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Abstract

The Uranium extraction and processing plant of INB (Brazilian Nuclear Industries) is 
in Caetité, a city located in a region hosting the largest Uranium reserve of the country. The 
degree of Uranium contamination in the Caetité population was investigated before using teeth 
as bioindicator, where a quite high Uranium concentration was measured in this region, about 
160 times higher than the world-wide average. Radiobiological risks are here evaluated from 
Uranium burdens in organs as skeleton, kidneys, liver, tissues and blood, which were estimated 
from transfer coeffi  cients and effective internal doses. This was accomplished by means of 
calculations with the use of the STATFLUX/ICRP approach, plus a set of Uranium transfer rate 
parameters as function of individual’s age assuming an uninterrupted exposure over a period of 
60 years. It was found that U ingestion rates by residents of Caetité are three orders of magnitude 
higher than worldwide average, indicating that food and water would exhibit high levels of 
contamination. Calculated effective internal doses range from a minimum of one to a maximum 
of three orders of magnitude higher than background doses, for blood and bones respectively. 
The likelihood that this circumstance could lead to serious health problems as e.g. neoplasia 
is addressed. The methodology presented in this work offers subsidies for further studies on 
environmental pollution by radionuclides.

Introduction 

The Southwest region of the Bahia state in Brazil, 
encompassing the cities of Caetité, Igaporã and Lagoa Real, 
hosts the largest Uranium reserve of the country (100 kilotons 
only in uranium). The INB (Brazilian Nuclear Industries) 
extraction of Uranium and processing plant is located in 
Caetité (latitude 13 056’36’’S and longitude 42 015’32’’W). 

As pointed out elsewhere [1-4], wastes from the Caetité 
plant are categorized mostly as: (a) wastes from the mining 
operations which include waste rock and drainage waters, 
and (b) wastes from the industrial process, that is, leached 
ore and ef luents from the milling plant. In fact, contamination 
of groundwater by the waste ponds is of great concern, 
where elevated levels of 238U have been observed. This 
issue has been emphatically dealt with by the International 
Atomic Energy Agency, covering controllable releases to the 
environment in normal operation that may result from the 
mining and processing of ores for the extraction of uranium, 
and discharges of naturally occurring radioactive material [5]. 
Recommendations and guidance for performing prospective 

radiological impact assessments for facilities and activities 
were presented in IAEA 2018-b[6]. 

The risk of contamination of food (fruit, vegetables, meat, 
etc.) and drinking water must therefore be considered in the 
case of this uranium-rich region. Such a scenario motivated 
an investigation of Uranium concentrations in teeth of 
residents (5 to 87 years old) of this region, carried out at 
this Laboratory using a high-resolution inductively coupled 
plasma mass spectrometer (ICP-MS) [2]. The highest Uranium 
concentration in teeth was measured from samples belonging 
to residents of Caetité (median equal to 16 ppb). However, 
since Uranium concentrations in teeth and bones are similar, 
particularly for children and young adults, the Uranium body 
levels in residents of Caetité are, thus, quite high – actually, 
at least one order of magnitude higher than the worldwide 
average for bones [2]. Uranium concentrations in organs like 
bones and teeth are correlated with the amount of Uranium 
present in ingested food and water. In this regard, it is a matter 
of major concern the fact that Caetité has approximately 
50,000 inhabitants, where half of them live in small farms, 
using non-treated water provided by wells and by a creek 
crossing the mining area. 

https://crossmark.crossref.org/dialog/?doi=10.29328/journal.ijpra.1001023&domain=pdf&date_stamp=2020-03-26
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Teeth are good long-term (chronic) exposure monitors, 
working as reservoirs for many metals incorporated from the 
environment [3], and their metabolical similarity with bones, 
as pointed out above, allows the evaluation of contaminants 
accumulation in the skeleton [2].

Following uptake through the gastrointestinal tract, 
Uranium is mostly deposited in the skeleton. In fact, bone is 
one of the most important biological accumulators of Uranium 
[7]. As in the case of other metals such as Cd, Pb, Si, Sr, etc., 
Uranium is also subject to stochastic processes of loss from 
circulation via excretion, redeposition in bone, or soft tissue 
uptake [8]. Although accounting for only a small fraction of the 
loss out of the circulation, soft tissues are quite relevant from a 
radiological viewpoint since they constitute several important 
organs.

