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Abstract 
Water is a vital resource for sustaining life and maintaining ecological balance. 
In recent times, global water demand has increased due to population growth 
and economic development, raising concerns about the quality of both surface 
and groundwater. This study focuses on the urban area of Lages, Santa Cata-
rina, Brazil, where the Rio do Rasto Formation—comprising interbedded red 
sandstones and mudstones deposited from the Late Permian to Triassic peri-
ods—predominates. The objective is to assess the hydrochemical characteris-
tics of the aquifer system associated with this formation, utilizing data from 
existing tubular wells. Data were retrieved from the Groundwater Information 
System (SIAGAS) and the Water withdrawal permit System of Santa Catarina 
(SIOUT-SC), which are federal and state-level platforms, respectively, serving 
as sources of groundwater data in Brazil. The methodology involved hydro-
chemical interpretation to evaluate the qualitative and quantitative properties 
of groundwater through its physicochemical parameters. Piper and Schoeller–
Berkaloff diagrams were employed to interpret data from four tubular wells, 
analyzing variables such as calcium, potassium, magnesium, carbonate, bicar-
bonate, chloride, and nitrate. The Piper diagram indicated that all samples fall 
within the calcium or magnesium bicarbonate facies. The Schoeller–Berkaloff 
diagram facilitated the comparison and identification of distinct hydrochemi-
cal signatures based on elemental enrichment and depletion patterns. These 
findings contribute to a better understanding of groundwater quality in the re-
gion and underscore the importance of continuous monitoring and data col-
lection to inform sustainable water resource management. 
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1. Introduction 

Water is a vital resource for sustaining life on Earth, playing a crucial role in main-
taining ecosystem stability and species survival. Population growth and increasing 
demand for water in economic and industrial development have altered consump-
tion patterns, thereby escalating the need for new, especially potable, water 
sources (Tubbs Filho, 1994; Hirata et al., 2019). Consequently, concerns regarding 
water quality—both surface and groundwater—have intensified, reflecting grow-
ing interest from researchers, government agencies, and civil society (Menezes et 
al., 2009). 

In Brazil, more than 2.5 million wells reportedly extract approximately 17.58 
billion cubic meters of water annually, enough to supply the entire national pop-
ulation for one year (Hirata et al., 2019). Despite this, aquifer management only 
gained prominence at the turn of the 21st century, when various environmental 
challenges emerged, including contaminant migration from surface to groundwa-
ter, inefficient resource use, increasing social inequality in groundwater access, 
unsustainable extraction in arid regions, land subsidence due to aquitard compac-
tion, saline intrusion, ecosystem damage, reduced baseflow in dry periods, and 
insufficient aquifer monitoring (Foster & Chilton, 2003; Edmunds & Smedley, 
1996). 

Although contaminant migration is generally slow, it has persisted for decades, 
raising significant concerns. Advances in monitoring technologies have been 
achieved, yet inadequate groundwater governance remains a challenge. As acces-
sible surface water sources diminish, adopting a cautious and comprehensive ap-
proach to groundwater monitoring becomes imperative. 

This study focuses on the municipality of Lages in Santa Catarina, Brazil, aim-
ing to characterize the hydrochemical composition of the Rio do Rasto Formation 
aquifer system. By providing new hydrochemical data for this under-studied for-
mation, the work seeks to contribute to regional groundwater knowledge and in-
form sustainable resource management. 

2. Study Area 

The study area is situated within the municipality of Lages, Santa Catarina state, 
in southern Brazil, covering both the urban perimeter of the city and the Santa 
Terezinha do Salto district in the rural area (Figure 1). 

2.1. Geological Context 

The study area is located within the Paraná Basin, an intracratonic basin on the 
South American platform. This basin extends across the Midwest, Southeast, and 
South regions of Brazil, northern and northwestern Uruguay, parts of Argentina 
and Paraguay, and has an African counterpart in the Huab Basin of Namibia 
(Stollhofen et al., 2000; Milani et al., 2007; Holz et al., 2010). 

Milani (1997) and Milani et al. (2007) proposed six supersequences in the Pa-
raná Basin, defined by unconformity surfaces spanning several regions. These are:  
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Figure 1. Location map. 
 

Rio Ivaí (Ordovician-Silurian), Paraná (Devonian), Gondwana I (Carboniferous-
Eotriassic), Gondwana II (Meso-to Neotriassic), Gondwana III (Neojurassic-Eocre-
taceous), and Bauru (Neocretaceous). The first three correspond to transgressive-
regressive cycles during the Paleozoic, while the latter represent continental sedi-
mentary deposits of the Mesozoic, often associated with igneous rock formations. 

The Rio do Rasto Formation, the focus of this study, is part of the Gondwana I 
supersequence. Gondwana I represents a complete transgressive-regressive cycle, 
initiated by the marine invasion of the Panthalassa Ocean into the Gondwana su-
percontinent’s interior. This supersequence is the thickest within the Paraná Basin 
and comprises the Itararé, Guatá, and Passa Dois Groups (Milani et al., 2007). The 
Rio do Rasto Formation belongs to the Passa Dois Group, which includes the Irati, 
Serra Alta, Teresina, and Rio do Rasto formations. 

