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While conducting the National Program of Environmental Geochemistry and Medical Geology in the
states of Minas Gerais and Bahia, the research team Geological Survey of Brazil — CPRM detected a
large area with high levels of fluorine in the geochemical results of the soil, stream sediment and surface
water. Fluorine levels were detected by an ion-selective electrode (stream sediment and soil samples) or
by ion chromatography (water samples). In this low-density survey, the minimum, maximum and median
fluorine grades found at the water samples were 0.005 mg/L, 7.56 mg/L and 0.05 mg/L. For the soil,

Keywords:
the samples were 15 mg/L, 1720 mg/L and 152 mg/L, and for the stream sediment, the samples were Medical geology,
35 mg/L, 1076 mg/L and 262 mg/L. The region covers 25 municipalities where studies by researchers Health,
from Federal Universities of Minas Gerais and Bahia have detected a high incidence of dental fluorosis, E:UO”"‘?'
uorosis.

especially where public supply is made via deep wells in the Fissure-Karst Aquifer of the Bambui Group.
Moreover, the study area is highly favorable to the mineral deposit of fluorite and secondary Pb-Zn.

Because the area is much larger (99,000 km2) than the other known fluorite provinces of Brazil (Santa
Catarina is 2,000 km? and Vale do Ribeira is 5,000 km2), the designation of Geochemical Megaprovince
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of Fluorine in the Middle Sdo Francisco River, Brazil, is suggested for this region.
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1. Introduction

Fluorine is the main component of the minerals fluorite
(CaF,), fluorapatite [Ca,(PO,),F] and cryolite (Na,AlF,). Its
compounds are widely used today and are part of numerous
products and processes, including heat-resistant polymers,
glass manufacturing, as well as in the production of uranium,
in which chlorofluorocarbons (CFCs) participate in the
manufacturing of uranium hexafluoride used to prepare U,,,.
However, it is in the health sector that this element is most
relevant to the current study.

Despite its high toxicity, adequate doses of fluorine are
considered to be medicinal by the World Health Organization
(WHO). For instance, to help reduce the incidence of dental
cavities, this element, in the form of sodium fluoride (NaF)
or stannous fluoride (SnF,), is included in toothpastes, as
well as added to drinking water for public consumption, at
a maximum allowed concentration of 1.4 mg/L (above this
dose, it becomes a toxic agent that causes diseases such as
dental and skeletal fluorosis). According to Rossi et al. (2010),
sodium fluoride (NaF) is an effective anti-osteoporotic agent
to prevent fractures.

In Brazil, CONAMA resolutions nos. 357 (Brazil 2005) and
396 (Brazil 2008) and Ordinance 2914 of the Ministry of Health
(Brazil 2011), which regulate the maximum amount of fluoride
to be added to publicly-supplied water, establish the level of
1.4 mg/L. However, calculation of toxicity takes into account, in
addition to fluoride concentration, the amount of water ingested,
which is calculated according to local temperature. For regions
with an average temperature above 25 °C, where in general
more than two liters of water are ingested per day, the optimum
value is reduced to < 0.8 mg/L, as in areas in the north of Minas
Gerais and West of Bahia, in Brazil. According to Frazéo et al.
(2011), in an extensive review of the optimal amount of fluoride in
publicly-supplied water, point out that temperatures in Brazilian
capitals indicate that fluoride should range from 0.6 to 0.9 mg /
L to prevent tooth decay. A fluoride concentration of 1.5 mg/L is
tolerable for consumption in Brazil, if there is no cost-effective
technology for adjusting/removing its excess. The daily intake
of water with fluoride at a concentration> 0.9 mg/L poses a
risk to dentition among children under eight years of age, and
consumers should be expressly informed of this risk.

Dental fluorosis in Brazil has been recorded and studied
by Cangussu et al. (2002) in 42 municipalities in ten states
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(Alagoas, Ceara, Espirito Santo, Goias, Minas Gerais,
Paraiba, Parana, Rio Grande do Sul, Santa Catarina, Sédo
Paulo) and the Federal District. These authors stated that the
disease is a relevant problem for public oral health and that
high concentrations of fluoride (min: 0.05; max: 9.46; median:
0.66 mg/L) are common in publicly-supplied water, especially
as far as groundwater is concerned.

