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LITHO-STRUCTURAL CONDITIONING EXPLORATION OF FRACTURED AQUIFERS: A CASE 1 

STUDY IN THE CRYSTALLINE BASEMENT AQUIFER SYSTEM, BRAZIL 2 

 3 

ABSTRACT 4 
This research aimed to identify qualitatively and quantitatively productive regions through spatial correlations of 5 
wells and geological conditions, such as lineaments, hydrography, aeromagnetometry and different lithologies 6 
present in the Crystalline Basement Aquifer System (CBAS), state of Paraná, Brazil. Different methods applied 7 
in Precambrian metamorphic and igneous aquifers in the world and some Brazilian states were integrated and 8 
applied in CBAS seeking to understand the best scale and approach to productivity. The median productivity of 9 
the 224 wells analyzed is 0.29 m3/h/m. Under a multi-scale regional assessment, the results showed that the best 10 
condition is associated with: the distance of 350 m from the lineaments (1:100,000), especially those with 11 
directions N40W, N10E and N70E. Considering hydrolithological units, gneisses are the most productive, 12 
especially where lineaments coincide with regional structures, such as shear zones, foliations and Cenozoic 13 
tectonic reactivations. Quartzites, granitoids, schists, phyllites, and rhyolites were also favorable when close to 14 
important rivers and not necessarily coinciding with regional lineaments, high density, either vertical fractures. 15 
The areas of intersection of the lineaments and the weathering mantle did not serve as a discriminatory parameter 16 
in this research. As the median depths of the water wells reach 90 m from the surface, the extraction of oriented 17 
magnetic gradients referred to magnetic sources down to 800 m depth, thus corroborating surface mapped 18 
lineaments and new non-outcropable structures. Considering the complexity of the environment and the global 19 
groundwater use of fractured aquifers, this work contributed by discriminating geospatial parameters to decrease 20 
the exploratory risk in CBAS.  21 
 22 

Keywords: Crystalline aquifer, groundwater productivity, multi-scale lineaments, geospatial analysis, 23 
hydrogeophysics 24 
 25 

1. INTRODUCTION 26 

 27 

The hydrogeology of fractured media depends on a series of lithostructural constraints, such as 28 

geometrical characterization of geological discontinuities, underground flow regime, connectivity between 29 

percolation and storage structures, etc. These assessments are closely associated with understanding the tectonic 30 

and non-tectonic evolution of the environment in which the aquifer is inserted (Bense et al. 2013). This makes 31 

this environment complex and heterogeneous and, consequently, much more expensive for prospective studies. 32 

One of the reflections of this difficulty is present in the greater number of researches generated on more 33 

homogeneous aquifers and relatively easier access, such as sedimentary aquifers, concerning the smaller number 34 

of published studies on fractured aquifers (search carried out using keywords such as: “bedrock aquifer”, “hard 35 

rock aquifer”, “crystalline aquifer”, “fractured aquifer”, “sedimentary aquifer”, aquifer sediment ”). More robust 36 

techniques, such as geophysical profiling, for example, thermal, sonic, optical profiling, etc. (Danielsen et al. 37 

2007; Fiume et al. 2020), as well as more traditional techniques, such as field mapping (Gleeson and Novakowski 38 

2009; Fernandes et al. 2016) and well monitoring (Comte et al. 2012; Hammond 2018) are important to improve 39 

the conceptual model of the aquifer, however this study aims to make an initial contribution to the region's 40 



2 
 

crystalline aquifer, in a regional and remote way, using, therefore, investigative techniques that will serve as a 41 

basis in the future for further studies in greater detail such as outcrop analysis, geophysical profiling and hydraulic 42 

well monitoring. In this sense, we address in this study the location of the wells and their production values, and 43 

the remote sensing mapping of outcropping structures in the relief and magnetized structures, associating these 44 

mapped structures and the wells with the spatial distribution of the lithologies and the tectonic context past and 45 

current of Paraná's crystalline basement. 46 

The mapping of lineaments in digital elevation models is a common practice in other countries as well, 47 

these linear features being interpreted as preferential ways of recharge and/or underground water flow, which 48 

consequently can positively influence the productivity of the wells (Mohamed et al. 2015; Anaba Onana et al. 49 

