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Abstract This paper reports the experimental steps for

measuring the natural radioactivity due to 226Ra and 228Ra

in mineral waters occurring at São Paulo and Minas Gerais

states, Brazil, that are extensively used for drinking in

public places, bottling and bathing purposes, among other.

The measurements of these alpha- and beta-emitting ra-

dionuclides were realized in 75 water sources located in 14

municipalities of those states. The 226Ra activity concen-

tration was determined by alpha spectrometry from radon

(222Rn) readings using the ionization chamber Alpha Guard

PQ2000PRO equipped with an appropriate drive (Aquakit),

following the protocol suggested by the manufacturer. The

gamma spectrometry with an NaI(Tl) well-type detector

was used for quantification of 228Ra due to its easy han-

dling and fast response, where the data acquisition was

performed taking into account the condition of secular

equilibrium between 228Ra and its direct descendant, 228Ac.

The 226Ra activity concentration ranged from 42 to 2,913

mBq/L, whereas the 228Ra activity concentration varied

between\5.4 and 3,899 mBq/L. The data acquired have

been utilized to perform dose calculations, whose values

were compared with the World Health Organization

(WHO) guidance level for the total effective dose

(0.1 mSv/year). Adopting typical dose conversion factors

for 226Ra and 228Ra, it has been verified that 48 % of the

water sources (36 samples) exhibited values exceeding the

WHO guideline reference value. This was mainly caused

by the presence of dissolved 228Ra in water sources whose

discharge occurs in areas characterized by the presence of

enhanced levels of natural radioelements in rocks. The high
228Ra levels in some samples allowed to identify the pre-

sence of its short-lived daughters 212Pb and 208Tl in the

liquid phase, whose implications in the dose calculations

have been considered in this paper too.

Keywords Radium-226 � Radium-228 � Mineral waters �
Spas � Radiation dose

Introduction

Radium has one oxidation state in natural systems, i.e.,

Ra(II), behaving, in many respects, like other alkaline earth

elements. It forms strong complexes with sulfate and car-

bonate and weak complexes with nitrate and chloride

(Langmuir and Reise 1985), existing as about 25 isotopes

with mass numbers between 206 and 230. Among the

natural radium isotopes, 226Ra and 228Ra are the most

extensively used in the evaluation of the drinking water

quality in terms of radiological aspects due to their longer

half-lives.
226Ra is an alpha emitter that occurs in the 238U decay

series, according to the sequence: 238U (4.49 Ga, a) ? 234Th

(24.1 d,b-) ? 234Pa (1.18 m,b-) ? 234U (2.48 9 105 year,

a) ? 230Th (7.52 9 104 year, a) ? 226Ra (1,622 year,

a) ? 222Rn (3.82 day, a) ? 218Po (3.10 min, a) ? 214Pb

(26.8 min, b-) ? 214Bi (19.9 min, b-) ? 214Po (0.16 ms,

a) ? 210Pb (22.3 year, b-) ? 210Bi (5.0 day, b-) ? 210Po

(138.4 day, a) ? 206Pb (Clayton 1983; Chu et al. 1999).
228Ra is a beta emitter that occurs in the 238Th decay series,

according to the sequence: 232Th (13.9 Ga, a) ? 228Ra

(5.75 year, b-) ? 228Ac (6.13 h, b-) ? 228Th (1.91 year,

a) ? 224Ra (3.64 day, a) ? 220Rn (55.6 s, a) ? 216Po

(0.14 s, a) ? 212Pb (10.6 h, b-) ? 212Bi (60.6 min, b-
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-64.1 % or a -35.9 %) ? 212Po (0.3 ls, a) or 208Tl

(3.0 min, b) ? 208Pb (Clayton 1983; Chu et al. 1999).

Natural radium may be introduced into waters due to

their interaction with rocks, soils or mineralized bodies;

and as a consequence, anomalous radium concentrations in

groundwater have been reported and attributed to rock

composition, mineralogy, geologic structure and ground-

water chemistry (Asikainen and Kahlos 1979; Gascoyne

1989). Radium transport in waters has mainly focused on

the neutral complex (ion pair) BaSO4 in solutions con-

taining sulfates; however, other species have also been

taken into account (see, for instance, Benes 1984; Lang-

muir and Reise 1985). Stability constants of radium car-

bonate complexes determined by Benes (1984) suggested

that they are significant in waters having high pH values

([10.25) or high carbonate concentration ([10-3 M).

Potential health hazards from 226Ra and 228Ra in con-

suming water have been considered worldwide, with sev-

eral countries adopting the guideline activity concentration

for drinking water quality recommended by WHO (2011).

Many spring waters in Brazil do not contain high con-

centrations of dissolved constituents; however, the waters

are considered mineral due to the radioactivity in them,

chiefly due to the presence of dissolved radon and thoron.

This is a consequence of the Brazilian Code of Mineral

Waters (BCMW) that is ruled by Register 7841 published

on 8 August 1945 (DFPM 1966) and is still in force. It has

focused on the mineral waters for spas and bottling uses, as

well the potable waters for bottling (Serra 2009). Accord-

ing to the BCMW, the waters can be classified as radiferous

if they contain dissolved radioactive substances that sustain

a permanent radioactivity.

The most contradictory aspect in this situation is related

to the fact that there is a lack of confident data on the

activity concentration of the natural dissolved radionuc-

lides, inclusive for 226Ra and 228Ra that are practically

absent due to the analytical difficulties for their quantifi-

cation. This paper describes a survey performed at well-

known Brazilian mineral waters occurring at São Paulo and

Minas Gerais states that was held for evaluating the pre-

sence of the dissolved 226Ra and 228Ra. The radiation dose

due to their presence in the analyzed waters has also been

calculated as both radionuclides are a health threat when

ingested with water in activity concentrations exceeding

the WHO (2011) guideline reference values.

Geological context of the study area

The study area is comprised of several cities located in

variable geological contexts occurring in two Brazilian

states (Fig. 1): São Paulo State Águas de São Pedro, Águas

da Prata, Águas de Lindóia, Serra Negra, Lindóia, Termas

de Ibirá and Águas de Santa Bárbara cities; Minas Gerais

State Lambari, São Lourenço, Cambuquira, Caxambu,

Poços de Caldas, Pocinhos do Rio Verde and Araxá cities.

Águas de São Pedro, Águas de Santa Bárbara and Ter-

mas de Ibirá cities in São Paulo State are inserted in the

intercratonic Paraná sedimentary basin, in which the sedi-

mentary sequence covers since the Silurian–Devonian up

to the Cretaceous periods (IPT 1981). It is almost undis-

turbed, with gentle dips towards the basin center and local

faults serving as channels for the extruding *1 9 106 km2

basalt flows of Jurassic–Cretaceous age (Serra Geral For-

mation). The volcanism occurred at a rate of about

0.1 km3/year and it happened between 127 and 137 Ma

ago (Renne et al. 1992; Turner et al. 1994).

