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Abstract

This work developed a statistical correlation between groundwater’s high iron
content in the four hydrogeological domains of the State of Bahia, Brazil, and
the environmental attributes of climate, lithology, soil, and vegetation. From
3539 wells, flow test = 1 m*h’, drilling period 2003-2013, 940 wells with high
iron content (>0.3 mg/L) were used in this study. All groundwater samples
came from new wells soon after the drilling, well construction, and a long
pumping time for their development: 24 hours for sedimentary aquifers and
12 hours for karstic, crystalline, and metasedimentary aquifers. The applica-
tion of Pearson and Spearman linear regression to seventeen physicochemical
parameters (SPSS V.12) resulted in no correlations between iron and fourteen
parameters, indicating no common origin between those parameters and iron.
Only color and turbidity presented correlations > 0.20 with iron. After spati-
alizing the 940 values of iron concentration (ArcGIS V.9) on the maps of each
environmental attribute, grades 1 - 5 were given to the variables of each attrib-
ute based on the largest iron concentration value. The grades allowed the ap-
plication of multivariable methods PCA and FA (SPSS V.12). The PCA indi-
cated two factors explaining 59.52% of the total variance, closely attending the
recommended minimum of 60%. The significant factor weights from the ap-
plication of FA were: in Factor 1, soil, —0.71; vegetation, —0.68; and lithology,
—0.52; and in Factor 2, climate, +0.74. Indeed, in the crystalline and metased-
imentary domains with mafic-ultramafic rocks rich in iron, percentages of
wells, 53.3% - 66.7%, occurred in iron-rich soils; of 49.8% - 59.8% in humid to
dry forest and of 55.3% - 86.8% in humid to sub-humid climate. While, for the
sedimentary domain (primarily sandstones) and karstic domain (carbonate
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rocks) poor in iron content percentages of wells, 80.9% - 100% occurred in
iron-rich soils, 57.0% - 61.8% in humid to dry forest, and 58.6% - 62.4% in
sub-humid to dry and semi-arid climate. These results indicated that, although
lithology is a determinant for high dissolved iron content in the state of Bahia
groundwater, this attribute alone (factor weight —0.52) cannot explain the
whole phenomenon. The present work, using multivariable analysis with geo-
spatial mapping of high iron content on top of environmental attributes, re-
vealed the role of each environmental attribute in groundwater’s high iron con-
tent. For the governmental drilling well company and its groundwater manag-
ers, this knowledge will result in better well locations and a reduction of both
well and economic losses, as the long-term maintenance cost for the treatment
process due to high iron content is prohibitive for rural municipalities.

Keywords

Groundwater High Iron Content, Multivariate Statistical Correlation,
Environmental Attributes, State of Bahia, Brazil

1. Introduction

A variety of recent works applying statistical techniques to groundwater research
involve groundwater geochemistry, water quality for drinking, domestic, and ir-
rigation purposes, aquifer vulnerability, water quality evaluation, and more. The
statistical techniques used were parametric and non-parametric statistical meth-
ods, multiple linear regressions, correlation analysis, hierarchical cluster analysis
(HCA), principal component analysis (PCA), factor analysis (FA), geographical
information system (GIS), geostatistics, analysis of variance and more. Thomas’s
work (2023) [1] evaluated the groundwater quality in Ibadan, Nigeria, using par-
ametric and non-parametric statistics. The author considered it very successful in
analyzing groundwater hydrochemistry using the quantitative methodologies:
multivariate statistical analysis (MSA), hierarchical cluster analysis (HCA), and
principal component analysis (PCA); besides the application of Kruskal-Wallis
test, Pearson correlation, and the independent sample test to assess water quality.
Ismail et al (2023) [2] analyzed hydrogeochemistry and the groundwater quality
for drinking, domestic, and irrigation purposes in West El Minia, Egypt. They
evaluated the groundwater quality based on 49 samples, using principal compo-
nent analysis (PCA), hierarchical cluster analysis (HCA), geostatistics, and spatial
mapping to highlight the areas of health risks. Mehdi et al (2023) [3] developed a
multivariate statistical analysis to define the groundwater hydrogeological and
physicochemical characteristics, the degree of water potability, and the irrigation
suitability in a region of Hassi R’mel, Algeria. They applied the multivariate sta-
tistical techniques of (PCA), (HCA) and Diagram Analysis to a dataset of 17 wells
and 12 chemical variables over the entire study area.

Patel ef al (2023) [4] published a comprehensive review paper for more than a
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hundred works (1980-2023), applying multivariate statistical techniques to ground-
water research involving water quality for drinking and irrigation purposes, geo-
chemical mobility, aquifer vulnerability, and more. Among the works the authors
reviewed, one from Barkat et al (2021) [5] assessed the hydrogeochemical evolu-
tion of the groundwater in Oued Souf Valley for drinking and irrigation purposes,
applying multivariate statistical methods, geostatistical modeling, and water qual-
ity index. For physicochemical parameters, the Q mode clustering analysis de-
tected the four major water groups. Applying Kriging for groundwater ionic con-
stituents, the exponential semivariogram model fitted seven, while the rational
quadratic semivariogram model best fitted nine other groundwater ionic constit-
uents. Other work from Gaikwad et al (2020) [6] addressed the geochemical mo-
bility of ions in groundwater and the implication on groundwater quality in Ma-
harashtra, India. They applied multiple linear regressions, correlation analysis, hi-
erarchical cluster analysis (HCA), and principal component analysis (PCA) to 65
groundwater samples. In addition, the work from Machiwal et a/ (2018) [7] demon-
strated how statistical methods, from simple descriptive statistics to multivariate
statistical analyses, incorporating explanatory variable, multiple linear regression,
discriminant analysis, analysis of variance, and more in combination with ground-
water quality data, hydrogeological data, and land use, are valuable to study aqui-
fer vulnerability.

The application of multivariate statistical analysis by Gaikwad et al (2020) [8]
helped to elucidate aspects of the groundwater geochemistry and drinking water
suitability in the Kudal region of India. In China, Wu ef al (2020) [9] used MSA
to trace the sources and factors for groundwater pollution in a shallow urban ag-
uifer of Yan’an City, while Li ef al (2019) [10] used to understand the hydrogeo-
chemical processes occurring in the water of the Guohua phosphorite mine. Clout-
ier et al (2008) [11] analyzed geochemical data to identify the hydrogeochemical
evolution of groundwater in a sedimentary rock aquifer system in Quebec, Can-
ada.

For groundwater studies in Brazil using multivariable statistical analysis, the
literature presents the work of Barbosa Filho and Oliveira (2021) [12], which de-
veloped a groundwater quality index (GWQI) for the hydrogeological domains of
the state of Bahia, Brazil. The GWQI development used principal component anal-
ysis (PCA), factor analysis (FA), and hierarchical cluster analysis (HCA) to fully
define the five parameters that participate in the index and their importance or
parameter weight. The GWQI was a successful index due to its ability to represent
the groundwater quality of the entire state of Bahia, using a single mathematical
formulation, the same parameters, and a single weight for each parameter. Gomes
et al. (2020) [13] applied MSA for groundwater quality evaluation in the central-
southern portion of the state of Bahia, Brazil, while Gomes and Cavalcante (2017)
[14] used to explain the processes associated with the groundwater quality of For-
taleza, state of Ceard aquifers.

Due to the ability of the multivariable statistical analysis to elucidate aspects of
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the hydrogeochemical processes occurring in the aquifers, this work applied MSA
to find the correlations between high iron content in groundwater with natural
environmental attributes: climate, lithology, soil, and vegetation. The goal was to
correlate the pattern of the spatial distribution of groundwater high iron content
in the state of Bahia with the environmental attributes and their variables to eluci-
date the issue of which compartment comes from the high iron content in ground-
water of a specific location.

Iron in groundwater is considered a minor constituent among the dissolved
inorganics, with a concentration range of 0.01 - 0.1 mg-L™, controlled by the pres-
ence of elements in the soil and rocks, water flow, recharge, climate, depth and
time (Freeze and Cherry, 1979) [15]. However, many regions of Brazil have re-
ported high dissolved iron content affecting the groundwater quality (Oliveira et
al, 2004; Nascimento, 2008) [16] [17]. In the state of Bahia, groundwater with
high iron content occurs in the four hydrogeological domains: crystalline, karstic,
metasedimentary, and sedimentary. Carmo (2016) [18] stated that many wells per-
forated by CERB, the governmental well drilling company, were never completed
and installed for public supply due to high iron content, with significant financial
loss due to well abandonment since the long-term maintenance cost and treatment
process is unfeasible for small communities or municipalities. Indeed, dissolved
iron in groundwater is a challenge for the treatment operation. It causes scale and
the development of colonies of rust bacteria in the supply networks, affecting hu-
man health, giving taste and odor to the water, producing stains on clothing and
utensils, and interfering with industrial processes (Siqueira et al, 2011; Ityel, 2011;
Zimbres, 2002) [19]-[21].