Inthe northernregion ofthe state ofMinas Gerais, Velasquez
et al. (2003, 2006, 2007, 2009), as well as researchers from
the Federal University of Minas Gerais (UFMG) (Diniz 20086,
Costa 2011, Costa et al. 2013), detected a high incidence of
dental fluorosis in several municipalities, especially in those
supplied by wells drilled in the Bambui Group's Karst-Fissural
Aquifer. Recently, Coutinho (2014), Gongalves (2014), Cruz et
al. (2015) and Gongalves et al. (2018), researchers from the
Federal University of Bahia (UFBA), also found incidence of
dental fluorosis in the southern region of the state of Bahia
in the municipalities of Santana, Serra do Ramalho and
Carinhanha, which are supplied by wells drilled in the same
aquifer. In both cases, the reported fluorine source is fluorite
vein systems that cut the limestones of the Bambui Group.

Being aware of the occurrences in the north of Minas Gerais,
the present authors planned and performed the sampling of a
low-density geochemical survey, stream sediment and surface
water (one sample per 150 km?) and soils (one sample per
625 km?). They also made an analysis of fluorine in soils and
sediments, in addition to fluoride in surface water, in the National
Program of Environmental Geochemistry and Medical Geology
(PGAGEM) of the SGB-CPRM. Importantly, soil, sediment and
surface water samples were collected only on the right bank of
the Sao Francisco River, in the state of Bahia.

In this context, it should be noted that Viglio et al. (2011)
previously defined an area of approximately 200 x 80 km with
high levels of fluorine occurring in supply waters, surface
waters, stream sediments and soils along the Verde Grande
River basin in northern Minas Gerais.

In this area, there is a high potential for occurrence of
fluorine deposits along its entire length. However, what has
attracted the attention of researchers, mainly from UFMG and
UFBA, is the incidence of dental fluorosis, which occurs as a
result of high concentrations of fluoride ion in drinking water.
As a consequence, there are enamel mineralization defects,
whose severity directly depend on the amount ingested.
In general, opaque stains can be seen on the enamel, in
homologous teeth; such stains can even be yellowish or
brownish regions in case of more serious effects.

This endemic is manifested the populations of 25
municipalities in both states: 10 towns in Bahia (Serra Dourada,
Santana, Canapolis, Sitio do Mato, Santa Maria da Vitdria,
Sao Feélix do Coribe, Serra do Ramalho, Coribe, Feira da Mata
and Carinhanha) and 15 towns in Minas Gerais (Juvenilia,
Montalvania, Manga, S&o Jodo das Missbes, Itacarambi,
Januaria, Jaiba, Verdelandia, Janauba, Varzelandia, Ibiracatu,
Pedras da Maria da Cruz, Séo Francisco, Icarai de Minas and
Montes Claros). These municipalities have a total population
of 976,232 inhabitants (208,504 in Bahia and 767,728 in Minas
Gerais). In this region, according to Misi et al. (2000), there is a
noticeable potential for occurrence of Irish type (stratabound)
Zn and Pb deposits (Januaria-ltacarambi, Montalvania and
Serra do Ramalho).

The objective of the present study was to correlate all
previous works about groundwater, expanding the original region

of occurrences of high fluorine levels from the north of Minas
Gerais to the south of Bahia, whose current dimensions are 550
x 150 km and an area of 99,000 km? (Figure 1). This paper will
also indicate possible origins of fluorine with a view to explaining
the extent of dispersion, and warnings for the municipalities in
the region that have not yet registered cases of fluorosis.

2. Geological context

In the target region of this research, there are outcrops of
Neoproterozoic pelitic-carbonate rocks of the Bambui Group,
overlying the Archean-Paleoproterozoic crystalline gneiss-
migmatitic basement (Misi et al. 2011).

The main rocks in the region are limestones and dolomites
from the Sete Lagoas Formation, base of the Bambui Group
(metasedimentary) (Figure 1), which hosts the Karst-Fissural
Aquifer System, where high fluoride concentrations occur (> 1
mg/L). This formation is overlain by a Tertiary detrital coverage
and Quaternary placers. In the northwest of the study area,
the Bambui Group is unconformably underlain by sandstones
of the Mesozoic Urucuia Group.