Deposited at the end of the Permian, the Rio do Rasto Formation comprises 
siliciclastic sediments dominated by gray-green, purple, and red shales and silt-
stones, alongside very fine to medium sandstones in yellow-cream to orange hues 
(Schneider et al., 1974). It overlies the Teresina Formation in a transitional man-
ner, marked by a shift in fine deposit coloration, fossil assemblages, an increase in 
sandstone bodies, and a decrease in wavy to lenticular bedding (Rohn, 1994; War-
ren et al., 2008; Holz et al., 2010). Some authors, however, interpret this contact 
as discordant due to the abrupt change from Teresina’s carbonate deposits to the 
thick sandstones of the Rio do Rasto (Rohn et al., 2003). 

The Rio do Rasto Formation outcrops from northeastern Paraná to southern 
Rio Grande do Sul, reaching thicknesses up to 400 m and exhibiting a coarsening-
upward trend (Schneider et al., 1974; Holz et al., 2010). Originally named by 
White (1908) after red rock successions near the Rio do Rastro (between Lauro 
Müller and São Joaquim, Santa Catarina), it was elevated to formation status by 
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Gordon Jr. (1947), who divided it into the Serrinha Member at the base and the 
Morro Pelado Member at the top. 

The Serrinha Member consists of green-gray, brown, burgundy, and red clay-
stones to siltstones, occasionally containing lenses or horizons of marly limestone 
interbedded with fine gray sandstone lenses (Schneider et al., 1974; Holz et al., 
2010; Machado, 2012). These fine sediments typically show planar lamination or 
wavy and lenticular bedding, without wave or current ripple marks, while sand-
stones exhibit climbing ripples. Initially described by Rego (1930) in Mallet, Pa-
raná, the member may reach thicknesses between 150 and 250 m. The transition 
to the Morro Pelado Member is concordant and marked by an increase in sand-
stone bodies, reflecting a progradational facies pattern. Fine sediments become 
more reddish upward, indicating progressively more oxidizing conditions. 

The Morro Pelado Member represents the thickest portion of the Rio do Rasto 
Formation, ranging from 250 to 300 m in thickness (Schneider et al., 1974; Holz 
et al., 2010). Defined by Gordon Jr. (1947) based on outcrops near km 19 of the 
Lauro Müller–São Joaquim highway, it is characterized by increased sandstone 
occurrence interbedded with purple and red claystones and siltstones. Sedimen-
tary structures in the sandstones include tangential and low-angle cross-beds, flu-
idized current ripples, while fine sediments display wavy lamination and hetero-
lithic bedding (flaser, wavy, lenticular). Subaerial exposure features and paleosol 
development are frequently observed. 

Although the Rio do Rasto Formation has been extensively studied since the 
1930s, this work considers its deposition to occur mainly within the Wordian-
Wuchiapingian interval (Middle to Late Permian), despite some studies suggest-
ing extension into the Triassic (Milani, 1997; França et al., 1995). Rohn et al. 
(2003) indicate that the formation does not reach the Permo-Triassic boundary 
but records increasing aridification toward the Paleozoic’s end, potentially con-
tributing to the Permo-Triassic extinction. Figure 2 shows the main lithologies 
identified in the study area. 

 

 

Figure 2. Geological map. 
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2.2. Hydrogeological Context 

The municipality of Lages is located within the Hydrographic Region of the Lages 
Plateau, which is the largest hydrographic region in terms of area in the state of 
Santa Catarina (Figure 3). This region encompasses two main basins: the Canoas 
River Basin and the Pelotas River Basin. The Canoas River Basin includes tribu-
taries such as the Caveiras, Marombas, Correntes, and Lava Tudo rivers. The Pe-
lotas River, which serves as a natural boundary between Santa Catarina and Rio 
Grande do Sul states, has major tributaries including the Invernadinha, Lava 
Tudo, and Pelotinhas rivers. The confluence of the Canoas and Pelotas rivers forms 
the Uruguay River, which eventually flows into the Río de la Plata estuary (State 
Secretariat for Sustainable Economic Development, 2017). However, the study 
area is exclusively situated within the Canoas River Basin. 
 

 

Figure 3. Hydrogeological map. 

 
Following the delimitation of the Hydrographic Region and Basin, the classifi-

cation of hydrogeological domains within Lages can be addressed. The munici-
pality exhibits three hydrogeological domains: Crystalline, Volcanic, and Sedi-
mentary Basin domains. The study area specifically corresponds to the Paraná Ba-
sin hydrogeological subdomain, also referred to as the Paraná Hydrogeological 
Province. This province is characterized by general similarities in the main ground-
water occurrences, primarily controlled by lithology, structure, and tectonics (Tol-
man, 1937). The Paraná Province is known for its high aquifer productivity, with 
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the greatest groundwater potential found in extensive Mesozoic sedimentary se-
quences that include lithostratigraphic units such as the Botucatu, Pirambóia, Rio 
do Rasto formations, among others. The Serra Geral Formation is also notable 
within this context, exhibiting characteristics of a fractured aquifer system (Soares 
et al., 2008). Figure 3 illustrates the hydrographic basins within the study area, 
highlighting the Canoas and Pelotas basins, with the municipality of Lages delin-
eated by hatching. 

