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ABSTRACT

Knowledge of mechanism controlling the hydrochemistry of groundwater are crucial requirement to understand the hydrochemical
evolution and evaluate the water quality of subsurficial water resources. Thus, to understand the process governing the hydrochemistry
variability and flow dynamics of the Parecis and Ronuro Aquifers, the use of statistical analysis and isotopic characterization were
combined. In the correlation matrix it was found that the highest correlation coefficient was observed for HCO,, Ca**, Mg*", St*,
SO,*, and I, which suggested that these parameters are derived from the same source, most likely from rock—water interactions.
Additionally, we noticed moderate to high correlation among NO, CI', Na*, K*, and Ba?*, which collectively are indicative of domestic
sewage contamination. Finally, a principal component analysis (PCA) identified that the most variance in hydrochemistry from the
evaluated samples was controlled by HCO,, Ca®* and Mg”", which is associated with rock—water interaction. Regarding the O and
H isotope values, it could be observed that the aquifer recharges were of meteoric origin and that the Ronuro Aquifer samples wete
more enriched than the PAS samples. This work reinforces the capability of multivariate statistics to discern the main process that
controls the variability of groundwater hydrochemistry.
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RESUMO

O conhecimento dos mecanismos que controlam a hidroquimica das aguas subterraneas ¢ um requisito fundamental para compreender
a evolucio hidroquimica e avaliar a qualidade da dgua dos recursos hidricos subterraneos. Por consequéncia, para compreender o
processo que governa a variabilidade da hidroquimica e dinamica de escoamento dos aquiferos Parecis e Ronuro, foi empregado uma
abordagem combinando o uso de analises estatisticas e caracterizacdo isotopica. A matriz de correlacdo permitiu verificar que os
maiores cocficientes de correlagio foram observados entre HCO,, Ca®* Mg*™ - S+** SO > ¢ I, sugerindo que esses pardmetros sio
derivados da mesma fonte, provavelmente a interacio rocha/agua. Adicionalmente, também observamos correlagio moderada a alta
entre NO,, CI, Na*, K" e Ba?*, que coletivamente sdo indicativos da contaminacio por efluente doméstico. Complementarmente,
a Anidlise de Componentes Principais permitiu identificar que grande parte da variancia da histoquimica das amostras avaliadas ¢
controlada por HCO,, Ca** ¢ Mg®* associados a interagio rocha-agua. Quanto aos valores dos isétopos O e *H, foi possivel notar
que as recargas do aquifero sao de origem metedrica e que as amostras do Aquifero Ronuro sao mais enriquecidas que as amostras
SAP. Os resultados alcangados reforcam a capacidade das técnicas de andlise estatistica multivarida para discernir o processo principal
que controla a variabilidade da hidroquimica da agua subterranea.

Palavras-chave: Hidroquimica; Aquifero Parecis; Aquifero Ronuro; Estatistica multivariada; Is6topos estaveis.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution,
- and reproduction in any medium, provided the original work is properly cited.
1/15


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-8496-2108
https://orcid.org/0000-0002-3072-6801
http://orcid.org/0000-0002-6274-4510

Statistical analysis of hydrochemistry and isotopic charactetization of groundwater from the Parecis Basin

INTRODUCTION

Groundwater constitutes the main source of water for
drinking, irrigation, and industrial purposes in numerous regions
around the world, especially in those regions where the surface
water is scarce (e.g., Kemper, 2004; Robins & Fergusson, 2014).
The scarcity of groundwater is a problem that is intrinsically
attributed to both quantity and quality factors. While the quantity
factors include the volume of groundwater stored in the aquifers
(Kemper, 2004), the quality is influenced by natural and anthropogenic
processes, which is a key factor that may impact human health or
end-use purposes (Singh et al., 20006).

The mechanisms controlling the hydrochemical characteristics
of groundwater cover a large variety of processes. Among them,
mixing with brackish water (e.g., El Alfy et al., 2018), evaporation
(e.g., Maurya et al., 2019), rock-water interaction (e.g,, Kumar et al.,
2020; Stradioto et al., 2020a), and anthropogenic actions (e.g.,
Stradioto et al., 2020b) are especially relevant. Due to the complexity
and overlap of the processes controlling the hydrochemistry
of groundwater, different approaches have been proposed to
understand the hydrochemistry variability of groundwater, such
as multivariate statistics and geochemical simulation.

Owing to the abundance of the evaluated parameters
in hydrochemistry characterization, the use of multivariate
statistics comprises a convenient and effective way to interpret
the analytical data and identify the hydrochemical facies, which,
in turn, allows for the identification of either the geochemical
process controlling the water quality or the anthropogenic
contamination (e.g;, Mouser et al., 2005; Manoj et al., 2013; Ahada
& Suthar, 2017; Said et al., 2020). Moreover, multivariate statistics
is efficient for identifying and characterizing subtle hydrochemical
anomalies (O’Shea & Jankowski, 2006). Complementing the
multivariate statistics, geochemical simulations are a powerful
tool for assessing the process impacting the hydrochemistry and
performing mass balance (e.g.,, Yang et al., 2018; Barzegar et al.,
2018; Christofi et al., 2020; Stradioto et al., 2020a). Some research
works have demonstrated that the combined use of multivariate
statistics and geochemical simulations can be a beneficial approach
for identifying and examining the main process controlling the
water quality (e.g, Helstrup et al., 2007; Marghade et al., 2021;
Teramoto et al., 2019; Liu et al., 2020).