2017). Low angle faults can also facilitate the regional groundwater flow, however, they do not generate 50 

lineaments in the relief, therefore, they were not addressed here in this work. On the other hand, there is a 51 

possibility that these possible structures (represented by the lineaments) also act as hydraulic barriers, when, for 52 

example, vertical/subvertical transcurrent faults have their fractures closed or filled with mineral clays, generated 53 

in brecciation or cataclasis processes, interfering in the aquifer flow regime (Gleeson and Novakowski 2009; 54 

Bense et al. 2013). The difference between these two possibilities depends on the architecture conditions of the 55 

fault zone, where the structures of the fault core and its damage zone can play a fundamental role in permeability, 56 

depending on the phases and types of deformations that act on the site (Caine et al. 1996). Taking into account 57 

that these lineaments are features that can represent subsurface fractures (O’Leary and Friedman 1978; Tirén 58 

2010), remote aeromagnetometry mapping techniques can reinforce this premise of extending these structures in 59 

depth (Mohamed et al. 2015; Abdelmohsen et al. 2019; Chandra et al. 2019), since geophysics is already widely 60 

used for this purpose, for example, in geological mapping (Patias et al. 2019; Pinto and Vidotti 2019) and mining 61 

(Prado et al. 2020). In the study area there are numerous mafic dikes, which have a strong magnetic signature, 62 

which makes the use of this tool more attractive (Castro and Ferreira 2015). Thus, unlike these other applications, 63 

aeromagnetometry was applied here to investigate hydrogeological favorable structures, innovative for the region 64 

and to complement the literature. 65 

Previous studies have related the water productivity in crystalline terrains to lithostructural conditions 66 

and the specific Cenozoic tectonics across southeastern and southern Brazil, with examples from the state of São 67 

Paulo (Fernandes and Rudolph 2001; Neves and Morales 2007a, b; Madrucci et al. 2008; Alves 2008; Fernandes 68 

et al. 2011, 2016); Rio Grande do Norte (Coriolano et al. 2000); Ceará (Souza Filho 2008; Friedel et al. 2012). In 69 

Paraná, the same considerations were made by Athayde (2013) for the volcanic flows of the Serra Geral Aquifer 70 
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System and by Chavez-Kus and Salamuni (2003, 2008b) referring to the Atuba Complex, in the crystalline portion 71 

of the metropolitan area of Curitiba, the capital of Paraná. It is important to highlight that the structures parallel 72 

to the direction of maximum principal stress (σ 1) are activated by the Cenozoic tectonics and these structures are 73 

theoretically most open, corresponding to the type T fractures of the Riedel shear model (Ramsay and Graham 74 

1970), which would allow more percolation and water storage (Chavez-Kus and Salamuni 2008a; Fernandes 2008; 75 

Bense et al. 2013). 76 

Another factor to be considered is the implications that the weathering mantle can provide as a permeable 77 

reserve of water to recharge the fractured aquifer or can act as an impermeable layer making it difficult to recharge 78 

and consequent productivity (Abdalla 2012; Hammond 2018; Setlur et al. 2019). This same waterproofing can 79 

also act as a natural protection for the fractured aquifer (Belle et al. 2019). It is possible to verify in some studies 80 

that there is no general relationship between the weathering layer and the productivity of the wells, however, 81 

occasional contributions have been observed (Anaba Onana et al. 2017; Douagui et al. 2019). 82 

The Crystalline Basement Aquifer System - CBAS (Brasil 2015) in the state of Paraná is a fractured 83 

aquifer system (Feitosa et al. 2008; Diniz et al. 2014) comprising an area of approximately 24,000 km2 in the 84 

southern region of Brazil. More precisely, the CBAS (Figure 1) is a part of the outcropping portion of the Paraná 85 

Basin's crystalline basement (Almeida et al. 1977) and correlated with geomorphological features of the First 86 

Paraná Plateau after Maack (1947) and ITCG (2006).  87 

 88 
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 89 
 90 

Figure 1 – Crystalline Basement Aquifer System location (area of study), wells used in research and productivity 91 
indexes in the aquifer regions (adapted after Brasil 2015). Aquifer`s colors  and numbers in parenthesis refer to 92 
international standard in UNESCO (1983) and Struckmeier and Margat (1995): aquifer type green - fractured; 93 
blue - intergranular; brown – no aquifer; production index (6) fairly unproductive/no aquifer; (5) very low; (4) 94 
low; (3) intermediate; (2) high. 95 