Szikszay (2012) [22] developed a comprehensive study involving many research
works (Schoeller, 1962; Carroll, 1962; Matthess, 1982; Perel’man, 1963; Davis, 1967)
[23]-[27] on the geochemistry of water and the acquisition of its chemical compo-
sition, starting from rainwater until reaching the aquifers, as groundwater, while
going through the geochemical spheres (atmosphere, biosphere, lithosphere). Rain-
water from the natural environment has dissolved CO, in very small concentrations,
0.5 - 0.8 mg-L™}, as atmospheric CO, corresponds to only 0.03% by volume of the
air mass, and the small amounts of dissolved substances result in average pH = 5
(Schoeller, 1962) [23]. However, depending on place and temperature, the rain-
water may dissolve more gases and substances from the atmosphere, produced by
anthropogenic activities such as the combustion of gasoline, biochemical pro-
cesses in soil and water, volcanic and geothermal activities; and the pH can vary
(3.0 - 9.8) (Carroll, 1962) [24]. Large amounts of dissolved CO, in rainwater in-
crease the water dissolving power, which is necessary to transform solid rocks in
soils of different types. Among the most important compounds found in rainwa-
ter predominate Cl-, SO?™ and Na*; however, as the rainwater moves through the
soil, the chemical composition change, predominating, HCO;, H.COs, COZ
and Ca?* (Schoeller, 1962; Matthess, 1982) [23] [25].

Two important factors for the groundwater chemical composition are the sol-

DOI: 10.4236/ijg.2025.165016

305 International Journal of Geosciences


https://doi.org/10.4236/ijg.2025.165016

J.C.C.Carmoetal.

ubility of elements and compounds and the geochemical mobility of the elements
(Pere’'man, 1963) [26]. Soluble salts in rocks are sulfates, chlorides, and carbonates,
and the most important ions in water are Ca?*, Mg**, Na*, Cl', SO? ,and HCO;.
The classification of ion geochemical mobility is very mobile (Cl, SO? ); mobile
(Si, P, K*); moderately mobile (Ca?**, Mg**, Na*); little mobile and inert (Fe**, Cr*,
AP, Pb*).

Biological processes can directly or indirectly influence the water quality as the
water moves through the soil (Davis, 1967) [27]. Direct effects come from cellular
organisms using dissolved and suspended solids for their metabolism and releas-
ing their waste into the water. Microbial metabolism is of great importance in
groundwater quality because oxidation by organic processes proceeds much more
quickly under optimal conditions of humidity and temperature. In this case, phys-
ical and chemical factors are relatively unimportant. Indirect effects come from
increased CO, content in the soil atmosphere through root respiration, temporary
withdrawal of nutrients by higher plants and microbial activity, and changes in
soluble salts through microbial breakdown of insoluble substances. The biological
transformations of materials usually accelerate geochemical processes. Thus,
more effective transformations should occur in hot, humid climates.

When the groundwater with dissolved iron is pumped and exposed to the at-
mosphere, iron precipitates in the oxidized form (Fe**), producing color and tur-
bidity in the water. Color and turbidity must be limited, respectively, 15 mgPt-L™}; 5
UT), according to the Health Minister Resolution 888/2021 [28], as they are pa-
rameters that indicate aesthetic quality for public supply water.

The present work, though academic, serves to address the lack of understanding
of the governmental well drilling company and its managers about the geochem-
istry compartment of the state of Bahia from which the groundwater’s high iron

content originated (Carmo, 2016) [18].

2. Study Area: State of Bahia, Brazil

The study area is the entire state of Bahia, Brazil, located between the coordinates
38°E to 46°W of longitude and 9°N to 17°S of latitude, with an area of 567.295 km?,
being the largest northeastern state in terms of land area, and fifth in the national
ranking (Bahia, 2003) [29]. The focus of the present work is the area encompass-
ing the four hydrogeological domains: crystalline, karstic, metasedimentary, and
sedimentary.

The iron distribution in groundwater of the state of Bahia is described below,
as well as the impact of climate, lithology, soil, and vegetation on the dissolved

iron.

2.1. Iron Distribution in Groundwater of the State of Bahia

The hydrogeologic database CERB (2014) [30] registered 5583 wells, drilling pe-
riod 2003-2013, with flow tests either below or above 1 m*h~!. From those, 978

(17.5%) presented iron content > 0.3 mg-L™}, the maximum recommended limit
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for human consumption from the Ministry of Health Resolutions 2914/2011 and
888/2021 [28] [31]. Table 1 presents the distribution of wells with high iron con-

tent per domain.

Table 1. Number of drilled wells, 2003-2013, by hydrogeological domain, flow test below and above 1 m*h™', and percentages with

high iron content.

Hydrogeologic Domains

N° of Wells/Percentage with Iron

N° of Wells with Iron (>0.3 mg-L™!)/Percentage

(>0.3 mgL™)
Sedimentary 514/(29.6) 152 (15.54)
Karstic 941/(9.9) 93 (9.51)
Sedimentary/Crystalline 81/(46.9) 38 (3.89)
Crystalline 3372/(13.9) 468 (47.85)
Metasedimentary 675/(33.6) 227 (23.21)
Totals 5583 978; (978/5583 = 17.52%)

Table 1 shows the ratio of two numbers (wells with high iron content/total
number of drilled wells) with the resulting percentage: for crystalline plus metased-
imentary domains (695/4047 = 17.2%) and for sedimentary plus karstic domains
(245/1455 = 16.8%); percentages quite similar to the high iron content for the en-
tire state of Bahia, 17.5%. In the sample of 978 wells with high iron content, the
crystalline domain has the largest percentage at 47.85%, and the karstic domain is
the smallest at 9.51%.

2.2. Climate Types and Impact on Dissolved Iron in Groundwater

According to Freeze and Cherry (1979) [15], among the climatic factors for iron
in groundwater, rainfall is predominant since it recharges the aquifers while car-
rying the chemical elements dissolved by rock weathering. The greater the rainfall,
the greater the mantle of weathering, which favors the conditions for aquifer re-
charge, influencing the well production and the chemical characteristic of ground-
water (Lima et al, 2009) [32].

Figure 1 presents the map of the climate types of the state of Bahia, according
to the Thornthwhite classification, and Table 2 briefly presents the location and

description of each climate.

Table 2. Climate types of the state of Bahia, average rainfall, and location.

Climate Average rainfall (mm/year) Location

1400 to 2600
1300 to 1600
Humid to sub-humid 1000 to 1400

Humid

Coast, range of 18 to 65 km wide
Western region, range of 20 to 80 km wide

Parallel to the cost and the western region

. 800 to 1200; decreases towards the Parallel to the coast, also at the center, in regions of high
Sub-humid to dry . .
center of the state topography around the karstic terrains
Semi-arid In some regions < 600 or <800 Occurs in almost 70% of the State of Bahia
Arid 300 to 500 in just three months State far north
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Figure 1. Map of the State of Bahia climate types. Source: modified from [29].
(http://www.inema.ba.gov.br)

Figure 1 shows that the humid climate is found in the western limit of the state,
as well as in the coastal region, with average annual rainfall rates of 1300 - 2600 mm.
The humid to sub-humid climate is found contiguous to the humid climate, with
average annual rainfall rates of 1000 - 1400 mm. The sub-humid to dry climate runs
parallel to the Atlantic strip, surrounding the Chapada Diamantina and at the edges
of the Western Chapaddes, with average annual rainfall rates of 800 - 1200 mm,
decreasing towards the center of the state. The semi-arid climate occurs in approx-
imately 70% of the state of Bahia, with annual rainfall rates of either <800 mm and
<600 mm. The arid climate occurs in the state of Bahia’s extreme north, with the
highest temperatures and annual rainfall rates between 300 - 500 mm, concentrated

in just three months of the year. Based on the climate impact on rock and soil weath-

DOI: 10.4236/ijg.2025.165016

308 International Journal of Geosciences


https://doi.org/10.4236/ijg.2025.165016
http://www.inema.ba.gov.br/

J.C.C.Carmo et al.

ering processes, climates with larger annual rainfall rates will have a significant cor-
relation with groundwater’s high iron content in the state of Bahia. On the other
hand, climates with lower annual rainfall rates may have a weak correlation with
high iron content in groundwater.

2.3. Lithology, Hydrogeologic Domains, and Impact on Dissolved
Iron in Groundwater

Figure 2 presents eleven geological domains and respective lithology for the state
of Bahia (Bahia, 2003; Guerra and Negrio, 1996) [29] [33]; and Table 3 briefly pre-
sents the description of the hydrogeologic domains from Barbosa and Dominguez
(1996) [34], based on Figure 2.
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Figure 2. Map of the hydrogeologic domains of the State of Bahia. Source: Bahia (2003) [29],
modified from Guerra and Negréo (1996) [33].

(http://www.inema.ba.gov.br, https://aguassubterraneas.abas.org)
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Table 3. Hydrogeologic domains of the State of Bahia and description.