Regarding hydrochemical characteristics, the Parecis
Aquifer System (PAS) represents one of the least studied aquifers
in Brazil. Covering an area of 88,147 km?, PAS outcrops in the
west of the state of Mato Grosso and the east of Rondonia, with
an average saturated thickness of 150 m. This system is formed
by sandstones with intercalations of conglomerate levels and
pelitic lenses of Cretaceous age; its estimated exploitable reserve
is 464.8 m*/s (Agéncia Nacional de Aguas, 2007), and it is generally
explored in free conditions. Due to its high productivity—an
average flow of 146.9 m*/h and an average specific capacity of
8.83 m’/h/m—this aquifer is widely used as soutce of water
supply as well as agricultural and industrial uses (Agéncia Nacional
de Aguas, 2007). However, the Parecis Aquifer System presents
risks of contamination, mainly in its outcrop area, related to
agriculture and the recent process of urbanization, lacking a
sewage collection system (Servico Geoldgico do Brasil, 2012a).
Despite its importance and high vulnerability, the study of the
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key process controlling the water quality of the Parecis Aquifer
System, especially in relation to contamination, is poor. Thus, to
fill this gap, in this work, we have used a combination approach
of statistical analysis of hydrochemistry and isotopic analysis
to trace the mechanisms governing the hydrochemistry of the
continental aquifers that are impacted by anthropogenic actions.

GEOLOGICAL AND HYDROGEOLOGICAL
SETTING

Regional geology

Recognized as one of the largest intracratonic basins
in Brazil and formed by an elongated structure in the general
direction W—E, the Parecis Basin occupies an area of approximately
500,000 km? in the states of Rondo6nia and Mato Grosso, with its
largest dimension being 1,250 km (Figure 1). Itis divided from west
to east into three tectono-sedimentary domains (sub-basins): sub-
basin of Rondodnia, in the extreme west, is a tectonic depression;
sub-basin of Juruena, in the central region, is a low gravimetric,
and the upper Xingu sub-basin, in the far east, is a synéclise-type
interior basin (Figure 2). The Parecis Basin has about 6,000 m
of Paleozoic, Mesozoic, and Cenozoic sediments and includes
Cretaceous volcanic rocks (spills and dikes); its sediments are
essentially siliciclastic (Siqueira, 1989; Bahia, 2007).

The Parecis Basin is divided into nine lithostratigraphic
units (Figure 1), deposited between the Ordovician and the
Cenozoic periods (Bahia et al., 2006). The Amazonian Craton is
the foundation of the Parecis Basin, covering rocks of high and
low metamorphism, metasedimentary rocks, and intrusive rocks.
The first ones, to the west of the basin, are the granulites of
the Jamar{ Complex in the state of Rondénia and the gneisses,
migmatites, and granitoids of the Xingu Complex, to the north
and south of the basin, of Archaean and Mesoproterozoic age
in the states of Mato Grosso and Goias. Metasedimentary rocks
emerge in the southeast part of the basin in the states of Mato
Grosso and Goias. The basic and ultrabasic intrusive rocks are
related to the Mesoproterozoic era (Bahia et al., 2000).

The filling of the Parecis Basin began in the Paleozoic age
with the deposition of conglomerates, sandstones, siltstones, and
shales, in the same order towards the top, with a few contributions
from carbonate and glacial sediments. The sedimentary package
consists of, from base to top, the Cacoal, Pimenta Bueno, and
Fazenda da Casa Branca formations (west of the basin) and of
the Furnas and Ponta Grossa formations (east of the basin)
(Bahia, 2007). In the Lower Paleozoic, the Amazonian region was
affected by an extensional event that implemented a system of
intracontinental rifts, which were filled at least in part by Cacoal
formations during the Ordovician age. The Cacoal, Furnas, Ponta
Grossa, Pimenta Bueno, Casa Branca Farm, Rio Avila and the
Parecis Group deposited on this rift system (Bahia, 2007).

In the Mesozoic (Juro-Cretaceous) era, another extensional
event that impacted the Amazon region was related to the
separation between South America and Africa, when depressions
were filled by sedimentary and volcanic rocks. In this basin, this
event corresponds to the basaltic spills of the Anati and Tapirapua
formations that occurred around 198 Ma, which were covered

RBRH, Porto Alegte, v. 26, €31, 2021



Stradioto et al.