 96 

Fractured aquifers occupy around 20% of the Earth's surface, and for several regions on the planet it is 97 

seen as a strategic reserve and complementary to supply, especially in regions of water scarcity, as in Souza Filho 98 

et al. (2010) in the state of Ceará (Brazil), Hammond (2018) in the USA, Chandra et al. (2019) in the India; 99 

Douagui et al. (2019) in the Côte d’Ivore and others. In addition, the motivation for this research comes from the 100 

importance of several regions, with strong economic potential in Brazil, to withdraw water from this type of 101 

aquifer, whether for domestic, agricultural or industrial use, which also enhances the need to promote this study. 102 

These regions include the state of Rio de Janeiro, with 80% of the area of its aquifers in crystalline terrain (Barreto 103 

et al. 2000; Martins et al. 2006); the state of São Paulo with 37% of the area of its aquifers in crystalline terrain 104 

and where are some of its important industrial regions such as Sorocaba, Campinas, and Greater São Paulo 105 

(Fernandes et al. 2005); and the state of Paraná with 10% of the area of its aquifers in crystalline terrain, including 106 

the capital Curitiba (Brasil 2015). In addition to demand, the unpredictability of water productivity is a major 107 
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factor in terms of the exploratory risks for crystalline aquifers. We assume that this unpredictability is largely due 108 

to the lack of knowledge of geological evolution and pre-existing geological discontinuities. 109 

Thus, the goal of this work is to define the lithostructural conditions that contribute to the water well 110 

productivity reduce the exploratory risk across crystalline terrains in Brazil. To this end, we studied the possible 111 

spatial correlation between well water productivity, lithology, lineaments, and oriented magnetic gradients. 112 

Multicriteria techniques were used to indicate areas with higher rather productivity rates. 113 

 114 

2. GEOLOGICAL SETTING 115 

 116 

The study area (Figure 2) has a geological context of Pre-Cambrian igneous and metamorphic rocks. The 117 

tectonic framework corresponds to the southern portion of the Ribeira Belt, with its accretionary terrains: Apiaí 118 

Terrane (AT), Curitiba Terrane (CT), Paranaguá Terrane (PT) and Luis Alves Microplate (LAM) (Campos Neto 119 

2000; Heilbron et al. 2008; Castro and Ferreira 2015; Passarelli et al. 2018).  120 

In the northwest portion of the area, calci-alkaline granitoids predominate, acidic to intermediate volcanic 121 

rocks, metasedimentary and metavolcanic rocks from low to medium metamorphic grade (Campos Neto 2000; 122 

Heilbron et al. 2008), while in the southeast portion of the area, granitoids predominate. and higher metamorphic 123 

grade rocks, such as migmatite gneisses and granulites, with less expressive low metamorphic grade metapelitic 124 

rocks (Siga Junior et al. 1995). Important structures make up the structural framework of the area, such as the 125 

Lancinha Shear Zone, which is a mega structure of dextral occurrence, whose NE-SW orientation represents the 126 

main direction of the outcrop structures (Basei et al. 1992); and the expressive NW-SE oriented Jurassic-127 

Cretaceous mafic dikes, corresponding to the Ponta Grossa Arc (PGA), which cut all terrains (Renne et al. 1996). 128 
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 129 
Figure 2 – Simplified tectonic map (scale 1:650,000) of the southern portion of Ribeira Belt (southern portion of 130 
Brazil), corresponding to basement of the Paraná Basin, with its terranes: Apiaí Terrane (AT), Curitiba Terrane 131 
(CT), Paranaguá Terrane (PT) and Luis Alves Microplate (LAM); main shear zones; and main structural 132 
alignments (adapted after Basei et al. 1992; Siga Junior et al. 1995; MINEROPAR 2006; Heilbron et al. 2008; 133 
Passarelli et al. 2018; Patias et al. 2019). 134 

 135 

3. MATERIAL AND METHODS 136 

 137 

The systematization of this work starts with the processing of water productivity data from wells, digital 138 

elevation models (DEMs), aeromagnetometric data and mapped lithology, followed by statistics and 139 

geoprocessing, resulting in maps and productivity graphs of the Crystalline Basement Aquifer System (see 140 

schematic flowchart in Figure S2 in the ESM). For the geospatial analysis of productivity, we used the tools in 141 

ArcGISTM v. 10.6.1 software. The products as maps are referenced to the SIRGAS 2000 Datum displayed as 142 

geographic and UTM / 22s Zone coordinates.  143 

 144 

3.1 Wells database 145 

 146 
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Initially, 236 tubular wells were selected from the database of the Carta das Águas do Paraná (Brasil 147 