Therefore, estimates of Uranium burdens also in organs 
other than teeth and bones are necessary for the evaluation 
of radiobiological risks to populations of the locality here 
examined, as well as from any other locality presenting 
radiological contamination. 

Actually, Uranium as an alpha particle emitter is a source of 
ionizing radiation. Public concern, health risks from low-doses 
and biological responses could be found elsewhere [9]. 

In this sense, we present estimates of Uranium accumulation 
in some important and/or vital organs (skeleton, kidneys, 
liver, tissues and blood) as function of time, obtained by means 
of a BIOKINETICS code developed at our Laboratory  [4] using 
as input previously measured data for teeth [2].

Materials and methods
Calculations were performed with a code developed at 

our Laboratory, the STATFLUX code, which encompasses a 
statistical method for calculation of low and set of parameters, 
supported by a Multiple Compartment Biokinetics Model [4]. 
It uses the Hamilton-Caley algebraic method [10] and the 4th 
order Runge-Kutta numerical method [11], for mathematical 
solution of differential equation systems in the Uranium ICRP 
biokinetics model ICRP 69 [12]. This combined STATFLUX/
ICRP approach was validated at this Laboratory in a detailed 
case study dealing with the Uranium content in the diet of São 
Paulo City residents [13].

The accumulation of Uranium in skeleton, kidneys, 
liver, tissues and blood, was calculated with the use of the 
STATFLUX/ICRP approach and a set of Uranium transfer rate 
parameters as function of individuals age ICRP 69 [12], for an 
uninterrupted exposure over a period of 60 years. A key input, 
in this context, is the Uranium ingestion rates of residents 
from the studied city, which were estimated in the following 
way: (1) the concentration of U in the skeleton was inferred 
from the corresponding data obtained for teeth [2], and (2) U 
ingestion rates were thus obtained as a free itting parameter 
to these skeleton data (see Results).

Mathematical and procedure details involved in 
the calculations, as well as the calibration of the whole 
methodology, were developed at this Laboratory and 
published elsewhere [4,13].

Results and discussion
Biokinetics Model outcome

Bone and teeth are nearly indistinguishable regarding 
metal incorporation (as e.g. lead and uranium). The younger 
the individual is, the greater is the similarity between teeth 
and bones. Moreover, cortical bone constitutes about 80% of 
the whole skeleton, and it is the bone structure presenting 
the highest similarity with teeth [14,15]. In this sense, and for 
the purposes of the present work, we consider the Uranium 
concentration in the skeleton of residents from the studied 
location (Caetité City) equal to the Uranium concentration in 
their teeth, as measured at this Laboratory as function of the 
individuals age [2] (Figure 1). 

Two continuous curves for skeleton were generated by our 
STATFLUX/ICRP routine (see Material and Methods above) 
assuming Uranium ingestion rates (a free itting parameter in 
the present approach) equal to 2mg-U/day (curve-1 in igure 
1) and 12mg-U/day(curve-2 in igure 1), which provided the 
best set of curves encompassing the scattered data points for 
teeth. This wide amplitude of the U ingestion rate is closely 
related to the heterogeneous dispersion of Uranium in the 
environment. 

Actually, uranium worldwide average ingestion is 1 and 
2 μg-U/day for food and water, respectively [13]. The fact 
that our estimates for U ingestion are nearly three orders of 
magnitude higher strongly suggests that contamination of 
food (fruit, vegetables, meat, etc.) and drinking water is a fact 
in this uranium-rich region (the circumstances were discussed 
in the Introduction).

The rationale of the present study is straightforward. 

Figure 1: Data points: Uranium concentrations in teeth from residents of the 
studied location (Caetité city) as function of their age [2]. Continuous curves: 
outcomes of biokinetics model calculations for the skeleton (this work), where 
curve-1 and curve-2 were obtained assuming Uranium ingestion rates of 2mg-U/d 
and 12 mg-U/d, respectively.
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From experimentally obtained U concentration in teeth/bone, 
plus our STATFLUX/ICRP routine, it was possible infer that U 
ingestion rates of Caetité residents ranges, which ranges from 
2 mg-U/day to 12 mg-U/day – this ingestion rate interval is 
by itself a quite important and concerning result. Next, by 
running the STATFLUX/ICRP routine and inputting this same 
U ingestion rate interval at a chronic ingestion regime, we 
got estimates of Uranium concentrations in organs of great 
radiobiological relevance as function of the individuals age 
(Figure 2). 