The major stratigraphic units occurring at the Paraná basin

are (IPT 1981): the Tubarão Group, comprising the Itararé

Subgroup (sandstones, conglomerates, diamictites, tillites,

siltstones, shales and rhythmites) and Tatuı́ Formation (silt-

stones, shales, silex and sandstones with local concretions);

the Passa Dois Group, comprising the Irati Formation (silt-

stones, mudstones, black bituminous shales and limestones)

and Corumbataı́ Formation (mudstones, shales and siltstones);

the São Bento Group, comprising the Pirambóia Formation

(sandstones, shales and muddy sandstones), Botucatu For-

mation (sandstones and muddy sandstones), Serra Geral

Formation (basalts and diabases) and related basic intrusives;

the Bauru Group (sandstones, conglomerates, mudstones) and

different types of Cenozoic covers like the recent deposits,

terrace sediments and the Rio Claro Formation (sandstones,

conglomerate sandstones and muddy sandstones).

The evolution of Águas de Lindóia, Serra Negra and

Lindóia region in São Paulo State is characterized by the

occurrence of several phases and cycles, involving differ-

ent aspects of metamorphism, deformation and magmatism

that make difficult its delineation, reconstitution of the

sequences and primary characterization of the rocks (Ebert

1955). These events acted from the Archean to the Upper

Proterozoic times and affected rocks characterized by high

metamorphic grade, generally of granulite and amphibolite

facies (Almeida and Hasui 1984). Zanardo (1987) descri-

bed the major rock types occurring at Águas de Lindóia

area: recent alluvium related to flood plains and consisting

on immature sediments such as sand, silt, clays and organic

matter; various types of mylonites cutting diagonally the

area in a strip 500–1,000 m thick; quartzites, quartz schists,

schists, gneisses, calcium silicate rocks, amphibolites,

ultramafic rocks; migmatites and syn tectonic granites;

biotite and hornblende gneisses with homogeneous struc-

ture; gneisses and pink migmatites with homogeneous

structure; grayish gneissed migmatites with folded struc-

ture tending to homogeneous types.

Águas da Prata, Poços de Caldas and Pocinhos do Rio

Verde cities are geologically situated in the Poços de
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Caldas alkaline complex that is circularly shaped, with a

mean diameter of 33 km. The total surface area is about

800 km2, the altitude varies between 1,300 and 1,600 m,

and the topography is characterized by valleys, mountains,

and gentle grass-covered hills. The plateau is a ring

structure of Mesozoic age, comprising a suite of alkaline

volcanic and plutonic rocks, mainly phonolites and neph-

eline syenites (Schorscher and Shea 1992). The evolu-

tionary history, according to Ellert (1959), starts with

major early volcanism involving ankaratrites (biotite-

bearing nephelinite), phonolite lavas, and volcano-clastics,

followed by caldera subsidence and nepheline syenite

intrusions forming minor ring dykes and circular structures

and, finally, the intrusion of eudialite-bearing nepheline

syenites. This early model has been partly confirmed by the

geochronological work of Bushee (1971) and the structural

interpretations of Almeida Filho and Paradella (1977).

CPRM (1999) performed a geological survey of São

Lourenço stream hydrographic basin, defining three

important geological units for the occurrence of mineral

springs in south of Minas Gerais State: Paraı́ba do Sul

Group (Paraisópolis Complex), Andrelândia Group and

alluvial deposits. Paraı́ba do Sul Group spreads at the

western edge of the basin, predominating ophthalmic bio-

tite gneisses (enriched or not in garnet) and migmatized

granitoids, protomylonites and mylonite gneisses. Andre-

lândia Group occurs eastwards of São Lourenço stream,

dominating partially migmatized garnet–biotite–gneisses

(containing or not cianite) and metabasites intercalations

secondarily cut by pegmatoids veins. The São Lourenço

stream valley is open and exhibits a considerable flooding

strip and deposition zone of unconsolidated clayey sand

sediments.

The geological substrate of Caxambu city comprises

meta-sediments of Andrelândia Group, dominating the

schists southwestwards. There is also the presence of very

weathered quartzite, Quaternary alluvial deposits (found in

large portions accompanying the fluvial plain/terraces of

Baependi river/Bengo stream) and the crystalline basement

domain (mainly gneisses). The gneissic rocks in Caxambu

hill are cut by mafic dykes and alkaline breccias, consti-

tuting important recharge areas of the fractured aquifers

(CPRM 1999).

Araxá city is geologically located at Alto Paranaı́ba

Igneous Province that includes the renowned carbonatite

intrusion of Araxá, which covers approximately 16 km2

Fig. 1 Sketch map of the

research region in Brazil and

location of the groundwater

sampling points in the following

cities of São Paulo and Minas

Gerais states: ASP Águas de São

Pedro, ADL Águas de Lindóia,

SEN Serra Negra, LIN Lindóia,

TEI Termas de Ibirá, ASB Águas

de Santa Bárbara, ADP Águas

da Prata, PDC Poços de Caldas,

PRV Pocinhos do Rio Verde,

LAM Lambari, SLO São

Lourenço, CAM Cambuquira,

CAX Caxambu, AXA Araxá
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and is in general related to an NW-trending linear structure

bordering the São Francisco cratonic area that is thought to

be in evidence since late Precambrian times (Traversa et al.

2001). The Araxá complex has been previously reported in

the literature as Barreiro, consisting of a circular intrusion,

4.5 km in diameter, with the central part mainly formed by

a carbonatite predominantly beforsitic in composition

(Traversa et al. 2001). A complex network of carbonatite as

concentric and radial dykes quite variable in dimension and

also small veins ranging from few millimeters to several

centimeters in thickness are present intruding either alka-

line or country rocks. Additional lithologies include mica-

rich rocks, phoscorites and lamprophyres.

Sampling

The water samples (75) for 226Ra and 228Ra analyses were

taken from springs and pumped tubular wells occurring in

Paraná and Southeastern Shield hydrogeological provinces

(Mente 2008) characterized by different rock types and

aquifer systems.

The sampling point at Águas de Santa Bárbara city

corresponded to a 120-m-deep tubular well that cut the

Serra Geral and Botucatu formations of the Paraná sedi-

mentary basin. The waters of Águas de São Pedro city were

provided from tubular wells drilled at the Tubarão Group

(Paraná basin) in 1936 by DNPM (National Department of

Mineral Production) for petroleum exploration (Kimmel-

mann et al. 1987). The water samples at Águas de Lindóia

city were provided from fractures/fissures/faults occurring

in migmatite (Lindália and Santa Isabel springs), quartzite

(Comexim, Curie, Filomena and Beleza springs) and

mylonite/quartzite (São Roque spring) (del Rey 1989).

Seven springs were sampled at Águas da Prata city:

Villela (discharges into a well silicified and lightly folded

sandstone), Vitória (discharges through fissures in diabase),

Platina (discharges in outcropping phonolites), Prata (dis-

charges in diabase), Boi (discharges in a silicified and re-

crystallized sandstone), Paiol and Padre (discharges

through volcanic tuffs, phonolites and eudialite-bearing

nepheline syenites) (Szikszay 1981). Groundwater at Poços

de Caldas area was provided from diffuse and punctual

thermal/non-thermal springs in crystalline fractured rocks

that discharge at depressions occurring in Poços de Caldas

and Pocinhos do Rio Verde cities (Cruz 1987; Cruz and

Peixoto 1989).

