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Abstract: This research aimed to investigate
the relationship between the consumption of
groundwater with natural levels of fluoride
and the prevalence of dental fluorosis in
the municipality of Santana, West Bahia,
Brazil. Water samples were collected from
52 tubular wells located in the rocks of
the Bambui Group. The physical-chemical
variables were measured in situ, with the
aid of a multiparameter probe, and aliquots
were taken for the analysis of cations (ICP-
OES), anions, and even F- (SPADNS). The
epidemiological research included a cross-
sectional study of the prevalence of dental
fluorosis in 159 schoolchildren at 12 years of
age (Dean Index). Cluster analysis contributed
to understanding the prevalence of dental
fluorosis, which was 53% (17% in moderate
to severe degrees) and its relationship with
groundwater consumption with fluoride levels
between 0.05 and 8.88 mg. L-1, where 43%
of the samples exceeded the local optimum
potability limit (0.80 mg. L-1). This profile of
dental fluorosis in the municipality of Santana
was in disagreement with data from the
national epidemiological survey of oral health
and was considered suggestive of an endemic
area.

Keywords: Geosciences and Health, Bambui
Aquifer, Fluorite, Multivariate Analysis.

INTRODUCTION

Churchill (1931) observed in his health
research carried out in the United States
a direct correlation between stains on the
enamel of permanent homologous teeth and
the levels of fluoride in the water supply, that
is, dental fluorosis. Dean et al. (1941) found
a correlation between the prevalence of caries
or dental fluorosis and fluoride levels in
public water supplies in four US cities. Thus,
exposure to fluoride by drinking water and
the beneficial or harmful effects on human
health was consolidated among the topics

most studied by the scientific community
(SAEED; MALIK; KAMAL, 2020).

Theapplication of fluoride (F-) in preventive
dentistry, mainly in water supply, represents
a public health measure that has contributed
to the reduction of the prevalence of dental
caries in several countries (MARTHALER,
2004). This decline in dental caries worldwide
has been accompanied by an increase in the
prevalence of dental fluorosis, from very mild
to mild degrees (AOBA; FEJERSKOV, 2002).
Lima et al. (2019) warned that dental fluorosis
can be prevalent where fluoride control is
poorly performed in public supply water, or
when it is not performed at all, especially in
groundwater with natural and toxic levels of
fluoride.

Cangussu et al. (2002) and Souza et al.
(2013) point out that higher proportions of
prevalence in moderate to severe degrees of
dental or skeletal fluorosis are expected in
endemic areas. This is because the profile of
fluorosis depends, among other risk factors
and social processes, on the exposure of the
population to toxic levels of fluoride through
drinking water.

Komati and Figueiredo (2013); Frazao et
al. (2018) and Barathi et al. (2019) highlight
that the control of fluoride levels in the water
supply represents an efficient measure to
prevent fluorosis and dental caries. Zuo et al.
(2018) and HAN et al. (2021) highlight dental
fluorosis, skeletal fluorosis, kidney damage,
gastrointestinal effects, loss of intelligence
and neoplasms among health problems due to
chronic fluoride intoxication.

Fluoride is considered an important trace
element for dental and skeletal growth and for
systemic health, as long as the intake occurs
within an optimal limit (MCDONAGHET et
al.,2000; MESSAITFA, 2008). Gopalakrishnan
and Viswanathan (2012), Castilho et al
(2015), Terra et al. (2016) and Raju (2017)
and Chowdhury et al. (2019) highlight that
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drinking water with toxic levels of fluoride
and above the optimal limit represents the
main risk factor for endemic, dental, skeletal
or disabling fluorosis.

Fluoride levels found in water can come
from both anthropogenic and geogenic
sources (MIKKONEN et al., 2018). Marimon
(2005), Colombani et al. (2018), Li et al.
(2019) and Stepec et al. (2019) highlighted
that human activities, the use of phosphate
fertilizers, herbicides, the steel, aluminum,
glass and tile industries and the burning
of coal are among the main anthropogenic
sources of fluoride for water.

Minerals constitute rocks and represent
the primary sources of chemical elements to
the components of ecosystems. In this sense,
fluorite is the most fluorine source mineral
found in nature, although fluorine can be
found in amphiboles, micas, fluorapatite,
topaz, lepidolite and cryolite. Naseem et al.
(2010) highlights that chemical weathering
of minerals that constitute or are accessory
to rocks makes chemical elements available
to ecosystems and can change environmental
quality and human health.

The present research focuses on the
relevance of geogenic sources of fluorine to
the waters of the Bambui Aquifer, in Western
Bahia. Furthermore, it is noteworthy that
Silva, Viglio and Quintarelli (2020) proposed
a megaprovince with fluoride occurrence and
risk of endemic fluorosis in the middle course
of the Sao Francisco River, in Bahia and Minas
Gerais, based on a low-level geochemistry
survey. density. These authors were also based
on hydrochemical studies or on the fluoride-
health relationship by Veldsquez et al. (2006),
Ferreira (2007), Costa (2011), Cruz, Coutinho
and Gongalves (2015), Carvalho (2017),
Gongalves et al. (2018), Gongalves et al. (2019)
and Gongalves et al. (2020).

This way, the importance of groundwater
in the municipality of Santana is highlighted,

collected from tubular wells arranged in the
rocks of the Bambui Group, for the public
supply of water in peripheral and rural areas.
However, the integration of water quality
and health information, such as the fluoride-
health relationship in the Bambui Aquifer in
Bahia, is incipient. Therefore, this research
aimed to investigate the relationship between
the consumption of groundwater with natural
levels of fluoride and the prevalence and
severity of dental fluorosis in the municipality
of Santana, in the west of Bahia, Brazil.

