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Abstract

The natural mineral waters of the springs Dona Beja (DBS) and Andrade Junior (AJS) from Arax4 city, in the Brazilian
State of Minas Gerais (MG), are well known since the nineteenth century when started the studies of their healing properties
for the tuberculosis treatment. In Brazil, the period 1930-1950 corresponded to the construction peak of thermal and non-
thermal spas for therapeutic and leisure purposes. In 1944, the President Getilio Vargas inaugurated a large spa at Barreiro
area in Araxa city. The DBS waters have low salinity, high radioactivity, discharge sustained by the recharging rainwater,
and expected low residence time in the aquifer due to the maximum recharge—discharge distance of 2-3 km. The AJS waters
are hypothermal/thermal, alkaline, sulfured, highly saline, exhibiting deep circulation and discharging in a site dominated by
slightly weathered rocks. Barreiro area is also characterized by the exploration of phosphate fertilizer (begun in 1947-1948)
and niobium (identified in pyrochlore in 1953). Since the 60s and 70s, the demand for these resources increased, favor-
ing the release of contaminants into the environment. As a consequence, several professionals and institutions belonging
to different sectors of the society have pointed out potential environmental problems due to possible contamination of the
DBS and AJS waters, with implications for reducing the tourism activities in the region that take an important role on the
municipality economy. This study compared the major hydrochemical characteristics of the DBS and AJS waters with those
of other surface waters and rainwater occurring in that area for identifying possible degradation of their quality due to the
anthropogenic inputs taking place there.

Keywords Dona Beja spring - Andrade Janior spring - Niobium mining - Phosphate fertilizers production - Water quality -
Mixture of waters

Introduction (Minas Gerais State), which were of great therapeutic value

(Magalhaes 1945).

In Brazil, the thermal and mineral waters use is not recent
due to the arrival of European immigrants, mainly from
Portugal. The discovery of the thermal waters in Caldas
Velhas city (Goiés State) occurred in 1722. In 1816, Baron
Eschwege did the first official communication to the gov-
ernment of the existence of mineral waters at Araxa city
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Araxa city is located in southeastern Brazil about 375 km
distant from Belo Horizonte (W), 649 km from Brasilia (SE),
830 km from Rio de Janeiro (NW), and 581 km from S3o
Paulo (NW) (Fig. 1). The city became very known after a
love affair between Dona Beja (Beija) (Anna Jacintha de Sao
José) and a magistrate of the Paracatu town nearby (Danne-
mann 2013). In the beginning of the nineteenth century,
Dona Beja became a leading figure in the local high society
(Dannemann 2013) and nowadays Dona Beja Museum hosts
some of her belongings in a building located at Araxa city
center that served as her past home.

Magalhdes (1945) reported the following relevant facts
related to the mineral waters of Araxa: the first chemical
analyses of the sulfured waters (1886); the study of the
healing properties of the waters for the tuberculosis treat-
ment (1890); the discovery by Dr. Andrade Junior of high
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Fig. 1 Location of the municipality of Arax4 in the Brazilian state of Minas Gerais (MG). SP Sao Paulo State, R/Rio de Janeiro State (Modified

from DNPM (1987))

radioactive emanations in some waters (1927); and the inau-
guration by the Brazilian President Gettilio Vargas of a large
spa at Barreiro (“Grand Hotel Hydrothermal Complex”,
today Grand Hotel Taud) (1944). This last event was within
the period 1930-1950, which corresponded to the construc-
tion peak of thermal and non-thermal spas for therapeutic
and leisure purposes in the Brazilian states of Sao Paulo
(SP) and Minas Gerais (MG) (Mourao 1992). The Brazilian
Code of Mineral Waters (BCMW) was established in that
time, under French influence, by Register 7841 published
on 8 August 1945 (DFPM 1966).