62°30'0"W 60°0'0"W 57°30'0"W 55°0'0"W 52°30'0"W £
hs S
w‘¢>e =
63
s
@seot
20 PARA
® 26
19
e e , 23 A :
(4 \-\.L quii ‘?jﬂ\\ww 27 22 824 2
L : 28 o
- 15 ® 21 »
'—“\,\_L; ke @16 Y s |
& > 30 029 60
‘(\ 3 / 43 et @61 =
Sl v ?9 o :4541 [ ) *
RONDONIA (g 2918 w7 0 O o
51 49 38 35
50 L
s7 52, {3 e 39
2P 47 o 33 ;
® 53 @ e »
S g WY e
44 A o7
10 GROSSO 4£Qﬂ -—— =1
:;9” 0 50 100 150 Km
5859
\uwf’
N
Legend
Sampled Wells Geology Furnas Formation
@  Parecis Aquifer System Alluvial Pimenta Bueno Formation

® Ronuro Aquifer
Ronuro Aquifer

Parecis Aquifer
Hydrography

' State Boundary

Tertiary Sediments Ponta Grossa Formation

Anari Formation Rio Avila Formation
Aquidauana Formation Salto das Nuvens Formation
Cacoal Formation Utiariti Formation

Fazenda da Casa Branca Formation

Figure 1. Geology and location of the study area with the distribution of sampled wells. Source: geology: Bahia et al. (2007); aquifer
contour: Agéncia Nacional de Aguas (2013). WNW = North/Nortwest; ESE = East/Southeast.
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Figure 2. Geological section of the Parecis Basin. Source: Bahia (2007).

by the Rio Avila Formation. The Parecis Group was deposited
in the Cretaceous. The aforementioned lithostratigraphic units
form five depositional sequences, namely, Ordovician, Devonian,
Carboniferous-Permian, Juro-Cretaceous, and Cretaceous, separated
by regional unconformity, indicating deposition in a synéclise basin
of the continental interior (Bahia et al., 2007).

RBRH, Porto Alegte, v. 26, €31, 2021

Hydrogeological setting

The PAS is formed by sandstones with intercalations of
conglomerate levels and pelitic lenses of Cretaceous age, with
an estimated exploitable reserve of 464.8 m?/s, generally in free
conditions; however, it can present conditions of semi-definition
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by lateritic coverings and clayey. It has excellent productivity, with
an average flow of 146.9 m’/h and an average specific capacity
of 8.83 m’/h/m (Agéncia Nacional de Aguas, 2007).

In the state of Rondonia, PAS has an area of approximately
20,000 km?, bordered by the Pimenta Bueno and Colorado grubs
and the Colorado Complex (west), the Rio Pardo intrusive suite
(north), and the Colorado Complex (south). However, to the east,
it exceeds the limit of the state of Rondonia and enters the state
of Mato Grosso. This system consists of the Utiariti, Fazenda da
Casa Branca, and Rio Avila Formations and represents the largest
flows and depths of the state of Rondonia. Alluvial sediments and
coverings, although associated with the rocks of this system, have
a small hydrogeological vocation (Servico Geologico do Brasil,
2012a). Groundwater from PAS is of good chemical quality.
Morais (1998) from seven samples classified the waters of the
Parecis Aquifer System as sodium chloride type. The electrical
conductivity and the dry residue proved to be extremely low, with
an average of 15.4 pS/cm and 24 mg/L, respectively (Setvico
Geoldgico do Brasil, 2012a).

In the PAS, two aquiferous subtypes were identified that
were determined as free subsystem and confined subsystem.
The basis of this subdivision is the relation among hydrodynamic
parameters and the characteristics of the lithological profiles of
the inventoried tubular wells (Silva, 2013).

The Ronuro Aquifer has a stratigraphic position that
guarantees the important recharge function of the underlying
aquifers and also that the hydrological system of the upper Xingu
is well fed. Many tubular wells currently explore the groundwater
flowing through this aquifer, with depths ranging between 18 and
140 m and totaling more than 6000 m drilled in the aquifer.
The exploitation flows range from 1 to 105 m’/h and an average of
10.42 m?/h, with a specific regional flow of around 1.5 m’/h/m.
The highest flows are concentrated in the Sinop region, while the
lowest are concentrated in the regions of the municipalities of
Quereéncia and Claudia. Static levels vary between 1 and 32 m,
with an average of around 13 m in depth (Servico Geologico do
Brasil, 2012b).

According to the information from SIAGAS, more than
270 tubular wells take advantage of the groundwater circulating in
the Parecis Group and Ronuro Formation. The Salto das Nuvens
Formation has the highest number of registered wells (46.5%),
followed by the Ronuro Aquifer (44.7%). Most of the wells are
for domestic supply since 47.6% are privately owned, including
agricultural cooperatives and traders.

MATERIAL AND METHODS

Hydrochemistry dataset

For hydrochemical and isotopic analyzes, 63 samples
of groundwater distributed in the Parecis Basin in the states of
Mato Grosso and Rondénia were collected. Of these samples,
50 explore the Parecis Aquifer, while the remaining 13 explore the
Ronuro Aquifer (Figure 1). Prior to collection, the pumps in the
wells were switched on for a few minutes to ensute the renewal
of stagnant water in the pipeline and the well. The collections
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were carried out at the well before the treatment processes, such
as fluoridation, chlotination, and/or water storage.