According to Machado (2012), who conducted a hydrogeological characteriza-
tion of Santa Catarina state, the northern portion near the Paraná border features 
extensive outcrops of the Rio do Rasto unit between the municipalities of Canoinhas 
and Porto União. A well drilled in Porto União reached a depth of 120 meters and 
yielded a flow rate of 8.8 m3/h with a specific capacity of 0.39 m3/h/m, values con-
sidered representative of regional average well performance. Regarding water 
quality, total dissolved solids rarely exceed 150 mg/L, and pH values range from 
acidic to slightly alkaline. 

Between Monte Castelo and São Cristóvão do Sul municipalities, the Rio do 
Rasto unit occurs in topographically unfavorable hydrogeological settings, with 
steep and rugged terrain that limit infiltration and water storage capacity. In these 
areas, water use is primarily restricted to natural springs. 

From São Cristóvão do Sul to near Bom Retiro, significant outcrops of the aq-
uifer portion of the unit occur, influenced by the alkaline intrusion of Lages and 
tectonic activities related to the uplift of the Serra do Mar. This region, encom-
passing the study area of this research, offers favorable conditions for groundwa-
ter extraction through moderately deep tubular wells. However, hydrogeological 
potential varies considerably, as illustrated by local well data: in Otacílio Costa, a 
264 m deep well yielded 10 m3/h with a specific capacity of 0.28 m3/h/m; in the 
Lages Industrial District, a 172 m well penetrating the lower productivity Botucatu 
Formation produced 31.6 m3/h, a specific capacity of 1.09 m3/h/m, and a static 
water level of 54.15 m; in Urubici, a 112 m well reached 15 m3/h with a specific 
capacity of 1.70 m3/h/m. Water quality in this region meets public, agricultural, 
and industrial use standards, with pH ranging from acidic to slightly alkaline, 
though iron concentrations may exceed regulatory limits. 

South of Bom Retiro toward the carboniferous region, the Rio do Rasto unit 
returns to steep Serra do Mar slopes, where rugged relief again limits recharge and 
water storage. Here, the unit’s topography reaches elevations between 1,000 and 
1,300 meters, mostly in unpopulated areas. From the carboniferous zone south-
ward to the border with Rio Grande do Sul, the Rio do Rasto unit gradually de-
scends towards sea level, overlain by Cenozoic marine sediments. In this area, the 
unit presents the most favorable hydrogeological conditions in Santa Catarina. 
Though multilayered, it is primarily composed of the more sandy Morro Pelado 
Member, whose productivity may be significantly influenced by fracturing. For 
example, a well drilled in urban Jacinto Machado reached 104 m depth, yielding 
25 m3/h with a drawdown of 9 m and a specific capacity of 2.77 m3/h/m, charac-

https://doi.org/10.4236/gep.2025.137009


D. T. Soares et al. 
 

 

DOI: 10.4236/gep.2025.137009 153 Journal of Geoscience and Environment Protection 
 

terizing it as one of the highest potential areas of the unit in the state. 
In deeper confined zones of the unit, notable tubular wells were drilled in Treze 

Tílias and São João do Oeste, showing excellent hydraulic properties. In Treze 
Tílias, a 750 m deep well (with 255 m in the Rio do Rasto unit) recorded a flow 
rate of 95.7 m3/h and a specific capacity of 1.70 m3/h/m. Hydrodynamic parame-
ters—storage coefficient of 9.7 × 10−4, transmissivity of 49.87 m2/day, and hydrau-
lic conductivity of 0.24 m/day—confirm the confined nature of the aquifer. At São 
João do Oeste, a 1376 m well (101 m in the Rio do Rasto unit) yielded 106.98 m3/h 
with a specific capacity of 1.29 m3/h/m, an elastic storage coefficient of 3.5 × 10−4, 
transmissivity of 39.80 m2/day, and hydraulic conductivity of 0.37 m/day. These 
parameters are considered representative of the unit and demonstrate its high hy-
drogeological potential. 

Regarding water chemistry, a trend of deterioration is observed with increasing 
depth. The Treze Tílias well showed total dissolved solids ranging from 306 to 357 
mg/L and pH between 9.5 and 9.78, indicating high alkalinity. Temperatures 
ranged from 29.5˚C to 32.0˚C. In São João do Oeste, salinity varied between 3,834 
and 4,425 mg/L with pH values from 7.3 to 7.7, suggesting possible mixing with 
waters from other Permian aquifers. The temperature recorded in this well, influ-
enced by its great depth, reached 50.0˚C. 

3. Methods and Materials 

To develop the database, information was collected from various platforms, in-
cluding the Groundwater Information System (SIAGAS) and the Water with-
drawal permit System of Santa Catarina (SIOUT-SC)1, as well as scientific articles 
related to the topics addressed. The sampled wells are located on both public and 
private properties and serve a range of purposes, including human consumption, 
sanitary use, cleaning, landscape irrigation, domestic water supply, agricultural 
irrigation, vehicle washing, and laundry services. 

In this study, eight water samples were collected from four tubular wells during 
two separate campaigns. The first sampling campaign was conducted in the winter 
of 2023, and the second took place in the summer of 2024. This temporal division 
aimed to observe the variation in the concentration of the sampled compounds 
across different seasons, as elements tend to show higher concentrations during 
dry periods due to reduced water recharge, contrasting with wetter periods.  