The distance of Barreiro area from Araxa city center
is about 8 km (Fig. 1), occurring there two major springs
with different hydrochemical composition: Dona Beja and
Andrade Junior. Such area is also characterized by the pres-
ence of phosphate fertilizer and niobium mining activities
that have increased since the 60s and 70s following the
development of the companies CBMM (Brazilian Company
of Mining and Metallurgy), and Bunge/Arafértil (today Vale
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Fertilizantes) (Viana et al. 1999, Lemos Jr 2012). About
936 x 10 metric tons of Nb,Os and 20 x 10* tons per year of
ground apatite (for use in agriculture) have been produced
there (USGS 2018).

Anthropogenic Ba inputs occurred at Barreiro area by the
early 1980s due to a leakage occurring at one tailings dam,
while other contaminants have been also released there as a
consequence of the mining activities, causing intense debate
among several professionals and institutions belonging to
different sectors of the society (Viana et al. 1999; Santos
et al. 2011; Fernandes et al. 2011). This was partially due
to possible contamination of the waters of the springs Dona
Beja and Andrade Junior, with implications for reducing the
tourism activities in the region that take an important role
on the municipality economy.

Under such scenario, this paper reports a comparative
hydrochemical study of the natural mineral spring waters
Dona Beja and Andrade Janior of Barreiro area, Araxa city,
with surface waters and rainwater occurring there and in
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other sites nearby, aiming to identify possible contaminants
and eventual sources and pathways related to their presence,
like surface—groundwater interactions.

Study area and sampling

The regional weather pattern at Araxa city is typically
tropical, i.e., dominated by a wet season in the summer
(about 50% of the annual precipitation generally falls
between December and February) and a dry period in the
winter (less than 10% of the annual rainfall often happens
between May and September) (Viana et al. 1999). In the
period 1972-1996, the lowest, average, and highest annual
precipitation in the region corresponded to 102 cm (1990),
156.2 cm, and 203.1 cm (1983), respectively (Viana et al.
1999).

In this study, the natural mineral water samples were
taken from the springs Dona Beja (DBS) and Andrade Janior
(AJS), whose discharge is at Barreiro area (Fig. 2). Both
springs are linked to different aquifer systems. The water
table interception at the terrain surface due to the topogra-
phy causes the DBS seepage (Beato et al. 2000). FUNTEC
(1984) and Beato et al. (2000) classified the aquifer system
as granular, free, and semi-confined by clayey levels of the
weathered layer, mainly in the intrusive body domain (2 km
diameter; variable thickness, reaching up to 200 m at south-
ern portion, close to the niobium mine). The recharge occurs
due to direct infiltration in areas of higher altitude (2—-3 km
is the maximum estimated recharge—discharge distance) and
the flow lines at subsurface converge to the Grand Hotel lake
and Sal stream. One main recharge area is the 70 ha “green
ring” site located upwards of DBS, which allows a signifi-
cant aquifer replenishment, also contributing the waters of
some local dams and of the phosphate mine dyke (Beato
et al. 2000).

The AJS seepage is situated in front of the Grand Hotel,
possessing a distinct genesis relatively to DBS. The water
circulation is deep, discharging in a site dominated by
slightly weathered rocks. Faults, fractures, and cracks dom-
inate this free to semi-confined aquifer that mainly occurs
in rocks surrounding the carbonatite complex (Beato et al.
2000). The recharge is due to direct rainwater infiltration,
in small areas of the outcropping rocks, as well by waters
infiltrating in the quartzite residual soil. The groundwater
flow is toward several directions as the ore body is circular
and exhibits different altitudes (FUNTEC 1984; Beato et al.
2000).

The Barreiro area landscape is dominated by the presence
of Grand Hotel lake, basically formed by DBJ waters, and
the lake formed by AJS waters (Fig. 2). Two major por-
tions define the surface hydrology (Fig. 2): (1) an eastern
one, consisting of Baritina and Mata streams and respective

tributaries; (2) a western one, consisting of Cascatinha
and Borges streams. The phosphate fertilizer mining area
is drained by the surface waters of Cascatinha, Borges,
and Baritina streams. The niobium mining area as well
discharges waters into Baritina stream and also into Mata
stream. All streams flow into the Grand Hotel direction,
originating from the Sal stream that corresponds to the
unique Barreiro area exit.

