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� Akadémiai Kiadó, Budapest, Hungary 2015

Abstract In the present study, soil and rock samples were

collected from uranium deposits in the city of Pedra, Per-

nambuco, Brazil. These samples were analyzed using

neutron activation analysis to identify the occurrence of

rare-earth elements (REE). The most abundant elements

found were Ce, Nd and La, with concentrations 12 times

higher than the average in the earth’s crust and 4.6 times

higher than values reported in worldwide studies, including

Brazil. Nonetheless, further studies to examine the eco-

nomic feasibility of mining REEs from this site are

necessary.

Keywords Rare-earth elements � Neutron activation

analysis � Gamma spectrometry � Primordial radionuclides

Introduction

Rare-earth elements (REE) have been treated as a strategic

issue and even one of ‘‘national sovereignity’’ by the

governments of some countries. This treatment has

occurred because REEs have been used for a variety of

reasons in several areas, especially in the oil industry,

which employs catalysts to refine oil that contains some of

these elements. In addition, REEs are widely applied in the

electronic industry and are considered as essential resour-

ces in the production of equipment, such as high definition

TV’s, smartphones, tablets, computers and many other

products [1]. According to Alonso et al. [2], the future

demand for REE may increase up to 2,600 % over the next

few decades due to the possible increase in the production

of electric cars and wind turbines, which use dysprosium

(Dy) and neodymium (Nd).

Currently, the global demand for REEs is approximately

150,000 tons per year, and the great majority of this

amount is produced in China [3]. This situation places

China in a dominant market position that directly affects

the prices of the items in the international market. This

effect on price was recorded in 2010, when the prices of

some of these elements significantly increased after the

export restrictions by China [4]. To reduce this depen-

dence, several countries, including Brazil, have been con-

ducting research to discover new areas for the potential

exploitation of these elements.

Some studies have indicated that coal deposits may be

considered as new sources for the recovery some REEs as a

by-product [5, 6]. However, the operation of coal mines
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with high concentrations of REEs is a complex issue, since

high concentrations of these elements in the environment

may be harmful to human beings and animals [7]. Another

strategy to meet part of the supply is to stimulate the

recycling of REE from electronic waste, but in general

there is a lack of incentives for the recycling route [8].

Meanwhile, the federal government in Brazil (through the

Ministry of Mines and Energy and the Ministry of Science,

Technology and Innovation), such as other countries, has

been conducting studies that will serve as a basis for

developing a policy for exploring and extracting these

elements. Some of these studies have indicated that the

occurrences of these elements in Brazil are associated with

radioactive minerals [9]. For example, monazite is a

radioactive mineral in a rare-earth orthophosphate forma-

tion with a thorium content of between 0.1 and 30 % and

up to 1.5 % of natural uranium [10]. Studies in other

regions of the world, such as the study by Popic et al. [11]

conducted in Norway, also reported high levels of REEs in

reservoirs of thorium and uranium.

This association of the REE and radioactive minerals

was one aspect that motivated the choice of the area of the

present study for further investigation. The municipality of

Pedra, which is located in the semiarid region of Pernam-

buco state, is known for the occurrence of a significant

radioactive anomaly of U and Th in amphibolitic silicate

rocks and granitic calcium, respectively [12, 13], despite

the fact that this U and Th deposit only covers a small area.

Another aspect that motivated this study was the lack of

studies that have determined the existence of these ele-

ments in the area and (if present) their respective concen-

trations. With this information, we expect that studies can

be performed to assess the technical and economical fea-

sibility of extracting elements in the future, which would

imply economic development for the region.

There are numerous techniques for determining the

presence and concentrations of REE in the environment

[14]. In the present study, these tests were performed by

using the neutron activation analysis (NAA) technique

followed by high resolution Gamma Spectrometry. This

methodological sequence was chosen because they are

non-destructive techniques with high sensitivity for

detecting several elements [15, 16].

Materials and methods

Study area

The study area is located in the Ipanema Valley in the

semiarid region of the state of Pernambuco, specifically in

the city of Pedra. The geographical location of the study

area is at a latitude of approximately 08�29.8170 S and a

longitude of approximately 36�56.4500 W (WGS 84 datum)

as expressed in Fig. 1. The city is located at 593 m above

sea level. From a geological point of view, the municipality

is inserted in the Borborema Province and is composed of

rocks from the Cabrobó and Belém do São Francisco

Intrusive Suite leucocratic peraluminous complex con-

taining granitic rocks of the Indiscriminate and Calcialca-

lina suite. Major soil types in the region include Luvisols,

Planosols and Regolitic Neosols, with the latter repre-

senting the soil type in the study area [17, 18].

From a socioeconomic perspective, the Municipality of

Pedra has a total estimated resident population of 21,558

inhabitants, of whom 57.3 % live in urban areas. The

population density of this area is 24.7 inhabitants per km2.