MATERIAIS AND METHODS

AREA OF STUDY, CLIMATE AND
HYDROGEOLOGY

The municipality of Santana is located
in Western Bahia (Figure 1), has an area
of 1,820.20 km2 and in 2010, according to
census information from the IBGE (2010),
had a population of 24,750 inhabitants and a
Gross Domestic Product ( GDP) of 130,550
thousand reais. In 2010, it had a value of
the Human Development Index - Municipal
(HDI-M) of 0.608 (ATLAS BRASIL, 2013).
In addition, in 2010, in relation to the 417
municipalities in Bahia, it was ranked 125th
in terms of HDI-M, 133rd in terms of income,
134th in terms of GDP and 257th in terms
of adequate sanitation. These are the basic
conditions available to individuals and public
authorities to overcome inequities in health
and for human and social development.

The municipality of Santana is part of
the regional climate context that varies from
sub-humid to semi-arid, with average annual
temperature values of 24.3 °C and average
rainfall distributed between 800 and 1,010
mm/year (INMET, 2016). Furthermore,
rainfall is concentrated between the months
of November to April and the drought is
distributed between May and September.

In regional geology, Neoproterozoic
pelitic and carbonate rocks of the Bambui
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Figure 1 - Map of location, situation and indication of the distribution of fluoride levels in groundwater
samples from the municipality of Santana, in the west of Bahia, Brazil.

Source: Prepared by the authors.

Figure 2 - Simplified geological map and distribution of potentiometric surfaces in the Bambui Aquifer,
Bahia. The spatial indication of the sampling points is also indicated.

Source: Prepared by the authors.




Group emerge, deposited on Archean-
Paleoproterozoic rocks of the gneissic-
migmatitic basement (MISI et al, 2011)
(Figure 2). In this context, there is the fluorite
mineral phase disseminated and hosted in the
limestones and dolomites of the Sete Lagoas
Formation of the Bambui Group, in western
Bahia (MISI et al., 2007). Furthermore, Silva,
Viglio and Quintarelli (2020) proposed the
megaprovince of occurrence of fluorine in
the lower course of the Sao Francisco River,
between Bahia and Minas, where the fluorite
mineral phase is associated with pelito-
carbonate rocks of the Bambui Group.

In local geology, the limestones and
dolomites of the Sete Lagoas Formation,
or the Lagoa do Jacaré Formation, and the
pelites (siltites, shales, claystones, slates),
with subordinate limestones, from the Serra
de Santa Helena Formation or the Serra da
Saudade Formation, outcrop. (Figure 2).
The presence of detrital and alluvial Tercio-
Quaternary covers and the Cretaceous
sandstones of the Urucuia Group can also be
observed on the pelito-carbonate covers of the
Bambui Group. In addition, the tubular wells
are located in the pelito-carbonate rocks of
the Bambui Group, which host the Bambui
Aquifer System.

In the regional hydrogeological context,
a preferential direction of groundwater flow
can be observed, moving from west to east,
towards the Sao Francisco River, considered
a regional base level (Figure 2). It is also
possible to observe the high topography
of Serra do Ramalho, which represents
a regional watershed, and a secondary
flow direction, which moves from west to
southeast, towards the Carinhanha River.
Furthermore, in the surroundings of the
municipality of Santana, it is observed that
the more local flow of groundwater moves to
the southeast towards the encounter with the
Corrente River, or from west-east-southeast

towards the Sao Francisco River.

HEALTH RESEARCH AND
STATISTICAL ANALYSIS: DENTAL
FLUOROSIS

Data on the prevalence and severity of
dental fluorosis in the municipality of Santana
were compiled from Coutinhos master’s
research (2014). It included a cross-sectional
study of the prevalence and severity of dental
fluorosis, which adopted a descriptive design
from an epidemiological survey with 159
schoolchildren enrolled in the municipality of
Santana, of both sexes and at 12 years of age.
The choice of this age group for the study of
dental fluorosis is explained because children
at 12 years of age have most of their permanent
teeth erupted (FEJERSKOV et al., 1994).

Schoolchildren aged 12 years were
examined in 2014 by dentist Dr. Carlos Alberto
Machado Coutinho, respecting the precepts
of ethics in health research. The nature of the
research, its objectives, methods, expected
benefits, potential risks and inconveniences
that it represents for the participants, and all
stages of the evaluation of the prevalence and
severity of fluorosis were previously informed
to those involved in the study with the help
of the Free and Informed Consent (ICF) and
the Free and Informed Assent Term (TALE),
addressed to children, in accordance with
Resolution number:. 466/2012 of the National
Health Council (BRASIL, 2012).

In this context, students were examined
in public or private schools, according to the
sample selection inclusion criteria: (i) born
and residing in the municipality of Santana
until the date of the clinical study, according
to information provided by the Department
of Education ; (ii) the presence of the person
in charge at the time of the examination and
interview; and (iii) the sample included only
children whose parents signed the informed
consent.
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The sample obtained from a
population of + 423 adolescents at 12 years of
age, according to information from the IBGE
(2010). The sample was representative from
the size of 118 individuals, whose estimate
was made by simple finite random sampling,
without repetitions, with a proportion
estimator (prevalence or incidence), with a
significance level of 0.05% and prevalence of
0.815, at 12 years old, adopted from the results
of the epidemiological research carried out in
the north of Minas Gerais by Velasquez et al.
(2006).

Oral examinations in schools followed
the recommendations of the Dean index,
recommended by the World Health
Organization (WHO, 1997) (Table 1). They
were performed by a calibrated and trained
dentist, with the aid of images provided by the
National Oral Health Survey of SB Brasil 2010
(BRASIL, 2010), in a school environment with
natural light, aided by a spatula and wooden
gauze. Furthermore, in the calibration, the
agreement of the results was evaluated by

was

the Kappa statistics (WHO, 1993), until an
adequate inter-examiner agreement was
found (Kappa = 0.85).