Mineral waters were also collected from springs located

at São Lourenço, Lambari, Cambuquira and Caxambu

cities at Minas Gerais State. The hydrogeological model for

waters occurring in São Lourenço, Lambari and Caxambu

cities involves the rainwater infiltration in weathered

horizons of gneissic rocks at the more elevated topographic

areas close to the springs (CPRM 1999). Then, this is

succeeded by percolation through mylonitized zones (São

Lourenço, Caxambu, and Lambari) and fractures partially

Fig. 2 Calibration of the gamma spectrometer for a c-rays energy

readings, b activity readings of 212Pb c-rays (239 keV), c activity

readings of 208Tl c-rays (511–583 keV), d activity readings of 228Ac

c-rays (high-energy peak: 911–969 keV)
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filled by pegmatoids dykes or alkaline breccias (Caxambu)

(CPRM 1999). The local conditions favor the periodical

eruption of a non-geothermal geyser up to 5-m height at the

Caxambu water park due to the build-up of pressure from

dissolved CO2 in water.

Two springs were sampled at Araxá city: (1) Dona Beja,

associated with an aquifer system classified as granular,

free and semi-confined, mainly in the intrusive body

domain (Beato et al. 2000); (2) Andrade Júnior, related to a

deep fractured aquifer, unconfined to semi-confined,

mainly occurring in rocks surrounding the carbonatite

complex (Beato et al. 2000).

Analytical methods

A volume of 1 L of groundwater sample for 226Ra analysis

was collected into glass bottles fitted with inlet and outlet

stopcocks (Zereshki 1983), conducted up to the laboratory

and outgassed with 222Rn-free N2 to remove the 222Rn

originally present in the sample. The groundwater samples

for 228Ra analysis (40–45 kg) were stored in polyethylene

bottles, filtered through a 0.45-lm Millipore membrane

and divided into two aliquots of almost equal weight.

The 226Ra activity concentration was evaluated from
222Rn readings after waiting at least 25 days for 222Rn to

reach radioactive equilibrium with 226Ra (Zereshki 1983).

The 222Rn activity concentration was measured using the

device Alpha Guard PQ2000PRO (Genitron GmbH)

equipped with an appropriate drive (Aquakit), following

the protocol suggested by the manufacturer (Genitron

2000; Schubert et al. 2006). The 222Rn measurements were

performed in 40-min cycles for each sample, with readings

held every 10 min; the final result was obtained by aver-

aging the whole data set. The statistical uncertainty for the
226Ra activity concentration determinations (1r standard

deviation) was generally between 16 and 36 %.

Both aliquots for 228Ra analysis were acidified to pH\2

using HCl; 133Ba radioactive tracer (activity = 18.1 or

24.5 Bq) was added to one aliquot and *500 mg of FeCl3
was added to each one. Radium was co-precipitated on

Fe(OH)3 by increasing the pH to 7–8 through addition of

concentrated NH4OH solution. The precipitate was recov-

ered, dissolved in 8 M HCl and Fe3? was extracted into an

equal volume of isopropyl ether. The acid solution con-

taining radium was evaporated to dryness, and the dry

residue was dissolved with pure distilled water to a volume

of 15 mL, which was analyzed by gamma spectrometry

through a 300 9 300 NaI(Tl) well-type scintillation detector.

The aliquots in duplicate allowed the correct overlap of the
133Ba peaks with the 228Ac low-energy peak (338 keV) as

described by Mancini and Bonotto (2002).

The gamma spectrometer was calibrated in energy using

the radioactive sources 137Cs and 60Co, a solution

Table 1 Gamma readings within the range of 0.1–2.0 MeV for 232Th-descendants in standardized samples of sediments

SSMF weight

(g)

Sio2 weight

(g)

Activity

(Bq)

Channel

width

Total

counts

Counting time

(s)

Total count rate

(cps)

Net count (cpm/Bq) rate

(cps)

Pb-212 (239 keV)

13.0 0.0 29.08 168–256 99,374 11,933 8.33 7.92

6.9 6.1 15.44 168–256 164,325 29,565 5.56 5.15

3.0 10.0 6.71 168–256 141,911 49,501 2.87 2.46

1.0 12.0 2.24 168–256 84,543 68,092 1.24 0.83

Background 168–256 41,897 102,342 0.41

Tl-208 (511–583 keV)

13.0 0.0 29.08 428–568 30,759 11,933 2.58 2.27

6.9 6.1 15.44 428–568 52,156 29,565 1.76 1.46

3.0 10.0 6.71 428–568 48,985 49,501 0.99 0.68

1.0 12.0 2.24 428–568 36,990 68,092 0.54 0.23

Background 428–568 31,618 102,342 0.31

Ac-228 (911–969 keV)

13.0 0.0 29.08 667–950 32,442 11,933 2.72 2.40

6.9 6.1 15.44 667–950 58,648 29,565 1.98 1.67

3.0 10.0 6.71 667–950 55,167 49,501 1.11 0.80

1.0 12.0 2.24 667–950 40,076 68,092 0.59 0.28

Background 667–950 25,626 81,846 0.31

SSMF stream sediments from Morro do Ferro, Poços de Caldas, Brazil (Mancini 2002)

cps Counts per second
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Table 2 Activity concentration of the radionuclides characterized in groundwater samples analyzed in this paper

City (state) Spring (well)