Transfer coeffi  cients 

In fact, food intake is one of the major routes for human 
exposure to environmental pollutants. This circumstance 
represents a signi icant contribution to the mean annual 
effective dose due to natural sources [16] Measurement of 
radionuclide concentrations present in foodstuff, intended for 
assessment of dose imparted by intake of feed products, was 
also previously performed at this Laboratory [13]. 

It is quite important, in this context, the obtaining of 
a radiobiological parameter which combines Uranium 
concentration, in a given organ, with the U ingestion rate. In 
this regard, the so-called transfer coef icient (Tc) measures the 
incorporation ef iciency of a contaminant as a function of its 
daily intake (ingestion rate). 

It is de ined by

Tc = Ce /A (kg−1.d)                    (1)

where Ce (mg-U/kg-organ) is, in the present study, the 
equilibrium concentration of Uranium in the organ after a 
prolonged, chronic daily ingestion, and A (mg-U.d-1) is the 
daily administered amount of Uranium [17]. 

Taking into account the present results (Figure 1), it is 
reasonable to consider that the equilibrium concentrations Ce 

are reached when the individual age is equal or over 60 years, 
which corresponds to the asymptotic outcome of the present 
STATFLUX/ICRP approach (curves in Figure 1). By entering 
these data in Eqn. 1 we obtained Tc for skeleton (Table 1), 
kidneys, liver and blood (Table 2). 

It is well established that Tc is a decreasing function of 
A which saturates at high ingestion rates, while steeply 
increasing for much smaller A (see e.g. Figure 2 in Arruda-
Neto et al., 2004-b) [18]. Quite consistently in this regard, Tc = 
4.7 kg-1·d for A = 0.7 mg-U/d (worldwide average for humans), 
while is an order of magnitude smaller (0.42 kg-1·d) for A ≥ 2 
mg-U/d (present case study – Caetité) – Table 1. In this sense, 
the fact that

Tc (A = 2 mg-U/d) ≈ Tc (A = 12 mg-U/d) 

within calculation uncertainties, is additional indication 
that Uranium ingestion rates by Caetité residents are quite 
high. This Tc saturation was also observed for the kidneys 
simulation. Transfer coef icients for kidneys, liver and blood 
are presented in table 2. While Tc for kidneys is of the same 
order of those for bones (Table 1), for blood they are quite 
small (this issue is retaken in paragraph 3.3.3). 

Additionally, the Uranium Tc for bones of the residents 
of Caetité compares well with those obtained with Beagle 
dogs [19]. In fact, earlier results suggest that the Beagle may 
be an appropriate experimental animal from which we can 
extrapolate data to humans with reference to the percentage 
of U, Th, and Pu found in their organs [20]. 

Burden in the organs 

Radiological impacts and risk of radiation effects in humans 
and populations were recently updated by the International 
Atomic Energy Agency [6]. In this regard, radiological burdens 
related to Uranium could be evaluated from its concentrations 
in the organs, while estimates of effective doses allows 
assessments on impacts and risk as outlined below.

Figure 2: Outcomes from biokinetics model calculations (this work – see text for 
details) referring to Uranium concentrations in organs. The two curves delimiting 
the shaded bands correspond, as in Figure 1, to Uranium ingestion rates of 2mg-
U/d and 12 mg-U/d.

Table 1: Transfer Coeffi  cients (kg-1·d).
A ( -U/d) 0.7 2 5 12 60 References
Caetité ---- 0.35 ± 0.10 ---- 0.42 ± 0.10 ---- this work

Worldwide 
average 4.7 ---- ---- ---- ---- Fermin. et al. 

