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ABSTRACT 

 
Radionuclide activity monitoring of the natural occurrence of 226Ra, 228Ra and 40K is important in order to assess 

the radiological impact and human exposure due to natural radioactivity. Surface concentrations of these 

radionuclides may change due to soil use, urbanization or deforestation. In November 2015, a rupture of a 

tailings dam in the upper course of Doce River, in the Southeastern part of Brazil, caused a catastrophic 

environmental hazard -the greatest accident in a mineral area in the Southern Hemisphere. In this work, we 

developed a prospective evaluation of radioactivity levels in sediments of the Doce River obtained from its 

estuary before and after the dam rupture. Activities were analyzed by high resolution gamma spectrometry for 

226Ra, 228Ra and 40K. Results ranged from 15.86 ± 0.99, 19.83 ± 1.10 and 237.15 ± 8.70 Bq.kg-1 for before the 

rupture and 20.70 ± 0.99, 31.82 ± 1.30 and 197.50 ± 7.62 Bq.kg-1 for the period after, respectively. This study 

identified a significant elevation of 226Ra, 228Ra activities after the rupture.  We also evaluated the annual 

effective dose equivalent to the local population and the radiological risk index, both internally and externally. 

The results obtained for the radiological risk to the local population were compared with worldwide values.  

 

Keywords: Doce River, dam of Fundão, radiological risk, NORM, natural radioactivity. 
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1. INTRODUCTION 

 

Estuaries are water bodies of prime importance to biodiversity, due to their high content of 

nutrients and organic matter, being the natural habitat of several species of birds, mammals, 

crustaceans, chelonians and fish. Therefore they are places of value for commerce, recreation and 

migratory bird routes [1; 2]. Due to fast-growing populations in coastal cities, these environments 

are under great pressure because, among various activities, they are used for access to the interior of 

the continent, for urban mobility and for sand extraction -if they are not protected by federal laws.  

The Doce River basin is an important hydrological system in southeast Brazil with a drainage 

area of 83,400 km² that includes a total of 222 districts. Parts of the mining activities of Samarco 

Mining S.A./Vale S.A. and BHP Billiton are related to this basin and they are responsible for the 

management of the natural deposits of ores and iron ore processed from the mineral province of the 

Mariana region, State of Minas Gerais. A part of this material is stocked at the Fundão dam. On 

November 5th, 2015, a partial rupture of the dam occurred, discharging huge amounts of tailings 

into the Doce River. This event released about 50-60 million m3 of tailings into the Gualaxo do 

Norte River, devastating almost completely the District of Bento Rodrigues and causing impacts on 

water quality, turbidity and heavy-metal remobilization from the riverbed on about 680 km of the 

Gualaxo do Norte, Carmo and Doce Rivers and the estuarine region by the sea. The plume of 

sediments reached the coastal zones surrounding the mouth of the Doce River on the Atlantic 

Ocean, with an extension of tens of kilometers. The tailings wave destroyed a small district along its 

way (Figure 1), advanced on protected areas and changed significantly the water turbidity, imposing 

a great loss on aquatic biodiversity. This disaster has not only significantly impacted the 

environment and the local economy but also the communities’ social routine as the Doce River 

estuary region had been used by the local population, especially in the dry season, as a land means 

of transport. 
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Figure 1: View of the Fundão tailings dam and Bento Rodrigues district (a) before 

and (b) after the rupture; (c) location of the mouth of the Doce River; (d) estuarine 

and sediment plume area on the coast. 

 
 

 

The intense flow of tailings in the Doce River in the days that followed the dam rupture exposed 

not only the minerals that once existed inside the dam (predominantly Si, Fe and Mn), but also 

heavy metals (As, Cu and Cd) from agriculture and industry, land use and small-scale milling 

activities that for decades were dumped into the river substrata [3]. It is known that the northern 
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region of the State of Rio de Janeiro, Espírito Santo State and the northeastern coast present 

anomalies of the mineral monazite, phosphate-containing metals and rare earths -an important 

source of thorium, lanthanum and cerium [4]. Their regional occurrence involves the presence of 

thorium in significant concentrations. Early low-scale monazite mining does not have a fully 

described history of tailings discharge and probably has taken part in effluent flow into the Doce 

River. Naturally occurring radionuclide materials are mentioned in the literature as NORM. These, 

when in high concentrations, expose humans to the risk of ionizing radiation effects [5].  