Among the economic activities of the municipality, 65.3 %

are represented by agriculture, especially dairy farming,

which is the main source of revenue, with a monthly pro-

duction of approximately 2.2 million liters of milk [13].

Sample collection, treatment and conditioning

Sample collection was conducted in an area of approxi-

mately 2 km2 that included granite outcrops and am-

phibolitic calcium silicate. Overall, 115 soil samples were

collected that originated from 23 different points and 55

rock samples that were collected from 11 outcrops. Each

collection point was marked in a 5 9 5 m grid and divided

into quadrants. At each point, 5 samples were collected.

Before sampling, the points were previously cleaned. Next,

a sample of approximately 5.0 kg was collected at each

point at a depth of 30–50 cm, which corresponded to the C

horizon.

During the collection of rock samples, the granite out-

crops and amphibolitic calcium-silicate rocks that existed

within the area were prioritized. From the 11 outcrops, six

corresponded to granite outcrops and five corresponded to

calcium-silicate amphiboles. Samples of approximately

10 kg were collected from each outcrop, disregarding the

weathered surfaces.

After collection, the soil samples were pre-treated as

follows: drying at 60 �C; lump breaking; sieving; homog-

enization; quartering and particle size reduction to obtain

particles smaller than 63 lm. The rock samples were cru-

shed and pulverized so that they had the same grain sizes as

the soil samples. All of these actions were conducted in

partnership with the Laboratory for Mineral Technology at

the Department of Mining Engineering of the Federal

University of Pernambuco.

After treatment, approximately 1.5 g of each sample

was stored in a polyethylene container. These samples were

sent to the Laboratory of Neutron Activation Analysis

(LNAA) located at the Center of Nuclear Research Reactor

(CNRR) of the Energy Research Institute and Nuclear
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(IPEN) of the National Nuclear Energy Commission

(CNEN) in São Paulo, where the neutron activation gamma

spectrometric analyses were performed.

Procedures for neutron activation analysis and gamma

analysis

At the Laboratory of Neutron Activation Analysis,

approximately 100 mg of each sample was irradiated for

8 h at the research reactor IEA-R1 at IPEN/CNEN-SP. An

average neutron flux of 4.5 9 1012 cm-2 s-1 was used

with the granite GS-N (ANRT) and basalt BE-N (GIT-

IWG) reference materials.

After irradiation, the samples were analyzed in a high-

resolution gamma spectrometry system with an experi-

mental setup consisting of a HPGe detector (Canberra�,

model GX2020) with a resolution of 2.0 keV for the

1,332 keV 60Co energy. This system was connected to a

multichannel analyzer with 8,196 channels. These mea-

surements were performed in two stages, with the first

count performed 7 days after irradiation and the second

count performed 15 days later. For treating and handling

the spectra and data analysis, the Genie-2000� (from

Canberra�) was used. To minimize dead time, measure-

ments were performed using a geometry of 12 cm from the

top of the detector.

Results and discussion

As mentioned earlier, we analyzed environmental rock and

soil samples from an area that presents an anomalous

occurrence of U. The data obtained from the analysis of the

samples will be addressed separately for each analyzed

matrix to understand them better.

In Fig. 2, the REE mass fractions along the studied area

are observed. In most samples, the REE mass fractions do

not exceed 300 mg kg-1.

Table 1 shows the results that were obtained for the

different rock types (including granite and amphibolitic

calcium silicate) and for the different mass fractions of

REE, which depended on the rock type. By analyzing the

average mass fractions of the elements that were obtained

for each different type of outcrop, it was observed that the

Fig. 1 Map containing the location of the study area and sampling points georeferenced
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amphibolitic calcium-silicate rocks have higher mass

fractions of seven of the nine elements (La, Ce, Nd, Sm,

Tb, Lu and Sc) relative to the granite rocks, especially for

the Ce and Nd, whose average mass fractions were 4.5 and

2.3 times higher, respectively, than the values obtained for

the granitic rocks.

In Fig. 3, a comparative analysis of the results obtained in

this study from the rock samples is presented relative to the

average REE mass fractions in the earth’s crust, according to

Oliveira et al. [19]. Most of the elements detected in the area,

showed the same order of magnitude in terms of mass fraction.

The La, Ce and Nd mass fractions behaved differently, with

average mass fractions that were much larger than the average

values of the earth’s crust. In the granitic rocks, the averages of

these elements were 4.0, 3.9 and 2.9 times larger, respectively,

than the crust average. Regarding the amphibolitic calcium-

silicate rocks, the mean mass fractions of these elements were

4.2, 12.0 and 9.0 times higher, respectively. According to

Santos Júnior et al. [13], the rock outcrops in the study area had

significant mass fractions of Th (Granitic Rocks-40 mg kg-1

on average) and U (amphibolitic Calcium silicate rocks-

3,132 mg kg-1 on average). The association (ETR-U/Th), as

evidenced by the literature [10], possibly justifies the high mass

fractions of these REE in the analyzed rock types.