COPASA (Sanitation Company of Minas Gerais State) is
responsible for the captation of surface waters, its treatment,
and distribution in water-supply systems of Araxa city from
three sites located outside of Barreiro area: Areia stream
(ARS), Fundo stream (FUS), and Feio stream (FES) (Fig. 2).
The monitoring points of surface waters included in this
study for comparison with the DBS and AJS waters cor-
responded to Grand Hotel lake (GHL), Sal stream (SS1 and
SS2), Areia stream (ARS), Fundo stream (FUS), and Feio
stream (FES) (Fig. 2). Additionally, rainwater samples were
also collected at two stations (Table 1): (1) RW1—about
1 km distant from the phosphate fertilizer processing unit of
Vale Fertilizantes; (2) RW2—COPASA water treatment and
distribution unit. The fieldwork involved sampling of waters
and sediments in the dry period/beginning of the wet season
in the region (from June to October).

Analytical methods

The groundwater and surface water samples (between 10 and
40 L) were stored in polyethylene flasks previously cleaned
by an appropriate treatment (acid washing with 10% nitric
acid and rinsing with Milli Q water) finished by washing
with the same sampled water (APHA 1989). One composite
sample (~ 15 L) of rainwater from each site (RW1 and RW2)
was recovered by bulk collectors (dry and wet deposition;
Cresswell and Bonotto 2008) installed from August to Octo-
ber and coupled to 20 L-polyethylene flasks.

Temperature, pH, conductivity, and potential redox (Eh)
readings of the water samples were done in situ adopting
the analytical protocols described by Bonotto (2006). Each
flask containing the water sample was kept in iceboxes, and
transported up to LABIDRO-Isotopes and Hydrochemistry
Laboratory of IGCE/UNESP/Rio Claro-SP, Brazil, for the
chemical analysis.

The samples were divided into different aliquots for the
determination of the main dissolved cations and anions,
heavy metals, and radionuclides (*'%Po and >*%U). The fil-
trate evaporation to dryness of an aliquot in a previously
weighed flask yielded the Total Dissolved Solids (TDS)
data (Rice et al. 2012). Titration with 0.02 N H,SO, (Hach
1992) allowed to determine alkalinity in one 100 mL ali-
quot of each water sample. Additional aliquots provided the
data acquisition by AAS—atomic absorption spectrometry
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(Na), colorimetry (K, Ca, SiO,, Mg, CI7, NO;", SO42_, and
PO43_), fluoride-selective electrode, and ICP-AES (induc-
tively coupled plasma atomic emission spectrometry) (Fe,
Mn, Al, Cd, Cr, Sr, Ba, Co, Cu, Zn, Pb, and Ni). More details
of these analyses are given elsewhere (e.g., Hach 1992; van
de Wiel 2003; Bonotto and Silveira 2003).

An aliquot of ~ 10 L of each water sample was used for
measuring the dissolved 2!°Po activity concentration (**’Po
spike =8 dpm), whereas ~ 20 L for acquiring the **3U activ-
ity concentration and a0/l §| activity ratio (AR) data **u
spike =4.4 dpm). Bonotto et al. (2009) and Bonotto (2010)
described the procedures adopted for such readings as done
by alpha spectrometry, whose analytical uncertainties were
often + 10-15% (1o standard deviation, 5% significance
level; Young 1962).

Also relevant for this study are the results obtained for
six sediment cores (GHL, SS1, SS2, ARS, FUS, and FES)
sampled at Araxa city, adopting the protocols described by
Bonotto and Garcia-Tenorio (2019). They exhibited depths
of 25-40 cm and were cut into slices from 3 to 5 cm of
thickness. Then the sediments were analyzed according to
their grain size, chemical, and radiometric composition by
several methods (spectrophotometry, X-ray fluorescence,
a-spectrometry, etc.) (Bonotto and Garcia-Tenorio 2019).

Results and discussion
Hydrochemical highlights

Table 1 reports the results obtained in the analysis of the
physicochemical parameters and dissolved constituents in
the water samples. According to temperature, the BCMW
establishes the following waters classification (DFPM
1966): cold (<25 °C), hypothermal (25-33 °C), mesother-
mal (33-36 °C), isothermal (3638 °C), and hyperthermal
(>38 °C). Using this guideline, the DBS waters are cold,
whereas the AJS waters are hypothermal.