The present study aims to carry out a prospective analysis on the presence of NORM in 

sediment samples of the Doce River estuary before and after the arrival of sediments containing 

mining tailings, and to estimate the risk exposure of the population, from the determination of 

sediment activities of 226Ra, 228Ra and 40K.  

 

2. MATERIALS AND METHODS 

2.1. Study area 

The study area comprises the estuary of the Doce River and is located around the coordinates 

19°37'S and 039°48'W. According to Koppen classification, the local climate is of type "Aw" -

referring to hot and humid summer and dry winter. The Doce River delta is characterized by sandy 

and clay soils, as well as sediments including Cenozoic carbonaceous material existing in alluvial 

terraces dated from the Tertiary and Quaternary. Maximum precipitation occurs in 

December/January with a mean value of 244.4 mm and the minimum is in July with a mean value 

of 50.3 mm [6]. 

 

2.2 Sampling and Preparation of Samples  

The collection of sediments was carried out manually, using rubber gloves, and with the use of 

decontaminated plastic utensils. The samples were placed in zip bags and identified. The sites on 

the Doce River were accessed by a motor boat. The collections were taken with water at a depth of 

approximately one (1) meter. After removing small fragments of gravel, the samples were 
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dehydrated at 60° C in an oven for 24 hours, in disposable plastic petri dishes. No sieving procedure 

was applied to the sediments. After integration, samples were homogenized and placed in bottles of 

standard geometry for high resolution gamma spectrometry analysis in the low activity laboratory at 

the Metrology National Laboratory of Ionizing Radiation (LNMRI/IRD). The sediments and 

suspended materials in surface waters are often heterogeneous due to changes in small-scale 

hydrological regime and geo-morphological changes in the watershed. This variability can be 

minimized through the taking of a larger number of subsamples. The integration of subsamples was 

done because of these factors: (1) for better homogenization and (2) to fit the measurement 

standardization. 

From a total of eleven (11) samples collected before and 11 collected after the rupture of the 

Fundão dam (before and after at same sites), five (5) representative subsamples with greater mass 

were blended to compose a single sample providing the a priori condition (as well as the “after” 

condition) -each one with 409 g. For the gamma analysis method, sieve-dried samples were placed 

in plastic bottles of cylindrical shape with a diameter of 5.5 cm and a height of 10.0 cm [7]. Table 1 

shows the geographical location of the sampling sites at the estuary. For each point presented here, 

sediment samples were collected during “before” condition on September 9th, 2014, and “after” on 

November 27th, 2015.  

 Table 1: Geographic location of samples collected in the estuary of 

Doce River (see Figure 2C). 

Identification of  

sampling points 
Latitude Longitude 

RD-1 19o33'32.64"S 39o50'25.76"W 

RD-2 19o34'27.64"S 39o48'42.60"W 

RD-3 19o35'13.28"S 39o47'51.60"W  

RD-4 19o36'43.68"S 39o48'36.90"W 

RD-5 19o37'10.29"S 39o48'45.54"W 

RD-6 19o37'29.91"S 39o48'50.27"W 

RD-7 19o37'48.29"S 39o49'1.47"W 

RD-8 19o38'28.94"S 39o48'34.84"W 

RD-9 19o38'29.30"S 39o48'48.44"W 

RD-10 19o39'13.96"S 39o48'56.94"W  

RD-11 19o39'5.36"S 39o48'49.90"W 
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2.3  Gamma-ray Spectrometry Analysis 

High-resolution gamma spectrometry is a highly accurate method for measuring the 

concentration of natural and anthropogenic radionuclides in the environment in general. The multi-

elementary character and non-destructive gamma spectrometry characteristic makes it very useful in 

most environmental studies and, when required, rapid responses and wide spatial coverages [8]. In 

this study, the activity concentrations of 228Ra, 226Ra and 40K were investigated. In order to reach 

the radioactive equilibrium between 226Ra and its decay products, samples were hermetically closed 

and stored for more than 30 days.  

The measuring system was provided by CANBERRA and was composed of a hyper-pure 

germanium detector (HPGe) model GX4020 with a beryllium window, equipped with a pre-

amplifier 2002CSL model, Cryostat 7500SL model-DRC-14 and an acquisition system of 1000 

(Digital Spectrum Analyzer) that integrates the amplifier (ADC) and 5000 V high voltage source. 