During sampling, pH, electrical conductivity, and temperature
were measured. Moreover, in the field, the samples were filtered
in a Millipore™® set of 0.45 pm. The samples sent for analysis of
cations were acidified with concentrated nitric acid (14.4 molar),
with two drops for each 50 mL of sample. The closed bottles
were kept refrigerated until they were delivered to the IGCE
Hydrogeology and Hydrochemistry laboratory and to the Center
for Environmental Studies (CEA), UNESP, Rio Claro campus,
where the samples were analyzed.

To determine the elements Ca, Fe, Mg, Mn, Sr, Ba,
Zn, Pb, Si, Al, Ni, Cr, P, Cu, Co, and Cd, the optical emission
spectrometry method was used, with a plasma source of
inductive argon (ICP-OES). Alkalinity (HCO,”and CO > was
obtained by acid titration; anions (F-, CI5, Br, NO~, NO,
SO, and PO,*») and cations (Na*, K¥, Li*, and NH*) were
determined by ion chromatography (IC). All analyses were
developed based on the Standard Methods for the Examination
of Water and Wastewater (22nd edition) (American Public
Health Association, 2012).

The groundwater sampling for isotopic analyses ('O
and ?H) followed the recommended sampling standards
(International Atomic Energy Agency, 2009); these samples
were then sent to the Hydrogeology and Hydrogeochemistry
Laboratory of the Department of Applied Geology at UNESP,
in Rio Claro, SP. For the analysis, the ring-down resonant
cavity spectroscopy technique was used, which is based on the
absorption of laser radiation in the near-infrared range (0.7 p to
2.5 ) by substances in the gaseous state, such as water, carbon
dioxide gas, and methane. The instruments used were Liquid
Water Isotope Analyzer by Los Gatos Research Inc (models
LWIA-24-EP and TLWIA-45-EP). The VSMOW standard
(Vienna Standard Mean Ocean Water) was used to determine
8180 and 82H and the analytical uncertainties were £ 0.4%o
and F 1.2%o, respectively.

The obtained values of physical-chemical (i.e., electrical
conductivity and pH), major cations and anions, as well as the
80 and &°H are presented in Table 1.

Parametric statistics and matrix of correlation

To summarize the available parameters, we computed
their mean, maximum, minimum, and standard deviation values.
To evaluate the interrelationship between the physical-chemical
(electrical conductivity and pH) and major cations and anions,
we build a correlation matrix. We assumed that the parameters
possessing high coefficients of correlation (r) have the same
origin (e.g., mineral dissolution, sewage contamination, fertilizer).
Thus, based on the association identified by the calculated
coefficients of correlation, we identified the process governing
the concentration of these parameters in groundwater. High
values of rindicate the significance of the interrelation between
two evaluated parameters. A positive coefficient suggests
similarity and harmony between correlated parameters, and a
negative coefficient demonstrates that variables are developing
in opposite directions.
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Statistical analysis of hydrochemistry and isotopic charactetization of groundwater from the Parecis Basin
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Multivariate statistics

As a high number of parameters were to be evaluated, we
used two distinct multivariate statistic methods to identify the set
of clusters where the evaluated samples are categorized. In theory,
these clusters are produced by specific chemical reactions.

Hierarchical clustering analysis

In the hierarchical cluster analysis (HCA), comparisons based
on multiple parameters from different samples were made, and
the samples were grouped into clusters based on their similarities
or dissimilarities with each other, forming clusters step-by-step
(Helstrup etal., 2007). A common alternative to performing HCA
is Ward’s method of merging the clusters. Ward’s method uses an
analysis of variance approach to evaluate the distances between
clusters in order to minimize the sum of squares of any two
clusters that can be formed at each step. The relative similarities
between the samples were quantified using the Euclidean distance
(d,) between two points x and y in p-dimensional space, which
is given by Equation 1 below.

P

dyy = Z(Xj ‘yj)2 M

J=1

where j denotes each evaluated parameter.

The main advantage of cluster analysis is that it is a
comparatively straightforward method to classify samples and
that it presents results as a dendrogram, which is easy to interpret
(Spencer, 2013). This technique permits for the evaluation of all
variables, categorizing a coherent group of samples. In this study,
we used PAST (Hammer et al., 2001), to performing Q-mode HCA.

Principal component analysis

The principal component analysis (PCA) technique was
used to assess the interrelationship between the various water
samples evaluated. PCA is a multivariate statistical procedure that
makes use of an orthogonal transformation to convert a set of

Table 2. Parametric statistics of the main evaluated parameters.

observations of variables, such as chemical species dissolved in
watet, into a set of lineatly uncorrelated vatiable values, known
as principal components. The PCA method decomposes the
original matrix of original data into factor scores and factor
loading matrices (Equation 2).

[x]=[7]P1]+[E] @

where [X] denotes the standardized variable; [ T] corresponds to
the matrix of principal components, [P‘] means the transposition
of the original data; and [E] is the residual matrix.