WHO (2011) proposed the following guideline val-
ues for constituents of health significance in drinking
water: Ba—0.7 mg/L, nitrate (as NO;7)—50 mg/L, fluo-
ride—1.5 mg/L, Cr—50 pg/L, Pb—10 pg/L, Cd—3 pg/L,
and U—30 pg/L. Depending on the associated cation,
taste (not health) thresholds for C1~ were in the range of
200-300 mg/L (WHO 2011). The dataset reported in Table 1
indicates that F~ and Ba are the unique chemicals analyzed
that exceed such guideline reference values. In this study,
F~ concentration above 1.5 mg/L was only found at AJS,
but Bonotto (2016) reported F~ > 1.5 m/L in several other
natural mineral waters. However, the AJS water source is not
used for daily human consumption as it is only occasionally
ingested from taps available for tourists circulating in the
area. Ba concentration levels above 0.7 mg/L were found at
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Barreiro area, reaching the highest value in GHL (1.3 mg/L)
and possibly associated to the pyrochlore generations occur-
ring there. Pyrochlore is a complex mineral group of general
formula M, T,X,; (M=Na, Ca, Ba, K, U; T=Nb, Ta, Ti) that
justifies the accentuated barium dissemination there. Similar
to the AJS waters, the water sources DBS and GHL are also
not used in the water-supply system of Araxa city for human
consumption.

Krauskopf and Bird (1995) pointed out that the proton
and electron activities in the environment are generally rep-
resented by the parameters pH and Eh, respectively. The data
reported in Table 1 and plotted in Fig. 3 show that all waters
would occur in environments changing from transitional to
reducing conditions; also, RW1 and RW2 exhibit acidity,
whereas the water sources DBS, AJS, GHL, SS1, SS2, ARS,
FUS, and FES are alkaline. The spring water AJS exhibited
the highest value of electrical conductivity (7140 uS/cm)
and TDS (2898 mg/L) (Table 1), as a consequence of its
deeper circulation in fractured rocks surrounding the car-
bonatite complex.
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Fig.3 Analytical data of this study plotted in an Eh vs. pH diagram
as described by Krauskopf and Bird (1995)
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Fig.5 Data for major cations
and anions of the waters ana-
lyzed in this study plotted in a
Piper (1944) diagram

The analytical data reported in Table 1 for the surface
waters have been plotted in a Gibbs (1970) diagram as shown
in Fig. 4. It shows the major features of the hydrochemistry,
i.e., dominant influence of the processes of weathering of
rocks and soils compared to the dilution effects by rainwater.
The points for GHL, SS1, and SS2 coincide as they are in
the same hydrographic basin.

The Piper (1944) diagram allows an useful comparison of
the hydrochemical dataset reported in Table 1. It shows that
the calcium dominance of RW1 and RW2 possibly reflects
on enhanced Ca®" levels of DBS and FUS (Fig. 5). For dis-
solved anions, it shows the mixed character of FUS and FES
and that the bicarbonate facies dominates RW1, DBS, GHL,
SS1, and SS2 (Fig. 5). Chloride dominates RW2, indicating
unequal chemical composition of the rainwater in the region,
which possibly implies on the enhanced concentration of this
anion in ARS. Chloride also dominates AJS, greatly differ-
ing from DBS that is dominated by HCO;™, thus, indicat-
ing the diverse hydrochemical composition of these spring
waters related to their different aquifer systems.

Mobility index (M) for the spring waters and surface
waters

Different indices have been reported in the literature for
characterizing the heavy metals and radionuclides transfer
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@552
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from rocks, soils, and sediments into the waters. Their typi-
cal names are distribution coefficient, geochemical enrich-
ment factor, enrichment factor, adsorption coefficient,
among other, and they are dimensionless or expressed in
cm?/g (or m*/kg) (Szalay 1964; Langmuir 1978; Borovec
1981; AAEC 1983). The reciprocal of these indices (i.e.,
given in g/cm® or kg/m?) has been adopted by Bonotto
(2015, 2017) for investigating the radionuclides solubility in
different situations. It corresponds to the ratio of the weight
of the dissolved constituent per unit volume of solution to
its weight per unit weight of the solid phase; the numerator
corresponds to the liquid phase, whereas the denominator
to the solid phase. In this study, the mobility index (M) is
represented by M =C,/C, where C is the (activity) concen-
tration of the element in the liquid (1) and solid (s) phases.