2015). Data for the majority of these wells were provided by the Water and Waste Management State Company, 148 

SANEPAR and some from the State Water Agency, AGUASPARANÁ. Twelve wells were excluded because 149 

they were either (1) outside the CBAS' predicted boundary; (2) drilled on sedimentary terrane; or (3) located in 150 

the coastal region, which has few wells and exhibits a different climatic regime from the study area which is 151 

located on the highland. Therefore, 224 wells were organized using univariate statistics (Figure 1). For 152 

consistency, all of these wells have standardized pumping tests for a 12h period. The analysis of productivity 153 

(specific capacity and yield) and depth of the well were spatialized and treated under percentile, median and 154 

accumulated frequency scales. The RGB color codes of classification of percentile can be found in Table S1 of 155 

the electronic supplementary material (ESM). 156 

 157 

3.2 Treatment of multi-scale lineaments in Digital Elevation Model (DEM) 158 

 159 

The definitions of lineament used in this work follow O’Leary and Friedman (1978): “linear, mappable, 160 

simple or composite feature, aligned in a straight or slightly curved manner”. These features may represent 161 

foliations of metamorphic rocks, sedimentary layers, fractures or other geological discontinuities of the basement, 162 

being mainly vertical or sub-vertical (Tirén 2010). The multiscale tracing of lineaments can represent different 163 

tectonic and geomorphological meanings, for example, the smaller the scale, the smaller the detail observed in the 164 

relief and consequently, fewer lineaments are traced. This analysis can represent regional structures in the area, if 165 

the scale is small (e.g. 1:400,000), or it can represent local and more detailed structures, if the scale is larger (e.g. 166 

1:100,000). Lineaments can mean other features in the relief, in addition to geological structures, such as river 167 

incisions or artificial drains (man-made). We consider that the lineaments can coincide with these incisions 168 

without causing problems in the mapping, since they are negative features in the relief and can represent areas of 169 

recharge, whereas the artificial drains were not taken into account here, because we did not find any artificial 170 

drainage in the literature of the region that is of sufficient magnitude to be identified on our mapping scale. Our 171 

methodological approach could not study the influence of horizontal-to-sub-horizontal fractures, although we 172 

recognize their importance from some well-log records and at outcrop occurrences. 173 

The systematic processing of the lineaments is presented in Figure 4. Multi-scale lineaments were 174 

manually drawn from DEM, derived from images from the ASTER sensor, with a resolution of 30 m (USGS 175 

2018). The tracing scales were 1:100,000, 1:250,000 and 1:400,000, with pseudo-illuminations at angles 45°, 176 
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135°, 225°, and 315°. The variations of these angles sought to highlight different geomorphological structures 177 

perpendicularly. The digitalization of the guidelines occurred with the fixed scales, to maintain the coherence of 178 

the photo-interpretation (Fernandes 2008). The well productivity analyzes involving the lineaments took into 179 

account the direction, distance, and density. For the azimuth calculation, the lineaments were reclassified at 10° 180 

intervals, using Equation 1 inserted in the Python interface of ArcGIS – Figure S3 in the ESM, generating course 181 

notations (e.g. “N10E”). 182 

 183 

Equation 1 184 
"N 10 E" if (!bearing! >= 0 and !bearing! <= 10) or (!bearing! >= 180 and !bearing! <= 190) else (…) 185 

 186 

To assist in calculating the productivity of the directions in spreadsheets, a second operation (Equation 187 

2) was repeated, generating 18 classes of intervals between 10° and 180° to represent the 18 textual classes of 188 

the directions presented here between N90W and N90E. The complete codes (Equations 1 and 2) comprise the 189 

supplementary material of this article (Equations S1 and S2 in the ESM). 190 

 191 

Equation 2 192 

10 if (!bearing! >= 0 and !bearing! <= 10) or (!bearing! >= 180 and !bearing! <= 190) else (…) 193 

 194 

The productivity analysis against a distance factor was two-fold (Figure 3). First, we applied the 195 

proximity tools "buffer" (area of influence) to lineaments, without dissolving the overlapping areas, and we 196 

clipped the wells inside these areas. The first modality was the test of different buffers from the lineament itself, 197 

with intervals of 50 m, covering a range of from 0 to 500 m (Figure 3 – top). The second modality tested buffers 198 

around the lineaments intersections points, spaced every 200 m, from 0 to 2,000 m away from the point (Figure 3 199 