The relative efficiency of the detector GX4020 is 40% and the resolution ≤ 2.00 keV FWHM at 

1332 keV and ≤ 1.20 keV at 122 keV. The energy ranges from 12 keV to 3 MeV. The program used 

for the identification of the radionuclides and for the calculation of activities was "Gamma 

Acquisition & Analysis" (GENIE 2000). For the data of disintegration of the radionuclides, the 

National Laboratory reference library Henri Becquerel (LNHB: http://www.nucleide.org/laraweb/) 

was used. Table 2 shows the radionuclides used in this study, their decay energies and also the 

probability of gamma ray emission with the uncertainty in parentheses. 

 

Table 2 – Data of radionuclides of interest in this study. 

Radionuclides Daughters products Energy Intensity 

  (keV) (%) 

226Ra 214Bi 609.31 45.49(19) 

  1120.29 14.91(3) 
228Ra 228Ac 338.32 11.40(41) 

  911.2 26.20(8) 

40K direct analysis 1460.82 10.55(11) 
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For the construction of the efficiency curve, it was used a radioactive standard cocktail 

containing the following radionuclides and their activities: 60Co (2002.243 Bq), 65Zn (2571.467 

Bq), 134Cs (2390.962 Bq) and 137Cs (2029.989 Bq). These standards are certified by the LNMRI- 

IRD / CNEN. The activities used in this standard were corrected to the date of the reference 

standard (Equation 1). Counting time was fixed to 60,000 seconds. 

 
t

0eAA −=                                                     (1) 

where A is the radionuclide activity in Bq.kg-1; A0 is the initial activity to the default; and, λ is the 

decay constant of the radionuclide in the standard. After counting acquisitions, the specific 

activities were determined with Equation 2 [9; 4; 10]: 

                   
kk,yk

k,liquida1

k
m.I.t.

C
)kg.Bq(A


=−

                                            (2) 

  

where, Cliquid,k is net count of the total area of the k-th photo peak of the radionuclide; єk is the 

efficiency of the detector related to the k-th radionuclide (obtained by the efficiency curve with the 

standard); t is the counting time (s); Iy,k is the gamma emission probability of the k-th radionuclide 

considered; mk is the mass of the sample (kg). When the radionuclide of interest has two (2) or more 

gamma-rays, the final activity of the radionuclide is obtained as the weighted average of these 

energies. 

2.4 Aerogammaspectrometry  

Radionuclides of the natural series of 232Th, 238U and 40K present different chemical behaviors 

in the environment. Their concentrations depend on the geologic evolution to which they are 

associated and their concentrations typically differ according to the different types of rock, soil or 

sediment. This is due to the chemical and physical weathering that takes place during the formation 

and transformation of the rocks. In addition, the different elements produced in the radioactive 

chain have different solubility states and ultimately they are found in different equilibrium states. 
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Because of these factors, the ratio among these radionuclides can be used to 

identify/differentiate geological formations [11]. For example, for the State of Rio de Janeiro, 

Brazil, the Quaternary sands and clays have mean activities of 56.94 ± 37.87 for 238U (Bq.kg-1), 

22.88 ± 13.40 for 232Th (Bq.kg-1) and 215.8 ± 182.4 for 40K (Bq.kg-1); for Granites and Proterozoic 

leucogranites, these values correspond to 83.43 ± 43.41; 35.42 ± 12.43 and 449.9 ± 261.4, 

respectively [12]. Factors responsible for rock and sediment composition change depending on 

several physical and chemical weathering processes associated with wind, temperature gradients, 

surface oxidation and water percolation. The surface of mineral contact grains undergoes oxidation 

in contact with air and forms complexes in interstitial waters. These different forms of weathering 

combine to produce a spatial redistribution of radionuclides [13]. 

The Aerial Geophysics surveys, and in particular the mapping of aerogammaspectrometry, 

consist of a tool that makes it possible to determine, at high spatial resolution, the current state of 

radionuclide distribution. This allows inference of the environmental dose. In order to have a better 

view of the regional environmental dosimetry and investigate the validity of our dose models used, 

we have established a comparison of the sample results obtained for the Doce River with the 

mappings from the aerial geophysical survey. The aerogammaspectrometric survey for the region of 

interest (part of the State of Espírito Santo) was held during the years of 2009 and 2010. Levels 

were obtained from eTh, eU and K (eTh and eU are "equivalent" Th and U and represent an 

estimate of the concentrations of 232Th and 238U based on gamma emitters, Table 2, considering the 

radioactive equilibrium). We have built up a map of external absorbed dose from this data. 

