the sum of exposures from cosmic radiation and
natural radioactivity of soil, indoor and outdoor air, water and food intake result in an annual effective dose to the
public above the defined level of the global average of 2.4 mSv y* (UNSCEAR, 2000).
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Table 5: The average values of TF oh Th in lettuce considering the different soil treatments

Soil to plant of ] o Soil + lime + )
Soil Soil + lime Soil + carbonate
Th carbonate

First harvesting
average * 3.710%+ 1.4810 %+ 6.6310 3 + 466102 +
deviation 8.2310 4151073 4861073 1771073

Second harvesting

average + 1.2310 2 + 1.04 10 2+ 9.33103+
deviation 2771073 6.56 10 587107

Several factors affect the TF including the form in which the nuclide is present in soil, its physi-
cochemical properties, the type of soil and the physicochemical characteristics of the soil such as
texture, pH, exchangeable K and Ca, the kind and number of clays, and organic matter, the plant
species, crop management practices etc. Considering the gross values of the different management,
the highest transfer factor for the first and second harvesting were observed for the in the treatment
b and the lowest was for the lettuce planted using the treatment d. Considering the standard devia-
tion, while no statistical difference was observed in the second harvesting, for the first one the TF

was different probably due to difference in the treatment.

4. CONCLUSIONS

It was analyzed the influence of carbonate waste from niobium mining in the Th soil concentra-
tion and in the absorption of this nuclide by lettuce in soil amended with mining residue. The addi-
tion of carbonate to soil does not significantly change its 22Th activity concentration whose values
are in good agreement with treated and non-treated soil reported in literature and is compared with
the commonly lime regularly used.

The 22Th activity measured in the lettuce leaves varies from 0.14 Bq kg™, in the soil without
treatment, to 0.4 Bq kg2, in soil treated with the carbonate, of the second harvesting. No difference
was observed in 2%2Th activity concentration in the lettuce samples between the ones harvested with
lime or the carbonate residue. The effective dose resulting from the lettuce ingestion varied from
0.09 to 0.3 pSv y?, indicating that no radiological harm due to Th ingestion will be posed by the

lettuce consumption.
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The absorption of 2%2Th by the lettuce cropped using different soil management indicated
that the transfer factor may vary, in a short range, according to the type of amendment and to
the order of harvesting.

Due to the high activity concentration of 22Th in the carbonate niobium residue, further anal-
yses must be carried out in order to determine the behavior, transfer factor and activity concentra-

tion in lettuce of 2 Ra, a much more soluble radionuclide present in the Th series.
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