The nomenclature used to reference each well was: P1, P2, P3, and P4. Each well 
serves a distinct purpose: P1 is used exclusively for laundry activities; P2 is desig-
nated for domestic water supply, cleaning, urinal flushing, and landscaping; P3 is 
used for domestic water supply, cleaning, urinal flushing, and irrigation; and P4 
serves commercial purposes, including human consumption and vehicle washing. 

 

 

1Although the abbreviations SIAGAS and SIOUT-SC may not be immediately meaningful in English, 
they derive from the original Portuguese names Sistema de Informações de Águas Subterrâneas 
(Groundwater Information System) and Sistema de Outorga de Santa Catarina (Santa Catarina Water 
Withdrawal Permit System), respectively. 
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Table 1 presents the wells selected for this study, or nearby wells, based on the in-
formation available from the aforementioned platforms. 

 
Table 1. Details of selected or nearby wells. 

Name 
Coordinates UTM 

(north/south) 
Coordinates UTM 

(east/west) 
Depths (m) Lithology 

Screened  
Intervals (m) 

JB815 6923026 561593 130 Argillaceous sandstone 0 a 030 

JB819 6924235 562896 100 Medium(-grained) sandstone 6 a 100 

JB826 6923222 565993 136 Medium(-grained) sandstone 2 a 136 

JB828 6922927 568202 36 Shale 2.5 a 36 

JB831 6922701 565087 60 sandy clay 3 a 60 

JB832 6922395 567068 100 Argillaceous sandstone 15 a 100 

JB832 6922395 567068 100 Argillaceous sandstone 0 a 100 

JB833 6924007 566932 80 Argillaceous sandstone 4 a 80 

JB836 6928197 566838 170 Argillaceous sandstone 3 a 170 

JB863 6922546 565508 100 Argillaceous sandstone 30 a 100 

3.1. Sampling 

Samples were collected using sterilized 300 mL polyethylene bottles with screw 
caps. When necessary, samples were preserved with nitric acid and kept refriger-
ated without reaching the freezing point. In locations with difficult direct access 
to wells, samples were collected from pipelines directly connected to the wells or 
water tanks prior to treatment. 

After collection, samples were stored in thermal boxes with ice to maintain low 
temperatures during transportation to the laboratories at the Federal University 
of Santa Catarina (UFSC). At UFSC, samples were distributed to three laborato-
ries: the Integrated Environmental Laboratory (LIMA), where calcium, magne-
sium, bicarbonate, electrical conductivity, pH, and total dissolved solids were an-
alyzed; the Atomic and Mass Spectrometry Laboratory (LEMA), responsible for 
nitrate, nitrite, chloride, sulfate, phosphate, and fluoride ions analysis; and the 
Central Analysis Laboratory, where sodium and potassium levels were quantified. 

3.1. Hydrochemical Analysis 

The hydrochemical analysis in this study is based on the interpretation of the fol-
lowing parameters: hydrogen potential (pH), electrical conductivity (EC), total 
dissolved solids (TDS), bicarbonate ( 3HCO− ), carbonate ( 2

3CO − ), total iron (Fe2+ 
and Fe3+), calcium (Ca2+), magnesium (Mg2+), sodium (Na+), potassium (K+), sul-
fate ( 2

4SO − ), chloride (Cl−), nitrite ( 2NO− ), nitrate ( 3NO− ), and fluoride (F−). Based 
on these parameters, the hydrochemical character was identified using Piper and 
Schoeller-Berkalof diagrams. 
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3.2. Parameter Analysis Methods 
3.2.1. pH 
The pH measurement was performed using a portable pH meter by the brand 
KASVI. The device consists of two conjugated electrodes: an indicator electrode 
and a reference electrode. The reference electrode maintains a constant potential, 
while the indicator electrode acquires the sample’s pH by comparison with the 
reference.  

3.2.2. Electrical Conductivity (EC) 
The method used to determine EC employed a bench conductivity meter, model 
BelW12D, which consists of a Wheatstone bridge and a conductivity cell to meas-
ure the sample’s electrical resistance. 

3.2.3. Alkalinity 
The analysis method depends on the sample pH: if pH is above 8.3, phenolphtha-
lein is used; if below 8.3, methyl orange is applied. In this study, methyl orange 
was used for the collected samples. 

3.2.4. Hardness 
Calcium (Ca2+) and magnesium (Mg2+) ions in the solution form a wine-red com-
plex with the eriochrome black T dye at pH 10.0 ± 0.1. Adding EDTA to the col-
ored solution results in a stable, non-dissociated complex with Ca2+ and Mg2+, dis-
placing the dye. When enough EDTA is added to complex all calcium and mag-
nesium, the solution turns back to the dye’s original blue color, indicating the ti-
tration endpoint. 

3.2.5. Total Iron 
This parameter was analyzed using a HACH DR3900 spectrophotometer via the 
1,10-phenanthroline method, which forms a complex ion with a 3:1 ratio between 
1,10-phenanthroline and Fe2+. The absorbance was measured at 510 nm wave-
length. 