Notably, PCA is applied to increase the participation of
the variables with higher contributions while reducing those
with lesser contributions. The number of main components is
always less than or equal to the number of original variables.
The distribution of the sample set evaluated in the PCA allows for
the identification of clusters, trends, and anomalous data (outliers).
In the present work, PCA was used to diagnose different trends
of the components that explain greater variability in the analyzed
samples. Itis assumed that these different trends represent variable
proportions of evapotranspiration and rock—fluid interaction and
that the samples located at the ends of these trends represent the
samples in which these processes are the most intense.

RESULTS

Parametric statistics and matrix of correlation

Overall, the samples have low electrical conductivities, ranging
from 2.10 to 397 uS/cm in PAS and between 5.6 and 320 uS/cm in
the Ronuro Aquifer. Most waters have low pHs, with values ranging
from 4.0 to 8.4, and only four samples (0.06%0) had a pH above 7—
all from PAS. In the PAS waters, bicarbonate, nitrate, and sodium
ions predominate, while in the Ronuro Aquifer, the ions with the
highest concentrations are nitrate, sodium, and chloride (Table 2).

As for water quality, some samples present with nitrate,
fluoride, lead, and manganese values above the limit set by the
Brazilian Environmental Council (Brasil, 2008). A noticeable
concentration of nitrate (> 5 mg/L) was recorded for several
samples, with three samples above the acceptable value of 10 mg/L
of N-NO,~or ~44 mg/I. of NO,") and two samples having values
above twice the permitted limit.

EC pH HCO, Cr SO NO,; Ca** Mg* Na* K* Si

uS/cm mg/L

Parecis Aquifer System (50 samples)
Minimum 2.1 4.0 0.0 0.03 0.0 0.0 0.03 0.0 0.13 0.0 1.6
Maximum  397.0 8.4 370.0 23.7 8.3 88.4 48.9 20.6 70.2 20.6 22.7
Average 70.9 5.7 26.2 3.5 1.0 9.1 3.4 1.6 7.9 1.5 52
Std Dev 94.3 0.98 66.7 5.5 2.0 16.5 8.3 4.0 14.4 3.2 4.6

Ronuro Aquifer (13 Samples)
Minimum 5.6 4.6 0.0 0.13 0.04 0.0 0.04 0.01 0.23 0.0 1.6
Maximum  320.0 6.2 18.5 28.9 0.7 92.8 2.1 1.6 47.0 9.9 13.7
Average 54.9 52 3.6 4.3 0.2 14.1 0.4 0.3 6.7 1.5 4.1
Std Dev 85.4 0.46 52 7.9 0.2 25.5 0.7 0.5 13.0 3.0 3.0
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In Rondonia, the Parecis Aquifer System has some
areas of groundwater recharge that are quite vulnerable
to surficial pollution due to the state’s outcrop conditions.
Moreover, practically no urban center has a sanitary sewage
system, and there are large agricultural areas that cause diffuse
contamination (Servigo Geoldgico do Brasil, 2012a). In the
state of Mato Grosso, agriculture is a potential source of
contamination of PAS’s groundwater (through pesticides and
nitrate). For the Ronuro Aquifer, even with a protected area
(Parque Indigena do Xingu), which offers an apparent reduction
in the contamination risk, it turns out that a large part of the
springs of the tributaries of the Xingu River is outside this
protected area and is subject environmental impacts (Servigo
Geoldgico do Brasil, 2012b).

As seen in Table 3, the statistical association among the
various evaluated parameters could be identified. As expected
a priori, electrical conductivity is strongly correlated with the
parameters HCO, CI, Ca®, Mg*", and Sr*, indicating that
variations in water salinity are caused by variations in this
parameter.

The ion HCO, is strongly correlated with Mg**, Ca™,
and St™*, suggesting that these parameters come from the same
source that is possibly associated with the dissolution of carbonate
cement. Although F-~ can be associated with contamination by
domestic sewage, it is noted that this ion has a high correlation
with St*" and a moderate one with Ca** and Mg*". It may also
be associated with rock—water interaction. Additionally, the high
concentration of SO,” may attribute sewage contamination as the
source; however, its significant correlation only with F~ suggests
a natural source.

In contrast, it is possible to note that the NO,™ ion is
strongly related to the Na* and CI ions. High concentrations
of these ions are indicative of domestic sewage contamination.
K* and Ba®" ions do not have a significant correlation with any
other parameter, except between themselves, and cannot serve
as a conclusive diagnosis for natural or anthropic processes.
However, given the moderate to low correlation values (0.4-0.5)
between Ba** and NO, it is possible to associate Ba*" and K*
with domestic sewage contamination.