Domain Description State area % Lithology Aquifer characteristic
State eastern region Upper aquifer system with large
Reconcavo and Tucano 6.9 Predominance of Sandstone  capacity. Wells 450 m deep, flow
(South, Central, North) rates = 350 m3/h

Sedimentary basins

. State largest groundwater reserve;
State western region: . . .
U . 16.3 Predominance of Sandstone  high potentiality; excellent
rucuia

groundwater quality

Shallow cover (dune and . . .
Barreiras Formation: wells with

) alluvial sands); Dune and alluvial sands;

Detrital covers . 15.0 ] 150 m deep, flow rates greater

Deep cover (Barreiras clayey sand sediments
. than 50 m’/h
Formation)
State central-eastern Large blocks of basic Shallow, fissural, or fractured free
region from north to granulites, basalt, and aquifers, low storage capacity, low
south gabbro, plutonic bodies permeability, heterogeneous and
. anisotropic characteristics. If
Crystalline 34.3 Granodijoritic and granitic

rainfall < 800 mm/year, the
average flow rate is 3.41 m*/h. If
rainfall > 800 mm/year, the

. rocks intercalated with
State north central region oo
amphibolite, mafic-ultramafic

and calcium-silicate rocks average flow rate is 4.0 m*/h

. Base: glacial diamictites, top:
State central region: Una

carbonate lithofacies
Group (area of <800

deposited in shallow marine

mm/year
year) and tidal plains
State western region: Up to 1000 m of carbonate
Bambui Group (area of rocks, diamictites, and other  Free aquifers of high
<800 mm/year) laciogenic sediments heterogeneity and anisotropy can
Karstic Y 13.2 gaclog g Y 124
State north-northeast store large volumes of water

Up to 1,300 m of limestones : :
region: Vasa-Barris group pd dolomit depending on rainfall
and dolomites

and Miaba group
Dolomitic marbles and meta
State southern region: dolomite, micaceous
Rio Pardo group limestones, and pure
quartzites
Free aquifers of fissural and
Serra de Jacobina, 200 Quartzites, metaphellites; 4 . .
. fractured nature occur in a region
Km in a north-south Greenstone Belt; ) .
) ] . . with rainfall from 690 to 1200
direction mafic-ultramafic intrusions
mm/year
Chapada Diamantina, Greenstone Belts; ultramafic,
100 Km north-south mafic to felsic spills; basalts;
direction layers of ferrous formations
Metasedimentary 14.3 Eastern flank with a

Northern Serra . .
) . metavolcanic sedimentary
Espinhago, 70 Km in a

. . sequence; iron ore deposits
north-south direction. 4 ’ P

economically exploitable

Micaceous schists,

Southern end: Araguai calcissilicatic rocks,
Belt metarenites, and
graphite shales
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The chemical composition of groundwater depends on lithology or geological
causes. Primarily, depends on the soluble substances present in the rocks; second-
arily, from reactions (concentrations, exchange of bases, reduction of sulfates, etc.).
In the earth’s crust, iron is the fourth most abundant element, slightly less than
oxygen, silicon, and aluminum, and the second most common metal, slightly less
than aluminum. A comprehensive literature review about this issue (Szikszay, 2012;
Moruzzi, 2012; Lee, 1999) [22] [35] [36] indicates the following: 1) the most im-
portant minerals containing iron are: magnetite, hematite, limonite, siderite, il-
menite, and pyrite. 2) iron is present in minerals, mainly as insoluble ferric oxide,
insoluble carbonate, biotite, pyroxenes, and amphiboles. 3) in crystalline rocks
composed of silicates, the solubilization of minerals (quartz, olivine, pyroxene,
amphibole, feldspar, mica, etc.) is quite difficult, occurring by hydrolysis and de-
pendent on CO.. 4) iron solubilization is related to redox reactions, with pH being
crucial to forming different iron materials. 5) the ferrous iron released from the
mineral with a carbonic acid attack dissolves, forming mainly hydroxides, which
are soluble compounds. 6) When reaching oxidizing environments, ferrous goes
to a ferric state, favoring insoluble precipitation and strongly coloring the water.

Below is a description of the hydrogeological domains of the state of Bahia ac-
cording to Guerra and Negrdo (1996) and Barbosa and Dominguez (1996) [33]
[34].

2.4. Sedimentary Basins and Detrital Covers

The sedimentary basins and detrital covers occupy approximately 38.2% of the
state of Bahia territory with the following distribution: eastern region, 6.9%; west-
ern region, 16.3%; shallow and deep detrital covers, approximately 15%. In gen-
eral, these domains are composed of permeable sands and sandstones, in which
the porosity greatly facilitates the chemical attack of the terrain, and the water has
significant flow rates. The constituent minerals are preponderantly quartz, kao-
linite, halloysite, illites, and smectites. Due to the lack of iron in its chemical com-
position, this lithology must have a less significant correlation with high iron con-

tent in the groundwater of the state of Bahia.

2.5. Crystalline Domain

The crystalline domain occupies approximately 34.3% of the state of Bahia terri-
tory with the following distribution: central-eastern region (north to south),
north-central region, and south-southwest regions. The domain is predominantly
composed of shallow, fissural, or fractured free aquifers with low storage capacity,
low permeability, and heterogeneous and anisotropic characteristics. The overall
description for the composition of the crystalline rock is the following: tectonic
blocks composed of basic and acid granulites; iron formations and quartzites; in-
trusive plutonic bodies; granitic rocks; mafic-ultramafic and calcium-silicate
rocks; marbles, formation iron bands, and graffiti; gabronorite, peridotite, and py-

roxenite bodies; diorite and amphibolites; orthogneisses and granodiorites. Thus,
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the crystalline rocks of the state of Bahia, composed of iron-producing rocks, mafic-
ultramafic rocks, and formation iron bands, can have a significant correlation
with high iron content in groundwater. The comprehensive reviews on the leach-
ing of crystalline rocks (Szikszay, 2012; Matthess, 1982; Schoeller, 1962) [22] [23]
[25] indicate that the decomposition of diorite produces quartz, plagioclase, and

amphibole, with the waters rich in iron and alkali metals, especially Na*.

2.6. Karstic Domain

The Karstic domain occupies approximately 13.2% of the state of Bahia territory,
with the following distribution: central region, western region, north-northeast re-
gion, and southern region. It forms free aquifers of high heterogeneity and anisot-
ropy, capable of storing considerable volumes of water depending on the rainfall
annual rates. The rocks of the karstic domains are glacial diamictites; carbonate
lithofacies from shallow marine and tidal plains; carbonate rocks, ritmitites, oolitic
limestones, calcarenites, and dark carbonaceous phyllites; dolomitic marbles and
meta dolomite, micaceous limestones, and pure quartzites. Preponderantly, the con-
stituent minerals of these rocks are calcite, dolomite, gypsum, and anhydrite. The
review from Szikszay (2012) [22] indicates that dissolution of calcite and dolomite
is more difficult, resulting in weak solid residues, most of which are (HCO; and
Ca,"). Thus, the karstic domain, rich in carbonate and associated rocks, typically a
non-iron-producing lithology, may have a weak correlation with high iron content

in groundwater.

2.7. Metasedimentary Domain

The metasediments occur in approximately 14.3% of the state of Bahia territory with
the following distribution in the north-south direction: Serra de Jacobina, Chapada
Diamantina, and Serra Espinhaco, in addition to the southern end. The metasedi-
ments form free aquifers of fissural and fractured nature, with lower salinization
than the crystalline, in the presence of quartz-rich composition and higher flow rates
in regions of high topography and rainfall rates (Carmo, 2016) [18]. In general, the
rock composition is quartzites and metamorphic rock, greenstone belts, mafic-ul-
tramafic intrusions, basalts, and layers of banded ferrous formations. In the eastern
flank, there is a metavolcanic sedimentary sequence, as well as micaceous schists
with calcissilicatic rocks, metarenites, and graphite shales. According to Szikszay
(2012) [22], the leaching of mica-schist and schist rocks results in alkali metals and
iron. Thus, the metasedimentary domain presenting iron-producing rocks (mafic-
ultramafic intrusions; layers of banded ferrous formations and micaceous schists)

can have a significant correlation with high iron content in groundwater.

2.8. Soil Types and Impact on Dissolved Iron in Groundwater

The rock weathering process is the starting point for soil formation (Brady, 1989)
[37], with water being responsible for the rock dissolution by hydration and hy-
drolysis (Szikszay, 2012) [22]. Oxidation is another important phenomenon for

DOI: 10.4236/ijg.2025.165016

312 International Journal of Geosciences


https://doi.org/10.4236/ijg.2025.165016

J.C.C.Carmo et al.

soil formation, occurring while the water percolates the infiltration zone. The ox-
idation of sulfides, such as pyrite, results in iron oxide and sulfuric acid, which
can attack limestone with the formation of sulfate. Iron oxides have the same basic
composition (Fe, O, OH), with a variety of valence and crystal structures, produc-
ing different minerals: goethite, akaganeite, lepidocrocite, magnetite, and hema-
tite (Schwertmann and Cornell, 2018) [38]. The review by Szikszay (2012) [22]
indicates that during the rainy season, the water’s downward movement predom-
inates, and soil leaching occurs; during the dry season, when the upward move-
ment predominates, the dissolved substances rise with the possibility of precipi-
tation in the soil. These factors influence the formation of soils of different types
and the chemical composition of the waters. Organic matter is another important
soil component, with the dead matter in the upper part contributing to soil pedol-
ogy and geochemistry. Aerobic microorganisms, such as bacteria, more abundant
between 10 - 20 cm of soil depth, are essentially CO, producers and organic matter
destroyers. The decomposition of organic matter by chemical or biological reac-
tions, such as the respiration of roots and microorganisms, is the major source of
CO; in soil water. Thus, the presence of iron in the soil is related to organic de-
posits of plant debris and can be associated with colloids or humus.

Figure 3 presents the map of soil types of the state of Bahia, modified from
Bahia (2003) [29]. Based on Figure 3, Table 4 presents the soil classes, their main
characteristics, and the percentage of each soil distribution in decreasing order of

participation in the state of Bahia.

Table 4. Soil types in the state of Bahia, characteristics, and percentage of participation.

Soil Class Characteristic

Participation %

Deep, medium-drained, clayey texture, low natural fertility. Occur in flat to wavy topography
due to prolonged weathering, with strong disintegration of the rock matrix and the

Latosols decomposition of the primary minerals. The predominance of iron and aluminum 39.40

sesquioxides and 1:1 clays, all with a reduced specific area, cause low CEC, less than 17

cmol/kg.