3.2.6. Major Anions 
Analysis was performed by chromatography, a method for separating mixture 
components for identification or quantification based on their interaction with 
the stationary and mobile phases. In this study, chromatography was used exclu-
sively to identify anions: F−, Cl−, 2NO− , 3NO− , and 2

4SO − . An ion chromatograph 
(MODEL, DIONEX) equipped with an automatic autosampler (AD-SV), sample 
flow splitter, two pumps (gradient and isocratic), two electrochemical eluent gen-
erators, analytical and guard chromatographic columns, an automatic injector, 
two conductivity detectors (DC-5000), and a UV detector (deuterium-tungsten 
VWD) was used. Calibration curves, equations, correlation coefficients, and typ-
ical chromatograms were obtained from diluted commercial standard solutions. 
The analysis procedure consists of passing the liquid sample (mobile phase) 
through a column containing ion-exchange resin (stationary phase). Ion separa-

https://doi.org/10.4236/gep.2025.137009


D. T. Soares et al. 
 

 

DOI: 10.4236/gep.2025.137009 156 Journal of Geoscience and Environment Protection 
 

tion occurs by ion exchange with resin functional groups. Ionic concentrations 
are determined by integrating the peak area in the chromatogram. 

3.2.7. Major Cations 
The cation analysis was conducted by atomic absorption spectrometry (AAS), 
which measures the absorption of electromagnetic radiation intensity from a pri-
mary radiation source by gaseous atoms in the ground state. The two most com-
mon atomizers are graphite furnace and flame; the flame atomizer was used in 
this study. The sample is directly measured by comparing it with a metal calibra-
tion curve. The sample is subjected to an air-acetylene flame where the matrix 
burns and the metal is ionized. The analyte absorbs part of the photon beam emit-
ted by a hollow cathode lamp of the same metal. The difference between initial 
and final radiation intensity is measured by the detector. This method was used 
to analyze Mg2+, Na+, and K+ ions. 

A summary table (Table 2) lists the parameters and their respective analytical 
methods. It is important to note that the methods employed have a quantification 
limit of 0.1 mg/L and a detection limit of 0.03 mg/L. Although the margin of error 
may vary, the average error is approximately 0.05 mg/L, based on calibration 
curves with a coefficient of determination (R2) of 99%. 
 
Table 2. Summary of the sampled ions and methods of analysis. 

Parameter Analytical Method 

Mg2+, Na+ e K+ Atomic Absorption Spectrometry (AAS) 

F−, Cl−, 2NO− , 2
3NO − e 2

4SO −   Ion Chromatography (IC) 

Fe2+ e Fe3+ Total Iron by Spectrophotometry (1,10-phenanthroline 
method) 

3HCO−  e 2
3CO −   Alkalinity by Acid-Base Titration 

Ca2+ Complexometric Titration (Hardness) 

3.3. Ionic Balance (I.B.) 

According to Fenzl & Ramos (1986), validating hydrochemical data requires the 
calculation of the ionic balance, which helps identify potential analytical errors in 
each sample. To ensure consistency and reliability in hydrochemical interpreta-
tions, the sum of cations (in meq/L) should be approximately equal to the sum of 
anions (in meq/L) for the same sample, within an acceptable error range. 

Conversion of ion concentrations from mg/L to meq/L was performed using 
the conversion factors presented in Table 3, as proposed by Feitosa et al. (2008). 
These constants are derived from Equation (1), which considers the ion valence 
and atomic weight. 

mg    valencemeq L 
L atomic weight

x
=                             (1) 
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Table 3. Levels of the ions analyzed separately into winter and summer. 

Winter 

Sample Sodium Potassium Calcium Magnesium Chloride Bicarbonate Sulfate EC pH Nitrate Fluoride Nitrite 

P1 1.900 0.420 7.200 1.814 0.441 18.000 3.116 46.600 9.300 0.926 0.830 <0.03 

P2 20.140 3.060 58.400 9.503 1.922 188.000 1.631 298.000 7.500 0.591 0.110 <0.03 

P3 6.640 3.040 88.800 20.916 9.369 222.000 6.485 473.000 7.000 5.431 0.251 <0.03 

P4 7.850 5.050 63.200 11.358 1.042 158.000 1.446 245.000 7.200 0.139 0.122 <0.03 

Summer 

Sample Sodium Potassium Calcium Magnesium Chloride Bicarbonate Sulfate EC pH Nitrate Fluoride Nitrite 

P1 1.520 0.357 11.200 2.700 6.220 322.000 84.430 1217.000 8.500 0.100 1.950 <0.03 

P2 16.112 2.601 56.000 11.160 1.880 112.000 1.550 328.000 8.600 0.640 0.120 <0.03 

P3 5.312 2.584 69.600 20.155 10.020 124.000 6.630 471.000 8.200 6.170 0.190 <0.03 

P4 6.280 4.293 51.200 12.025 0.130 84.000 0.920 242.000 7.800 0.160 0.030 <0.03 

 
The ionic balance calculations were performed using the Qualigraf software, 

which implements two distinct equations—one proposed by Custódio & Llamas 
(1983) and the other by Logan (1965). 

The equation derived from Custódio & Llamas (1983) is illustrated in Figure 4. 
In this approach, electrical conductivity is considered a key factor influencing the 
permissible range of analytical error in the ionic balance. 

 

 

Figure 4. Practical error based on Custódio and Llamas (1983). 
 

For the equation proposed by Logan (1965), see Figure 5. 
 

 

Figure 5. Practical error based on Logan (1985). 