The chemical analyses of the sediment core sampled at
Araxa city are reported in Table 2. These data are needed
for estimating M values of the corresponding constituents
analyzed in the surface waters. Table 3 shows the chemi-
cal data of carbonatites and mica-rich rocks from the Araxa
complex (mean value of 41 samples) as reported by Tra-
versa et al. (2001). Such dataset represents the composi-
tion of the rock matrices occurring in the aquifers strata of
the groundwater systems associated to the mineral waters
DBS and AJS, which allows to estimate their M values. The
210po activity concentration in Table 3 was determined by
the [Po] vs. [U] relationship established from the sediment
core data (Table 2). The parameters [U] (uranium concen-
tration, in ppm) and [Po] (*'°Po activity concentration, in
dpm/g) defined the straight line [Po] =1.6795 [U]-0.9559
as plotted in Fig. 6.

The available data shown in Tables 1, 2, 3 allowed to esti-
mate M values for Si, Al, Fe, Na, K, Ca, Mg, P, Ba, Sr, Cr,
Zn, Cu, Ni, Pb, U, and Po as reported in Table 4. Their range
was 9.5 x 107*-1958 kg/m? for groundwaters DBS and AJS
and was 9.7 x 1077-23.04 kg/m? for surface waters GHL,
SS1, SS2, ARS, FUS, and FES. The most notorious aspect
of this index is that it highlights the tendency of Si, Al, Fe,
P, Cr, Zn, Cu, Ni, Pb, and Po to remain absorbed in the solid
phase of all samples analyzed (M < 1 in Table 4), as well the
opposite tendency of Na that would remain dissolved in the
liquid phase (M > 1 in Table 4). The elements K, Ca, Mg,
Ba, Sr, and U exhibited M <1 and M > 1 values, according
to the water type (spring water, lake water or stream water)
and sampling point.

The indices reported in Table 4 for the lake water GHL
were plotted in log scale against the indices estimated for
the stream waters SS1, SS2, ARS, FUS, and FES, yield-
ing significant Pearson correlation coefficients (Fig. 7). The
same happened when plotting the indices obtained for the
spring waters DBS and AJS (Fig. 7). However, plots of the
groundwater indices against the surface waters’ ones did
not result in significant relationships. This would suggest
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the usefulness of the indices for discriminating processes
affecting diverse hydrological resources. Congruent dissolu-
tion processes occurring in the surface waters would imply
on related mobility coefficients, but they would happen in
different ways of those involving the subsurface resources.
Unlike in the surface waters, several factors take an impor-
tant role on the transfer of the various elements into the
liquid phase such as the aquifers lithologies and groundwater
residence time during the water—rock interactions.

The comparison of the M index with simple ratios calcu-
lated from the concentration of each dissolved constituent in
the spring waters and surface waters also confirms its suit-
ability for investigating the water/rock—soil interactions. For
instance, M, corresponds to 0.0023 kg/m? and 1.27 kg/m®
for spring water AJS and surface water GHL, respectively,
implying that M, in GHL is circa 550 times higher than
M, in AJS. However, the data in Table 1 show that the Ca
concentration in GHL is about six times higher than that of
AJS. The high Ca concentration (~25%) in carbonatites and
mica-rich rocks from the Araxa complex suggests that the
highest value (550) is more reliable than the lowest (6) for
representing the extent of the processes related to the Ca
release into both liquid phases.

Figure 7 shows the relationships among the mobility
index (M) for the elements analyzed in the spring waters
and surface waters sampled at the municipality of Arax4 in
the Brazilian state of Minas Gerais. The codes are reported
in Table 1.