namea

226Ra

(mBq/L)b

228Ra

(mBq/L)b

228Ra/226Ra

Act. ratiob

212Pb

(mBq/L)c

208Tl

(mBq/L)d

Águas de São Pedro (SP) Almeida Salles 156.6 ± 62.6 \9.2 – \Ld \Ld

Gioconda 323.6 ± 104.4 42.5 ± 2.6 0.13 ± 0.04 \Ld \Ld

Juventude 94.0 ± 52.2 123.2 ± 3.6 1.31 ± 0.73 \Ld \Ld

Águas da Prata (SP) Platina 146.2 ± 62.6 \7.4 – \Ld \Ld

Paiol 219.2 ± 73.1 85.8 ± 4.1 0.39 ± 0.13 \Ld \Ld

Vitória 281.9 ± 167.0 84.2 ± 3.5 0.30 ± 0.18 \Ld \Ld

Boi 62.6 ± 62.6 \7.3 – \Ld \Ld

Prata 83.5 ± 52.2 \6.8 – \Ld \Ld

Villela 856.1 ± 240.1 1942.5 ± 80.1 2.27 ± 0.64 \Ld \Ld

Padre 208.8 ± 83.5 \6.2 – \Ld \Ld

Águas de Lindóia (SP) Santa Isabel 125.3 ± 73.1 10.8 ± 3.0 0.09 ± 0.06 \Ld \Ld

Filomena 114.8 ± 52.2 \5.4 – \Ld \Ld

Beleza 104.4 ± 62.6 \6.1 – \Ld \Ld

São Roque 156.6 ± 62.6 \6.8 – \Ld \Ld

Comexim 480.2 ± 146.2 6.2 ± 3.2 0.01 ± 0.008 \Ld \Ld

Lindália 323.6 ± 104.4 \7.0 – \Ld \Ld

Curie 114.8 ± 62.6 128.3 ± 3.5 1.12 ± 0.61 \Ld \Ld

Serra Negra (SP) São Jorge 187.9 ± 83.5 44.7 ± 3.2 0.24 ± 0.11 \Ld \Ld

São Carlos 177.5 ± 73.1 181.1 ± 9.6 1.02 ± 0.42 \Ld \Ld

Italianos 156.6 ± 73.1 43.9 ± 3.0 0.28 ± 0.13 \Ld \Ld

Santa Luzia 114.8 ± 62.6 274.7 ± 16.4 2.39 ± 1.31 \Ld \Ld

Santo Agostinho 104.4 ± 104.4 \10.0 – \Ld \Ld

Brunhara 114.8 ± 62.6 \11.3 – \Ld \Ld

Laudo Natel 198.4 ± 83.5 \9.7 – \Ld \Ld

Sant́Anna 104.4 ± 52.2 5.2 ± 2.9 0.05 ± 0.04 \Ld \Ld

Lindóia (SP) São Benedito 187.9 ± 146.1 \9.1 – \Ld \Ld

Bioleve 146.2 ± 62.6 \6.9 – \Ld \Ld

Termas de Ibirá (SP) Jorrante 104.4 ± 62.6 185.0 ± 5.4 1.77 ± 1.06 \Ld \Ld

Ademar de Barros 83.5 ± 41.8 \6.7 – \Ld \Ld

Carlos Gomes 208.4 ± 83.4 \8.8 – \Ld \Ld

Saracura 125.0 ± 72.9 113.5 ± 2.9 0.91 ± 0.53 \Ld \Ld

Seixas 167.0 ± 73.1 \7.4 – \Ld \Ld

Águas de Sta. Bárbara (SP) Balneário Municipal 80.0 ± 5.0 3.4 ± 1.9 0.04 ± 0.02 \Ld \Ld

Lambari (MG) No.1 334.1 ± 114.8 213.8 ± 4.1 0.64 ± 0.22 \Ld \Ld

No.2 448.9 ± 156.6 191.0 ± 5.0 0.42 ± 0.15 \Ld \Ld

No.3 396.7 ± 125.3 237.6 ± 5.5 0.60 ± 0.19 \Ld \Ld

No.4 448.9 ± 146.2 112.4 ± 3.6 0.25 ± 0.08 \Ld \Ld

No.5 41.8 ± 41.8 106.6 ± 4.5 2.55 ± 2.55 \Ld \Ld

No.6 313.2 ± 187.9 118.8 ± 3.1 0.38 ± 0.23 \Ld \
São Lourenço (MG) No.7-Bis 313.2 ± 104.4 139.1 ± 4.6 0.44 ± 0.15 \Ld \Ld

No.5-Alcalina 240.1 ± 73.1 448.1 ± 8.4 1.87 ± 0.57 93.1 ± 0.3 141.9 ± 0.6

No.6-Sulfurosa 396.7 ± 135.7 708.5 ± 9.4 1.78 ± 0.61 171.6 ± 0.5 292.5 ± 1.1

No.3- Vichy 459.4 ± 146.2 575.6 ± 8.4 1.25 ± 0.40 183.1 ± 0.5 317.6 ± 1.0

No.4-Ferruginosa 250.6 ± 177.5 176.0 ± 3.9 0.70 ± 0.50 \Ld \Ld

No.1-Oriente 271.4 ± 93.9 161.8 ± 9.1 0.60 ± 0.21 \Ld \Ld

No.10-Primavera 647.3 ± 177.5 1915.9 ± 33.6 2.96 ± 0.81 430.6 ± 0.9 722.9 ± 2.1

No.9-Carbogasosa 229.7 ± 83.5 379.2 ± 7.9 1.65 ± 0.60 \Ld \Ld
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containing 133Ba, and pure powdered KCl as a source of
40K. The energy calibration curve is E = 1.40 Ch, where

E is the gamma rays energy (in keV) and Ch is the channel

number in the multichannel analyzer provided by ORTEC

ACE 2K hardware controlled by MAESTRO software

(Fig. 2a). The gamma spectrometer was calibrated in

activity on using 228Ra-descendants providing a well-

homogenized sample of stream sediments from Morro do

Ferro, Poços de Caldas plateau, Brazil (2.24 Bq/g; Mancini

2002). Readings were obtained for the following 228Ra-

descendants: 212Pb (239 keV), 208Tl (511–583 keV) and
228Ac (high-energy peak: 911–969 keV). The data that are

reported in Table 1 and Fig. 2b–d display the following

calibration curves (A is the activity, in Bq; T is the net

count rate, in cps): A = 3.768 9 T -2.041, for 212Pb;

A = 13.120 9 T -1.849, for 208Tl; A = 12.366 9 T -

2.565, for 228Ac. The detection limit (Ld) and the critical

level of detection (Lc) (Currie 1968) were evaluated from

the gamma readings, whereas the use of the error propa-

gation theory (Young 1962) allowed the estimation of a

statistical uncertainty for the 228Ra activity concentrations

between 1 and 6 % (1r standard deviation).

Results and discussion

The results of the measurements for 226Ra and 228Ra in the

75 water sources are reported in Table 2. Their

Table 2 continued

City (state) Spring (well)

namea

226Ra

(mBq/L)b

228Ra

(mBq/L)b

228Ra/226Ra

Act. ratiob

212Pb

(mBq/L)c

208Tl

(mBq/L)d

Cambuquira (MG) Roxo Rodrigues 323.6 ± 125.3 634.4 ± 8.1 1.96 ± 0.76 173.5 ± 0.5 303.8 ± 1.2

Regina Werneck 177.5 ± 73.1 592.6 ± 6.7 3.34 ± 1.38 201.9 ± 0.5 341.2 ± 1.2

Com. Augusto Ferreira 208.8 ± 73.1 466.5 ± 6.8 2.23 ± 0.78 \Ld \Ld

Fernandes Pinheiro 177.5 ± 73.1 164.9 ± 5.5 0.93 ± 0.38 \Ld \Ld

Marimbeiro 187.9 ± 83.5 121.6 ± 3.8 0.65 ± 0.29 \Ld \Ld

Souza Lima 208.8 ± 83.5 479.0 ± 8.0 2.29 ± 0.92 189.0 ± 0.7 298.0 ± 1.4

Caxambu (MG) Geiser Floriano de Lemos 1284.1 ± 261.0 3544.4 ± 41.7 2.76 ± 0.56 1359.3 ± 1.6 2125.7 ± 3.6

Venâncio 636.8 ± 386.2 3899.1 ± 96.4 6.12 ± 3.72 1136.0 ± 1.4 3476.3 ± 4.5

Mayrink 407.2 ± 135.7 \7.5 – \Ld \Ld

Ernestina Guedes 2672.6 ± 428.0 46.9 ± 0.8 0.02 ± 0.003 1435.7 ± 1.1 2226.3 ± 2.6