– bottom). The analyzes of the distances were made cumulatively, that is, 0 to 50, 0 to 100, etc. and not 200 

individualizing the intervals, that is, 0 to 50, 50 to 100, etc. (Madrucci et al. 2008; Anaba Onana et al. 2017). 201 

 202 
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 203 
Figure 3 - Schematic model: 1) tracing of lineaments (red lines); 2) generation of buffers (blue areas) from the 204 
lineaments (top) and from the intersections of the lineaments (bottom – black points); 3) well insertions; and, 4) 205 
clip of wells from which buffer respectively. 206 

 207 

Regarding the relation between productivity and directions, a reference distance (as buffer) was chosen 208 

from the most meaningful productivity distance evaluated in the previous steps (Figure 4). According to this 209 

method, when a well falls within more than one buffer zone, in different classes of directions, the well information 210 

is repeated in each direction, as we understood that more than one lineament can interfere with the well 211 

productivity. Regarding productivity and the density factor, kernel density maps were generated for both the 212 

lineaments and intersection points of the lineaments. The processed area was the first plateau, and we excluded 213 

the areas corresponding to the Serra do Mar range and the coastal plains, due to the scarce number of wells which 214 

may bias the comparison. 215 

 216 



10 
 

 217 
Figure 4 – Flowchart of the stages for processing water productivity data associated with the lineaments. Colored 218 
boxes refer to data: red – geophysics; green – DEM remote sensing; yellow – geologic; blue – water-wells; black 219 
– GIS analysis/products. 220 
 221 

3.3 Aeromagnetic data  222 

 223 

The use of techniques with aeromagnetic data can elucidate the extension in the subsurface of fractures 224 

that are being observed from the geometric features of the relief, because some geological structures can be 225 

magnetized (Blakely 1995; Kearey et al. 2009). This technique is already widely used in other areas, such as 226 

geological mapping (Patias et al. 2019), mining (Prado et al. 2020), etc. and not so much in hydrogeology 227 

(Madrucci et al. 2008; Souza Filho et al. 2010; Athayde 2013; Brito et al. 2020). The use of this tool can contribute 228 

to indicating new exploitable structures in subsurface not mapped by the lineaments or confirmed the structure 229 

mapped by the lineaments, representing greater certainty in the target. The aeromagnetometric data used in this 230 

study was generated by the Paraná - Santa Catarina 1095 project (CPRM 2011), in which the survey design had 231 

N-S flight lines separate by 500 m, E-W control lines spaced 10,000 m apart and elevation of 100 m draped over 232 

the topography. Processing was performed in Oasis MontajTM v. 9.4 software. Regarding qualitative analysis, we 233 

applied techniques of structural enhancement (Figure S4 in the ESM), on two types of the total magnetic 234 

anomalous field – TMA (here represented by the superscript numbers in the abbreviations). The first TMA¹ grid 235 
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was generated using the bi-directional interpolation technique (Geosoft 2014) of the magnetic channel, already 236 

corrected for the international geomagnetic model (IGRF, considering the magnetic declination -18°25’ and 237 

inclination -34°52’ for the center of the area), with 100 x 100 m of grid cells. The limits of the aeromagnetic grid 238 

were beyond the limits of the CBAS to avoid edge effects during processing. The second grid (TMA²) corresponds 239 

to the TMA1 applied to a directional cosine filter (DC) (Geosoft 2014), to highlight NE-SW structures and 240 

minimize the strong magnetic influences of NW-SE direction, related to the swarm of dykes of the Ponta Grossa 241 

Arch in the same direction. For each TMA the Radially Average Power Spectrum - RAPS was calculated 242 

(Equation S3 in the ESM), to identify the depth of the main magnetic sources. Using low-pass, band-pass and 243 

high-pass filters (Spector and Grant 1970; Milligan and Gunn 1997; Geosoft 2009) of different depth ranges to 244 

the magnetic sources (semi-quantitative analysis) were separated. 245 

Among the estimated magnetic sources, the intermediate sources were chosen to apply the reduction to 246 

the pole filter (RTP filter) and subsequently the Tilt Derivative filter - TDR (Miller and Singh 1994) to enhance 247 

elongated gradients and the edge of magnetic bodies. The grids derived from these filters served as the basis for 248 

the extraction of oriented magnetic gradients (OMGs) in scale 1:250,000. Similar to the procedure outlined in 249 