Possible scenarios derived from dissolved
radionuclides

210po is an intermediary member of the natural mass number
(4n+2) P8U decay series that finishes at the stable 206py,,
according to the sequence: >**U (4.49 Ga, o) — >**Th (24.1
d, p7) — **Pa (1.18 min, p7) — 2**U (0.248 Ma, a) —
#9Th (75.2 ka, @) — **°Ra (1622 a, a) — ***Rn (3.83 d,
«) — 2'8Po (3.05 min, ) — 2'*Pb (26.8 min, p7) — 2*Bi
(19.7 min, ) — 2*Po (0.16 ms, a) — 21°Pb (22.26 a, p7)
— 29Bj (5.d, p7) — 2'%Po (138 d, a) — 2°°Pb. The *8U
descendants are produced continuously in rocks and miner-
als, since uranium is among the main elements contributing
to natural terrestrial radioactivity. Because some of the 2’Rn
escape from the rocks and minerals to the surrounding fluid
phase, such as air, ?*?Rn emanating from land surfaces is
responsible for 2!°Po present in the atmosphere. 2!°Po pro-
duced by **’Rn is removed from the atmosphere by precipi-
tation, yielding values of about 10 mBq/L in the rainwaters
of Araxa city (Table 1). Some 2!°Po atoms escape the rocks
and soils to the surrounding fluid, such as groundwater dur-
ing interactions between the liquid and solid phases. The val-
ues found in groundwaters from Barreiro area corresponded
to 8—10 mBg/L (Table 1).
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Fig.6 The relationship between the 2'°Po activity concentration and
uranium concentration in the sediment core sampled at the municipal-
ity of Arax4 in the Brazilian state of Minas Gerais

219pg in water is a well-documented radionuclide for
health risk, as it has been proposed a guidance level of
0.1 Bg/L for the activity concentration in drinking water
to not exceed the reference dose level of the committed
effective dose equal to 0.1 mSv from 1 year’s consump-
tion (WHO 2011). In terms of the decay sequence 2!°Pb
(22.26 a, p7) — 21%Bi (5d, p7) — 2!%Po (138 d, a) —---
both radionuclides 2!°Pb and >'°Po are much more restric-
tive than 2!°Bi for ingestion in drinking water, since no
guideline level has been proposed for >!°Bi (WHO 2011).
Therefore, the highest 2!°Po activity concentration of about
10 mBg/L in the waters analyzed in this study is ten times
lower than the maximum value allowed by WHO for the
ingestion of this radionuclide in drinking water.

Figure 8 shows the data of the dissolved 2!°Po activity
concentration plotted according to the sampling site. The
spring waters DBJ and AJS and rainwaters RW1 and RW2
exhibited the highest values, followed by the surface waters
of GHL, whose tendency is to have an intermediary com-
position among two major end members. The first is the
group comprised by the surface waters ARS, FES, FUS,
SS1, and SS2, whose mean 2/°Po activity concentration is
1.5 mB/L. The second is the group including DBJ, AJS,
RW1, and RW2, whose average >'°Po activity concentra-
tion is 9.6 mB/L. The global mean value of the *!°Po activ-
ity concentration is 5.2 mBq/L, which, within experimental
errors, practically coincides with the result found for the
GHL sample (5.4 mBg/L).

Previous studies held by Bonotto and de Lima (2010)
indicated that 2!°Po is a conservative radionuclide as its
activity concentration (0.21 dpm/L) was the same in Corum-
batai River upstream and downstream from Rio Claro city,
whereas all major chemical data pointed out poorer condi-
tions of the water quality downstream of that municipal-
ity. Such conservative behavior apparently also happens
in this study, depending on the water types, as shown in
Fig. 8. Two major end members can be recognized, the
first comprising the surface waters ARS, FES, FUS, SS1,
and SS2 (mean value = 1.5 mB/L) and the second embrac-
ing the spring and rainwaters (DBJ, AJS, RW1, and RW2)
(mean value=9.6 mBg/L). The lake water GHL exhibits
an intermediate 2!°Po activity concentration (5.4 mBq/L)
of these extreme values. However, it is not possible to use
such dataset for performing mixing calculations due to the
non-existence of direct hydraulic connection among some
streams (ARS, FES, and FUS) and the lake (GHL).