2006 (Table 3) 

Wistar rats ---- 0.6 ± 0.1 0.2 ± 0.05 ---- ---- Arruda-Neto, et 
al. 2004-b

Beagle 
dogs ---- ---- ---- 0.31 ± 0.08 0.14 ± 0.05 Arruda-Neto et 

al. 2004-a

Table 2: Transfer Coeffi  cients (kg-1·d) – this work.
A (mg-U/d)

2 12
kidneys 0.21 ± 0.04 0.18 ± 0.03

liver 0.08 ± 0.03 0.8 ± 0.2
blood (8 ± 2) x 10-4 (6 ± 2) x 10-4
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As detailed calculated elsewhere [18], the average dose 
imparted by Uranium to a target tissue, only by its emitted 
alpha particles, is (see eqn. 19 in Arruda-Neto, et al. 2004-b) 
[18].

Dα = 3.17 x 10−8 x MU(mg) x ∆t(s) (Gy – Gray)                    (2)

where MU is the Uranium mass embedded in the tissue and 
∆t is the exposure time.

The effective dose from alpha particles in one kilogram of 
soft tissue for one year of exposure is (see eqns. 20 and 21 in 
Arruda-Neto, et al. 2004-b) [18] 

Eα = 4.2 x ppm(U) (Sv/(y.kg) – Sievert per year per kg)       (3)

Results are shown in table 3, which could be compared to 
the natural background (≈ 2 mSv/y). It should be emphasized 
that results obtained from eqn. 3 are lower limits estimative 
since it was not considered there activities from the U 
daughters. 

Bones: One should be much more concerned with the 
results for U-accumulation in bone, since there are now 
evidences that through prolonged ingestion Uranium is 
accumulated and distributed in both bone and bone marrow 
as experimentally demonstrated elsewhere [18], also 
indicating that doses delivered to the bone stem cells (in the 
bone marrow) are intense enough as to induce neoplasia in 
individuals submitted to chronic ingestion of uranium, after a 
prolonged period of exposition.

It was estimated, in the present case study, that bones of 
Caetité city residents are annually exposed to internal effective 
doses two to three orders of magnitude higher than the natural 
background (Table 3). It is worth to recall that bones are the 
organ storing about 80% of the whole Uranium incorporation.

Kidneys and liver: The internal effective doses in kidneys 
and liver are very high too, but our calculations revealed 
an aggravating circumstance, in the sense that Uranium 
concentrations in these organs saturate at ages of 10 and 20 
years, respectively (all results shown in tables 1 to 3 refer to 
60 years old residents). This is of great concern too because, 
in this case, severe radiological burdens would be in licted to 
children and young adults.

Also quite harmful, particularly for the youngest residents 
of Caetité, is the nephrotoxicity of Uranium and its compounds 
as uranyl salts – see e.g. the summary document ATSDR [21]. A 

compilation of Uranium burdens in kidney published by Chen, 
et al. [22] shows that after 25 years of chronic ingestion, the 
Uranium burden in kidneys reaches its inal equilibrium for 
all age groups. 

Blood: This organ presented the smallest Uranium 
concentrations, but in relative terms its internal effective doses 
are up to one order of magnitude higher than the natural 
background (Table 3). Moreover, and much more alarming, the 
calculations indicate that Uranium transfer to blood saturate 
quite swiftly at ages between 2 and 3 years (Figure 2). 

Although these predictions could be of use for dose 
evaluation, it is important to point out that Uranium 
concentration in blood and soft tissues is not well described 
in literature. The majority of data feeding ICRP models were 
obtained from acute injection studies, and because of this, 
results from ICRP model calculations for chronic regime 
must be analyzed and used cum grano salis. The present 
calculations, for instance, assume that low parameters and 
organ’s transfer coef icients are constant during a 60 years 
life span, and that they do not depend on the physiological 
tolerance to long exposures. 

Conclusion
Estimates of U ingestion by residents of Caetité are 

three orders of magnitude higher than worldwide average 
ingestion, a circumstance strongly suggesting that food and 
water from this Uranium-rich region would exhibit high levels 
of contamination. 

Uranium transfer coef icients of bones and kidneys 
saturate for the estimated ingestion range (2 – 12 mg-U/d), 
a strong indication that Uranium ingestion rates by Caetité 
residents are very high.

Effective internal doses are from one (in blood) to three 
(in skeleton and kidneys) orders of magnitude higher than the 
background doses. Such a circumstance could lead to serious 
health problems as neoplasia. 

As a byproduct, this work could subside further 
studies toward the identi ication of the driving factors in 
environmental pollution, associated with possible risks to the 
public health.
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