The aerogammaespectrometric survey refers to the Espírito Santo Geophysical Project performed 

by CPRM/Ministry of Defense with authorization numbers 896/09 and 897/09. Flights occurred 

between 5/9/2009 and 1/18/2010, totaling 124,236 km of profiles. The gamma spectrometer used 

was a Radiation Solutions model RS-500 with 1024 channels, coupled with an AG-NAV GPS with 

accuracy better than 10 m. For the project, a total of 647.11 hours of flight was used. Flight lines 

were spaced 0.5 km apart and oriented in N/S direction. Flight height was 100 ± 15 m above ground 

with approximately constant velocity at 270 km/h. The data acquisition interval was 1.0 s. The 

upward and downward nuclear detecting systems were performed by 2 and 3 NaI(Tl) large volume 

crystals, respectively. The energy ranges used were: eU (1.66-1.86 MeV), eTh (2.41-2.81 MeV) and 

40K (1.37-1.57 MeV).The radionuclide survey is available at the Company of Brazil's Mineral 
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Resources site: http://www.cprm.gov.br/. Maps are in scales of 1:100000 and 1:250000. Figure 2 

summarizes the geological map of the region, the dose mapping and the delta of the Doce River 

indicating the sampling points according to Table 1. Data classification for the 

aerogammaspectrometric survey was carried out with the Software Idrisi GIS program 32 of Clark 

Labs [12]. 

 

Figure 2: (A) Geological domains around the Doce River; (B) a map of dose per 

aerogammaspectrometry on the frame (A); and (C) a map of dose to the region of the lower course 

and Doce River estuary in the State of Espírito Santo. 
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2.5 Statistical analysis 

One of the important issues of this work is to compare the radiation levels of sediment samples 

to the periods before and after the rupture of the dam and to assess the radiological impact of the 

event at the study site. For the comparison of the samples’ results, we used a hypothesis test, 

Student-t, for equality of means -assuming that data populations have unequal variances, as the 

samples (before and after) are of different characteristics, one being the natural river sediment and 

the second a highly contaminated sediment, that is, a mix of river material and mining tailings. For 

the comparison between the environment inferred from measured samples before and after, in the 

laboratory for 232Th, 238U and 40K, and those inferred by aerogammaspectrometry, considering the 

fact of lognormal distribution behavior of the data survey. Here we have conducted a Kolmogorov-

Smirnov test to investigate the normality of the database. So, we built a confidence interval of 95% 

and compared with the doses obtained from the samples. We have used the approach proposed by 

Zhou and Gao [14] to build the lognormal confidence interval. From Figure 2C, the dose survey 

corresponded to 127,686 data points (each one corresponding to the pixels of the image). The data 

was classified and then we calculated the classified mean. We performed a transformation of the 

dose variable, X, as Y = LnX. The average value obtained from the transformed variable was 3.30 

and standard deviation, S, was equal to 0.70. The confidence interval is written as follows (where z 

= 1.96): 

                                                        )1n(2

S

n

S
z

2

S
Y

422

−
++

                                                                               (3) 

In this manner, we obtain the range 3.392 to 3.698. Performing the anti-logarithm of the defined 

variable as above we found 3.392 = 29.7 nGy.h-1 and 3.698 nGy.h-1 = 40.4, respectively.   

2.6   External gamma radiation dose     

The external gamma dose rate was calculated to the air, at 1 m above ground, and was estimated 

using Equation 4 [15; 16]:  

                        �̇� =  (0.427 𝐴𝑈 + 0.662𝐴𝑇ℎ + 0.043𝐴𝐾) ( 𝑛𝐺𝑦. ℎ−1)                                         (4)
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where, 
•

D (nGy.h-1) represents the absorbed dose rate in the air where only lithological sources 

were considered. AU, ATh and AK are activity concentrations in Bq.kg -1 for 238U, 232Th and 40K, 

respectively.  

2.7 Activity concentration of Ra-equivalent (Raeq )  

An important parameter in environmental dosimetry or on radiological risk assessment is the 

radium equivalent activity (Raeq). It can be calculated by Equation 5 and is based on the direct 

measurement of 226Ra without using any short-lived decay product of uranium radioactive series: 

 

                                                            𝑅𝑎 𝑒𝑞.  =  𝐴𝑅𝑎 + 1.43 𝐴𝑇ℎ + 0.077 𝐴𝐾 (𝐵𝑞. 𝑘𝑔−1)                                (5) 

where, ARa, ATh and AK are the activities of 226Ra, 232Th and 40K, respectively [17]. 