RESEARCH IN GEOSCIENCES:
HYDROCHEMISTRY AND (GEO)
STATISTICS

The geosciences approach was based on
the analysis and interpretation of integrated
hydrochemical data from the doctoral
research by Gongalves (2014) and master’s
degree by Coutinho (2014), with the aid
of descriptive and multivariate statistics.
Geochemical data from water samples
collected in 52 tubular wells arranged in the
rocks of the Bambui Group (Figures 1 and
2), from three campaigns of the rainy season
(2011) (n=20) and dry season (2012 and 2012)
were compiled. 2014) in the municipality of
Santana. In the 2014 campaign, the largest
sample was obtained (n=52) and integrated
hydrochemical research and epidemiological
research on dental fluorosis. In addition,
the ORP, pH, EC and STD variables were

Classification | Value Diagnostic Criteria
Fluorosis absent. Tooth enamel has usual translucency and semi-vitelliform structure, surface
Normal 0 . . -
is smooth, polished, light cream color.
. Enamel has a slight difference from normal translucency and occasional whitish stains.
Questionable 1 . s » . L L
Applicable if “normal” classification is not justified.
Verv licht ) Small whitish, opaque spots occur, which spread unevenly across the tooth (<25% of the
yig surface). Includes clear opacities between 1 and 2 mm at the tip of molar cusps (nevadas).
Light 3 White spots occur and the opacity is more extensive (< 50% of the surface).
White spots occur on more than 50% of the tooth surface and wear is observed along with small
Moderate 4 brown spots. All tooth enamel is affected and areas subject to friction appear worn down. There
may be brown or yellowish spots, often disfiguring.
Hypoplasia is generalized and the shape of the tooth itself may be affected. The most obvious
Severe 5 sign is the presence of depressions in the enamel, which appears to be eroded. Widespread
brown spots.

Table 1 - Criteria and values for classifying teeth with enamel lesions associated with fluorosis by the Dean
Index (DEAN, 1934), recommended by the WHO (1997).

Source: Modified from the national oral health survey of Projeto SB Brasil (2010).
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measured in situ to obtain the samples, with
the aid of a multiparameter probe (Horiba
U-50), and aliquots were taken to enable the
analyzes in the Plasma Laboratory of Federal
University of Bahia (UFBA).

Aliquots were stored in polyethylene (0.5L
and 1L) and amber (100 mL) containers,
according to APHA guidelines (2005). The 0.5
L aliquots passed through a 0.45 um cellulose
acetate filter and addition of nitric acid until
reaching pH < 2 in the cation analysis (Na+,
K+, Ca2+, Mg2+). While the 1L aliquots were
used for anionic analysis (CO32-- HCO3-
, NO3-, Cl-, SO42-) and kept in natura at a
temperature of + 4°C.

Cation contents were measured in
duplicate, with 20% triplicates to improve
analytical quality, using inductively coupled
plasma optical emission spectrometry (ICP-
OES). Anions were read using the titrimetric
(HCO3-, Cl-) and UV-VIS (Varian) (SO4-
2, NO3-) spectrophotometric methods.
Furthermore, the reading of fluoride (F-)
was performed by means of colorimetry
(SPADNS), with the aid of a fluorimeter (LS
4000).

The statistical approach included the
normality test (Shapiro-Wilk) and comparison
tests for Tukey-Kramer parametric data
(ANOVA) or for non-parametric data
(Kruskal-Wallis), with a significance level
of 0.05% and the cluster analysis. It is
used in cluster analysis of the similarity
between individuals to classify the samples
hierarchically into groups, admitting all the
variables determined for each individual
(LANDIM, 2011). The Euclidean distance was
chosen as a measure of distance or similarity
between the sample points, together with
the Ward method, for the analysis of the link
between the groups. Ordinary kriging was
adopted in the geostatistical approach, with
the aid of the ArcGIS 9.0 program.

The saturation index (SI) of the samples

was calculated with the aid of the Diagrammes
6.52 program, where the samples could be
grouped as undersaturated classes (IS < -0.5),
under chemical equilibrium conditions of the
mineral phase with the solution (IS: -0.5 and
0.5) and supersaturated (IS > -0.5). Merkel
and Planer-Friedrich (2012) suggest the
admission of IS values greater than the 0 +
0.5 interval, due to the uncertainties inherent
in the IS calculation, the dissolved mineral
equilibrium constant and chemical analyses.

RESULTS AND DISCUSSION

FLUORIDE IN GROUNDWATER AND
DENTAL FLUOROSIS

Clinical examination revealed that the
moderate to severe forms of dental fluorosis
were the most critical, the clinical aspects of
which are represented in Figure 3 d. They
stand out, according to Fejerskov et al. (1994),
among the diagnostic clinical aspects of
dental fluorosis, the appearance of opaque
enamel stains on the dental counterparts and
the presence of yellowish or brownish-brown
areas in severe alterations. In addition, the
appearance of depressions on the tooth surface
can be verified in the most severe forms.

The results of the descriptive analysis of
the profile of the prevalence and severity of
dental fluorosis in 159 schoolchildren at 12
years of age are summarized in Table 2. It was
found that 87% of those examined lived in
rural areas and that 60% were female, being
observed in the interview or in the clinical
examination that male students were less
inclined to be examined, which configured a
bias in obtaining the sample.

In this context, there was a prevalence of
dental fluorosis of 53% (Dean Index), where
the moderate or severe (severe) forms totaled
17% of those examined (Table 2). This profile
of dental fluorosis differed from the result of
the national oral health survey of the SB Brasil
Project (BRASIL, 2010). This oral health
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(A - Normal). (B - Light).

(C - Moderate). (D - Severe).

Figure 3 - Clinical aspects of dental fluorosis obtained from the clinical examination of 12-year-old
schoolchildren living in the municipality of Santana, in the west of the State of Bahia, Brazil.

Source: Obtained from Coutinho’s dissertation research (2014).

Man Woman Total
Fluorosis

N % n % n %
Absent (0) 35 22.0 38 24.0 73 46.0

Questionable (1) 4 2.5 5 3.0 9 5.5
Very light (2) 11 7.0 17 11.0 28 18.0
Light (3) 5 3.0 17 11.0 22 14.0

Moderte (4) 5 3.0 10 6.0 15 9.0

Severe (5) 4 2.5 8 5.0 12 7.5
Total 64 40.0 95 60.0 159 100.0

Table 2 - Absolute and relative frequency of the categories indicated by the Dean index in a sample of
12-year-old schoolchildren in the city of Santana, Western Bahia.