 
This method also evaluates the accuracy of the ionic balance, albeit using a dif-
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ferent approach for calculating the relative error between the total concentrations 
of cations and anions. Like the method of Custódio & Llamas (1983), it is com-
monly applied in hydrochemical assessments and provides a complementary val-
idation tool for the consistency of analytical results. 

Samples exhibiting values beyond the acceptable error threshold should not be 
disregarded, as they may indicate analytical or calculation errors, the presence of 
minor ions in significant concentrations, trace elements, or even poorly mineral-
ized waters such as rainwater. This consideration is particularly relevant given that 
only the major ions Na+, K+, Ca2+, Mg2+, 3NO− , Cl⁻, 2

4SO − , 3HCO− , and CO2 were 
analyzed in this study. According to Fenzl & Ramos (1986), standard analytical 
methods tend to be less accurate at low ionic concentrations, which may lead to 
relatively high calculated errors that do not necessarily imply a true analytical or 
computational mistake. 

3.4. Piper Diagram 

According to Hounslow (2018), four key interpretations can be drawn from the 
use of the Piper diagram: water types, precipitation or dissolution processes, mix-
ing trends, and ion exchange mechanisms. The diagram plots the major ionic con-
stituents cations (Na+, K+, Ca2+, and Mg2+) and anions ( 3NO− , Cl⁻, 2

4SO − , 3HCO− , 
and 2

3CO − ) to classify groundwater types within an aquifer and to distinguish hy-
drochemical facies (Custódio & Llamas, 1983). 

3.5. Schoeller-Berkaloff Diagram 

The Schoeller-Berkaloff diagram is a semi-logarithmic plot in which ion concen-
trations are expressed in meq/L. This graphical method enables the comparison 
of associated ions, differentiation between hydrochemical water types, and analy-
sis of the variability among dominant ions across multiple samples. 

4. Results and Discussion 

The data concerning ion concentrations in the water samples collected during the 
analyzed periods are presented in Table 3, with concentrations expressed in mg/L. 
Figure 6 and Figure 7 illustrate the 24-hour accumulated rainfall recorded at the 
Lages meteorological station for the months in which sampling occurred: August 
2023 (winter) and January 2024 (summer), with totals of 74.4 mm and 193 mm, 
respectively. 

It was observed that precipitation during the winter sampling period was con-
centrated in the second week of August, with the highest daily peak reaching ap-
proximately 24 mm. During the summer campaign, several days experienced 
moderate to heavy rainfall events, with daily accumulations exceeding 30 mm, and 
the highest peak reaching approximately 60 mm. 

Based on the collected data, two tables were developed to support further anal-
yses: one for descriptive statistical analysis (Table 4) and another for ionic balance 
calculations (Table 5). Table 4 summarizes the statistical parameters obtained  
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Figure 6. Rainfall in mm for the month of August 2023, winter collection period. 
 

 

Figure 7. Rainfall in mm for the month of January 2024, summer collection period. 
 

Table 4. Descriptive analysis of the collected data. 

 Sodium Potassium Calcium Magnesium Chloride Bicarbonate Sulfate EC pH Nitrate Fluoride Nitrite 

Max 20.140 5.050 201.084 20.916 10.020 322 84.430 1217 9.300 6.170 1.950 - 

Min 1.520 0.357 16.186 1.814 0.130 18 0.920 46.600 7 0.100 0.030 - 

Mean 8.219 2.676 50.700 11.204 3.878 153.500 13.276 415.075 8.013 1.770 0.450 - 

SD 6.591 1.648 28.044 6.954 4.055 92.642 28.840 351.631 0.781 2.512 0.656 - 

CV 80% 62% 55% 62% 105% 60% 217% 85% 10% 142% 146% - 
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Table 5. Ionic balance. 

Sample 
Na + K 
(meq/L) 

Ca 
(meq/L) 

Mg 
(meq/L) 

Cl 
(meq/L) 

CO3 + 
HCO3 

(meq/L) 

SO4 
(meq/L) 

EC 
(µS/cm) 

Σ Cations 
(meq/L) 

Σ Anions 
(meq/L) 

I.B. I I.B. II Observations 

P1  
WINTER 

0.093 0.360 0.149 0.012 0.295 0.065 46.600 0.602 0.372 47.160 23.580 
Doesn’t meet 

I.B. 2 

P2  
WINTER 

0.954 2.919 0.781 0.054 3.081 0.034 298.000 4.655 3.169 37.970 18.990 
Doesn’t meet 
I.B. 1 and 2 

P3 
 WINTER 

0.367 4.439 1.721 0.264 3.639 0.135 473.000 6.526 4.038 47.110 23.550 
Doesn’t meet 
I.B. 1 and 2 

P4  
WINTER 

0.471 3.159 0.934 0.029 2.590 0.030 245.000 4.564 2.649 53.100 26.550 
Doesn’t meet 
I.B. 1 and 2 

P1  
SUMMER 

0.075 0.560 0.222 0.176 5.278 1.758 1217.000 0.857 7.211 157.500 78.750 
Doesn’t meet 
I.B. 1 and 2 

P2  
SUMMER 

0.767 2.799 0.918 0.053 1.836 0.032 328.000 4.485 1.921 80.040 40.020 
Doesn’t meet 
I.B. 1 and 2 

P3  
SUMMER 

0.297 3.479 1.658 0.283 2.032 0.138 471.000 5.434 2.453 75.590 37.800 
Doesn’t meet 
I.B. 1 and 2 

P4  
SUMMER 

0.399 2.560 0.989 0.004 1.377 0.019 242.000 3.948 1.400 95.310 47.660 
Doesn’t meet 
I.B. 1 and 2 

 
from the measured concentrations of selected analytes. The data reveal a substan-
tial variation in values, as evidenced by the standard deviation (SD) and the coef-
ficient of variation (CV), which indicate a notable dispersion of the data in rela-
tion to the mean. These indicators suggest a degree of heterogeneity in the hydro-
chemical composition of the sampled groundwater, possibly reflecting variations 
in the geological formations, aquifer characteristics, or anthropogenic influences 
at the sampling sites. 