Viotti 281.9 ± 94.0 256.0 ± 5.4 0.91 ± 0.30 \Ld \Ld

D. Pedro II 323.6 ± 146.1 402.4 ± 9.6 1.24 ± 0.56 95.9 ± 0.3 147.8 ± 0.6

Beleza 2912.8 ± 511.6 1811.8 ± 17.4 0.62 ± 0.11 1339.3 ± 1.7 2145.8 ± 3.8

Duque de Saxe 563.8 ± 177.5 796.5 ± 11.2 1.41 ± 0.44 132.6 ± 0.4 156.6 ± 0.7

Da. Leopoldina 156.6 ± 73.1 276.9 ± 6.6 1.77 ± 0.83 \Ld \Ld

Da. Isabel/Conde d́Eu 1106.6 ± 250.6 753.8 ± 14.0 0.68 ± 0.15 \Ld \Ld

Poços de Caldas (MG) Quisisana 313.2 ± 114.8 \6.4 – \Ld \Ld

XV de Novembro 219.2 ± 83.5 49.1 ± 2.8 0.22 ± 0.09 \Ld \Ld

Macacos 104.2 ± 62.5 40.3 ± 3.1 0.39 ± 0.23 \Ld \Ld

Sinhazinha 135.7 ± 62.6 9.7 ± 2.5 0.07 ± 0.04 \Ld \Ld

Frayha 240.1 ± 94.0 \6.9 – \Ld \Ld

Pedro Botelho 342.9 ± 114.3 21.2 ± 5.2 0.06 ± 0.02 \Ld \Ld

Pocinhos do Rio Verde (MG) Rio Verde 156.6 ± 125.3 \6.6 – \Ld \Ld

Samaritana 135.7 ± 62.6 \7.6 – \Ld \Ld

São José 156.6 ± 73.1 \7.6 – \Ld \Ld

Amorosa 156.6 ± 94.0 \7.8 – \Ld \Ld

Araxá (MG) Dona Beja 375.8 ± 114.8 475.4 ± 7.9 1.26 ± 0.39 \Ld \Ld

Andrade Júnior 291.8 ± 104.2 588.3 ± 6.6 2.02 ± 0.72 \Ld \Ld

SP São Paulo, MG Minas Gerais
a Location in Fig. 1
b Uncertainty at 95 % confidence level corresponding to 1r standard deviation
c Uncertainty at 95 % confidence level corresponding to 1r standard deviation; Ld (detection limit) = 35.1 mBq/L
d Uncertainty at 95 % confidence level corresponding to 1r standard deviation; Ld (detection limit) = 106.3 mBq/L
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radiochemical composition is attained due to processes

occurring at the liquid–solid interface when different rocks

are leached. The 226Ra activity concentration varied

greatly, ranging from 42 mBq/L up to values about 70

times higher (2913 mBq/L) (Table 2) that exceed the

guidance value established by WHO (2011) for dissolved
226Ra in drinking water, i.e., 1 Bq/L (1,000 mBq/L). The
226Ra data above the WHO guidelines have been measured

for the geyser at the Caxambu water park, Minas Gerais

State, and the following springs at the same site: Da. Isabel/

Conde d́Eu, Ernestina Guedes and Beleza (Table 2). The

dissolved 228Ra also changed enormously, varying

between\5.4 and 3,899 mBq/L (Table 2), with almost

50 % of the water sources (37 samples) exhibiting values

that exceed the guideline reference value established by

WHO (2011) for dissolved 228Ra in drinking water, i.e.,

0.1 Bq/L (100 mBq/L). In addition to the 228Ac photopeaks

in the gamma spectra that yielded 228Ra activity concen-

tration above the detection limit, the presence of its prog-

enies 212Pb and 208Tl in 13 water sources was verified,

which provided photopeaks associated to the gamma

energies of 239 and 511–583 keV, respectively. This sit-

uation is illustrated in Fig. 3 for the gamma spectra relative

to spring water sample No. 6 (Sulfurosa) collected at São

Lourenço city, Minas Gerais State. The presence of 212Pb

and 208Tl was identified in several water sources collected

at São Lourenço, Cambuquira and Caxambu cities in south

of Minas Gerais State (Table 2). The 212Pb activity con-

centration varied between 93 and 1,436 mBq/L, whereas

the 208Tl activity concentration ranged from 142 to

2,226 mBq/L (Table 2).
226Ra and 228Ra should be associated with the type of

geological formation of each region, as the rocks may be

enriched with uranium and thorium. However, detailed

mineralogical characterization does not exist in some sites

studied here and is beyond of the scope of this paper,

making it difficult to point out unequivocally where the

Ra is coming from. High 226Ra and 228Ra levels were

found in Villela spring, Águas da Prata city, within the

Poços de Caldas alkaline complex (Table 2). This massif

is a well-known suite of alkaline volcanic and plutonic

rocks (mainly phonolites and nepheline syenites) that

possesses an accumulation of natural radionuclides and

rare-earth elements (REEs) (Schorscher and Shea 1992).

Frayha (1957) considered that fractures of sandstones

occurring at Águas da Prata city are filled by a yellow

clayey material containing 0.1–0.2 % of uranium oxide.

Enhanced 226Ra and 228Ra levels occurring in mineral

waters sampled at São Lourenço, Lambari, Cambuquira

and Caxambu cities, Minas Gerais State, could be asso-

ciated with the presence of U–Th-enriched minerals in the

fractures partially filled by pegmatoids dykes/alkaline

breccias. The 228Ra activity concentration above

100 mBq/L in the springs from Araxá city, Minas Gerais

State, may be related to the presence of radioelements in

pyrochlore resulting from the alteration of the alkaline-

carbonatite rocks in the central portion of the circular

structure that originated as one of the largest world nio-

bium deposit (Traversa et al. 2001). Some 228Ra levels

above 100 mBq/L in water sources providing from Paraná

basin could be associated with the radioelements miner-

alization in Paleozoic sediments consisting of sandstones,

Fig. 3 The spectra for c-ray-emitting radionuclides in the spring

water sample No. 6 (Sulfurosa) collected at São Lourenço city, Minas

Gerais State. Top unspiked aliquot. Bottom 133Ba spiked aliquot

Fig. 4 The relationship between dissolved 228Ra and 226Ra in the

groundwater samples analyzed in this paper
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siltstones, carbonaceous mudstones, and charcoal levels

(Saad 1974).

The radium isotopes dissolution

Different rock types exhibit variable U and Th contents due

to their mineral constituents, implying on unequal transfer

rates of the radium isotopes 226Ra and 228Ra to water, and

this is certainly the case for the investigated sources that

are leaching sandstones, siltstones, limestones, basalts,

diabases, migmatites, mylonites, quartzites, phonolites,

nepheline syenites, volcanic tuffs, gneisses, granites,

schists and carbonatites, among other rock types. However,

despite their distinct origins in the 238U and 232Th decay

series, the direct significant relationship of the 226Ra and
228Ra activity concentrations shown in Fig. 4 suggests that

a more pronounced 226Ra-release from the rock matrices is

also accompanied by a more accentuated 228Ra-dissolution.

Thorium is an element very often enhanced relative to

uranium in the rocks. For instance, Wedepohl (1978)

pointed out the following global average concentration

values: granites—Th = 21.5 lg/g, U = 4.19 lg/g, Th/U

ratio = 5.13; intrusive alkalines—Th = 17.10 lg/g, U =

9.82 lg/g, Th/U ratio = 1.74; basalts—Th = 1.58 lg/g,

U = 0.43 lg/g, Th/U ratio = 3.67; sandstones—Th =

1.70 lg/g, U = 1.48 lg/g, Th/U ratio = 1.15; shales—

Th = 11.80 lg/g, U = 3.25 lg/g, Th/U ratio = 3.63;

gneisses—Th = 6.40 lg/g, U = 2.20 lg/g, Th/U ratio =

2.91; granulites—Th = 5.50 lg/g, U = 4.90 lg/g, Th/U

ratio = 1.12; schists—Th = 10.0 lg/g, U = 2.50 lg/g,

Th/U ratio = 4.0. On the other hand, it has been recog-

nized elsewhere that thorium is an element much more

insoluble than uranium in the rock matrices, whose con-

centration may be several times lower than that of uranium

in the liquid phase (see, for instance, Lei 1984; Bonotto

1998). Thus, such behavior could imply on different sol-

ubility of their daughters 228Ra and 226Ra in the respective

decay series.