Fluorite occurs in various geological environments and
under different physical and chemical conditions. The most
important forms of occurrence of the mineral are stratiform
deposits in carbonate rocks; veins in igneous, metamorphic
and sedimentary rocks and along contacts between
carbonate rocks and intrusive igneous rocks. Anderson and
MacQueen (2003) interpreted the Pb-Zn-Ag-F mineralization
of the Bambui Group as epigenetic deposits of the MVT type
(Mississippi Valley Type). The fluorite mineralization of the
Bambui Group has already been described as: epigenetics,
hosting the hydrothermal fluids in zones of higher porosity and
permeability (Robertson 1963); controlled by paleogeography,
with diagenetic concentration (Dardenne et al. 1998); MV T with
the involvement of congenital hydrothermal fluids (Dardenne
and Schobbenhaus 2000 in Costa 2011).

3. Materials and methods

In the study area, 329 stream sediment samples were
collected in drainage basins with a mean area of 150 km2 and
171 soil samples in a 25 x 25 km grid. Two kg of solid materials
(stream sediment and soil) were selected, sieved in the field in
20#. In the laboratory, the samples were dried at 50°C, sieved
at 80#, being the undersize crushed at 200#, digested with
aqua regia and analyzed by ICP-MS for 53 elements (Ag, Al,
As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga, Ge,
Hf, Hg, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb,
Re, S, Sb, Sc, Se, Sn, Sr, Ta, Tb, Te, Th, Ti, U, V, W, Y, Yb, Zn
and Zr). Fluorine was analyzed by an ion selective electrode.

The 1564 water samples were filtered in the field using
a 0.45 pm Millipore filter and separated into two 50 ml
polyethylene centrifuge tubes and kept refrigerated: one was
acidified with 10 drops of nitric acid 1: 1, for analysis by ICP-
OES of 27 cations (Al, As, B, Be, Ba, Ca, Co, Cd, Cu, Cr,
Li, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Se, Si, Sb, Sn, Sr, Ti, V
and Zn). Another one was kept in natura for analysis by ion
chromatography of 7 anions (fluoride, chloride, bromide,
nitrite, nitrate, sulfate and phosphate).

The following physicochemical properties of waters were
measured in situ: temperature, dissolved oxygen, electrical
conductivity and pH.
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FIGURE 1. Localization of the area and samples collected from soil, water surface and stream sediment.

Statistical parameters taken from the boxplots, such as
median, quartiles and IQR (Interquartile Range), were used
to outline, on the maps, the surfaces of distribution of fluorine
concentrations for the different sampled media, using the
ArcGis 10.2 software.

After the interpretation of the analytical results, owing to
the detection of high values of fluorine above the background,
bibliographic research was carried out on the occurrences of
this element in groundwater in several municipalities located
in a similar geological context.

After data log transformation, a multivariate statistical analysis
including factor analysis and principal component analysis, using
Statistica software, was used to obtain mathematical evidence
of high potential mineral resources in the region. In this analysis,
elements are clustered by statistical similarity, and important
geochemical associations are often found. This statistical
approach was used to indicate regions in which soil and sediment

samples (similar to those in the area that had complete data sets)
were not collected. Logarithmic data were used, after elements
with low representativeness were discarded, i.e., the ones whose
detection limit results were under 25%.

The digital surfaces (raster) that represent the distribution
of concentration were generated in the ArcGis 10.6 software,
through interpolation by the inverse square distances (IQD),
using the same intervals of 25%, 50%, 75% and IQR of the
logarithmic data.

4. Results

The results of the geochemical survey, carried out for
fluorine in the study area, showed the occurrences of higher
values than those of the background (medians: surface water
0.05 mg/L; stream sediment 262 mg/kg and soil 152 mg/kg) of
the state of Minas Gerais (Table 1).
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TABLE 1 - Fluorine concentrations of surface water, soil and stream
sediment samplings carried out in the northern regions of Minas
Gerais and southern Bahia.

Samplin il
_p 9 of Minimum | Maximum | Average | Median

environment

samples

0.005

Surface water 1564 mgiL 7.56 mg/L | 0.096 mg/L | 0.05 mg/L
Stream
sediment 329 35mg/kg | 1076 mg/kg | 317 mg/kg | 262 mg/kg
Soil 171 15 mg/kg | 1720 mg/kg | 262 mg/kg | 152 mg/kg

TABLE 2 - Values of physicochemical properties found in surface
waters and groundwater (wells).