Neosols

Argisols

Planosols

Cambisols

Chernosols

Soil poorly evolved without a diagnostic B-horizon, rich in mineral material, with organic
material less than 20 cm thick. Excessively drained, low natural fertility.

Deep soils in the moderate weathering stage, with clear differentiation between horizons. The
superficial horizon presents a sandy texture, is well-drained, and has low natural fertility. The
textural B-horizon presents at least 50% more clay. They occur in flat to gently undulating
topography.

They have shallow, medium to deep horizons A, B, and C. Occur in flat to smooth wavy
topography. The subsurface B-horizon presents a high clay content, dispersed, and dense clay,
with a massive or well-developed structure.

Soils consisting of mineral material with a shallow A-horizon followed by an incipient B-
horizon. Present clayey texture with high natural fertility. They occur in soft wavy to wavy
topography.

They present a texture medium to clayey, with gravel texture in some soils. It occurs in soft to
wavy topography with natural grassland vegetation and is susceptible to soil darkening by the
action of organic matter. The dark horizon, rich in organic matter, is very thick and with a
high calcium content.

22.96

18.17

7.98

6.89
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Continued
Present a textural B-horizon with clays of high activity. Its pedogenesis occurs concomitantly
Luvissols with the formation of iron oxides and the translocation of clay. Shallow, moderately acidic to 1.01
neutral, poorly drained. They occur in soft wavy to wavy topography.
Presenting clay with a very clay texture, poorly drained, and formed under prolonged
Gleissol waterlogging promotes the reduction and removal of iron. Occur in flat topography, 0.93
eissols .
associated with depressions, river terraces, plains, and floodplains. It is a high content of
organic matter.
Usually, it has a clayey to very clayey texture, with high plasticity and stickiness when soaked.
Vertisols Presently, there is high fertility, but with strong agricultural restrictions. Occur in very flat 0.71
topography.
Present a light horizon with a very high percentage of sand on another extremely hardened
Spodosol dark horizon due to the alluvial transport to the B-horizon of colloidal complexes (organic 0.47
odosols .
P matter + aluminum), which may not contain iron. The deeper layers have low natural fertility
and acidic reactions.
Source: Bahia (2003).
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Figure 3. Map of soil types of the state of Bahia, modified from Bahia (2003) [29].
(http://www.inema.ba.gov.br)
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Table 4 presents the soil classes in the state of Bahia and their main character-
istics, as described in Bahia (2003) [29]. Latosols: deep soils, medium drained, clayey
texture, with low fertility. Occur in flat to wavy topography, resulting from pro-
longed weathering, strong rock disintegration, and decomposition of the primary
minerals. Have a predominance of iron and aluminum in their composition. Ar-
gisols: deep soils, sandy texture, well-drained with low fertility on top, and clayey
B-horizon. Occur in flat to gently undulating topography from the moderate weath-
ering stage. The combination of Latosols and Argisols encompasses 57.57% of the
total soils occurring in the state of Bahia. The presence of iron in the Latosol in-
dicates a significant correlation with high iron content in the groundwater of the
state of Bahia.

Neosols: without a diagnostic B-horizon, excessively drained, low natural fer-
tility, and low content of organic matter, and correspond to 22.96% of total soils
in the state of Bahia. The characteristic of low natural fertility and low content of
organic matter seems unfavorable for the production of iron, as presented above.
Thus, this soil alone may have a weak correlation with high iron content in the
groundwater of the state of Bahia.

Planosols: B horizon with a high clay content. Occur in flat to smooth wavy
topography, corresponding to 7.98% of the total soils occurring in the state of Ba-
hia. There is no indication of the presence of iron in the soil matrix, with a prob-
able weak correlation with high iron content in the groundwater of the state of
Bahia.

Cambisols: horizons A and B incipient, clayey texture with high natural fertility.
Occur in soft wavy to wavy topography, corresponding to 6.89% of total soils in
the state of Bahia. The characteristics of high natural fertility seem favorable for
the presence of iron, with a probable significant correlation with high iron content
in the groundwater of the state of Bahia.

Luvissols: shallow, poorly drained, with B textural and clay of high activity. Occur
in soft wavy to wavy topography. In soil, pedogenesis is described as the formation
of iron oxides (I0), which are insoluble substances resulting from aqueous reactions
under various redox and pH conditions. Chernosols: medium to clayey texture rich
in organic matter. It occurs in soft to wavy topography with natural grassland veg-
etation and is susceptible to soil darkening by the action of organic matter. The
combination of Luvissols and Chernosols encompasses 2.19% of the total soils oc-
curring in the state of Bahia. Because iron oxides are insoluble, these two soils to-
gether may have a weak correlation with high iron content in the groundwater of
the state of Bahia.

The remaining soils are Gleissols (clayey texture, formed under prolonged wa-
terlogging), Vertisols (clayey texture, with high plasticity and stickiness when
soaked), and Spodosols (very high percentage of sand, B-horizon high in organic
matter and aluminum, which may not contain iron); altogether, answer for only
2.11% of the total soils occurring in the state of Bahia and were not considered in
this study.
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2.9. Vegetation and Impact on Dissolved Iron in Groundwater

According to Brady (1989) [37], the weathering process contributes at the same
time to the soil formation and the establishment of the local vegetation. The large
amount of rainfall in the humid and sub-humid regions is responsible for the de-
velopment of dense forests, with greater generation of organic matter and water
retention in the soil. According to Schoeller (1962) [23], organic matter creates a
reducing environment that is very important for groundwater quality. In water,
the redox balance is influenced either by the inflow of O,; by the ionic loads (Fe**,
Mn?*, SO? , and H"); or by the consumption of O, by the reducing substances
such as organic matter and ions (Fe**, Mn**, NH} , H andOH").

Figure 4 shows the map of vegetation of the State of Bahia and the six ecoregions,
from east to west of the map: Coastal Forest, Inland Forest, Caatinga, Northeast Dry
Forest, Chapada Diamantina, and Savannah. Table 5 describes the vegetation

characteristics and occurrence based on the description from Bahia (2003) [23].
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Figure 4. Map of the ecoregions of the State of Bahia, modified from Bahia (2003) [29].
(http://www.inema.ba.gov.br)
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Table 5. Ecoregions of the State of Bahia, vegetation characteristics, and occurrence.

Ecoregions

Vegetation Characteristics

Occurrence

Coastal Forests

Inland Forests

Caatinga

Northeast Dry
Forests

Chapada
Diamantina

Savannah

Dense Ombrophylous Forest with vegetation determined by tropical factors:
high average temperature (25°C), high rainfall rates (900 - 2000 mm/year), well
distributed during the year. This evergreen forest has trees up to 40 meters high,
because it likes much wetter and higher temperatures. However, nowadays, in
many areas, the natural vegetation is strongly altered for urban development,
agriculture, and livestock.

Seasonal Semideciduous Forest with vegetation determined by dual climatic
seasonality and precipitation that falls below 900 mm/year. The tropical climate
has intense summer rainfall, followed by a severe drought, and the subtropical
climate is without a dry period, but with physiological drought caused by intense
cold winter, with average temperatures below 15°C.

Usually, very dry vegetation with thorns and very few leaves is formed by plants
adapted to the dry climate, which exceeds five months of the year with little
rainfall. However, the natural vegetation is strongly altered for agriculture and
livestock, with the riparian areas suffering the greatest impacts, as well as
swamps and floodplains, whose natural vegetation has been reduced for the
expansion of agriculture.

Deciduous Forest with vegetation determined by two well-demarcated climatic
seasons, one rainy and one dry. Deciduous tree stratum predominates, is
protected from drought by scales (cataphy or hair), and has adult sclerophyllous
leaves or deciduous membranes.

The vegetation is exuberant, with species from the Caatinga and mountain flora
species, especially bromeliads, orchids, and evergreens, and a mosaic of high
biological diversity.

The predominant vegetation is grassy plants, with sparse trees and shrubs
isolated or in small groups, tortuous aspects, irregular branching, and thick bark
trees. It is characteristic of leached sandstone areas with deep soils, occurring in
seasonal tropical climates.

At the entire coastal
region of the State of
Bahia.

In a strip parallel to the
coast, just after the
domain of the Coastal
Forests of Bahia.

In the semi-arid region of
Bahia, it occupies about
50% of the territory.

At the border of the
central part of the State
and to the left of the Sdo
Francisco River.

In the State’s central area.

In the State’s western
region.

Source: Carmo (2016).

Based on Figure 4 and Table 5, the main characteristics of the ecoregions of the

state of Bahia are as follows:

Coastal Forests: dense ombrophylous forest, evergreen, that occurs in practi-

cally the entire coastal region of the State of Bahia, with vegetation determined by
tropical factors: average temperature 25°C, and rainfall rates 900 - 2000 mm/year,
well distributed during the year. In dense forests, iron in ionic form tends to be
bound to organic matter, favoring its enrichment in the soil (Richter and Azevedo
Neto, 1991) [39]. Inland Forests: seasonal semi-deciduous forests that occur parallel
to the coastal forests, with rainfall rates < 900 mm/year, and vegetation determined
by tropical and subtropical seasonality, with the last climate displaying intense cold
winter, average temperatures < 15°C and physiological drought. These two ecore-
gions (Coastal Forests and inland Forests) have a tendency to concentrate iron in

an ionic form bound to the organic matter in the soil, with a probable significant
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correlation with high iron concentration in the groundwater of the State of Bahia.