2.8  External Radiological Risk Index 

The external radiological risk index is based on the premise that 370 Bq.kg-1 of 226Ra or 259 Bq 

kg-1 of 232Th or 4810 Bq kg-1 of 40K will correspond to the dose limit of 1 mSv for the public 

individuals [18; 19]. The radiological risk index, Hexterno, was calculated for our samples using the 

model proposed by [20]: 

                                             𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 =  [(𝐴𝑅𝑎/370) + (𝐴𝑇ℎ/259) + (𝐴𝐾 /4810)] ≤ 1                      (6) 

Such a model has become an important indicator in the analysis of safety standards in radiation 

protection for public. Since the sand and sediment of the Doce River may, potentially, be used as 

construction material, the safe use of soils, sands and sediments should not exceed the reference 

level of 370 Bq.kg-1, according to the recommendations [21]. 

2.9 Internal Radiological Risk Index 

Another index used here is the internal radiological risk, defined similarly to external 

radiological risk, and described by the model Equation 7. If the maximum activity of 226Ra is half 

the acceptable limit, the Hinternal, will be lower than the unit. 

 

                                                H𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 =  [(𝐴𝑅𝑎/185) +  (𝐴𝑇ℎ/259) + (𝐴𝐾/4810)]  ≤ 1                     (7) 
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2.10 Annual Effective Dose Equivalent     

To estimate the annual effective dose, we should consider the absorbed dose conversion factor 

to the effective dose and the external occupancy factor, Equation 8. We will use the dose rate 

achieved for concentrations of natural radionuclides in sediments of the Doce River, adopting the 

conversion factor of 0.7 Sv.Gy-1 [16] of the absorbed dose in air to the effective dose received by 

adults and we will consider that a person passes, on average, 20% of the time away from home. The 

annual effective dose equivalent was calculated from equation [22]: 

                                    𝐴𝐸𝐷𝐸 (𝜇𝑆𝑣. 𝑎−1) = {�̇�(𝑛𝐺𝑦. ℎ−1)̇ (8760(ℎ. 𝑎−1)[0.2𝑥0.7(𝑆𝑣. 𝐺𝑦−1]}10−3   (8) 

The occupational factor presented here is related to the estuarine area where the doses were 

calculated. The dose estimation is not valid for the entire affected river -for example, the river 

course where the population is agriculturally habit. For the estuarine area, the external exposure to 

the sediment containing taillings should only occur in the dry season when the river level reaches its 

minimum point, exposing its margins allowing transit, fishing and other activities. We adopted an 

occupational factor of 5 hours/day, 365 days/year, on average, as reasonably acceptable [23]. 

2.11 Gonads Annual Dose Equivalent     

This parameter is a measure of genetic implication of the Annual Dose Equivalent in relation to 

the body with greater weight in human radiossensibility (gonads). The annual dose equivalent in 

these conditions to the gonads (AGDE) was calculated using the following formulation [22; 24]: 

                                                       𝐴𝐺𝐷𝐸 (𝜇𝑆𝑣. 𝑎−1) = 3.09. 𝐴𝑈 + 4.18 . 𝐴𝑇ℎ + 0.314 . 𝐴𝐾                       (9) 

  

3. RESULTS AND DISCUSSION 

 

The results of the activity concentrations with gamma spectrometry were achieved in this study 

for conditions before and after the presence of tailings in the estuary of Doce River. Based on the 

statistical methods presented in item 3.4, specific activities for 228Ra and 226Ra showed statistically 

significant differences at a 95% confidence level, indicating increased values in environmental 

concentrations, in the case of 40K, a reduction was observed.  
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Table 3: Natural radionuclide activities, in Bq.kg-1, obtained before and after the rupture of Fundão 

dam at Doce River estuary.  

Condition  226Ra 228Ra 40K 

    

BEFORE 15.86 ± 0.99 19.83 ± 1.10 237.15 ± 8.70 

AFTER 20.70 ± 0.99 31.82 ± 1.30 197.50 ± 7.62 

 

On average, the concentrations after the breaking of the dam had increased 30% and 60% for 

the 226Ra, 228Ra, respectively. For 40K, the reduction was 17%. The result for the “before” condition 

reflects the fluvial sediments in natural conditions, while for the “after” there was influence of the 

geological portions of the source area of the tailings, characterized by granites and gneisses. The 

result suggests that there was a significant transport of radionuclides contained in the waste. 