. Dissolved Electrical
Statistical . Temperature
Parameters pH | Oxygen Conductivity c)
(mg/L) (uS/cm)

Average 7.0 55 261.3 24.4
Median 7.0 5.6 163.7 24.9
Maximum 9.2 18.1 1782 36
Minimum 41 0.4 4.8 131

Table 2 shows the results of the on-site measurements of
the physicochemical parameters of the waters — pH, dissolved
oxygen (DO), electrical conductivity and temperature.

The area was divided by lithology into two main
compartments, a metasedimentary and an igneous-
metamorphic one (Figures 2, 4 and 5). Most of the area
consists of metasedimentary rocks of the Bambui Group. To
the east of this area, there are two small areas made up of
granitic-dioritic rocks, called igneous-metamorphic areas,
which were not the subject of this study.

Figures 2, 4, and 5 show the spatial distribution of fluoride
in surface and groundwater (data from SGB-CPRM; Diniz
2006), sediments and soils in the study region (data from
SGB-CPRM) (Figures 2, 4 and 5). It should be noted that
in the northwestern portion in the state of Bahia, on the left
side of the Sdo Francisco River, stream sediments and soils
were not analyzed for fluorine. Although such environment is
favorable to the existence of Pb-Zn mineralization, no values
above background for these elements were found (Table 3).

A comparison of the distribution of fluoride content
(Figure 2) in surface water and groundwater (wells) in the
study area, showed that fluoride content was higher in
underground water than in surface water in the state of Minas
Gerais. Importantly, fluoride content in groundwater, in the
study area, was 2.75 times higher than the average for the
state of Minas Gerais (Figure 3), which is indicative of an
anomalous region for fluoride.

TABLE 3 - Comparison of Pb and Zn values found in the study region
and in the entire state of Minas Gerais. Source: Viglio and Cunha
(2018).

. Pb Zn
Sampling
environment | Studied Minas Studied Minas
area Gerais area Gerais
Surface water 0.001 mg/L 0.001 mg/L 0.02 mg/L 0.005 mg/L
Sediment 13.1 mg/kg 12.3 mg/kg 22 mg/kg 27 mg/kg
Soil 11.1 mg/kg 12.2 mg/kg 10 mg/kg 11 mg/kg

The results for distribution of fluorine in soils (Figure 4)
show values above the median — 152 mg/kg — in almost the
entire extension (80%) of the area in Minas Gerais, particularly
in the southeast (Montes Claros, Janauba, Varzelandia).

The results for distribution of fluorine in the stream
sediments (Figure 5), show values above the median (262
mg/kg) only in the southeast portion of the study area, on the
right side of the Sao Francisco River (Montes Claros, Icarai
de Minas to Manga). In the other sampled regions, on the left
side of the Sao Francisco River, in Minas Gerais, Bahia and
in the igneous-metamorphic bodies, the values were below
the median.

As shown by the results found in the multivariate statistical
analysis, fluorine in sediments is associated with Ag, Mn and
Ca in factor 4, encompassing a large part of the proposed
province with intermediate and high correlation values, where
high concentrations of these four elements occur (Figure 6).

In the soil samples, fluorine appeared in factor 7 associated
with Hg, As and Pb, predominantly in the Verde Grande River
basin (Figure 7).

In surface waters, the best correlation appears in factor 1,
where fluoride is associated with other anions, which shows
a good outline along the Verde Grande River basin, on the
left margin of the Sao Francisco River, in Bahia, and in the 2
adjacent igneous-metamorphic sub-provinces (Figure 8).

5. Discussions

In the surface waters of the study area, fluoride
concentration showed an average of 0.096 mg/L and a median
of 0.05 mg/L; therefore, it is higher than the data in the table
mentioned for most of the world's rivers.

Fluoride is generally found in groundwater in greater
quantities than in surface water (Battalha and Parlatore
1977 in Diniz 2006), and this has indeed occurred in this
study. In natural waters, fluoride varies widely, with generally
lower levels in rain and surface waters and higher rates in
groundwater (Table 4).