Source: Prepared by the authors based on data from Coutinho’s dissertation (2014).




survey revealed a national mean prevalence
of dental fluorosis of 17% at 12 years of age
(Dean index), with 15% very mild or mild and
1.5% moderate or severe, where the lowest
prevalence of fluorosis was obtained. in the
North region (10%) and the largest in the
Southeast region (19%).

HYDROGEOCHEMISTRY OF
FLUORIDE AND DENTAL
FLUOROSIS

In the hydrogeochemical context,
the samples were classified as calcium
bicarbonate waters (HCO3- - Ca2+) (40%),
calcium mixed waters (mixed - Ca2+) (20%),
sodium bicarbonate waters (HCO3- - Na+)
(27%) and chlorinated waters sodium (ClI- -
Na+) (13%) (Figure 4). The uncertainty of the
ionic balance was at the maximum of 20%,
based on practical error (LOGAN, 1965). In
the HCO3- - Ca2+ or mixed - Ca2+ facies,
the ion contents were, in decreasing order:
rCa2+ > rNa+ > rMg2+ > rK+ and rCO32-
- rHCO3- > rCl- > rSO42- > rF- > rNO3-.
While in the hydrochemical facies HCO3-
- Na+ and Cl- - Na+, the contents of the
cations found were distributed, in decreasing
order: rNa+ > rCa2+ > rMg2+ > rK+.

Cluster analysis allowed the grouping of
samples and the integration of dental fluorosis
and hydrogeochemical research (n=32), and
the assessment of water potability, with the
aid of visual observation of the dendrogram
(Figure 4). The cut line was marked on the
dendrogram at a distance of 10, forming
three Integrating Groups (G1, G2, G3a and
G3Db). Groups G1 and G2 showed the highest
average proportions of dental fluorosis
prevalence and can be distinguished by
proportions of moderate to severe dental
fluorosis and fluoride levels. Furthermore,
a relationship was found between the
prevalence and severity of dental fluorosis
and fluoride levels in groundwater samples

from Santana (Table 3).

Median fluoride levels ranged from 0.47
(Integrating Group G3a) to 3.67 mg. L-1
(Integrating Group G1) (Table 3). It was
verified that the levels of fluoride in the
groundwater of Santana were from 0.07 to
8.88 mg. L-1, with a Median of 0.54 mg. L-1
(Table 4), where 42% of the samples, those
from Groups G1 and G2 exceeded the local
optimum potability limit for fluoride (0.78
mg. L-1). The local optimum potability limit
for fluoride (C) in Santana groundwater
was obtained from the Average regional air
temperature (T), according to Galagan and
Vermillion (1957) (Equations 1 and 2).

€(T) = 10,3 + 0,725T

C=222/€

Table 4 presents a statistical summary
compared between the fluoride levels obtained
in the samples from Santana (current research)
or in the groundwater of its neighboring
municipalities, in Western Bahia, according
to data from selected wells from SIAGAS
(CPRM). Fluoride levels were higher than the
local optimum potability limit (0.8 mg. L-1)
in samples from Western Bahia, especially
in the municipalities of Santana (43%), Sdo
Félix do Coribe (53%) and Serra Dourada
(45%), where prolonged ingestion of these
waters can threaten the fundamental right to
health. Median fluoride levels in groundwater
differed between samples from Santana and
its neighbors, according to the Kruskal-Wallis
test (p=0.0003) (Figure 6).

In this context, the presence of natural and
toxic levels of fluoride in the municipalities of
Western Bahia was made explicit, on a more
regional scale, whose consumption of these
waters represents a risk factor for oral and
systemic health, and the emergence of dental
fluorosis in the city of Santana. Velasquez et al.
(2006), Costa et al. (2013), Coutinho (2014)
and Cruz et al. (2015) studied dental fluorosis
in school-age children in Northern Minas

(Equation 1)
(Equation 2)
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Figure 4 - Dendrogram of integration of the epidemiological classification of fluorosis and the

hydrochemistry of Santana.

Source: Prepared by the authors based on data from Coutinho (2014) and Gongalves (2014).

Point

S34
S28
S46
S14
S10
S11
S15
S13
Average

Median

S27
S44
S17
E02
S37
S48

Degrees
Prevalence 2e3* 4e5"
Grupo 1 (G1)
50.00 50.00 50.00
82.00 35.00 47.00
50.00 25.00 25.00
100.00 0.00  100.00
100.00 0.00  100.00
100.00 0.00  100.00
100.00 0.00  100.00
100.00 40.00  60.00
85.25 18.75  72.75
100.00 12.50  80.00
Grupo 2 (G2)
100.00 100.00  0.00
100.00 100.00  0.00
100.00 100.00  0.00
100.00 100.00  0.00
100.00 100.00  0.00
100.00 100.00  0.00

pH

8.78
7.60
8.40
8.27
8.34
7.97
8.57
8.65
8.32
8.37

8.30
8.30
7.72
7.82
7.75
7.75

mg. L

STD Ca* Na* Cl F DT
1683.50  4.00 353.60 478.76  8.88 7.21
650.00 96.00 167.20 68.00 1.88  138.00
720.75 32.00 10752 87.50 240 133.76
477.00 22.00 9740 6178 331 71.46
590.83 21.47 161.80 121.15 4.03 97.30
712.83 1293 136.79 90.03 2.76 51.50
799.90 5.67 191.68 152.57 4.88 25.87
670.23 14.01 263.48 71.10 5.22 35.34
788.13 26.01 184.93 141.36 4.17 70.06
691.53 17.74 16450 88.77  3.67 61.48
460.00 119.00 6233 9834 1.25 211.10
611.00 183.00 45.53 55.00 0.60 289.00
553.33 99.89 7333 88.57 1.29  228.23
619.58 63.21 3522 91.00 054 264.00
262.00 63.42 7569 8230 1.60  265.10
361.00 60.00 62.33 93.00 1.25  250.80