Table 4 Mobility indices (in kg/

! \ Element DBS AJS GHL SS1 SS2 ARS FUS FES

m”’) of the elements analyzed in

the water samples collected at Si 0.16 0.14 0.087 0.012 0014 0016  0.006 0.017

g‘fa;‘:ﬁzﬂ’;l:g fo&ﬁr:s"f};‘;;ge Al - - 0.00038 0.00038  0.0016 0.00087 0.00031  0.0018
Fe 0.0023  0.0015  0.00000097 0.0000036 0.0015 0.00027 0.000046 0.018
Na 272 1958  23.04 15.11 1938 4.78 3.26 3.07
K 0.9 1.52 5.12 0.30 0.35 0.26 0.10 0.21
Ca 0.00095 0.0023  1.27 0.37 1.08  5.64 2.40 5.13
Mg 0.0042  0.0014 13.04 1.86 316 096 0.33 1.46
P 0.013 0.061 0.00024 0.0004 0.0027 0.0088  0.0075 0.0088
Ba 0.14 0.14 0.01 0.000039  0.00044 1.20 0.042 0.16
Sr - - 0.40 0.23 0.32 1.18 0.26 0.84
Cr - - 0.0018 0.0012 0.0029 0.0038  0.0049  0.0036
Zn - - 0.00034 0.0007 0034 096 0.067 0.31
Cu - - 0.0024 0.0022 0.054 0.0 0.033 0.082
Ni - - 0.0025 0.0024 0014 0054  0.051 0.21
Pb - - 0.0012 0.0014 0.025  0.065 0.043 0.11
U 0.006  0.0022  0.048 0.013 042 559 0.0053 0.014
Po 0014  0.011 0.014 0.0089 0011  0.19 0.13 0.088
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Fig. 7 The relationships among the mobility index (M) for the elements analyzed in the spring waters and surface waters sampled at the munici-
pality of Araxa in the Brazilian state of Minas Gerais. The codes are reported in Table 1

On the other hand, the U-isotopes (*U and 2**U) mod-
eling may be adopted for this purpose. The highest dissolved
233U concentration in the waters analyzed was 1.7 ug/L
(Table 1) that is ~ 18 times lower than the maximum value
of 30 ug/L allowed by WHO (2011) for the ingestion of
this radionuclide in drinking water. Worldwide soluble
U concentrations generally range from 0.1 to 10 pg/L in
rivers, lakes, and groundwaters (Ivanovich and Harmon,
1992). 34U is radiogenic, reaching secular equilibrium
with 23U circa 1 Ma in all minerals and rocks remaining
closed systems for U. Therefore, the BAy/Asy activity ratio
(AR) is unity in the bulk of such systems, but water-rock/

@ Springer

soil interactions frequently result in AR > 1 for dissolved U
(Osmond and Cowart 1976; Ivanovich and Harmon 1992;
Baskaran 2011).

Cowart and Osmond (1980) plotted the dissolved U
concentration and AR data in groundwaters on a two-
dimensional diagram containing the following areas of
associative significance for the dissolved U concentration
(Fig. 9): oxidized aquifer with “normal” values (1-10 pg/L),
oxidized aquifer with “enhanced” levels (> 10 pg/L), and
reduced aquifer or strata with low levels (< 1 pg/L). AR val-
ues between 1 and 2 define a “normal” worldwide situation,
AR >2 suggests the formation of a U-deposit, and AR < 1
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Fig.8 The dissolved 2'°Po activity concentration in the water samples
collected at the municipality of Araxa in the Brazilian state of Minas
Gerais

indicates the remobilization of a U-accumulation (Cowart
and Osmond 1980). The U concentration and AR data of
the spring waters DBS and AJS are plotted in Fig. 9 together
with the values obtained for the surface waters. Practically,
all of them fitted field I'V that characterizes reduced environ-
ments with low U levels, agreeing with their classification
based on the Eh—pH diagram (Fig. 3). The exception was
sample SS2 that tended to fit the oxidized field (Fig. 9), con-
trarily to its highly reducing character (Fig. 3).