The natural concentration of fluoride in tubular wells that
exploit groundwater depends on geological and chemical
factors, physical characteristics of the water supply area,
soil consistency, rock porosity, pH and water temperature,
presence of other elements (such as Fe, Al, Ca and B) and
well depth (Livingstone 1963, Worl et al. 1973, World Health
Organization 1984).

Compared to the study area, fluorine concentrations in
natural waters and sediments in the municipality of Cerro
Azul , state of Parana (PR), where the fluorite deposits of
Volta Grande and Mato Preto are located, were lower than
the results found in the study area, i.e., in water - 0.005-
7.56 mg / L - and higher in sediments - 35-1076 mg/kg
(Andreazzini et al 2006), respectively. In Tangua (RJ), the
water values were higher than those in the study area and,
in ltambaraca (PR), the median is higher (Panagoulias and
Silva Filho 2005) (Table 5).

Velasquez et al. (2006) analyzed fluoride concentrations
in waters of 78 wells drilled in the Bambui Aquifer, in the
municipality of Sao Francisco, northern Minas Gerais,
which ranged from zero to 3.9 mg/L, with 13 wells (17%)
exceeding the local recommended limit (0.8 mg/L for human
consumption). It is worth mentioning that the municipalities
of Santana (Bahia) and Sdo Francisco (Minas Gerais)
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FIGURE 3. Comparison of the medians (mg/L of Fluor) of surface and groundwater in the study region,with surface and groundwater in the state

of Minas Gerais.

have similar geological, climatic and pluviometric contexts.
According to Velasquez et al. (2006) and Cruz et al. (2015),
the two municipalities represent endemic areas of dental
fluorosis. Therefore, the fluorine-health relationship and
fluoride values in the waters of these endemic areas
require identification of sources and understanding of local
hydrogeochemistry (Gongalves et al. 2020).

In a later study, Velasquez et al. (2007) mentioned that,
embedded in the carbonate sequence of the Bambui Group
and deposited in a sub-coastal marine environment below
the base level of the waves and tidal currents, discontinuous
fluorite mineralization occurs sparsely distributed in a
range from Januaria (MG) to Brejo Velho (BA) region.
Those authors reported that 155 well waters samples from
25 municipalities had an average fluoride concentration
of 0.75 mg/L, with 18% above 0.8 mg/L and 44% above
1.5 mg/L and, in Verdelandia, up to 11.0 mg/L. They also
mentioned that 9 samples of cisterns showed fluoride
content higher than the regional groundwater background
in northern Minas Gerais (0.4 mg/L), ranging from 0.11 to
0.71 mg/L, with an average 0.33 mg/L. According to Diniz
(2006), the fluoride background of groundwater in the state
of Minas Gerais is 0.25 mg/L.

Gongalves et al. (2018) also investigated the basic
hydrogeochemistry of the Bambui Aquifer in five
municipalities — Santana, Sdo Félix do Coribe, Serra do
Ramalho, Coribe and Carinhanha — in western Bahia, with
an emphasis on fluoride in 61 tubular wells (average depth
of 90 m). The pH values ranged between 6.87 and 8.93, with
predominantly alkaline conditions. Fluoride concentrations
exceeded the limit recommended locally (0.8 mg/L) by
25% of the wells, reaching 6.20 mg/L, with an average

of 0.96 mg/L. According to Gongalves et al. (2020), toxic
fluoride levels detected in 15 samples in the municipality of
Santana (BA) presented a risk of dental fluorosis (47%), a
risk of skeletal fluorosis (20%) and deformities in the knees
and hips or disabling fluorosis (20%). Fluoride values in
these groundwaters are usually higher than those in Minas
Gerais.

Table 6 shows that the fluoride values obtained in the
groundwater of municipalities in the north of Minas Gerais
by Veldsquez et al. (2006) as well as those found by
Gongalves et al. (2018) for municipalities in the south of
Bahia are larger than those affected for the state of Minas
Gerais, in general.

Small local fluorite vein systems are not enough to explain
such extensive fluorine dispersion in surface waters, sediments
and soils. Perhaps the metapelites enriched in phosphates
with fluorapatite of the Serra da Saudade Formation, mapped
as the base of the Jaiba hill (Iglesias and Uhlein 2008), could
also be considered as a source of fluorine, as mentioned by
Viglio et al. (2011).