Multivariate statistics

Hierarchical clustering of the Parecis and Ronuro aquifers

For a better understanding of the hydrochemical types, the
samples were divided into three groups with the help of cluster
analysis (Figure 3b). In Group 1 there are 28 samples (23 samples
from PAS and five samples from the Ronuro Aquifer) that are
distributed throughout the basin (Figure 3a). Most samples
have electrical conductivities below 50 uS/cm (75%), with an
average of 72.1 uS/cm (Figure 3¢); 79% of the samples have pH
values between 5 and 7 (Figure 3d). The ions with the highest
concentrations are bicarbonate with an average of 43.5 mg/IL and
sodium with an average of 8.6 mg/L. The silica concentration
with an average of 14.2 mg/L also stands out (Figure 3e¢). In this
group, the samples are divided between sodium bicarbonates and
calcium bicarbonates, with fewer sodium chlorides (Figure 4).

Group 2 consists of 20 samples (15 samples from PAS
and 5 samples from the Ronuro Aquifer) that are distributed
throughout the basin (Figure 3a). These samples have an average
electrical conductivity of 107.1 uS/cm with the majority of the
values between 50 and 150 uS/cm (65% — Figute 3c). They ate
more acidic samples with pH values below 7 (Figure 3d). In this
group, the ions that have the highest concentrations are sodium
(an average of 11.8 mg/1) and nitrate (an average of 27.5 mg/L
— Figure 3e). It should be noted that two samples from this
group have NO," with values above the maximum allowed by
CONAMA (Brasil, 2008). A large part of the samples in this
group are classified as sodium chloride (80%) (Figure 4) due to
higher concentrations of chloride and sodium, which are possibly
associated with anthropic contamination.

In Group 3, there are 15 samples (12 samples from
Parecis AS and 3 samples from the Ronuro Aquifer), all located
in the state of Mato Grosso and distributed mainly in the central
portion of the basin (Figure 3a). All samples have low electrical
conductivities (lower than 10 uS/cm — Figure 3c) and pH values
below 5.5 (Figure 3d). Even in low concentrations, silica (an

Table 3. Matrix of linear correlation (Pearson) of the main hydrochemical parameters; values above 0.80 are highlighted in bold.

EC pH HCO, F  CI SO* NO, Ca Mg* Na* K+ S  Ba*
EC
pH 0359
HCO, 0777  0.639
F 0.767 0.512 0.661
CI 0.867 0.214 0.450 0.616
SO 0.425 0.510 0.341 0.735 0.376
NO, 0.779 -0.085 0.240 0.467 0.839 0.253
Ca** 0.820 0.626 0.966 0.719 0.575 0.363 0.305
Mg* 0.861 0.465 0.930 0.710 0.592 0.290 0.409 0.922
Na* 0.503 0.137 0.085 0.289 0.661 0.460 0.731 0.127 0.068
K* 0.217 -0.031 -0.070 0.234 0.288 0.181 0.432 -0.004 0.069 0.104
Sr** 0.816 0.478 0.738 0.834 0.688 0.451 0.446 0.786 0.868 0.131 0.145
Ba** 0.392 0.095 0.113 0.434 0.486 0.259 0.506 0.186 0.259 0.256 0.669 0.347
8/15 RBRH, Potrto Alegre, v. 26, €31, 2021
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average of 6.9 mg/L) and bicarbonate (an average of 0.9 mg/L —
Figure 3e) stand out. The sodium bicarbonate waters predominate
this group (90%), only one sample was classified as calcium
bicarbonate water (Figure 4).

A Piper diagram, which is the most common approach,
was used to identify the hydrochemistry of the evaluated aquifers.
In the Piper diagram, there is a wide variation in the hydrochemical
typology of the samples, which belong to the mixed types, sodium

RBRH, Porto Alegte, v. 26, €31, 2021

bicarbonate type, sodium chloride type, calcium bicarbonate
type and magnesium bicarbonate type. Comparing the clustering
calculated by the HCA (Figure 3a) and the hydrochemistry typology
defined by the Piper diagram, showed in Figure 4, it is noted that
the groups distinguished by the HCA do not correlate with the
representation in the Piper diagram. Instead, the samples belonging
to all groups scatter in a broad region of the diagram, indicating
the distinctiveness of both methodologies.
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Figure 5. Loading factor to compute: (a) PCAT; (b) PCA2.

PCA of hydrochemistry data from the Parecis and
Ronuro aquifers

We calculated the principal components and the factor
loading of each evaluated parameter. PCA1 is related to the
largest eigenvalue and explains the majority of the variance of
the hydrochemistry data set, amounting to 88.1% (Figure 5).
The PCA2 (orthogonal and uncorrelated with PCAT) accounts for
9.7% of the hydrochemistry variance. PCA1 is mostly determined
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by HCO,, Ca**, Na*", and Mg*" that score higher factor loadings.
On the other hand, PCA2, representing 9.7% of the variance of
samples, mainly determined by NO_, CI, and K".

Plotting the evaluated samples in the PCA diagram, most
of the Parecis and Ronuro samples overlap in a region with low
values of both PCA1 and PCA2. However, in the case of the
Parecis Aquifer, some samples display high variability with respect
to PCA1, while Ronuro Aquifer exhibits low variability. Both the
Parecis and Ronuro Aquifers exhibit some samples and display

RBRH, Porto Alegte, v. 26, €31, 2021



Stradioto et al.

a great variability along the PCA2 axis following a visible trend
as seen in Figure 0.