rNa/
rCa

76.92
1.52
2.92
3.85
6.56
9.21

29.42

16.36

18.35
7.88

0.46
0.22
0.64
0.48
1.04
0.90

rHCO,/
rCa

30.16
1.35
2.71
3.74
3.74
6.80

14.40
9.37
9.03
5.27

0.63
0.16
1.06
1.48
1.35
1.56

HCO,/
DT

51.04
2.86
1.98
3.51
2.52
521
9.63

11.33

11.01
4.36

1.08
0.31
1.41
1.08
0.99




S35 100.00 100.00  0.00 7.91 559.00 186.00 148.00 58.70 1.82  289.00 0.69 0.73 1.44

S29 100.00 75.00  25.00 7.20 528.45 197.00 63.47 40.52 1.28 261.29 0.28 0.39 0.89
S26 50.00 50.00 0.00 7.10 812.50  290.00 27.59  40.32 0.74 378.64 0.08 0.35 0.82
S30 100.00 100.00  0.00 7.25 812.50  303.00 80.27 48.19 1.72 380.00 0.23 0.42 1.02
Average 95.00 92.50 2.50 7.71 557.94 156.45 67.38 69.59 1.17 281.72 0.50 0.81 1.02
Median 100.00 100.00  0.00 7.75 556.17 151.00 62.90 70.50 1.27 26455 047 0.68 1.05
Grupo 3a (G03a)
S02 0.00 0.00 0.00 7.26 476.50  217.12 2258 61.66 026 51444  0.09 0.43 0.56
S19 0.00 0.00 0.00 8.08 527.00 249.00 3395 47.86 053 32473 0.12 0.33 0.77
S06 50.00 50.00  0.00 7.62 741.37 158.05 2547 12535 046 416.65 0.14 0.55 0.63
S18 100.00 50.00 50.00 7.54 620.50 184.80 48.97 140.53 0.86 414.09 0.23 0.45 0.61
S20 0.00 0.00 0.00 8.19 424.23 9242 16.14 3242 0.07 284.67 0.15 0.93 0.92
S31 7.70 7.70 0.00 8.22 500.00 130.00 37.51 46.65 057 175.00 0.25 0.74 1.68
E01 0.00 0.00 0.00 7.60 582.17 62.31 3333 8630 029 26045 047 1.38 1.01
S16 0.00 0.00 0.00 7.77 568.33 7.66 3293 3210 047 31.57 3.74 14.32 10.60
Average 19.71 13.46  6.25 7.79  555.01 137.67 31.36 71.61 044  302.70 0.65 2.39 2.10
Median 0.00 0.00 0.00 7.70 547.67 144.03 33.13 54.76 047 304.70 0.19 0.64 0.85
Grupo 3b (GO3b)
S36 12.50 12.50 0.00 7.40 600.00 133.00 45.15 33.82 0.80 393.00 4.79 10.46 0.54
S41 0.00 0.00 0.00 7.10 487.50  125.36  36.37  29.58 0.57 250.72 0.25 0.51 0.77
S01 33.00 33.00 0.00 7.62 557.50 134.53 30.06 95.85 0.51 360.03 0.19 0.59 0.67
S32 0.00 0.00 0.00 7.12 566.00 136.00 7090 129.00 0.37 220.00 0.45 0.36 0.68
S03 0.00 0.00 0.00 7.42 562.75 125.69 33.73  79.60 0.35 329.35 0.23 0.66 0.76
S07 0.00 0.00 0.00 7.33 72843 130.51 3343 11992 051 34481 0.22 0.55 0.64
Average 7.58 7.58 0.00 7.33  583.70 130.85 41.61 8130 0.52 316.32 1.02 2.19 0.68
Median 0.00 0.00 0.00 7.37 564.38 131.76  35.05 87.73 0.51 337.08 0.24 0.57 0.67

4 severity: mild to very mild; ® Severity: moderate to severe (most critical situation).

Table 3 - Group obtained in the cluster analysis that integrate the results of surveys on the prevalence and
severity of dental and hydrogeochemical fluorosis in the city of Santana.

Source: Prepared by the authors based on data from Coutinho (2014) and Gongalves (2014).




Figure 5 - Distribution map of fluoride levels in groundwater and indication of protection factor categories
(0.4-0.8 mg. L-1) and risk of dental fluorosis (> 0.8 mg. L- 1).

Source: Prepared by the authors based on data from Coutinho (2014) and Gongalves (2014).

City Size Minimum Maximum Average Median Stal:ldi“d Standard CV (%) SWip F-> 0’_8
(n) deviation Error value) mg. L!
Santana 52 0,05 8,88 1,36 0,54 1,78 0,25 130,58  p<0,0001® 42 (%)
(Atual)
S.E do 5 o
oo 15 0,38 8,13 1,68 0,93 2,04 0,53 121,92 p=0,009 53 (%)
Serra 40 0,06 5,20 1,19 0,78 1,20 0,19 100,43 =0,0004® 45 (%)
Dourada® ’ > > > > > B p=0, o
Baianépolis® 26 0,03 4,80 0,58 0,27 1,02 0,20 17564 p<0,0001® 12 (%)
Sitio do N N
Mo 12 0,16 13,89 2,45 0,74 3.97 1,15 161,95  p=0,0002 33 (%)
Sta. Ma. da 53 0,02 4,74 0,84 0,52 0,87 0,12 10321 p<0,0001® 30 (%)
Vitoria
Serra do B N N
oo 10 0,10 1,95 0,56 0,33 0,60 0,19 10686 p=0,013 30 (%)
Canipolis © 38 0,14 7,00 0,85 0,65 1,10 0,18 12920 p<0,0001® 29 (%)
Serra do 10 0,10 1,95 0,56 0,33 0,60 0,19 106,86 =0,013® 30 (%)
Ramalho © ’ > > > > > B p=0, b

CV: Coefficient of variation; SW: Shapiro-Wilk; # Gaussian distribution; ® non-Gaussian distribution; ¢ synthesis of

data from the register of selected wells from SIAGAS/CPRM.