When only considering the soil samples, the average

mass fractions were related to each REE that was identified

in the study area (Table 2). These data were compared with

existing data in the literature and are similar to the mean

mass fractions of the REE in the crust [19] that were

identified in studies conducted worldwide [20–22]. The Ce,

La, Nd, Sm, Eu and Tb REEs presented in this study had

average mass fractions that were between 2.8 and 4.6 times

larger than those found in the literature (Earth’s crust and

world studies). The other elements show mean mass frac-

tions in most of the comparisons that were between 0.6 and

0.9 times lower than the reference mass fractions.
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Fig. 2 Mass fractions of rare-earth elements (REEs) in the analyzed

environmental matrices

Table 1 Rare-earth elements (REEs) present in rock samples from

the municipality of Pedra, Pernambuco, Brazil

REE Outcrops Minimuma Maximuma Averageb

Granite rocks-mass fractions (mg kg-1)

La 6 12.1 ± 0.1 365.0 ± 6.0 139.4 ± 124.0

Ce 6 19.6 ± 0.5 692.0 ± 18.0 258.3 ± 236.6

Nd 6 3.8 ± 0.7 264.0 ± 12.0 114.6 ± 93.8

Sm 6 0.8 ± 0.0 29.0 ± 0.5 12.1 ± 9.3

Eu 6 0.9 ± 0.0 17.0 ± 0.3 4.4 ± 6.2

Tb 6 \0.1 1.4 ± 0.1 0.9 ± 0.3

Yb 6 0.1 ± 0.0 46.0 ± 0.3 8.7 ± 18.3

Lu 6 \0.1 0.6 ± 0.1 0.2 ± 0.2

Sc 6 1.8 ± 0.1 14.9 ± 0.5 5.0 ± 5.0

Amphibolitic calcium silicate rocks-mass fractions (mg kg-1)

La 5 45.1 ± 0.7 517.0 ± 8.5 145.3 ± 207.9

Ce 5 113.0 ± 3.0 2,243.5 ± 60.5 602.3 ± 919.9

Nd 5 78.0 ± 4.0 1,951.0 ± 133.0 511.6 ± 807.8

Sm 5 \0.5 44.8 ± 0.8 22.9 ± 18.5

Eu 5 0.1 ± 0.0 5.9 ± 0.2 2.8 ± 2.4

Tb 5 \0.1 2.0 ± 0.2 0.9 ± 0.8

Yb 5 0.8 ± 0.1 7.6 ± 0.4 3.7 ± 3.1

Lu 5 \0.1 1.0 ± 0.1 0.4 ± 0.0

Sc 5 4.7 ± 0.2 34.0 ± 1.0 19.3 ± 14.4

a Value ± uncertainty
b Population average ± population standard deviation

Legend: GR - Granite Rock; ACSR - Amphibolitic Calcium Silicate Rock; 

La Ce Nd Sm Eu Tb Yb Lu Sc
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Fig. 3 Comparative analysis of the mean mass fractions of the rare-

earth elements (REEs) in the rock samples from the Municipality of

Pedra, Pernambuco, Brazil, with the average REEs mass fractions in

earth’s crust
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Figure 4 presents a comparison between the soil and

rock samples by using the average REE mass fractions that

were identified in the study area. The mass fractions of the

rock samples were much higher than those found in the soil

samples, especially when compared with the amphibolitic

calcium silicate rocks, whose mass fractions were

approximately 3.2 times higher in the case of Ce. The

significant differences in the REE mass fractions in these

environmental matrices can be explained by considering

the fact that these rocks represent the forming elements of

the soil and REEs are more concentrated. In addition, Ce,

La and Nd were observed to show much higher mass

fractions than the other REE for both environmental

matrices. This finding is confirmed by the literature [10,

19], where it was reported that the light REEs (LREE)

(from La to Eu) are usually found in nature in higher mass

fractions than the heavy REEs (HREE) (from Gd to Lu).

Conclusions

The results of this study indicated that 9 of the 17 REEs

existing in nature were identified in the study area: La, Ce,

Nd, Sm, Eu, Tb, Yb, Lu and Sc. The concentrations of

REEs that were found demonstrate the importance of this

study and confirms the previously identified presence in

REE compounds associated with primordial radionuclides,

such as U and Th. Among the REEs identified in the study

area, Ce, La and Nd showed higher mass fractions, with

values that were higher than the averages in the earth’s

crust (by up to 12 times) and the global averages reported

in the literature (by up to 5 times). The remaining REEs

were present at mass fractions that were similar to the

average levels found on the planet. However, other studies

are necessary for extending the area of study and to verify

the feasibility of mining the REEs that were found.
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