Megaprovinces of fluorine are common worldwide,
with occurrences in countries such as the United States of
America, Argentina, Africa, England, France, India and
China (Figure 9). It is estimated that more than 200 million
people in the world are consuming groundwater with fluoride
concentrations higher than the value allowed by World Health
Organization (2008), which is 1.5 mg/L.

The fluorine-health relationship is of global importance,
because the ingestion of natural waters with toxic levels of
fluoride represents a relevant route of exposure to health risks
(Komati and Figueiredo 2013, Raju 2017, Abiye et al. 2018,
Kumar et al. 2018, Rashid et al. 2018).
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TABLE 4 - Range of fluoride ion values for natural waters.

Unpolluted waters Fluoride Concentration (mg/L)
Surface waters' 0.10-0.40
Most of the world rivers' 0.01-0.02
Groundwaters’ 0.10-3.00
Oceans' 0.30-1.30
Precipitations? 0.02-0.20

Source: 'Hem 1985; 2Edmunds and Smedley 2004 (in Gongalves 2014).

TABLE 5 - Values of fluorine and fluoride ions in natural and fluorite
mining areas

Fluorine
mines

Volta Grande

Fluoride (mg/L) Fluorine

LIPS in surface waters | n sediments (ppm)

Cerro Azul (PR)" 0.07-2.54 330-1300
Mato Preto

Tangué (RJ)? Tangua 6.0 -

Itambaracé (PR)* | Itambaraca 0.25 -

Source: 'Andreazzini et al. 2006; ?Panagoulias and Silva Filho 2006; *Licht 1996.
PR: Parana state, RJ: Rio de Janeiro state

6. Conclusion

The high levels of fluorine (above the regional background)
and the association with other elements by factor analysis in
surface waters, stream sediments and soils suggest that the
region has a high potential for fluorine occurrences.

The fluorine district of Santa Catarina, the fluorine district
of Ribeira (PR/SP), and the one of this study, whose areas
are equivalent to 2,000 km?, 5,000 km? and 99,000 km?,
respectively. Therefore, in a comparison for size, this region
can be appropriately referred to as a megaprovince.

Thus, for the area addressed in this study, the name
“Geochemical Megaprovince of Fluorine of the Middle Sao
Francisco River, MG-BA, Brazil” is suggested.

There are high concentrations of fluorine in the physical
environment, with the presence of a large number of wells
drilled for public supply, animal feed and irrigation in a region
with a semiarid climate, which suffers constant droughts.
This situation can compromise the public health system
with increasing incidence of dental fluorosis cases, which

TABLE 6 - Statistical summary of fluoride levels in mg/L in groundwater in municipalities in the south of the state of Bahia and in the
north of the state of Minas Gerais and of the entire state of Minas Gerais.

Municipalities Amount of Samples | Minimum Maximum Average Median CV (%)
Santana (BA)' 41 0.05 9.46 1.41 0.54 135
Canapolis (BA)' 21 0.15 7.0 1.02 0.66 141
Santa Maria da Vitoria (BA)' 39 0.02 3.5 0.73 0.53 89
Serra Dourada (BA)' 28 0.17 5.20 1.43 0.95 87
Serra do Ramalho (BA)! 8 0.1 1.95 0.52 0.13 127
Sitio do Mato (BA)' 10 0.16 6.12 2.39 1.46 96
Séo Francisco (MG)? 78 0 3,9 0,45 - -

Varzelandia (MG)? - 0.2 0.92 - - -

State of Minas Gerais* 1065 0.05 4.25 0.3 0.2 153

Source: 'Gongalves et al. 2018, 2020; ?Velasquez et al. 2006.

* Data calculated by the authors, based on the Atlas of the State of Minas Gerais, which is under preparation BA: Bahia state, MG: Minas Gerais state
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can progress to more severe cases of skeletal fluorosis. In
this megaprovince, with 25 municipalities, there are 976,232
inhabitants exposed to fluoride.

Therefore, the municipal, state and federal authorities
need to be aware of this fact with a view to advising the
population of further districts from the municipal headquarters
about the best way to be use water with a high concentration
of fluorine. Therefore, the dissemination of the present work
will be an important educational tool as well as a facilitator of
socioeconomic management.
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