Section 3.2, the generated OMGs also went through the routine of buffer creation (350 m), clipping of wells within 250 

buffers, azimuths reclassification and to be later correlated with well productivity. 251 

 252 

3.4 Geological map 253 

 254 

The geological map used in this work is based on the database of the Paraná Geological Service on a 255 

scale of 1:650,000 under the shapefile format (MINEROPAR 2006). A regional synthesis of this map is presented 256 

in Figure 2 (Basei et al. 1992; Siga Junior et al. 1995; MINEROPAR 2006; Heilbron et al. 2008; Passarelli et al. 257 

2018; Patias et al. 2019). The productivity of wells located in the different geological units was assessed with the 258 

“intersect” tool in ArcGIS. Subsequently, the data were processed in spreadsheets and graphs of cumulative 259 

frequency to analyze the productivity trends of each lithological unit based on specific capacity values distributed 260 

among the quantiles. After verifying the productivity per lithological unit, the 1:100,000 scale mapped lineaments 261 

were cut and separated for each lithological unit as well, to discriminate the preferred directions within these units. 262 

This provides two-fold outcomes: a regional scale productivity differentiation among geological terranes and; a 263 

local scale, productivity discrimination across lithologies. Finally, we also analyzed the relationship between the 264 

weathering mantle with the specific capacity of all 224 wells and separate each hydrolithological unit, from the 265 

well description. 266 
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 267 

4. RESULTS AND DISCUSSION 268 

 269 

4.1 Productivity analysis of wells  270 

 271 

It is worth mentioning that the median of specific capacity is the parameter that best represents the 272 

productivity in crystalline aquifers (Fernandes 2008; Douagui et al. 2019). For the 224 wells included in this study, 273 

this median value for specific capacity was 0.29 m3/h/m (Table 1). This value plays a fundamental role in this 274 

study as a cut-off marker for productivity values that will guide the geospatial analysis with lineaments, gradient 275 

magnetic oriented and lithologies. The distribution of the specific capacity of all wells presents values from the 276 

first to the third quantile from 0.12 to 0.71 m3/h/m. In addition to table 1, a graph of accumulated frequency was 277 

also drawn up to represent the behavior of specific capacity values (see Figure S1 in the ESM).Table 1 presents 278 

the yields, specific capacity, total depth and weathering mantle of the wells. The median yield is 6.30 m3/h, which, 279 

according to the criteria used in the recent Hydrogeological Maps of Paraná (Brasil 2015; Souza Filho and Franzini 280 

2015) and to Brazil (Diniz et al. 2014), is classified as "generally very low, but locally low: continuous supplies 281 

are hardly guaranteed". 282 

 283 

Table 1 - Univariate statistics of yield (Q) values, specific capacity (Q/s), and depth of wells in the general 284 
database. SD = standard deviation. 285 

224 Wells Q (m³/h) Q/s (m³/h/m) Depth (m) 
Weathering mantle 

thickness (m) 

Average 10.11 0.81 104.64 18.23 

Variance 97.90 5.72 4364.16 180.46 

SD 9.89 2.39 66.06 13.43 

Percentiles (%)     

100 60.00 25.00 330.00 66.00 

99 49.20 10.68 304.00 50.08 

98 40.54 5.75 302.16 45.54 

97 40.00 4.06 272.79 45.00 

95 30.00 2.20 251.70 41.85 

93 25.00 1.55 243.90 39.00 

91 22.97 1.38 203.72 37.00 

90 22.20 1.32 200.00 36.00 

85 17.82 0.98 152.00 34.00 

75 13.00 0.71 144.00 27.25 

65 10.00 0.47 104.95 21.95 

50 6.30 0.29 90.00 17.00 

40 5.00 0.21 78.40 13.00 
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25 4.00 0.12 56.75 8.00 

15 3.00 0.06 45.23 3.00 

5 1.50 0.03 33.00 0.00 

  286 

When compared with values calculated in other aquifers in crystalline rock from neighboring regions and 287 

states in Brazil, both the yield and the specific capacity have comparable values in the same order of magnitude. 288 

(Table 2). In other countries also these values were found, for example, Olaniyan et al. (2010) find an average of 289 

0.27 m3/h/m in Nigeria; Douagui et al. (2019) find an average of 0.44 m3/h/m in Côte d’Ivoire.  290 