Table 4 - Comparative statistical summary of fluoride levels in groundwater in Santana (current) and in the
groundwater of the municipal neighbors (STAGAS), Bahia.

Source: Prepared by the authors based on data from Coutinho (2014), Gongalves (2014) and the register of
wells in the Groundwater Information System (SIAGAS/CPRM).




Figure 6 - Box-plot diagram applied to analyze the dispersion of fluoride values in groundwater samples
from Santana and neighboring municipal districts, located in the hydrogeological and hydrogeochemical
context of the Bambui Aquifer, in Western Bahia, Brazil.

Source: Prepared by the authors based on data from Coutinho (2014), Gongalves (2014) and the register of
wells in the Groundwater Information System (SIAGAS/CPRM).

Figure 7 - Distribution diagram of the percentages of saturation indexes of the mineral phases calcite,
dolomite, gypsum and fluorite in groundwater samples. A: Hydrochemical Zone A; B: Refers to the
Hydrochemical Zone B or the Hydrochemical Transition Zone.

Source: Prepared by the authors based on data from Gongalves (2014).
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Gerais and Western Bahia. The proportions
of the prevalence of dental fluorosis, and the
severity, in Bahia and Minas Gerais, resulted,
to a large extent, from the chronic exposure of
children aged 0 to 6 years by the ingestion of
water from the Bambui Aquifer with natural
and toxic levels of fluoride.

Cangussu et al. (2002), Narvai (2002),
Souza et al. (2013) point out that higher
proportions of dental fluorosis, in moderate
or severe forms, are expected in endemic
areas. This is because in fluorosis-endemic
areas, children at the age of formation of
the tooth germ may be exposed by drinking
water with natural and toxic levels of fluoride,
and cultural and socio-spatial, climatic and
ecological-environmental ones.

It is noteworthy that the Integrating
Group G1 presented the greatest relevance
for understanding dental fluorosis and
its relationship with fluoride levels in
groundwater (Table 3), which represent a
risk factor for dental fluorosis for 42% of the
samples and bone fluorosis for 21% of samples.
Nirgude et al. (2010) point out that chronic
exposure through the ingestion of natural
waters with fluoride levels that exceed 3.0 mg.
L-1 represents a risk factor for the prevalence
of dental fluorosis and/or bone fluorosis.

The G1 Integrator Group exhibited the most
notable proportions of dental fluorosis and a
moderate to severe degree of severity (80%),
the most mineralized waters (STD Median:
691.93 mg. L-1) and the most pronounced
F- values. (Median of 4.17 mg. L-1) and the
geochemical ratios rNa+/rCa2+ and rHCO3-/
rCa2+ (Table 3). It is characterized, in
summary, by the presence of sodium waters,
which are more alkaline and enriched in Na+
and F-, by the low levels of Ca2+ and DT and
by the greater epidemiological relevance in
the investigation of fluorosis.

The G2 Integrator Group revealed a
high prevalence of dental fluorosis (100%),

distributed between very mild to mild
degrees of severity (100%), fluoride levels that
generally exceed the optimal local potability
limit, but much lower than levels observed in
Group G1 (Table 3). While Group G3 had the
least expressive prevalence of dental fluorosis,
between very mild to mild degrees of severity,
low fluoride levels did not exceed the local
optimal limit of fluoride potability. It can be
noted that the samples from the Integrating
Groups G2 and G3 (G3a and G3b) were
characterized by calcic waters, rich in calcium
and with the highest levels of total hardness
(DT), especially in terms of carbonate
hardness.

Based on the interpretation of the
integration of fluorosis and geosciences
research, from the paradigmatic perspective
of Human Ecology, which includes Medical
Geology, Medical Ecology and Medical
Geography, a theoretical-conceptual model
that pointed out two hydrogeochemical zones
and related them to the distribution of fluoride
in natural waters and to dental fluorosis. It
follows, therefore, that the Hydrochemical
Zone A would be the one characterized by
sodic waters, more mineralized, enriched
in F- and Na+ and depleted in Ca2+, which
would refer to the G1 Group, whose aquifer
units are hosted in pelito-carbonate rocks. of
the Bambui Group (Pellitic-Carstic Aquifer).

Hydrochemical zone B comprised the G3
Group, characterized by calcium bicarbonate
waters, rich in Ca2+, depleted in F- and
Na+, whose aquifer units are hosted in the
carbonate rocks of the Bambui Group (Karstic
Aquifer) (Table 3). The samples of Group G2,
defined by the mixed-calcic waters, constitute
the Transition Zone. This Hydrochemical
Zone is distinguished from the zone B in
that it exhibits F- levels that exceed the local
optimum potability limit and higher relative
Na+ ionic activity. Furthermore, the levels of
calcium and magnesium, and the hardness
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of carbonates, can be uncomfortable for
the consumption of water in zones B and
Transition, which can be an important
protective factor against dental fluorosis.

In the context of the theoretical-conceptual
model of hydrogeochemical zones, based on
the doctoral research by Gongalves (2014), it
is noteworthy that the values of the rHCO3-/
rCa2+ ratio were lower than 1.5 in the
Integrating Groups G2 and G3, reporting
the relevance of the water-carbonate rock
interaction (Table 3). Roisenberg et al. (2003)
highlighted that the values of the rHCO3-/
rCa2+ ratio < 1.5 indicate the role of the
dissolution of calcite and dolomite and the
subsaturation of the solution in terms of these
minerals in the hydrochemistry. It informs
about the influence of water transit and water-
rock interaction in the Bambui Aquifer. The
hydrogeochemical evolution of karst aquifers
depends on the dissolution of calcite and
dolomite minerals, climate, transit time and
water circulation in the aquifer (FAIRCHILD
et al., 2000; SANTOS, 2017).