It is important to emphasize that nitrite concentrations were consistently found 
to be below the detection limit of the analytical method employed. As a result, 
statistical analysis for this parameter could not be performed, and it was excluded 
from the descriptive dataset. 

Table 5 presents the ionic balance, in which ion concentrations originally ex-
pressed in milligrams per liter (mg/L) were converted to milliequivalents per liter 
(meq/L). This conversion enables the evaluation of the electrochemical balance 
between cations and anions in the water samples. Although none of the samples 
fell within the acceptable margin of error for ionic balance closure, values exceed-
ing this threshold should not be disregarded. Such deviations may point to poten-
tial analytical or computational inaccuracies, the presence of minor ions not ac-
counted for in the primary analysis, trace elements, or even naturally low miner-
alization levels in the sampled waters. These factors warrant careful consideration 
in the interpretation of hydrochemical data. 

Regarding the cations (Na+, K+, Ca2+, and Mg2+), it was observed that sodium 
and potassium—two ions that are often strongly associated exhibited lower con-
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centrations during the summer campaign compared to the winter, suggesting a 
dilution effect likely related to increased recharge. Calcium also showed a general 
dilution trend during the summer months relative to winter, with the exception 
of sample P1, where a subtle enrichment was noted. Magnesium levels were gen-
erally similar between both seasons; however, a slight enrichment was detected 
during the summer period, except in sample P3, which showed a dilution pattern. 
Figure 8 presents the graphical representation of the seasonal concentration var-
iations for both cations and anions at the sampled locations. 

 

 

Figure 8. Cation graphs of the contents obtained in the winter and summer periods. 
 

In terms of the anions analyzed ( 3HCO− , Cl−, 2
4SO − , 3NO− , 2NO− , and F−), a 

diffuse behavior was observed across the sampling periods, with both enrichment 
and depletion occurring depending on the ion and sampling point. Bicarbonate 
concentrations generally showed a decrease during the summer when compared 
to winter, except for sample P1, which exhibited an anomalous enrichment trend. 

Chloride levels increased during the summer in samples P1 and P3, while sam-
ples P2 and P4 showed a slight dilution when compared to winter values. Sulfate 
concentrations were slightly higher in winter for samples P2 and P4; however, 
sample P3 exhibited an increase during the summer, and sample P1 again pre-
sented an anomalous enrichment during this same period. 
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Regarding nitrate, a general increase in concentration was observed during the 
summer, with the exception of sample P1, which experienced dilution. Nitrite 
concentrations in all samples remained below the minimum detection limit of the 
analytical equipment (0.03 mg/L) across both seasons. Lastly, fluoride exhibited a 
dilution trend during the summer, except for sample P1, which showed increased 
concentrations compared to the winter period (Figure 9). 

 

 

Figure 9. Graphs of the anions of the contents obtained in the winter and summer periods. 
 

Regarding the total iron parameter in the samples, a dilution pattern was iden-
tified from the winter to the summer period. Based on the quantification of iron, 
it was observed that sample P1 exhibited a concentration exceeding 0.3 mg/L (0.3 
ppm) in both sampling periods, rendering it non-potable according to both Bra-
zilian and U.S. drinking water standards. 

As for the Electrical Conductivity (EC) parameter, samples P2, P3, and P4 
showed little variation between seasons. However, sample P1 exhibited low ioni-
zation during the winter sampling, with the opposite trend observed in the sum-
mer. This result aligns with the increased concentrations detected in sample P1 
during the summer, indicating a general rise in solute content for this period. 

In terms of pH, winter samples tended to exhibit values near neutrality, except 
for sample P1, which showed an alkaline character. In contrast, during the sum-
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mer, all samples showed a shift toward alkalinity—particularly in samples P2, P3, 
and P4—while sample P1 exhibited a trend toward acidification, although it still 
retained an overall alkaline character (Figure 10). 

 

 

Figure 10. Analysis of the contents of Nitrate and Total Iron, Electrical conductivity and pH, in the winter and summer periods. 
 

Regarding hydrochemical classification, all samples from the Rio do Rasto For-
mation, in both winter and summer, were classified within the calcium-magne-
sium bicarbonate facies, a trend commonly observed in unconfined aquifers. The 
results from the Piper diagram are consistent with the main ionic constituents of 
the samples, primarily calcium and bicarbonate (Figure 11). 