Stable isotopes characterization

The 8"0 values of groundwater samples range from
-7.8 %o to -4.0 %o, while the 82H values range from 52.0 %o to
-22.0 %o. Figure 5 (8°H vs. 8'*0) cleatly shows the meteortic origin
of the sampled waters as they cluster along the Global Weather
Line (Craig, 1961), as well as the local weather lines extracted
using GNIP/IAEA data from Cuiabid (MT) and Porto Velho
(RO) stations. The isotopic compositions differ in the two studied
aquifers. As seen in Figure 7, the waters of the Ronuro Aquifer are
more enriched than those of the Parecis Aquifer System. In the
Ronuro Aquifer, values vary between -6.6%o and -4.0%o for 8O
and between -38.1%o and -22.0%o for 8’H, with -5.4%o being the
mean value for 8"%0 and -32.4%o for 8°H. In the Parecis Aquifer
System, the values are between -7.8%o0 and -5.5%o for 8"*O and
between -52.0%0 and -37.4%o for 8°H, with -6.5%0 and -42.4%o
being its respective averages (Figure 7). As observed in Figure 8,
the values of §'*O and 8°H follow a trend wherein it becomes more
depleted with an increase in depth. However, when the depth of
the wells exceeds 75 meters, this trend is not observed anymore.

DISCUSSION

The understanding of the composition of groundwater
requires recognizing the possible mechanisms that can promote
the release of ions into the water. We evaluated the combined use
of multivariate statistics of hydrochemistry data and interpretation
of the stable isotopic analysis of groundwater to discern the
main process controlling the hydrochemistry of groundwater and
characterize the dynamics of groundwater flux.

Initially, we investigated the key mechanisms related to
controlling the hydrochemistry of Parecis and Ronuro Aquifers.
Subsequently, we investigated the geological context and aquifer

mineralogy to identify the rock—water interaction controlling
the hydrochemistry. The filling of the Parecis Basin proceeded
from the deposition of essentially siliciclastic sediments, such
as conglomerates, sandstones, and shales, along with carbonate
sediments in a subordinate manner (Siqueira, 1989). While the
Parecis formation is mostly composed of quartz, some secondary
minerals were produced during the diagenetic process, cementing
the sand grains (Goldberg et al., 2011). Hematite, smectite clay,
and quartz cement coatings were during the eogenetic process,
while sulfates (anhydrite and barite and carbonates) were
precipitated during the mesogenic process. Finally, during the
telogenetic processes, the precipitation of hematite and kaolinite
within secondary pores and the replacement of anhydrite by
gypsum occurred.

Some ions such as HCO,, Ca**, Mg**, and St*" are positively
correlated with each other (Table 3) and indisputably associated
with rock—water interactions. Increases in these ions may be
associated with the dissolution of carbonates, as identified by
Goldberg etal. (2011). A significant correlation of the F-ion with
Ca®*, Mg™*, and Sr** was observed (Table 3). SO,* does not have a
significant correlation coefficient with any other parameter, except
for F~. For this reason, it is quite likely that this ion is produced
by the dissolution of sulfates, whose presence was also verified
by Goldberg et al. (2011). Consequently, it is possible to associate
the degree of water—rock interaction with high concentrations of
HCO,, Ca**,Mg*", and Sr** ions and I and SO * ions. Under this
assumption, the pristine groundwater ranges from low mineralized
groundwater, belonging to the sodium bicarbonate type, to high
mineralized groundwater belonging to the calcium bicarbonate
type, reflecting the amount of dissolved carbonate. A sizeable
proportion of samples were collected from urban regions, where
anthropogenic contamination is expected to be high. Among the
several parameters, NO " is recognized as the main indicator of
sewage contamination, and concentrations above evident anthropic
contamination (>5 mg/L) was observed in 22 of 63 samples.
The high correlation of NO,” with CI" and Na" reinforces the
contamination mediated by human activities.
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Based on the statements made above, from the coefficient
of correlation analysis, we interpreted the rock—water interaction
(mainly carbonate and sulfate dissolution) and sewage contamination
as the main mechanisms controlling the hydrochemistry of Parecis
and Ronuro Aquifers. The multivariate statics methods used here
(i.e., HCA and PCA) supported this interpretation. Three distinct
groups were identified in the HCA clustering samples with similar
characteristics. The HCA provided a clustering dissimilar to that
observed in the Piper diagram in Figure 3. The distinctiveness
in the HCA and the Piper diagram is not unexpected since more
parameters may be computed in the former than those used to
plot the samples. Moreover, while the Piper diagram considers the
proportion of some ions, the HCA considers the concentration
of the evaluated ions.