The reciprocal of the dissolved U concentration (S, in L/
pg) and the AR of dissolved U data allow to determine the
mixing volumes of different groundwater masses (Osmond
et al. 1974). For two water sources, the resulting mixture (7)
will have S and AR values falling on a straight line joining
the corresponding plots of the two components, whose pro-
portions can be calculated (Osmond et al. 1974). Figure 10
shows that the available data in the study area permit to
adjust a straight line considering the spring waters DBS and
AJS as end members and the lake water GHL as the resultant
water. This is compatible with the hydrological and geo-
morphological features at Barreiro area, with the U-isotopes
modeling suggesting that the relative volumes of the mixing
waters DBS and AJS for the lake waters (GHL) are 39% and
61%, respectively. Therefore, the uranium isotopes ***U and
238U are useful tools to quantitatively evaluate the mixing
proportions of the spring waters DBS and AJS for the lake
waters GHL at Barreiro area in Arax4 city.

Conclusions

In this study, (radio)chemical analysis was performed for
samples of the natural mineral waters of the springs Dona
Beja (DBS) and Andrade Janior (AJS) from the municipality
of Araxa in the Brazilian state of Minas Gerais, which was
compared with the results obtained for samples of rainwater

f || - Stable Accumubation
; Il - Maormal Coddized
' i 1l - Farming Accumulation
o v - Mormal Reduced
I v = Down-Dip From Forming
; i Accumulation
o i
L i
¥
‘1352
0 -n-ck
DB;’-l
=2 -
-] GHL
2
A4 %8 v
' -
AJ%,
v
2Eds eurs
Fuz
-3 ; J
o 4 a8 12
AR

Fig.9 Data of the waters analyzed in this study plotted in the log dis-
solved U concentration vs. 2*U/?U activity ratio (AR) diagram as
proposed by Cowart and Osmond (1980)

and surface water occurring nearby and in other drainage
systems of the region and a 35-cm depth sediments core
of Grand Hotel lake, and groundwater of Dona Beja and
Andrade Janior springs. Among the constituents of health
significance in drinking water as proposed by WHO in 2011,
fluoride concentration above 1.5 mg/L was found at AJS
waters that is similar to the results obtained for other natu-
ral Brazilian mineral waters and elsewhere. However, this
water source is not used for daily human consumption as it
is only occasionally ingested from taps available for tourists
circulating in the area. Barium concentration levels above
0.7 mg/L were found at DBS and AJS waters, reaching the
highest value (1.3 mg/L) in the lake waters GHL that are
possibly associated to the wide pyrochlore dissemination

@ Springer
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Fig. 10 The 2**U/*®U activity ratio (AR) plotted against the recipro-
cal of the U concentration (in L/ug) of the spring waters DBS and
AJS and lake water GHL (data reported in Table 1)

occurring there. The waters of DBS and GHL are also not
used in the water-supply system of Araxa city for human
consumption, like the AJS waters. The chemical analysis of
sediments provided by previous studies and of carbonatites
and mica-rich rocks from the Araxa complex permitted esti-
mating the mobility index M (in kg.m~>) for several constitu-
ents analyzed in the water samples. This index highlighted
the tendency of Si, Al, Fe, P, Cr, Zn, Cu, Ni, Pb, and Po to
remain absorbed in the solid phase of all samples analyzed
(M <1), as well the opposite tendency of Na that would
remain dissolved in the liquid phase (M > 1). The spring
waters DBJ and AJS and rainwaters (RW1 and RW2) exhib-
ited the highest values of the >!°Po activity concentration,
whereas the Sal, Areia, Fundo, and Feio stream waters the
lowest ones. The lake water GHL exhibited an intermediate
210pg activity concentration (5.4 mBg/L) among these two
major end members of water groups. The 24U/>*®U activity
ratio (AR) and reciprocal of the dissolved U concentration
in the DBJ and AJS waters allowed to determine their mix-
ing volumes in the lake water (GHL) composition. The DBS
waters contribution was 39%, whereas the AJS waters con-
tribution was 61%, showing the usefulness of the U-isotope
modeling for such purpose.
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