When examining the anions on the diagram, samples P2 and P4 remained 
within the same field during both seasons. However, samples P1 and P3 exhibited 
variations within the bicarbonate facies. Sample P1, in winter, was positioned 
within the bicarbonate field but close to the chlorinated water field. During sum-
mer, an increase in the concentration of all ions was noted, with anomalous en-
richment of bicarbonate and sulfate ions. 

For sample P3, a depletion of bicarbonate and enrichment of chloride was ob-
served. According to water classification, sample P2 essentially remained in the 
same area, showing only a slight increase in chloride concentration. A similar 
trend was observed for sample P3, but with a substantial increase in chloride lev-
els. 
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Figure 11. Results of the PIPER diagram. 
 

Although all samples from the Rio do Rasto Formation remained within the 
calcium-magnesium bicarbonate facies, some variability within this hydrochemi-
cal facies was noted. Sample P1 showed depletion in winter, indicating character-
istics suggestive of water mixing. However, during the summer sampling, a dis-
tinct calcium-magnesium bicarbonate signature was observed, possibly related to 
the high bicarbonate enrichment. 

In sample P3, a depletion of dominant ions bicarbonate and calcium allowed 
other ions, particularly chloride, to have a greater influence. 

The Schoeller diagram was constructed to observe the chemical signatures of 
samples from the Rio do Rasto Formation. The yellow line represents samples 
from P3, which showed virtually identical chemical signatures during both winter 
and summer, with minimal variation between seasons. A similar behavior is ob-
served in the red line, representing samples from P2 (Figure 12). 

The light blue line corresponds to sample P4, which, despite not coinciding ex-
actly, exhibits the same overall trend: a pattern of chloride depletion followed by 
an increase in carbonate ions. 

The samples that deviate from this pattern are those from P1, represented by 
the green line. During winter, this signature shows chloride depletion followed by 
a pronounced increase in sulfate and bicarbonate. In the summer, a similar trend 
is observed for cations, but this is followed by an increase in all anions. 
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Figure 12. Schoeller diagram with the chemical signatures of the samples. 
 

At first glance, these chemical signatures appear quite distinct. However, closer 
analysis reveals that they are quite similar, particularly regarding the pattern of 
cation depletion and anion increase. The primary factor causing this anomaly is 
the variable chloride content. 

Several hypotheses could explain this behavior, but a plausible explanation is 
contamination by heterotrophic bacteria or the presence of fecal coliforms. As a 
remediation measure, well cleaning or disinfection is often performed using chlo-
rine. The introduction of chlorine during this process may justify the anomalous 
increase in chloride concentration. Furthermore, this treatment may lead to the 
release of additional anions, as reflected in changes in pH. Although the sample 
pH remained alkaline, significant variations were observed alongside an increase 
in electrical conductivity (EC), highlighting the presence of available ions in the 
water. 

When considering the local mineralogy, the observed hydrochemical behavior 
is consistent with the established data. The mineralogical composition primarily 
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includes quartz, feldspars, carbonates, and iron oxides. The Piper diagram indi-
cates a calcitic mineral character, with localized dolomitic influence due to notable 
magnesium concentrations. This also suggests the presence of carbonate cement. 
Feldspars likely explain the relevant concentrations of sodium and potassium ob-
served in the samples. 

5. Conclusion 

Based on the collected and analyzed data, the hydrochemical classification of sam-
ples from the Rio do Rasto Formation within the study area was established as 
predominantly calcium or magnesium bicarbonate types. These samples exhibit a 
behavior typical of unconfined aquifers, showing no evidence of significant water 
mixing, and are associated with a mineralogical composition characterized mainly 
by calcitic and locally dolomitic components. However, an examination of the 
stratigraphic profiles of the wells reveals that the interbedding of sand and fine-
grained sediments suggests the behavior of a semi-confined aquifer system. In this 
context, the finer sediments likely act as sealing layers, restricting vertical water 
movement and contributing to the partial confinement of the aquifer. This obser-
vation supports the hypothesis that the area analyzed in this study may corre-
spond to a semi-confined portion of the Rio do Rasto Formation. 

The Schoeller diagram revealed a distinct chemical signature pattern among the 
samples. Although all samples belong to the same hydrochemical facies, they ex-
hibit variations in their chemical signatures. Generally, the highest concentration 
peaks were observed for calcium, carbonate, and bicarbonate ions, alongside an 
overall trend of chloride depletionexcept for sample P1 during the summer sea-
son. Concentrations of magnesium, sodium, and potassium remained relatively 
stable across samples. 

Regarding the sampling periods, summer recorded the highest rainfall, which 
generally resulted in dilution of ion concentrations, particularly cations. Anions 
also showed a subtle dilution trend, except for sample P1, which exhibited enrich-
ment in all analyzed anions. 

Analysis of ion concentrations and chemical signatures suggests that sample P1 
experienced an anomalous increase in sulfate, likely linked to anthropogenic ac-
tivities. It is worth noting that around the summer sampling period, the well was 
probably disinfected with chlorine, this assumption is based on the fact that the 
purpose of this well is exclusively dedicated to laundry activities, which generally 
require frequent cleaning procedures to maintain the well’s performance. Other-
wise, neglecting such maintenance may lead to issues such as the presence of bac-
teria, heavy metals, pesticides, and chemical residues. Additionally, total iron con-
centrations above the legal limits may be attributed to the natural geochemical 
characteristics of the Rio do Rasto Formation. 
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