Northeast Dry Forests: occur surrounding the central part of the State and to

the left of the Sdo Francisco River, with deciduous forest and vegetation deter-
mined by two climatic seasons, rainy and dry. The deciduous trees are protected
from drought by scales and deciduous membranes. This ecoregion may also have
a significant correlation with high iron concentration in the groundwater of the
State of Bahia.

Chapada Diamantina: This geographical region occurs in the central area of the
State of Bahia and is characterized by dense forests, wetlands, Caatinga, and tran-
sition areas. This region has a predominance of creeping plants, exhibiting exu-
berant vegetation (aroeiras, barrigudas, carnatba), species from the Caatinga (cac-
tus, catingueiras, and medium-sized, twisted, and thorny trees), besides mountain
flora. This ecoregion may have an important correlation with high iron concen-
tration in the groundwater of the State of Bahia.

Caatinga: occurs in the central area of the state, in the semi-arid region of Bahia.
The semi-arid climate of Brazil dominates a unique Brazilian biome, the Caatinga,
a vegetation adapted to the dry climate, corresponding to approximately 50% of
the territory. This region is marked by high temperatures, little rainfall in more
than five months of the year, periods of drought, and a small hydrographic net-
work, which is formed in general by intermittent rivers. The Caatinga is the richest
and most diverse biome in Brazil, with a large number of endemic species. The
soil is extremely fertile, but very shallow and stony. Savannah: Occurs in the state
western region, marked by grassy plants, sparse trees, and shrubs isolated or in
small groups. The characteristics of these two ecoregions (Caatinga and Savan-
nah) indicate a weak correlation with a high iron concentration in the groundwa-
ter of the State of Bahia.

3. Materials and Methods

3.1. Selection of Wells and Groundwater Samples for Statistical
Analysis

A total of 3539 wells were selected from a list of 5583 from the Hydrogeological
Database (CERB, 2014) [30] of the Bahia Water and Sanitation Engineering Com-
pany (CERB), the governmental well drilling company. The wells were perforated
in the period 2003-2013 in the four hydrogeological domains (crystalline, karstic,
metasedimentary, and sedimentary) of the State of Bahia, Brazil. The 3539 wells
have flow test > 1 m*h™!, satisfying the condition required for simplified ground-
water supply systems. The final selection for this work was 940 wells out of 3539,
with high iron content > 0.3 mg-L™.

CERB data bank provided a comprehensive amount of hydrogeological data.
Two spreadsheets with raw data were submitted as Supplementary Material:
CERB_3539Wells_Iron_Data and CERB_940Wells_Data&Factors-Weight. The
spreadsheet with 940 wells presents the groundwater hydrochemical data, well

code and number, municipality, locality, coordinates, depth, static and dynamic
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levels, test flow, rock type, and physicochemical results. Calculations from this
work were introduced in the spreadsheet.

The LABDEA/UFBA-Laboratory of the Environmental Engineering Depart-
ment of the Polytechnic School and the Chemical Laboratory of SENAI-CETIND
developed the groundwater physicochemical analysis. The analysis and detection
limits follow the Standard Methods for the Examination of Water and Wastewater
(Clesceri et al, 1998) [40] and from ISO (International Standardization Organi-
zation). The analysis is performed at room temperature within a maximum of 15
days after sample collection.

The procedure for sampling and conditioning of the groundwater samples is as
follows. During the well construction and after a long pumping process, water sam-
ples will be collected directly from the wells in 5000 ml plastic containers. The un-
interrupted pumping time is 12 hours for wells in (crystalline, karstic, and metased-
imentary rocks), and 24 hours in (sedimentary rocks). The physicochemical analysis
encompasses total acidity, alkalinity (bicarbonate, carbonate, and hydroxide), total
calcium, chlorides, electrical conductivity, apparent color, total hardness, total iron,
fluorides, total magnesium, nitrates, nitrites, pH, potassium, reactive silica, so-
dium, total solids, sulfates, and turbidity. The physicochemical analysis is per-

formed in triplicates, and the average results are evaluated.

3.2. Choice of Environmental Attributes for Multivariate
Statistical Analyses

The choices of environmental attributes were climate, lithology (represented by
hydrogeological domains), soils, and vegetation (represented by ecoregions). The
choices followed the classical literature on water geochemistry, which states that
the change in water composition from rain to groundwater comes from interac-
tions with the geochemical spheres (atmosphere, biosphere, lithosphere). This
work used maps (shapes) for the environmental attributes and the georeferenced
wells from the Hydrogeological Database (CERB 2014) [30]. Table 6 summarizes
the description of the four environmental attributes for each hydrogeological do-
main. The description follows the direction (east-center-west) of the map of the
State of Bahia (Figure 2).

Table 6. Summary of the environmental attributes by hydrogeological domains of the State of Bahia.

Hydrogeological Domains  Rainfall (mm/year) Climate Ecoregions Soil
Sedimentary Basins: Humid; Humid to .
1100 - 2600 . Coastal Forest Latosols, Argisols
Southernmost Sub-Humid
Humid; Humid to Sub- Coastal Forest; Inland .
Reconcavo 1100 - 2600 . . Argisols
Humid; Sub-Humid to Dry Forest
. . Humid to Sub-Humid; Coastal Forest; Inland Latosols, Argisols
Crystalline Domain: South 500 - 1600 .
Sub-Humid to Dry Forest and Chernosols

Sedimentary Basin: Tucano 400 - 500

Luvissols, Neosols

. . ;A . 1
Semiarid; Arid Caatinga and Planosols
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Continued

Crystalline Domain: o . .
400 - 500 Semiarid; Arid Caatinga Planosols

Center-North

Crystalline Domain: L Caatinga; Chapada Latosols, Argisols
500 - 800 Semi-Arid ] X

Southwest Diamantina; Inland Forest and Planosols

. . Sub-Humid to Dry; Chapada Diamantina; .
Karstic Domain: Irece 500 - 800 o Cambisols
Semi-Arid Northeast Dry Forest

Chapada Diamantina;
Metasedimentary Domain 600 - 1100 Sub-Humid to Dry Caatinga; Northeast Dry ~ Neosols, Latosols
Forest

Sub-Humid to Dry;

o Inland Forest Cambisols
Semi-Arid

Karstic Domain: West 800 - 1100

. . . Humid; Humid to
Sedimentary Basin: Urucuia 1100 - 2000 ] Savannah Latosols, Neosols
Sub-Humid

Source: Carmo (2016).

Table 6 presents the following: Eastern Region: 1) sedimentary basins: South-
ernmost and Reconcavo, with maximum rainfall rate 2600 mm/year, humid cli-
mate, coastal forest, argisols and latosols, in which predominate iron and alumi-
num sesquioxides. 2) crystalline domain: South, with a maximum rainfall rate of
1600 mm/year, humid climate, coastal forest, and latosols. 3) sedimentary basin:
Tucano, in the northeast, with a maximum rainfall rate of 500 mm/year with an
arid climate. Caatinga ecoregion and luvissols are where iron oxides and translo-
cation of clay occur. Overall, in the eastern region, the presence of large rainfall
rates, humid climates, coastal forests, latosols, and mafic-ultramafic iron-forming
rocks in the crystalline domain is relevant to explain the high iron content in the
groundwater.

Central Region: 1) crystalline domain: Center-North, with maximum rainfall
rate of 500 mm/year, arid climate, caatinga ecoregion, and planosols, with high
clay content, dispersed, and dense clay. 2) crystalline domain: Southwest, with a
maximum rainfall rate of 800 mm/year, semiarid climate, inland forest, and lato-
sols. 3) karstic domain: Irecé, with a maximum rainfall rate of 800 mm/year, sub-
humid to dry climate, Chapada Diamantina ecoregion, and cambisols, with clayey
texture and high natural fertility. 4) metasedimentary domain: with a maximum
rainfall rate of 1100 mm/year, sub-humid to dry climate, northeast dry forest, and
latosols. In the central region, the significant rainfall rates, sub-humid to dry cli-
mate, inland forests, latosols, and mafic-ultramafic iron-forming rocks in the crys-
talline domain are relevant to explaining high iron content values in the ground-
water.

Western Region: 1) karstic domain: West, with a maximum rainfall rate of 1100
mm/year, sub-humid to dry climate, inland forest, and cambisols. 2) sedimentary
basin: Urucuia, with a maximum rainfall rate of 2000 mm/year, humid climate,

savannah ecoregion, and latosols, in which predominate iron and aluminum ses-
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35

quioxides. In the western region, the significant rainfall rates, humid and sub-hu-
mid to dry climate, inland forests, and latosols are relevant to explain the high

iron content values in the groundwater.

3.3. Procedure to Define the Grades for the Environmental
Attributes

In order to evaluate the influence of each environmental attribute, the values of
the dissolved iron content for the 940 georeferenced wells were spatialized on top
of the map of each environmental attribute, using ArcGIS Version 9 (ESRI 2004)
[41]. The values of iron content served to assign grades 1 - 5 for the variable of
each attribute. The lowest value of iron content represents the lowest influence
(grade 1), and the largest value represents the largest influence (grade 5).