Another situation was observed in the G1
Integrating Group, whose rHCO3-/rCa2+
ratio values > 1.5, being, therefore, attributed
to the water-rock interaction process, where
the chemical weathering of the minerals
present in the pelitic rocks, judging by the
sodium plagioclases, would add bicarbonate
and lithogenic sodium ions to the water and
contribute to the hydrochemistry. In turn,
the samples from the G1 Integrator Group
are characterized by the presence of the most
expressive values of the rHCO3-/rCa2+ and
rNa+/rCa2+ ratios.

The geochemical modeling also included
the calculation of the Saturation Index (SI)
of the fluorite, calcite, dolomite and gypsum
mineral phases (Figure 7). With this, it was
verified that the values of the fluorite IS
(fluorite IS) differed between the samples
of the Integrator Group 1 (Gl), associated

with the Hydrochemical Zone A, and those
of the Integrating Groups G2 or G3, related
respectively to the Hydrochemical Zone B
and the Hydrochemical Transition Zone.

It was observed that the value of the
Median of the IS | . of the Integrator Group
G1 approached the equilibrium condition
between the mineral phase and the solution,
while the values of the Medians of the IS |
of Integrating Groups G2 or G3 suggested a
fluorite undersaturation condition (Table 5).
It is also noted that the samples proved to
be undersaturated in terms of the anhydrite,
gypsum or halite mineral phases, although
they varied from the equilibrium condition
with the solution to supersaturation (reports
to a tendency for the mineral to precipitate) to
the mineral phases calcite and dolomite.

The hematite values reflect a variation
of conditions from subsaturation to
supersaturation, where samples from the zone
B (G2) or from the Transition Zone (G3)
revealed a tendency of mineral precipitation,
ie, supersaturation (Table 5). Furthermore,
it was found that the IS values , .~ of
the Hydrochemical Zone A vary between
subsaturation and supersaturation of the
samples. As a result, the IS value , . may
contribute to the differentiation of samples
between Zone A and Zone B or Transition
Zone. The origin of iron oxides and hydroxides,
such as the hematite, was attributed to the
impurities present in the carbonate rocks of
the Bambui Group or to the iron oxides and
hydroxides present in the sandstones of the
Urucuia Group (see Figure 2).

The evolution of the hydrogeochemical
composition involves the dissolution of
calcite and dolomite from the limestones
and dolomites of the Bambui Group, which
supplies Ca2+ and Mg2+ ions to the solution
and influences the solubility of other minerals,
such as fluorite (Equations 3 to 5). Apambire
et al. (1997) emphasize that the saturation
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a) Samples from the G1 Group - Pelito-Carbonitic Aquifer (Zone A).

Indexes  Minimum Maximum  Average Median ;):j:;?) St;l:lt_rd S;ig::i;n:(y:; Sl't;,(c;‘;lue
Aragonits -0,07 0,88 0,38 0,32 0,34 0,09 89,19 p=021*
IS e 0,07 1,02 0,55 0,46 0,34 0,10 62,02 p=0254
IS | omie -0,16 2,12 0,94 1,02 0,75 0,22 79,83 p=0,59*4
IS Lorita -0,91 -0,06 -0,53 -0,51 0,30 0,09 56,99 p=0,36*
S Gipsia -4,76 -2,48 -3,17 -3,06 0,60 0,17 19,04 p=0,24*
| - -3,79 -2,74 -3,19 -3,19 0,32 0,09 10,16 p=0,51*

IS L -8,39 -5,73 -6,43 -6,30 0,65 0,17 10,06 p=0,002"

IS |mita -8,37 16,45 2,67 -0,96 9,03 2,41 338,56 p=0,025"°

A Gaussian distribution; ® Non-Gaussian distribution; SW: Shapiro-Wilk test.

b) Samples from Groups G2 or G3 - Carbonatic Aquifer (Zone B or Transition Zone).

Indexes Minimum Maximum  Average  Median 3:?;?:; St;;li;rd S::;‘::ic;in(t(y:)f SM;;;c;lue
IS 4 ogonita 0,05 2,68 0,52 0,42 0,56 0,13 109,32 p <0,0001®
IS e 0,19 1,01 0,54 0,56 0,21 0,05 39,85 p=0,60*

IS L oiomita -0,06 1,47 0,54 0,48 0,44 0,10 81,83 p=0,19*
Fluorita -2,23 -0,91 -1,69 -1,81 0,36 0,09 21,50 p=0,38*
IS Goia -2,02 -1,44 -1,71 -1,70 0,17 0,04 9,81 p=0,82*
IS | i -2,28 -1,71 -1,98 -1,97 0,04 0,03 -8,70 p <0,60*
IS L -7,89 -4,46 -7,09 -7,10 0,71 0,16 10,05 p <0,0001®
IS Lomatite 4,02 20,82 14,15 15,35 4,18 0,96 29,56 p =0,002"8

A Gaussian distribution; ® Non-Gaussian distribution; SW: Shapiro-Wilk test.

Table 5 - Statistical summary of the calculated values of the Saturation Indexes of the mineral phases calcite,

dolomite, anhydrite, gypsum, halite and fluorite in the groundwater samples, differentiated according to

the conceptual model in the category of Hydrochemical Zone A (Group 1) and in the category that includes
the Hydrochemical Zone B or Transition Zone (Groups 2 and 3).

Source: Prepared by the authors based on data from Gongalves (2014).




of the solution, water, in the calcite mineral
phase controls the solubility of fluorite, due to
the common ion effect and the abundance of
calcite in the water. Furthermore, Rao (2011)
emphasizes that the interdependence of the
activities of Ca2+, F- and HCO3- -CO32-
ions in groundwater must be considered.
This author considered that the dissolution
of fluorite could occur under conditions of
subsaturation of the solution in calcite and
dolomite, in more alkaline waters, under
high air temperatures and that there is co-
precipitation of Ca2+ and HCO3- ions.
CaF, —Ca* + 2F
(Equation 3)

CaCO, + CO,+ H,0 -~ Ca* + 2 HCO,
(Equation 4)

CaMg (CO,), +2CO, +2 H,0 —~Ca* +
Mg** + 4 HCO,
(Equation 5)

An inverse correlation was observed
between the activities of fluoride and calcium
in groundwater, which corroborated the
proposition that saturation of the solution
in calcite would control the dissolution
of fluorite. Handa (1975) proposed a
geochemical conceptual model for the
enrichment of water in fluorine, which
elucidated the correlation between F-, Ca2+
and HCO3- ions, under relatively constant
pH conditions (Equation 6), where K and a
are called respectively the solubility constant
and the ionic activity. Gongalves et al. (2018)
proposed that Handas (1975) conceptual
model, after being adapted, would contribute
to the geochemical study of fluorine in the
Bambui Aquifer.