However, it is noteworthy that these results can be considered as relatively low compared to the 

world average values (35 Bq.kg-1 for 238U, 35 Bq.kg-1 for 232Th and 370 Bq.kg-1 to 40K) for these 

radionuclides in sediments according to UNSCEAR [16]. Table 4 shows a comparison of this work 

with values of sediments found in other locations. 

It is known that the transport of radionuclides from rivers to estuaries and their partitioning 

between dissolved and particulate phases are complex mechanisms and depend on interactions the 

physical, chemical and biological factors that occur in the aquatic environment. Anthropogenic 

inputs can also affect the distribution of radionuclides in this type of environment. Thus, a high 

variability in radionuclide activity in estuarine sediments is expected, as shown in the literature and 

synthesized in Table 4. From the extreme large sediment input during the “after” condition, it is 

absolutely true to declare that this value does not represent any possible natural variability condition 

for the sedimentary load. An illustration is depicted in Figure 4, two satellite images at a site near 

the estuary, where the river condition before and after the tailing apportionment is shown side by 

side. Also, a change was made to the texture of samples “before” and “after” in order to contrast a 

part of the natural regime of sedimentary variability. The samples “after” are reddish as opposed to 

the typical brown-to-green colors of the “before” samples. 
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Table 4: Comparison of the sample activities (Bq.kg-1) from Doce River estuary, with 

values for other locations. 

Country 

Sample 

type1 

Sources 

Activity2 238U  232Th 40K  Reference 

        

Albania Sedsea Agric 0-27 13-40 266-675 Tsabaris (2007), [25] 

Algeria Sedsea Ind 11-25 6-32 56-607 Benamar (1997), [26] 

Belgium Soil Env " - " 9-47 170-610 Deworn (1988), [27] 

China Soil Ind 26-119 35-228 281-711 Ziqiang (1988), [28] 

Spain Sedsea Ind " - " 11-16 220-460 Ligero (2001), [29] 

Egypt Sedsea Ind  " - " 8-50 16-487 Ibrahiem (1995), [30] 

France Sedriver Ind 9-62 16-55 120-1026 Lambrechts (1992),[31] 

Greece Soil Env 29-110 19-88 152-1593 Florou (1992), [32] 

Greece Soil Env 15-1049 18-66 258-2464 Travidon (1996), [33] 

Netherlands Soil Env 19-47 22-77 290-700 Koster (1988), [34] 

Ireland Soil Env 8-120 3-60 40-800 McAuley (1988), [35] 

Italy Soil Ind " - " 16-62 398-649 Buttaglia (1988), [36] 

Japan Soil Mine " - " 5-185 75-1400 Megumi (1988), [37] 

Turkey (Firtina) Sedriver Ind 16-113 17-87 51-1605 Kurnaz (2007), [22] 

Saudi Arabia Sedsea Ind 11.68 6.21 169.40 El-Taher (2018), [38] 

Brazil (Rio DoceB) Sedriver Mine 15.86 19.83 237.15 Present study 

Brazil (Rio DoceA) Sedriver Mine 20.7 31.82 197.15 Present study 

1 – Sedsea = Sea sediment; Sedriver = River sediment. 

2 – Agric = Agriculture; Ind = Industrial; Env = Environment radioactivity  
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Figure 3: Site near the estuary of Doce River “before” (brown-to-green color) and “after” 

(reddish). 

 

 

From a global perspective, the increase for 238U, in Table 4, do not represent an outsider value. 

If we consider the median point values for Albania, Algeria and France, one may observe that the 

results of this study are consistent with those values, while for China, Greece, Holland, Ireland and 

Turkey, our values for both conditions are well below those reports. For the 232Th, considering the 

mean values of the surveys carried out in Albania, Algeria, Belgium, France, Ireland, Italy and 

Egypt, our values are equivalents to those countries while in comparison to Spain, the Doce River is 

relatively higher. Comparisons with the Netherlands, Greece, Turkey, Japan and China show that 

our values are lower. For 226Ra activity, our value for “before” condition is greater than the 

midpoints of Albania, Belgium, Spain, Egypt, France and Greece and equivalent to the midpoint 

range of  Japan and Turkey. The value found for “after” condition is compatible with values in 

Ireland and well lower than reported for Italy.  