Figure 5(a) to Figure 5(d) present the variables of each environmental attrib-
ute, the graphs for iron content versus the corresponding assigned grades. The data
are presented in (CERB_940Wells_Data&Factors-Weight) and submitted as Sup-
plementary Material.
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Figure 5. (a) High iron content in the 940 wells versus the variables of climate. (b) High iron content in the 940 wells versus the
variables of lithology. (c) High iron content in the 940 wells versus the variables of soil. (d) High iron content in the 940 wells versus

the variables of vegetation.

Highlighting the influential variable for the largest values of iron content: Fig-
ure 5(a) for climate shows the sub-humid to dry climate with grade 5. The reason

should be that higher temperatures accelerate the chemical reactions and iron lib-
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eration. Figure 5(b) shows the crystalline domain with grade 4 for lithology. The
reason is the predominant mafic-ultramafic rocks and the formation of iron bands.
Figure 5(c) shows, for soil, the latosols/argisols with grade 5. The reason is the pre-
dominance of iron and aluminum sesquioxides in the latosols. Figure 5(d) shows
vegetation in the northeast dry forest with grade 5. The reason should be the abun-
dant organic matter in the soil and less aerial organic matter, favoring the decom-
position and leaching of iron into groundwater.

Highlighting the influential variable for smaller values of iron content: Figure
5(a) for climate shows the arid climate with grade 1. The reason is the low average
rainfall of 300 - 500 mm/year during only three months of the year, disfavoring
chemical reactions and iron liberation. Figure 5(b) shows the karstic domain with
grade 1 for lithology. The reason is the predominance of carbonate rocks, typically
non-iron-producing rocks. Figure 5(c) for soil shows the Luvissols/Chernosols
with grade 1. The reason is that iron oxides are insoluble, B textural is poorly drained
due to high activity clay, and medium to clayey texture is typical for natural grass-
land vegetation. Figure 5(d) for vegetation shows the Savannah with grade 1. The
reason is that grassy plants, sparse trees, and shrubs isolated or in small groups
have less organic matter in the soil and less decomposition and leaching of iron to
groundwater.

The grades 1 - 5 given to the environmental attributes variables allowed the
application of multivariable methods PCA and FA (SPSS V.12) [42].

3.4. Multivariable Statistical Analysis

The Multivariable statistical analysis (MSA) encompasses the methods of princi-
pal component analysis (PCA) and factorial analysis (FA). The PCA condenses
the information from the total number of variables into a smaller set of statistical
variables, with a minimal loss of information, using a linear transformation from
a p-dimensional space to a k-dimensional space, with k < p (Lever et al, 2017;
Pérez-Arribas et al, 2017) [43] [44]. The PCA has the objective to calculate the
eigenvalues, the percentage of variance explained by each variable, and the cumu-
lative variance indicating the optimal number of factors for extraction. The eigen-
values represent the variability of each component and the percentage of variance
explained by each one. The cumulative variance identifies the optimal number of
factors for extraction. According to Zanella e al. (2007) [45], the minimal number
of factors to be extracted should correspond to a minimum explanation of 60% of
the total cumulative variance.

The FA defines the structure of the variables’ correlations, calculates the corre-
lation matrix between variables, extracts initial factors, and rotates the matrix
(Hair et al, 2005) [46]. The FA extracts the factors and calculates the factorial
loads to explain the similarities and dissimilarities of the matrix variables. The
highest factorial load indicates greater importance and greater influence on the
factor label, which has practical significance if the values are above (+0.50) (Hair
et al., 2005) [46].
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4. Results and Discussion
4.1. Groundwater Quality

Table 7 presents the chemical analysis averaged values for 940 wells and seventeen
physicochemical parameters. The analysis was performed in triplicates. The
groundwater quality is discussed comparatively with water quality standards for
human consumption, Health Minister Resolution 888/2021 (Brazil, 2021) [28],

and comparatively between the domains.

Table 7. Averaged values for seventeen physicochemical parameters of 940 wells, iron content > 0.3 mg-L™, drilling period 2003-

2013.
MPV-HM Karstic Sedimentary Metasedimentary Crystalline
Chemical Parameters 888/2021 mg/L
Total Residue, mg/L 1000.0 743.20 553.49 304.73 4499.24
Chloride, mg/L Cl 250.0 143.59 232.10 55.98 1776.31
Total Hardness, mg/L CaCOs 300.0 424.11 118.18 118.01 1681.70
Nitrate, mg/L N-NO; 10.0 5.20 0.60 0.63 1.70
Alkali-HCO, mg/L CaCO:s NA 247.52 53.53 86.44 217.65
Alkali-CO, mg/L CaCOs NA 4.46 1.16 1.25 4.43
Alkali-OH, mg/L CaCO3 NA 0.47 0.40 0.42 0.40
Calcium, mg/L CaCO:s NA 286.11 45.18 67.39 569.61
Electrical Conductivity, uS/cm NA 1028.40 795.50 382.36 5335.02
Color, mg/L Pt-Co 15.0 86.20 95.33 397.41 99.85
Iron, mg/L Fe 0.3 1.36 1.52 2.25 2.45
Fluoride, mg/L F 1.5 0.45 0.15 0.12 0.61
Magnesium, mg/L Mg NA 32.44 18.08 12.32 271.13
Nitrite, mg/L N-NO; 1.0 0.08 0.06 0.02 0.02
pH 6.0-9.0 7.53 6.72 7.20 7.37
Silica, mg/L SiO: 23.48 36.94 22.44 59.42
Sulphate, mg/L SO4 250.0 60.59 29.09 18.43 207.23
Turbidity, NTU 5.0 27.51 19.57 56.00 33.13

Note: NA = Not Available; MPV-HM = Most Probable Value from Health Minister.

The data in Table 7 show that the crystalline and metasedimentary domains
present the largest iron averaged values, respectively: 2.45 and 2.25 mg-L™!, while
the sedimentary and karstic domains have the smallest iron averaged values, re-
spectively: 1.52 and 1.36 mg-L™".

The crystalline domain presents for total residue, chloride, and total hardness
the averaged values, 4499.24, 1776.31, and 1681.7 mg-L™', far above the respective
values of the quality standards: 1000, 250, and 300 mg-L™". In addition, the values
for calcium, magnesium, and sulfate are larger than in other domains. The crys-
talline domain presents high ionic concentration in groundwater, as indicated by

the largest value of electrical conductivity among the domains, 5335.02 mg-L™".
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The karstic domain presents the averaged values for total hardness and total
residue, 424.1 and 743.2 mg-L™}, above the respective values for the sedimentary,
118.18 and 553.49 mg-L™"; also for the metasedimentary domain, 118.01 and 304.73
mg-L™

The concentration value for nitrate, 5.2 mg-L™', is below the limit, 10.0 mg-L,
but far above the averaged values for the other domain: 0.6, 0.63, and 1.7 mg-L™".
Nitrate is not a regionalized variable for the groundwater of the State of Bahia
(Negrio, 2008) [47], because it was found, based on the semivariogram, that a =
4.95 Km is a small distance, after which the nitrate values no longer correlate,
characterizing a local variable. This author verified that large nitrate concentra-
tions were associated with vectors of pollution (irrigated agriculture and domestic
wastewater effluents) in the most vulnerable areas of the karstic and crystalline

aquifers: shallow aquifers, karstic, and fractured structures.

4.2. Statistical Analysis of Physicochemical Parameters

Thelinear correlation between iron and the other sixteen physicochemical param-
eters, using Pearson and Spearman matrices and SPSS V.12 (SPSS 2003) [42] in
the sample of 940 wells, indicated that for n = 940, and p-Value 0.05, only corre-
lation > 0.20 is significant. Table 8 and Table 9 present the results.

Table 8. Pearson matrix of linear correlation for 940 samples and seventeen physicochemical parameters.

. % § 2 S 8 E ¢ 3 s £ g &
ey B 05 2 2 I 5 2 3 8 £ B o8 I OE EROE 2
T 5 & 2§ 2 £ 8 T & & 7 g 2
< =

TDS 1.00

Chloride 0.98 1.00

Hardness 0.96 0.95 1.00

Nitrate 0.10 0.11 0.13 1.00
Alkali-HCO 041 0.37 041 0.26 1.00

Alkali-CO 0.09 0.11 0.07 -0.01 0.10 1.00
Alkali-OH 0.06 0.09 0.07 0.03 0.04 0.28 1.00

Calcium 0.88 0.87 093 0.16 042 0.05 0.09 1.00

EC 097 099 093 0.13 042 0.12 0.10 0.86 1.00

Color -0.01 -0.02 -0.02 -0.05 -0.07 -0.06 —-0.15 —0.02 -0.03 1.00

Iron 0.16 0.15 0.16 -0.11 -0.05 -0.06 —0.05 0.17 0.13 0.32 1.00

Fluoride 0.34 0.38 0.36 0.19 040 -0.06 —0.03 0.40 0.40 -0.04 -0.03 1.00
Magnesium 094 093 097 0.10 038 0.08 0.06 0.84 091 -0.02 0.15 0.31 1.00

Nitrite 0.09 0.14 0.12 0.29 0.10 0.02 0.11 0.11 0.15 -0.02 -0.02 0.24 0.12 1.00

pH 0.00 -0.01 0.01 0.02 0.33 0.21 -0.08 0.02 0.02 -0.01 -0.17 0.19 0.00 0.01 1.00

Sulphate 0.72 0.68 0.71 0.08 0.36 0.06 0.10 0.72 0.71 -0.04 0.11 0.35 0.66 0.07 0.03 1.00
Turbidity 0.05 0.03 0.03 -0.04 -0.07 —-0.05 -0.03 0.04 0.02 0.75 | 049 -0.05 0.02 -0.03 -0.06 0.01 1.00
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Table 9. Spearman matrix of linear correlation for 940 samples and seventeen physicochemical parameters.