KCaF, - CaCO, = [a(HCO,)]/[ a (H").
(F)]
(Equation 6)

It was inferred, from the hydrochemical
analyses, of the rNa+/rCa2+ ratio and the IS
values of calcite and dolomite, that the activity
of the Na+ jon in Santanas groundwater
contributes to the increase of alkalinity and to
the dissolution of fluorite, or suggest presence
of fluorine geochemical anomaly associated
with clay minerals, and pelitic rocks. It is
noteworthy that in the interaction of water
and clay minerals (M), originated from the
chemical weathering of impure carbonates
and pelites, Ca2+ is removed, DT is reduced,
and Na+ is added to the solution from base
exchange reactions (Equations 7-9). The
activity of sodium increases the alkalinity of
the water and interferes in the conditions of
saturation, precipitation of calcite and the
solubility of fluorite (APAMBIRE et al., 1997).

(M) SiO, + CO, + H O «M,* + SiO, + 2
HCO,

3

(Equation 7)

Na (M)(S) + Ca*2~Ca(M)(S) + 2Na*
(Equation 8)

CaF, + Na,CO3.-CaCO, + 2F- + 2Na*
(Equation 9)

Costa (2011) proposed that chemical
weathering of plagioclases could make
lithogenic sodium ions available to the
solution, thereby promoting the enrichment
of the waters of the Bambui Aquifer, in Minas
Gerais. In this study, fluoride contents were
obtained in the pelite between 120.0 and 620.0
mg. L-1 and in the carbonate rocks from 320.0
to 508.0 mg. L-1. Thus, the presence of fluorine
levels in the rocks of the Bambui Group, in
Minas Gerais, was verified, which exceeded
300.0 mg. L-1, considering the average level of
fluorine obtained in carbonates proposed by
Krauskopf and Bird (1995) and Mendes and
Oliveira (2004).

In view of the proposition of a geogenic
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origin of fluorine in the Waters of the Bambui
Aquifer, which is relevant for the promotion
of oral health, it is noted that mineral deposits
and discontinuous extraction of purple
fluorite associated with the rocks of the
Bambui Group, in Western Bahia , have been
known since 1960, highlighting the work of
Miranda (1976), Misi et al. (2000), Concei¢do
Filho et al. (2003), Martins (2001) and Gomes
(2005). Silva, Viglio and Quintarelli (2020)
suggested the existence of a megaprovince
of fluoride occurrence and prevalence of
endemic fluorosis in the middle course of the
Sao Francisco River, which extends from the
north of the State of Minas Gerais to the west
of Bahia, Brazil.

Furthermore, the fluoride anomalies
associated with the mudstones of the Bambui
Group demand an understanding of the
regional geological history and investigations
into the contribution of weathering of igneous
rocks in the origin of sediments and the high
levels of fluoride in this geological material.
Enalou et al. (2018), Dehbandi et al. (2018)
and Singh et al. (2018) highlight that high
levels of fluoride in groundwater are generally
related to chemical weathering of minerals,
igneous rocks and clay minerals.

In this sense, the application of cluster
analysis contributed to the explanation of
the existence of a geochemical control of the
distribution of fluoride in the groundwater of
Santana, associated with the Bambui Aquifer,
which have epidemiological relevance to the
understanding and prevention of endemic
fluorosis and the promotion of oral and
systemic health of the population of Western
Bahia.

CONCLUSIONS

A prevalence of dental fluorosis of 53%
of schoolchildren examined at 12 years of
age was obtained, with a proportion of 17%
distributed from moderate to severe degrees

in the municipality of Santana, in western
Bahia, Brazil. These proportions of prevalence
and severity of dental fluorosis were related,
to a large extent, to the consumption of
groundwater with natural and toxic levels of
fluoride. supported by approaches to medical
geology and health, and in the training of
professionals who consider health in its
relations with the environment and society.

The presence of fluoride potability
restrictions was verified in 42% of the
groundwater samples from Santana, regarding
the local optimal limit, whose consumption
of these waters represents a risk factor for
dental fluorosis. Fluoride levels were observed
to represent skeletal health risks for 21% of
the samples, as well as being related to the
risk of knee and hip deformities or disabling
fluorosis. Risk profiles of endemic fluorosis
were also observed in the municipalities of
Canapolis, Santa Maria da Vitéria, Sao Félix
do Coribe, Sitio do Mato and Serra Dourada.

The application of multivariate analysis
contributed to the integration of health and
geoscience research and to the proposition
of the conceptual model that grouped the
samples of the Integrator Group Gl in the
Hydrochemical Zone A, characterized by
the presence of sodic waters, enriched in
fluoride and sodium, and less hard, than when
comparing the samples of the Integrating
Groups G2 and G3, which contemplated,
respectively, the categories called
Hydrochemical Zone B and Hydrochemical
Zone of Transition.

It is concluded that the application
of cluster analysis contributed to the
understanding of the existence of a
geochemical control of the distribution
of fluoride levels in groundwater in
the municipality of Santana, within the
Bambui Aquifer, as well as pointing out
that the profile of dental fluorosis in this
municipality would be suggestive of an
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endemic area. This research revealed
relevance to the understanding of endemic
fluorosis in the municipality of Santana and
its municipal neighbors, in the west of Bahia.
Furthermore, it explained the importance of
adopting interdisciplinary approaches, such
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