Taking into account the complexity of water supply in Brazil and other countries, it is important to 291 

emphasize that it is good to keep in mind these productivity values of crystalline aquifers as also guiding values 292 

for decision making in water management spaces (MacDonald et al. 2012; Ofterdinger et al. 2019). Although our 293 

work area is relatively large (24,000 km2), when compared to other studies we understand that it is very difficult 294 

to have reliable data on wells available. Therefore, we believe that a density of ~ 107 km2/well in our study area 295 

is reasonable for regional studies (e.g. Anaba Onana et al. (2017) with 7,313 km2/well; Chandra et al. (2019) with 296 

18 km2/well; Douagui et al. (2019) with 156 km2/well, and others) so that in future, more detailed studies, there 297 

is an incentive to increase this database, especially in areas with low well density. 298 

 299 

Table 2 – Productivity of crystalline aquifers in states or neighboring regions to the CBAS. Some works used 300 
either specific capacity or yield.  301 

Authors 
Brazilian 

States 
Q (m³/h) Q/s (m3/h/m) 

Barcellos (2019) Rio de Janeiro X 0.36 

Brasil (2015) Paraná 6.00 0.30 

THIS STUDY Paraná 6.30 0.29 

Fernandes et al. (2007) São Paulo 2 to 7 0.04 to 0.18 

Madrucci (2003); Madrucci et al. 

(2008) 
São Paulo X 0.15 to 0.18 

Brito et al. (2020) Minas Gerais X 0.16 

Dessart et al. (2020) 
Rio Grande do 

Sul 
2.90 0.16 

Fernandes and Rudolph (2001) São Paulo X 0.12 

Neves and Morales (2007a, 2007b) São Paulo X 0.07 

Barreto et al. (2000) Rio de Janeiro 0 to 20 X 

Chavez-Kus and Salamuni (2008b) Paraná 5 to 9.9 X 

 302 

4.2 Multi-scale lineaments analysis in the productivity of the wells 303 

 304 
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Multi-scale lineaments extracted from shaded relief of the digital elevation model (DEM) are shown in 305 

Figure5. At the 1:100,000 scale, 9,981 lineaments were identified, with emphasis on the NW-SE direction (Figure 306 

5 - B). At the 1:250,000 scale, 2,966 lineaments were observed, predominating the NW-SE, N-S and NE-SW 307 

directions (Figure 5 - C). At the 1:400,000 scale, a total of 938 lineaments were traced, mainly in the NW-SE, N-308 

S and NE-SW directions (Figure 5 - D). 309 

 310 

 311 
Figure 5 – Spatialization of wells and A) Digital Elevation Model (DEM) base for tracing of multi-scale 312 
lineaments: B) 1:100,000; C) 1:250,000; and, D) 1:400,000. In the rose diagrams, the calculated azimuths and the 313 
number of lineaments are shown. The petals were arranged every 10° and up to 8% at the outer limit. The color 314 
of wells is based on Table 1. 315 
 316 

Through spatial correlations between the well locations and the lineaments or with intersection points of 317 

the lineaments, respectively, it is clear that the groundwater occurrence is generally associated with lineaments 318 

(Anaba Onana et al. 2017; Chandra et al. 2019) and the number of wells within the buffers increase proportionally 319 

to the size of the buffers at all scales (Figure 6 - A and 6 - C). On the other hand, it is not valid that the wells 320 

increase proportionally for comparing distances and productivity. According to the graph in Figure 6 - B, it is 321 

possible to notice that for the 1:100,000 and 1:250,000 scales, the specific capacities are consistently greater than 322 

in the 1:400,000 scale up to the 350 m distance from the lineament. After this distance, the choice of a scale 323 
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becomes indifferent, since the curves tend to the same level of productivity. For this reason, the 1:400,000 scale 324 

was not used on the following stages of the productivity analyses, and the 350 m value became the reference 325 

distance for the productivity analyses and direction of the lineaments performed in the following. 326 

Similarly, the lineaments extracted on the 1:100,000 scale cover the wells with the highest productivity 327 

median concerning the intersection distances of lineaments, mainly up to 400 m buffer, with a value greater than 328 

0.25 m3/h/m, but still below the general median of the wells (Figure 6 - D). Distances greater than 600 m, gradually 329 

integrate wells with higher productivity at the three scales, reaching a peak buffer of 1,200 m and 2,000 m radius. 330 

The maps of lineaments density and their intersections (Figure 7) were generated from the lineaments map in the 331 

scale 1:100,000, because the greatest number of lineaments were extracted at this scale (Figure 5 - B). 332 