TDS 1.00
Chloride  0.91
Hardness 0.93

Nitrate 0.25
Alkali-HCO 0.75
Alkali-CO  0.03
Alkali-OH 0.01
Calcium  0.90

EC 0.97
Color -0.01
Iron 0.08

Fluoride  0.59
Magnesium  0.92
Nitrite 0.21
pH 0.14
Sulphate  0.81
Turbidity  0.07

Chloride

1.00
0.85
0.27
0.60

Hardness

1.00
0.23
0.81

-0.04 0.04
-0.02 0.03

0.79
0.93
0.02
0.09
0.55
0.88
0.19
0.02
0.80
0.05

0.98
0.96
-0.03
0.05
0.58
0.96
0.23
0.20
0.78
0.00

Nitrate

1.00
0.23
0.00
0.01
0.23
0.24
-0.08
-0.19
0.17
0.22
0.43
-0.04
0.27
-0.04

S oy g >
Q 8 e g — . =1 Q 43 =]
juy . . =i @) o =i = ] = e = s
~ 5 5 8 ®x B3 £ g g £ 4 & B
s £ £ 3 °c = 2 » Z 5 5
z < = =S @ K
1.00

0.08 1.00

0.03 0.84 1.00

0.81 0.06 0.05 1.00

0.78 0.04 0.01 0.92 1.00

-0.09 -0.55 -0.57 -0.03 -0.03 1.00

-0.06 -0.10 -0.05 0.04 0.04 0.42 1.00

0.56 -0.02 -0.07 0.57 0.61 0.04 -0.02 1.00

0.75 0.02 0.02 0.90 0.94 -0.03 0.05 0.56 1.00

0.23 0.11 0.13 0.24 0.21 -0.10 -0.08 0.17 0.19 1.00

0.36 0.12 -0.10 0.22 0.17 -0.05 -0.19 0.24 0.15 0.06 1.00
0.66 -0.01 -0.02 0.76 0.82 0.01 0.02 0.59 0.79 0.18 0.11 1.00
-0.10 -0.18 -0.15 0.00 -0.01 0.54 0.63 -0.08 0.00 -0.06 —-0.20 -0.01 1.00

From Table 8 and Table 9, only two parameters, color and turbidity, with cor-
relation values > 0.20, have significant correlation with iron. The correlation with
color is associated with the degree of light intensity reduction when light passes
through the water sample, due to the presence of dissolved solids, mainly organic
and inorganic colloidal material (iron and manganese oxides), abundant in differ-
ent types of soil (CETESB, 2015) [48]. The correlation with turbidity is also asso-
ciated with the degree of light intensity reduction, due to the presence of suspended
solids in the water (silt, clay, colloids, organic matter, etc.). Groundwater rich in
iron may present high turbidity when coming in contact with atmospheric oxy-
gen. The oxidation of the soluble iron (II) to the insoluble species iron (III) pro-
duces precipitates, brown coloring the water. Color and turbidity are highly cor-
related to each other, with values of 0.75 and 0.54 from Table 9 and Table 10,
respectively. Thus, color and turbidity are consequences and not a cause of iron
concentration. On the other hand, the absence of a linear correlation between iron
and the other fourteen chemical parameters indicates that iron has its specific

chemical origin.

4.3. Iron Distribution in Groundwater of the State of Bahia

The distribution of iron content in groundwater in the state of Bahia is presented

in three maps below. Figure 6 presents the spatialization of 3539 wells over the
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map of the State of Bahia. Figure 7 presents the distribution of 546 wells on top
of the Karstic domain. Figure 8 presents the distribution of 486 wells on top of
the metasedimentary domain. The data are from (CERB, 2014) [30], drilling pe-
riod 2003-2013, iron content, either below or above 0.3 mg/L, and flow test > 1.0
m*h™', on top of five geological charts published by CPRM (millionth scale): SC24
Aracaju, SD24 Salvador, SE24 Rio Doce, SC23 Sdo Francisco, and SD23 Brasilia.
The software ArcGIS 9.3 (ESRIL, 2004) [41] was used to edit shape files, to do data

manipulation, data interpretation, analysis, and presentation.
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Figure 6. Spatialization of the 3539 wells, drilling period 2003-2013, flow test > 1.0 m*h™' and
iron content below or above 0.3 mg-L™! in the map of the State of Bahia.
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Figure 7. Spatialization of 546 wells, drilling period 2003-2013, flow test = 1.0 m*h ™' and iron con-
tent below or above 0.3 mg-L™! on top of the Karstic Domain.

Figure 6 shows that high iron content (black dots) is distributed all over the map

of the State of Bahia. However, it displays different percentages in different regions,

due to local environmental conditions, which is the subject of the present study. To

exemplify these findings, Figure 7 shows that for the karstic domain, a percentage
of 11.72% of wells (64/546) had high iron content. However, locally, for different

karstic areas, the percentages for wells with high iron content are 10.1, 11.1, and

35.5%, which reflects local environmental conditions. In addition, Figure 8 shows
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a percentage of 38.1% wells (185/486) with high iron content for the metasedi-
mentary domain. Again, for different metasedimentary areas, the percentages are
29.9%, 30.0%, 38.1%, 46.5%, and 57.1%, which reflects local environmental con-
ditions. It can be seen that larger percentages of high iron content occur for the

metasedimentary domain than for the karstic domain.
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Figure 8. Spatialization of 486 wells, drilling period 2003-2013, flow test > 1.0 m*h™" and iron
content below or above 0.3 mg-L™" on top of the Metasedimentary Domain.

Table 10 presents the statistics for the distribution of wells in the hydrogeologic
domains of the State of Bahia and the respective high iron content percentages for
the two sets of wells: 3539 and 940.
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Table 10. Number of drilled wells, 2003-2013, by hydrogeological domains: 3539 with flow test > 1 m*h™'; 940 with iron > 0.3 mg-L™

and respective percentages.

Hydrogeologic Domains

N° of Wells/Percentage with Iron > 0.3

N° of Wells with Iron > 0.3 mg-L™!)/Percentage

mg-L!
Sedimentary 494/(30.8) 152 (16.17)
Crystalline 1688/(27.7) 468 (49.79)
Karstic 660/(14.1) 93 (9.89)
Metasedimentary 697/(32.6) 227 (24.15)
Totals 3539/(26.56%) 940 (100%)

Table 10 presents the four hydrogeological domains with 26.56% (940/3539)
wells with iron > 0.3 mg-L™". In the sample of 940 wells, the percentages of wells

with iron > 0.3 mg-L™ for the crystalline and metasedimentary domains are, re-

spectively, 49.79 and 24.15%, while the percentages of wells for the sedimentary

and karstic domains are, respectively, 16.17 and 9.89%. Consequently, in domains

with mafic-ultramafic rocks or iron-forming rocks, the percentage of wells with

high iron content is larger, with smaller percentages for domains with sandstone

or carbonate rocks.

4.4. Grades for the Environmental Attributes

Table 11 presents the summary of the variables of the four environmental attrib-

utes, the corresponding grades (1 - 5), and sample percentages based on 940 wells.

Table 11. Summary of the grades for the environmental attributes and sample percentages based on 940 wells.

Soils & Grades

5 (Latosols;

4 (Planosols) 3 (Neosols)

1 (Luvissols;
2 (Cambisols) (Luvissols

Argisols) Chernosols)
Number of Samples/Percentages 554/58.9.% 90/9.6% 169/18.0% 93/9.9% 34/3.6%
Maximum/Average Iron (mg/L) 33.3/2.49 29.9/1.67 26.5/2.43 8.32/1.56 4.85/1.18
5 (Northeast Dry 4 (Coastal Forest; 3 (Chapada
Vegetati d 2 (Caati 1(S h
egetation & Grades Forest) Inland Forest) Diamantina) (Caatinga) (Savanah)
Number of Samples/Percentages 386/41.1% 215/22.9% 161/17.1% 163/17.3% 15/16.0%
Maximum/Average Iron (mg/L) 33.3/2.23 27.0/2.52 26.5/2.39 16.8/1.68 8.32/1.14
3 (Met:
Lithology & Grades 4 (Crystalline) Se( dir(:leantary) 2 (Sedimentary) 1 (Karstic)
Number of Samples/Percentages 468/49.8% 227/24.1% 152/16.2% 93/9.9%
Maximum/Average Iron (mg/L) 33.3/2.42 26.5/2.15 9.69/0.90 8.32/1.36
4 (Sub-Humid 3 (Humid; Humid
Climate & Grad 2 (Semiarid 1 (Arid
imate rades to Dray) to Sub-Humid) (Semiarid) (Arid)
Number of Samples/Percentages 228/24.3% 504/53.6% 185/19.7% 23/24.5%
Maximum/Average Iron (mg/L) 33.3/2.5 27.0/2.44 10.6/1.73 6.0/1.66

Based on data from Table 11, for 940 wells, the environmental attributes with

the most significant impact on high iron content are: Latosols/Argisols, which oc-
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cupies a large percentage of the State of Bahia territory, 57.57% (Table 5), has
grade 5, and present a significant percentage of wells, 58.9%. The Northeast dry
forest, located at the border of the state’s central region and left of the Sdo Fran-
cisco river, has grade 5, also a significant percentage of wells, 41.1%. The Crystal-
line domain occupying the State of Bahia territory by 34.3% (Table 4) has grade
4, and the percentage of wells is 49.8%. The climate Sub-Humid to Dry presents a

low percentage of 24.3% wells, but grade 5 indicates the largest values of iron con-
tent. The reason is the combination of sub-humid conditions and higher temper-

atures accelerating the chemical reactions and iron liberation. On the other hand,

the climate Humid and Humid to Sub-Humid presents the larger percentage of
wells, 53.6%, but grade 4 indicates smaller values of iron content. This climate is
associated with dense forests with abundant aerial organic matter and less organic
matter in the soil, consequently less decomposition and leaching of iron from the
debris to groundwater.