In principle, the 228Ra/226Ra activity ratio (AR) could be

utilized to indicate the preferential mobility of both radium

isotopes, i.e., AR[ 1 would suggest preferential 228Ra

transport relative to 226Ra into the liquid phase and AR\ 1

would indicate the opposite, whereas the equilibrium val-

ues (AR = 1) would imply in equivalent transfer of both

radium isotopes to the liquid phase. The 228Ra/226Ra

activity ratio of the waters analyzed in this investigation is

reported in Table 2, varying from 0.01 ± 0.008 to

6.12 ± 3.72. Thus, the ARs data do not clearly indicate a

possible tendency of preferential transfer of 226Ra relative

to 228Ra into the liquid phase due to the typical behavior of

their parents as disequilibria (AR\ 1 and AR[ 1) and

equilibrium (AR = 1) situations have been identified.

Another way of evaluating the 228Ra and 226Ra solu-

bility in the study area is to take into account the ratio of

the weight of the dissolved radium per unit volume of

solution to the weight of their parents per unit weight of the

rock matrix. It is a ‘‘mobility coefficient’’ whose numerator

of the expression focuses the liquid phase (daughter

radionuclide), whereas the denominator focuses on the

solid phase (parent). Thus, the ‘‘mobility coefficient’’ for
228Ra (m228) and 226Ra (m226) could be written,

Table 3 Uranium and thorium contents in different rock types occurring at São Paulo and Minas Gerais states, Brazil

Geological context (age)/location Major rock

types

U (lg/g) Th (lg/g) Average

Th/U

ratio

References

Paraná basin—Botucatu Fm. (Jurassic),

Pirambóia Fm. (Triassic), Serra Geral Fm.

(Jurassic-Cretaceous)/São Paulo State

Sandstones, basalts Min. = 0.6 Min. = 0.9 3.4 Kimmelmann et al.

(1995)Max. = 1.2 Max. = 4.9

Mean = 0.8 Mean = 2.9

Poços de Caldas intrusive complex

(Cretaceous)/São Paulo and Minas Gerais

states

Nepheline syenites, Min. B 1.0 Min. = 1.0 9.7 Schorscher and Shea

(1992)Phonolites, pyroclastics, Max. = 12.0 Max. = 30.0

Volcanic tuffs Mean = 1.2 Mean = 11.6

Crystalline basement (Precambrian)/eastern

São Paulo State

Granites, gneisses, Min. = 5.0 Min. = 31.3 3.6 Pascholati (1990);

Tassinari and Barretto

(1993)
Migmatites, schists, Max. = 20.7 Max. = 62.2

Quartzites Mean = 13.8 Mean = 49.4

Southeastern shield (Proterozoic)/minas

Gerais State

Granites, gneisses,

granulites

Min. B 0.5 Min. B 0.2 2.7 Fernandes (1982)

Max. = 4.9 Max. = 15.8

Mean = 1.5 Mean = 4.1

Alto Paranaı́ba Igneous Province

(Precambrian)/minas Gerais State

Alkaline-carbonatitic

rocks

Min. = 1.2 Min. = 33.1 12.4 Traversa et al. (2001)

Max. = 78.6 Max. = 744.0

Mean = 12.9 Mean = 159.9
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Table 4 226Ra and 228Ra ‘‘mobility coefficients’’ in the water sources investigated in this paper

City (State) Spring (well)

namea

226Ra (910-9)

(lg cm-3)

228Ra (910-11)

(lg cm-3)

m226 (910-9)

(g cm-3)b
m228 (910-12)

(g cm-3)c
M (910-3)d

Águas de São Pedro (SP) Gioconda 8.99 0.42 10.57 1.44 0.14

Juventude 2.61 1.23 3.07 4.19 1.36

Águas da Prata (SP) Paiol 6.09 0.86 5.07 0.74 0.14

Vitória 7.83 0.84 6.52 0.72 0.11

Villela 23.78 19.42 19.82 16.74 0.84

Águas de Lindóia (SP) Santa Isabel 3.48 0.11 0.25 0.02 0.08

Comexim 13.34 0.06 0.96 0.01 0.01

Curie 3.19 1.28 0.23 0.26 1.13

Serra Negra (SP) São Jorge 5.22 0.45 0.38 0.09 0.24

São Carlos 4.93 1.81 0.36 0.37 1.03

Italianos 4.35 0.44 0.31 0.09 0.29

Santa Luzia 3.19 2.75 0.23 0.56 2.43

Sant́Anna 2.90 0.05 0.21 0.01 0.05

Termas de Ibirá (SP) Jorrante 2.90 1.85 3.41 6.29 1.84

Saracura 3.47 1.14 4.08 3.86 0.95

Águas de Sta. Bárbara (SP) Balneário Municipal 2.22 0.03 2.61 0.12 0.04

Lambari (MG) No.1 9.28 2.14 6.19 5.21 0.84

No.2 12.47 1.91 8.31 4.66 0.56

No.3 11.02 2.38 7.35 5.80 0.79

No.4 12.47 1.12 8.31 2.74 0.33

No.5 1.16 1.07 0.77 2.60 3.38

No.6 8.70 1.19 5.80 2.90 0.50

São Lourenço (MG) No.7-Bis 8.70 1.39 5.80 3.39 0.58

No.5-Alcalina 6.67 4.48 4.45 10.93 2.46

No.6-Sulfurosa 11.02 7.08 7.35 17.28 2.35

No.3- Vichy 12.76 5.76 8.51 14.04 1.65

No.4-Ferruginosa 6.96 1.76 4.64 4.29 0.92

No.1-Oriente 7.54 1.62 5.02 3.95 0.79

No.10-Primavera 17.98 19.16 11.99 46.73 3.90

No.9-Carbogasosa 6.38 3.79 4.25 9.25 2.18

Cambuquira (MG) Roxo Rodrigues 8.99 6.34 5.99 15.47 2.58

Regina Werneck 4.93 5.93 3.29 14.45 4.39

Com. Augusto Ferreira 5.80 4.66 3.87 11.38 2.94

Fernandes Pinheiro 4.93 1.65 3.29 4.02 1.22

Marimbeiro 5.22 1.22 3.48 2.96 0.85

Souza Lima 5.80 4.79 3.87 11.68 3.02

Caxambu (MG) Geiser Floriano de Lemos 35.67 35.44 23.78 86.45 3.64

Venâncio 17.69 38.99 11.79 95.10 8.07

Ernestina Guedes 74.24 0.47 49.49 1.14 0.02

Viotti 7.83 2.56 5.22 6.24 1.20

D. Pedro II 8.99 4.02 5.99 9.81 1.64

Beleza 80.91 18.12 53.94 44.19 0.82

Duque de Saxe 15.66 7.96 10.44 19.43 1.86

Da. Leopoldina 4.35 2.77 2.9 6.75 2.33

Da. Isabel/Conde d́Eu 30.74 7.54 20.49 18.38 0.90
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respectively, by m228 = (228Ra)water/(Th)rock and m226 -

= (226Ra)water/(U)rock. It may be expressed in g cm-3 that

is a unit corresponding to the reciprocal of some geo-

chemical indices like the geochemical enrichment factor

(Szalay 1964), enrichment factor (Langmuir 1978), or

adsorption coefficient (AAEC 1983), which have been

expressed in cm3 g-1 (or m3 kg-1). Bonotto (1998, 2006)

has successfully utilized a modified ‘‘mobility coefficient’’

also expressed in g cm-3 to compare the migration of Th,

U, and Ra in solution and in suspended solids relatively to

the solid phase in different aquifer systems.