The samples classified as Group 3 in the HCA are
characterized by low mineralization and hydrochemistry typology:

either sodium chloride or sodium bicarbonate. Likewise, Group
3 encompasses groundwater with a lower degree of interaction
with the rock and reduced anthropogenic contamination. Finally,
Group 2 is mostly represented by samples with a higher degree
of concentration of NO,, CI, and Na" and, hence, is clearly
impacted by sewage contamination.

To complement the insights provided by the HCA, we
performed a PCA and verified that the position of the evaluated
samples in the PCA diagram (Figure 6) does not indicate the
presence of discernible clusters. We verified that most of the
samples display a high variability regarding PCA1 and PCA2, with
distinct trends (intermediate values) forming for both. While the
largest proportion of variance is attributed to PCA1, essentially
controlled by HCO,, Ca** and Mg**, a minor proportion of variance
is related to PCA2, which is associated with parameters such as
NO,, CI'and Na". Thus, the increase in PCA1 may be attributed
to an increase in the level of rock—water interaction (mainly
carbonate dissolution), and an increase of PCA2 may be attributed
to an increase in sewage contamination. Under this interpretation,
samples with low values of PCA1 and PCA2 contain pristine water
derived from recent groundwater recharge. Additionality, since
the Parecis Aquifer possesses superior variability with regards to
PCAT1, this aquifer interacted more intensively with the rock. On the
other hand, Ronuro Aquifer has a low variability with respect to
PCAT1, indicating less interaction of groundwater with mineralogy
from the host formation. This difference may be attributed to the
difference in the residence time of groundwater—Ronuro Aquifer
has a reduced residence time, restricting the reactions related to
rock—water interaction. Based on these results, we can use the values
of PCAT to rank the status of groundwater samples in terms of
rock—water interaction. On the other hand, PCA2 values may be
used as a metric to quantify the level of sewage contamination.
It is possible to notice that PAs and Ronuro Aquifer have the
same degree of variability in relation to PC2, indicating that both
have similar influences regarding the influence of contamination
by domestic sewage.

From Figure 6, it is possible to note that the highest values
of PCA2 can be observed in the samples with low PCA1 values,
suggesting that samples displaying a high degree of interaction
with groundwater are less impacted by sewage contamination.
Comparing the clustering produced by the HCA, we found that
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Group 1 identified in the HCA is composed of samples with high
PCA1 and low PCA2 values, Group 3 is composed of samples
composed with low PCA1 and low PCA2 values, and Group 2 is
composed of samples with low PCA1 and high PCA2 values.

The identified isotopic differences between the PAS and
the Ronuro Aquifer may reflect differences in local rainfall regimes
during the Holocene or may also consider climatic variations that
occurred during the recharge period, and the more impoverished
waters of PAS may experience more voluminous rainfall events
than in the recharge areas of the Ronuro Aquifer. Interesting,
as seen in Figure 7, samples from the Ronuro Aquifer are closer
to the local meteoric line (LML) than samples from the Parecis
Aquifer System, suggesting that groundwater from the Ronuro
Aquifer are younger. This statement perfectly matches with the
finding that the Ronuto Aquifer has low rock/water interaction
than PAS, expressed by low variability along to PCA1 in the
Principal Component Analysis diagram (Figure 06).

CONCLUSION

We made combined use of statistical analysis and isotopic
characterization to understand the process controlling the water
quality and infer conclusions regarding flow dynamics. From the
correlation matrix used in this study, we found close associations
between the major cations and anions. The highest correlation
coefficient was observed among the anions HCO,, Ca*", Mg*'-
Sr**, SO, and I and the cations NO,, CI, Na*, K*, and Ba*".
The PCA revealed that the greatest variance in the evaluated
samples can be attributed to ions HCO,, Ca** and Mg** related
to rock—water interaction. A minor but significant proportion is
related to domestic sewage contamination. While the HCA allowed
the identification of three distinct groups, the PCA permitted the
conclusion that the most amount of variance in the hydrochemistry
of the evaluated samples is controlled by HCO, Ca®*, and Mg™,
which is associated with rock—water interactions. On the other
hand, to a lesser degree, the variance may be also associated
with NO_, CI' and Na”, which, in turn, is related to sewage
contamination. Group 1 identified by the HCA is composed of
samples with the highest level of rock—water interaction and low
anthropogenic contamination, Group 3 is composed of pristine
groundwater derived from a recent groundwater recharge, and
Group 2 contains samples with low-level rock—water interaction
and significant sewage contamination impact.

In the 8"O versus 8’H plot samples it is noted that the
samples from the Ronuro Aquifer are closer to the local meteoric
line than PAS, suggesting that the former is mostly derived from
more recent groundwater recharge. As for the relationship between
depth and isotopic values, only in shallower wells (< 75 m), it
is observed that the smaller the depth, the greater the isotopic
value. This change may be related to the variation of the isotopic
composition of the rainwater accumulated over time, which is
caused by the rainfall volume variation in Holocene.

In conclusion, this work highlights the ability of our approach
of using statistical analysis of hydrochemistry to discern the main
process controlling the variability of groundwater hydrochemistry,
and, complementarily, the use of isotopic characterization helps
identify the flow dynamics.
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