From the activities of radionuclides in Table 3, it was possible to make estimates of radiological 

parameters which are summarized in Table 5. 
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Table 5: Radiological parameters related to sediment radionuclide compositions in Doce River. 

River 

condition    Ḋ Raeq Hexterno   Hinterno     AEDE 
AGDE 

B/A (nGy.h-1)  (Bq.kg-1)     (µSv.y-1) (µSv.y-1) 

       

BEFORE 30.1 ± 0.9 62.5 ± 2.0 0.17±0.01 0.21±0.01 36.9 ± 0.92 206.4 ± 6.7 

       

AFTER 38.4 ± 1.0 81.4 ± 2.2 0.22±0.01 0.28±0.01 47.1 ± 0.99 259.0 ± 4.3 

 

 

The confidence interval for the absorbed dose determined by the aerogammaspectrometry, 

Figure 2C, ranged from 29.7 nGy.h-1 to 40.4 nGy.h-1. Based on Equation 4, our doses’ values, 

obtained from samples, for before and after varied from 30.1 and 38.4 nGy.h-1, which means that 

both estimates from laboratory measurements do represent the regional context of the geology. 

Through these results, it can be observed that the doses for before and after the accident are below 

the internationally recommended dose rate of 55 nGy.h-1 [39]. The results for the annual effective 

dose equivalent were of 36.91 and 47.08 µSv.y-1 for before and after, respectively, while the world 

average is 70 µSv.y-1 [16].  

The radium equivalent activities before and after were both values below the safety limit 

recommended (370 Bq.kg-1). This means that the external gamma dose rate of this study is at least 

30% lower than that published [17]. 
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Figure 4 - Dose distribution from aerogammaspectrometric survey, Figure 2C. At the top, the 

lognormal confidence interval is indicated. The vertical dashed lines show the dose values before 

and after the rupture of the dam, obtained by analysis of sediment samples. The solid line is a 

polynomial adjustement applied to the distribution of doses. 

 

In the case of the annual dose equivalent in the gonads (AGDE), 206.4 and 259.0 µSv.y-1 were 

obtained for before and after, respectively. These data, compared to the world average of 300 µSv.y-

1 show that our results are 31.2% and 13.7% lower than the world average, which must be evaluated 

carefully and suggest further monitoring of the post-disaster conditions. 

 

4. CONCLUSION 

 

This study evaluated the activity concentrations of 232Th, 226Ra and 40K for 11 sediment samples 

collected in the Doce River estuary, in conditions before and after the arrival of Samarco S.A. 

mining waste. Mean concentrations of these radionuclides, despite the increase approximately 50% 

during after condition, are within ranges of activity reported in current literature. Our data of 

absorbed dose obtained from sediment samples were comparable to those estimated by 
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aerogammaspectrometry, which reinforce the ability of the aerogamma surveys to map the natural 

radioactivity levels.   

For “before”and “after”conditions, the values obtained for Ḋ varied from 30.1 to 38.4 nGy.h-1, 

while Hexternal were of 0.17 to 0.22, and Hinternal ranged of 0.21 to 0.28, respectively. Hinternal is used 

for calculus due to inhalation of radon and toronium in homes. Its use would not make sense for an 

outdoor environment. Due to the possibility of the use of sediments and sand as building material 

for residences, the calculation of this index may be an estimator for the risk arising from the 

inhalation of radon and toronium by the locals. However, considering that the population inhabits 

the region only during the dry season, the occupation factor would decrease from 365 days / year to 

152 days / year. Thus, the calculated doses would be reduced by a factor of 5/12 of the presented 

value.  

The dose equivalent annual gonads (AGDE) were of 206.4 and 259.0 µSv.a-1. Considering the 

world average of 300 µSv.a-1, the post disaster condition is slightly lower than the world average 

but cannot be neglected. Anyway all parameters are below of the reference levels.  

The annual effective dose equivalent considering the conditions for before (36.9 µSv.a-1) and after 

(47.1 µSv.a-1) are lower than the world average (70 µSv.a-1) and the associated risk to health is not 

significant. This does not rule out the importance of other routes of contamination, and 

corresponding doses and risks, which must be investigated and were not the focus of this 

contribution. Therefore, the values estimated in this paper can be used as baseline for future 

investigations.  
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