Thus, Th and U contents in rocks of the study area are

needed to estimate m228 and m226 from data reported in

Table 2. Table 3 shows typical values reported in the

literature for the five major geological domains studied

here. All average Th/U ratios exceeded unity and, there-

fore, are compatible with the values reported elsewhere

(Wedepohl 1978). Radium isotope activities in 1 lg cor-

respond to 3.6 9 104 Bq for 226Ra and 1 9 107 Bq for
228Ra. Such values can be used to convert to lg cm-3 the
226Ra and 228Ra activity concentration data expressed in

mBq/L in Table 2, which are shown in Table 4. Table 4

also reports m228 and m226 (in g cm-3) that have been

estimated from the 228Ra and 226Ra data (in lg cm-3,

Table 4) and average Th and U contents in the major

rocks associated to the water sources (in lg g-1, Table 3).

It is possible to verify from data given in Table 4 that all

m228 values are greatly lower than m226, suggesting the

preferential solubility of 226Ra to U relatively to that of
228Ra to Th, as expected from the well-recognized

behavior of the U and Th solubilities. If M = m228/m226,

then, all M\ 1 values in Table 4 clearly confirm this

situation, indicating that the proposed ‘‘mobility coeffi-

cient’’ is powerful to specify the relative migration of
228Ra and 226Ra to the liquid phase.

Radiation dose and health risks

In terms of the guidance levels for radionuclides com-

monly found in drinking water, WHO (2011) proposed

1 Bq/L for 226Ra, 0.1 Bq/L for 228Ra and none value for
212Pb and 208Tl. A comparison of these values with the

results reported here indicates that 226Ra is above

1,000 mBq/L in four water sources at Caxambu city,

Minas Gerais State: Geiser Floriano de Lemos, Ernestina

Guedes, Beleza and Da. Isabel/Conde d́Eu (Table 2).

However, a worse scenario has been identified from 228Ra

activity concentration data as the results shown in Table 2

indicate that 37 water sources (49 % of the analyzed

samples) exceeded the maximum of 100 mBq/L estab-

lished by WHO (2011). All five major geological domains

studied here possess at least one water source whose 228Ra

activity concentration was above the WHO (2011)

guideline value of 0.1 Bq/L. Except Mayrink and Erne-

stina Guedes water sources collected in the ‘‘waters cir-

cuit’’ at Minas Gerais State (Lambari, São Lourenço,

Cambuquira and Caxambu cities), all other samples col-

lected in that site exhibited 228Ra activity concentration

higher than 100 mBq/L (Table 2).

Radiation dose calculations are helpful to integrate the

activity concentration data obtained for the different ra-

dionuclides considered in this paper. The adoption of some

dose conversion factor (DCF) (IAEA 1996; WHO 2011) is

required to estimate committed effective doses due to the

radionuclides in waters. WHO (2011) reported 2.8 9 10-7

and 6.9 9 10-7 Sv/Bq as dose conversion factors for 226Ra

and 228Ra, respectively. For 212Pb, IAEA (1996) reported

the following committed effective dose per unit intake via

ingestion for members of the public: 1.5 9 10-7 Sv/Bq

(age B 1 a), 6.3 9 10-8 Sv/Bq (age 1–2 a),

3.3 9 10-8 Sv/Bq (age 2–7 a), 2.0 9 10-8 Sv/Bq (age

Table 4 continued

City (State) Spring (well)

namea

226Ra (910-9)

(lg cm-3)

228Ra (910-11)

(lg cm-3)

m226 (910-9)

(g cm-3)b
m228 (910-12)

(g cm-3)c
M (910-3)d

Poços de Caldas (MG) XV de Novembro 6.09 0.49 5.07 0.42 0.08

Macacos 2.89 0.40 2.41 0.35 0.14

Sinhazinha 3.77 0.10 3.14 0.08 0.02

Pedro Botelho 9.52 0.21 7.94 0.18 0.02

Araxá (MG) Dona Beja 10.44 4.75 0.81 0.30 0.37

Andrade Júnior 8.10 5.88 0.63 0.37 0.59

SP São Paulo, MG Minas Gerais
a Location in Fig. 1
b m226 = (226Ra)water/(U)rock

c m228 = (228Ra)water/(Th)rock

d M = m228/m226
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Table 5 Radiation dose due to the radionuclides analyzed in this paper

City (state) Spring (well) namea 226Ra (mSv/year)b 228Ra (mSv/year)c 212Pb

(lSv/year)d
Total

(mSv/year)

Águas de São Pedro (SP) Almeida Salles 0.03 – – 0.03

Gioconda 0.07 0.021 – 0.09

Juventude 0.02 0.062 – 0.08

Águas da Prata (SP) Platina 0.03 – – 0.03

Paiol 0.04 0.043 – 0.09

Vitória 0.06 0.042 – 0.10

Boi 0.01 – – 0.01

Prata 0.02 – – 0.02

Villela 0.17 0.978 – 1.15

Padre 0.04 – – 0.04

Águas de Lindóia (SP) Santa Isabel 0.02 0.005 – 0.03

Filomena 0.02 – – 0.02

Beleza 0.02 – – 0.02

São Roque 0.03 – – 0.03

Comexim 0.10 0.003 – 0.10

Lindália 0.07 – – 0.07

Curie 0.02 0.064 – 0.09

Serra Negra (SP) São Jorge 0.04 0.022 – 0.06

São Carlos 0.04 0.091 – 0.13

Italianos 0.03 0.022 – 0.05

Santa Luzia 0.02 0.138 – 0.16

Santo Agostinho 0.02 – – 0.02

Brunhara 0.02 – – 0.02

Laudo Natel 0.04 – – 0.04

Sant́Anna 0.02 0.003 – 0.02

Lindóia (SP) São Benedito 0.04 – – 0.04

Bioleve 0.03 – – 0.03

Termas de Ibirá (SP) Jorrante 0.02 0.093 – 0.11

Ademar de Barros 0.02 – – 0.02

Carlos Gomes 0.04 – – 0.04

Saracura 0.02 0.057 – 0.08

Seixas 0.03 – – 0.03

Águas de Sta. Bárbara (SP) Balneário Municipal 0.02 0.002 – 0.02

Lambari (MG) No.1 0.07 0.108 – 0.18

No.2 0.09 0.096 – 0.19

No.3 0.08 0.120 – 0.20

No.4 0.09 0.057 – 0.15

No.5 0.01 0.054 – 0.06

No.6 0.06 0.060 – 0.12

São Lourenço (MG) No.7-Bis 0.06 0.070 – 0.13

No.5-Alcalina 0.05 0.226 0.41 0.27

No.6-Sulfurosa 0.08 0.357 0.75 0.44

No.3- Vichy 0.09 0.290 0.80 0.38

No.4-Ferruginosa 0.05 0.089 – 0.14

No.1-Oriente 0.06 0.081 – 0.14

No.10-Primavera 0.13 0.965 1.89 1.10

No.9-Carbogasosa 0.05 0.191 – 0.24
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7–12 a), 1.3 9 10-8 Sv/Bq (age 12–17 a) and 6.0 9 10-9

Sv/Bq (age[ 17 a).