The grades 1 - 5 for the variables of each attribute allowed the application of
multivariable methods PCA and FA (SPSS V.12).

Multivariable statistical analysis The method of principal component analysis
(PCA) calculated the variance for the first component (PC1 = 34.36%) and the
second component (PC2 = 25.16%), with a total variance of 59.52%. Figure 9 pre-
sents the graph of PC1 x PC2.

1.0

Climate

0.5

0.0

PC2:25.16%

-1.0

-1.0 -0.5 0.0 0.5 1.0
PC1:34.36%

Figure 9. Principal component analysis (PC1 x PC2).

The graph (PC1 x PC2) in Figure 9 shows a clear separation between the lines
for climate and lithology, while the lines for vegetation and soil have a strong ap-
proximation, revealing their coupled influence upon high iron content in the
groundwater. The components PC1 and PC2 are sufficient to define the correla-

tion and the degree of significance of each environmental attribute on the dis-
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solved high iron content in groundwater of the State of Bahia, as the value PC1 +
PC2 = 59.52% closely attended the minimum explanation of 60% of the total ac-
cumulated variance (Zanella et al, 2007) [45].

The application of factorial analysis (FA) presented the following environmen-
tal attributes and factorial loads. In Factor 1, the soil is —0.71, vegetation is —0.68,
and lithology is —0.52, while for Factor 2, the climate is +0.74.

Soil and vegetation appear with the largest factorial loads in Factor 1, respec-
tively: —0.71 and —0.68. Both attributes are able to liberate iron in the groundwater
from dissolution and biological processes. Latosols/Argisols appear to be the most
important soil variable for iron content in groundwater and occupy 57.57% of the
state territory (Table 4). For vegetation, the most important environmental vari-
ables are Northeast Dry Forests, Coastal Forests, and Inland Forests, which occupy
less than 50% of the state territory (Table 5).

Lithology has a smaller factorial load in Factor 1, —0.52. This smallest factorial
load can be justified by the following: in Table 4, it is observed that the crystalline
and metasedimentary domains, rich in mafic-ultramafic rocks and iron forming
bands, occupy 48.6% of the state territory, and the sedimentary and karstic lithol-
ogy, composed by non-iron forming rocks, occupy 51.4%, a quite similar percent-
age. In addition, in Table 1, the crystalline and metasedimentary domains present
17.2% of wells with high iron content, while the sedimentary plus karstic domains
present 16.8%, again, quite similar percentages. As the percentages are quite sim-
ilar, lithology is not the most important parameter, and alone, it cannot explain
the groundwater’s high iron content for the entire State of Bahia.

Climate has a significant factor load in Factor 2, +0.74. Climate, with emphasis
in rainfall and temperature, does not produce iron. However, iron dissolution and
transportation to the aquifer are very important.

Table 12 presents, for each hydrogeological domain and the variables of each
environmental attribute: climate, lithology, soil, and vegetation, the percentages

of wells drilled, organized from the smaller to the larger grades.

Table 12. For 940 wells, the percentages of wells for each hydrogeological domain and each variable of the environmental attributes.

Percentages
Statistics 1 (Karstic 2 (Sedimentary 3 (Metasedimentary 4 (Crystalline
Domain) Domain) Domain) Domain)
Number of Wells 93 152 227 468
Climate
1 Arid 6.5 0.7 0.9 3.0
2 Semiarid 62.4 27.6 8.8 13.9
Humid; Humid to
3 . 30.1 13.2 86.8 55.3
Sub-Humid
4 Sub-Humid to Dry 1.1 58.6 3.5 27.8
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Continued
Vegetation
1 Savanah 0.0 9.9 0.0 0.0
2 Caatinga 2.2 26.3 11.9 20.1
3 Chapada Diamantina 37.6 0.7 34.4 10.0
4 Coastal Forest; 57.0 13 198 10.0
Inland Forest
5 Northeast Dry Forest 3.2 61.8 4.0 59.8
Soil
1 Luvissols; Chernosols 0.0 0.7 0.0 6.6
2 Cambisols 100.0 0.0 0.0 0.0
3 Neosols 0.0 14.5 46.7 8.8
4 Planosols 0.0 3.9 0.0 17.9
5 Latosols; Argisols 0.0 80.9 53.3 66.7

The discussion of data from Table 12 systematically references the environ-
mental variables with higher grades: climate (grade 4, sub-humid to dry), vegeta-
tion (grade 5, northeast dry forest), and soil (grade 5, Latosols and Argisols).

The Karstic domain (grade 1), with 93 wells and unfavorable lithology for dis-
solved iron in groundwater, presents low percentages of wells drilled in environ-
mental variables with higher grades, respectively: 1.1%, 3.2%, and 0.0%. The coastal
forest and inland forest (grade 4), with a percentage of 57% wells, preponderantly
answer for the groundwater high iron content in the Karstic domain. On the other
hand, the semiarid climate, with a percentage of 62.4%, and the cambisols, with
100% of the wells, help to explain the low interval for the averaged values of high
iron content, 1.36 - 8.32 mg-L™! (Table 12).

The Sedimentary domain (grade 2), with 152 wells and unfavorable lithology to
dissolved iron in groundwater, presents significant percentages of wells drilled on
environmental variables with higher grades, 58.6%, 61.8%, and 80.9%, respec-
tively. On the other hand, the semiarid climate, with a percentage of 27.6%, and
the Caatinga, with 26.3% of the wells, help to explain the low interval for the av-
eraged values of high iron content, 0.90 - 9.69 mg-L™' (Table 12).

The Metasedimentary domain (grade 3), with 227 wells and favorable lithology
to dissolved iron in groundwater, presents the following percentages of wells
drilled on environmental variables with higher grades: 3.5%, 4.0%, and 53.3%, re-
spectively. On the other hand, the humid to sub-humid climate (grade 3), with a
percentage of 86.8%, and the coastal forest and inland forest (Grade 4), with 49.8%
of the wells, help to explain the large interval for the averaged values of high iron
content, 2.15 - 26.5 mg-L™! (Table 12).

The Crystalline domain (grade 4), with 468 wells and favorable lithology to dis-
solved iron in groundwater, presents the following percentages of wells drilled on
environmental variables with higher grades: 27.8%, 59.8%, and 66.7%, respectively.
On the other hand, the humid to sub-humid climate (grade 3), with a percentage
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of 55.3%, helps to explain the larger interval for the averaged values of high iron
content, 2.42 - 33.3 mg-L™' (Table 12).

5. Conclusions

The method PCA of the multivariable statistical analysis calculated the total accu-
mulated variance of 59.52% for the environmental attributes, climate, lithology,
soil, and vegetation to explain the high iron content in the state of Bahia ground-
water. This result closely attended the recommendation of 60% for a minimum
explanation of the total data variance.

The method FA of the multivariable statistical analysis defined the following
factorial loads: in Factor 1: soil, -0.71; vegetation, —0.68; and lithology, —0.52; and
in Factor 2: climate, +0.74. Based on the factorial loads, soil and vegetation are the
attributes that are more significant in explaining the groundwater’s high iron con-
tent for the entire State of Bahia, and lithology, alone, cannot explain such behav-
ior, as its factorial load is the smallest.

In agreement with the values of the factorial loads, it was observed for the sam-
ple of 940 wells in the four hydrogeological domains of the state of Bahia (crystal-
line, karstic, metasedimentary, and sedimentary) that 59% of the wells were drilled
on top of soils with the highest grade or largest value for iron content (latosols;
argisols); 41% on top of vegetation with the highest grade (northeast dry forest);
and 24% in climate regions with the highest grade (sub-humid to dry). These find-
ings confirm that climate is very important but has a secondary influence, as rain-
fall and temperature are not iron producers but are important for iron dissolution
and transportation to the aquifer.

It was also found that for the sedimentary domain (primarily sandstones) and
karstic domain (carbonate rocks), poor in iron content: percentages of wells, 80.9%
- 100% occurred in iron-rich soils; of 57.0% - 61.8% in humid to the dry forest; and
of 58.6% - 62.4% in sub-humid to dry and semiarid climate. These results indi-
cated that, although lithology is a determinant for high dissolved iron content in
the state of Bahia groundwater, this attribute alone (factor weight —0.52) cannot
explain the phenomenon in the entire state of Bahia.

In conclusion, the present work uses multivariable analysis with geospatial map-
ping of high iron content on top of maps of the environmental attributes, which
reveals the role of each attribute variable on the groundwater high iron content of
a specific location.

This is useful information for the state well drilling company (CERB) and its
groundwater managers to avoid inadequate well locations, as they had reported
that many wells perforated by CERB were never completed and installed for public
supply, due to high iron content, with significant financial loss due to well aban-
donment, since the long term maintenance cost and treatment process is unfeasi-

ble for small communities or municipalities.
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