Doses reported in Table 5 were estimated by taking into

account an annual ingested volume of drinking water cor-

responding to 730 L that is equivalent to the standard

WHO drinking water consumption rate of 2 L/day (WHO

2011). Although infants and children consume a lower

mean volume of drinking water, the age-dependent dose

coefficients for children are higher than those for adults,

accounting for higher uptake or metabolic rates (WHO

2011). In this study, a DCF = 6.0 9 10-9 Sv/Bq has been

adopted for 212Pb as proposed by IAEA (1996) for

members of the public older than 17 years because such

ages are those of the great majority of people utilizing the

waters occurring in the Brazilian spas for drinking

purposes.

The individual dose criterion of 0.1 mSv/year represents

a very low level of risk that is not expected to give rise to

any detectable adverse health effect (WHO 2011). The

highest 212Pb dose corresponding to 0.006 mSv/year

(sample Ernestina Guedes, Caxambu city, Minas Gerais

State; Table 5) is a value much lower than 0.1 mSv for the

recommended reference level of committed effective dose

from 1 year consumption of drinking water. On the other

Table 5 continued

City (state) Spring (well) namea 226Ra (mSv/year)b 228Ra (mSv/year)c 212Pb

(lSv/year)d
Total

(mSv/year)

Cambuquira (MG) Roxo Rodrigues 0.07 0.320 0.76 0.38

Regina Werneck 0.04 0.298 0.88 0.33

Com. Augusto Ferreira 0.04 0.235 – 0.28

Fernandes Pinheiro 0.04 0.083 – 0.12

Marimbeiro 0.04 0.061 – 0.10

Souza Lima 0.04 0.241 0.83 0.28

Caxambu (MG) Geiser Floriano de Lemos 0.26 1.785 5.95 2.05

Venâncio 0.13 1.964 4.98 2.09

Mayrink 0.08 – – 0.08

Ernestina Guedes 0.55 0.024 6.29 0.57

Viotti 0.06 0.129 – 0.19

D. Pedro II 0.07 0.203 0.42 0.27

Beleza 0.59 0.913 5.87 1.51

Duque de Saxe 0.12 0.401 0.58 0.52

Da. Leopoldina 0.03 0.139 – 0.17

Da. Isabel/Conde d́Eu 0.23 0.380 – 0.60

Poços de Caldas (MG) Quisisana 0.06 – – 0.06

XV de Novembro 0.04 0.025 – 0.07

Macacos 0.02 0.020 – 0.04

Sinhazinha 0.03 0.005 – 0.03

Frayha 0.05 – – 0.05

Pedro Botelho 0.07 0.011 – 0.08

Pocinhos do Rio Verde (MG) Rio Verde 0.03 – – 0.03

Samaritana 0.03 – – 0.03

São José 0.03 – – 0.03

Amorosa 0.03 – – 0.03

Araxá (MG) Dona Beja 0.08 0.239 – 0.32

Andrade Júnior 0.06 0.296 – 0.36

Assuming a drinking water consumption rate = 2 L/day (WHO (World Health Organization) 2011)

SP São Paulo, MG Minas Gerais
a Location in Fig. 1
b DCF = 2.8 9 10-7 Sv/Bq (WHO (World Health Organization) 2011)
c DCF = 6.9 9 10-7 Sv/Bq (WHO (World Health Organization) 2011)
d DCF = 6.0 9 10-9 Sv/Bq (IAEA (International Atomic Energy Agency) 1996)
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hand, 48 % of the water sources (36 samples) exhibited

annual radiation dose due to 226Ra and 228Ra that is equal

or exceeds the WHO guideline reference value of 0.1 mSv/

year. It is mainly caused by the presence of dissolved
228Ra, whose activity concentration is higher than 0.1 Bq/L

in a large number of samples (Table 2).

The Brazilian code of mineral waters (BCMW) classi-

fied as radiferous the mineral waters for spas and bottling

uses, as well the potable waters for bottling, if they contain

dissolved radioactive substances that sustain a permanent

radioactivity. However, no specific guideline reference

value has been established for 226Ra and 228Ra by the

BCMW. The Rule No. 2914 of the Health Ministry in

Brazil published in 12 December 2011 established maxi-

mum permissible activity concentration in drinking water

corresponding to 1 Bq/L for 226Ra and 0.1 Bq/L for 228Ra

that is the same proposed by WHO (2011).

Therefore, almost half of the water sources analyzed in

this paper cannot be considered potable in terms of the

allowed 228Ra levels for ingestion purposes according to

the Brazilian legislation MS (2011) and WHO (2011). The

water usage is a crucial aspect in the present situation,

because practically all of them are used for drinking pur-

poses. Traditionally, the waters analyzed have been used or

directly consumed in the springs/wells, where touristic

centers developed in the cities of their occurrence. This is

because hydrothermal spas for therapeutic baths and leisure

exhibit infra-structure with hotels and many facilities for

users. Thus, it is a traditional practice of people visiting

these centers to ingest large amounts of waters as they have

been considered ‘‘good for health’’ in the common sense.

Additionally, by the same reason, the local population

prefers utilizing those waters for drinking purposes rather

than that provided by the public water supply systems.

Thus, perhaps the traditional practices and dietary habits

will make the task of the managers of the hydrological

resources in the cities difficult where the radiological

constraints have been identified in this paper.

Conclusions

This study reported a comparative evaluation of the radio-

activity due to 226Ra and 228Ra in several well-known

Brazilian mineral waters occurring at São Paulo and Minas

Gerais states. The investigation was held also monitoring the

presence of two short-lived 228Ra-daughters (212Pb and
208Tl) in some water sources. A direct significant relation-

ship of the 226Ra and 228Ra activity concentrations was

found, suggesting that a more pronounced 226Ra-release

from the rock matrices is also accompanied by a more

accentuated 228Ra-dissolution. The 226Ra activity concen-

tration ranged from 42 to 2,913 mBq/L, whereas the 228Ra

activity concentration varied between\5.4 and 3,899 mBq/

L. A ‘‘mobility coefficient’’ has been defined as the ratio of

the weight of the dissolved radium per unit volume of

solution to the weight of their parents per unit weight of the

rock matrix. It has been successfully applied to the acquired

data, suggesting the preferential solubility of 226Ra to U

relatively to that of 228Ra to Th, as expected from the well-

recognized behavior of the U and Th solubilities. 226Ra is

above the WHO guideline reference value of 1 Bq/L in four

water sources at Caxambu city, Minas Gerais State. How-

ever, 37 water sources (49 % of the analyzed samples)

exceeded the maximum of 0.1 mBq/L established by WHO

for the 228Ra activity concentration. The radiation dose

calculations indicated that almost half of the water sources

analyzed in this paper cannot be considered potable in terms

of the allowed 228Ra levels for ingestion purposes according

to the Brazilian legislation and WHO. Such findings add

relevant information on the radiological constraints of the

water sources investigated in this paper.
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Almeida FFM, Hasui Y (1984) The pre cambrian in Brazil. Edgard
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from Águas de Lindóia Sheet. MS Dissertation, USP-São Paulo

University, São Paulo, 270 p

Zereshki A (1983) The solution of 222Rn by groundwaters. PhD

Thesis, University of Bath, Bath, 244 p

Environ Earth Sci (2015) 74:839–853 853

123


	226Ra and 228Ra in mineral waters of southeast Brazil
	Abstract
	Introduction
	Geological context of the study area
	Sampling
	Analytical methods
	Results and discussion
	The radium isotopes dissolution
	Radiation dose and health risks
	Conclusions
	Acknowledgments
	References