 333 

 334 

 335 
Figure 6 – Relationship between wells and lineament buffers at different scales: A) number of wells x buffer 336 
sizes; B) productivity x size of lineament buffers; C) the number of wells x size of buffers from lineaments’ 337 
intersection points; D) productivity x size of buffers from lineaments’ intersection points. 338 
 339 

 340 
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 341 
Figure 7 – Maps of kernel density of lineament scale 1:100,000 and spatialization of wells. A) Density of 342 
lineaments; B) Density of lineament intersections. The color of wells is based on Table 1. 343 

 344 

In the two lineament density maps (Figure7), the lowest concentrations (first quantile) cover the Curitiba 345 

and Luis Alves Terranes, where significant and widely spaced rivers, such as Iguaçu and its tributaries, from NE-346 

SW and E-W directions and other subordinate N-S directions are present (Figure 1). Based on the maps in Figure 347 

5, the same structural pattern of these rivers, close them to the City of Curitiba, can be seen in other scales of more 348 

regional tracing, where the shear zones Mandirituba-Piraquara (MPSZ) and Piên (PSZ) are also present (Figure 349 

2), associated with isolated intermediate values of density in the Curitiba Terrane. 350 

On the other hand, the regional lineaments are more representative in the Apiaí Terrane, such as the 351 

Lancinha-Cubatão (LCSZ), Itapirapuã (ISZ), Morro Agudo (MASZ) and Ribeira (RSZ) shear zones with NE-SW 352 

direction and the magnetic alignments Rio Alonzo (RAA) and São Jerônimo-Curiúva (SJCA) with NW-SE 353 

direction. A more dense patch of lineaments and intersections involves these regional orientations suggesting that 354 

the damage zones of these structures play a more significant role in the fragmented structure of the relief of these 355 

areas. 356 

Table 3 presents the median specific capacity associated with density classes shown in the maps in Figure 357 

7. It is noticeable that high-density regions do not necessarily contain the most productive wells in CBAS. On 358 

average, the best wells are found in regions with a low density of lineaments, although outliers of highly 359 

productive wells were attested in areas of high density (e.g. red wells in Figure 7), however, without significant 360 

statistical meaning. 361 

 362 

Table 3 – Productivity values of the different classes of density ranges. The number of wells for each class was 363 
separated and the median was calculated. 364 

 Density of lineaments Density of lineament intersections 

Percentiles 
Values 

(km/km2) 
Wells 

Q/s 

(m3/h/m) 

Values 

(points/km2) 
Wells 

Q/s 

(m3/h/m) 
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min - 25% 0.02 - 0.74 114 0.35 0.01 - 0.22 2 0.32 

25% - 50% 0.74 - 0.87 67 0.30 0.22 - 0.33 54 0.35 

50% - 75% 0.87 - 1.02 27 0.20 0.33 - 0.48 23 0.15 

75% - max 1.02 - 1.47 16 0.29 0.48 - 0.98 145 0.34 

 365 

 Fernandes et al. (2007) found a direct relationship between productivity and density both with the 366 

lineaments and lineament intersections in the crystalline basement in São Paulo, while Madrucci et al. (2008) did 367 

not find this relationship, but it draws attention to the location of some very productive wells in high-density 368 

regions. Gleeson and Novakowski (2009), on the other hand, attests to these density areas as hydraulic barriers. 369 

On a more detailed scale within the CBAS, Chavez-Kus and Salamuni (2008b) indicated, through geostatistical 370 

methods, precisely the areas close to the intersections of the lineaments as the most attractive in terms of location 371 

and drilling. Other authors (e.g. Srivastava and Bhattacharya 2006; Ndatuwong and Yadav 2014) proposed areas 372 

of higher lineament density as favorable for achieving productive wells, although based on limited field data 373 

analysis or empirical models for weighting thematic layers. 374 

 375 

4.3 Oriented Magnetic Gradients (OMGs) 376 

 377 

The magnetic sources were separated by different depths defined by the radially measured power 378 

spectrum filter (RAPS1) applied to the Total Magnetic Anomaly Field TMA1 and defined as: Deep, Intermediate, 379 

Shallow and Noise” (Figure S5 in Appendix A of ESM; Figure S7 in Appendix B – A to D). The noises were 380 

separated in “Partial” and “Total” (Figure S7 in Appendix B – E and F). These intervals were visually determined 381 

according to the most accentuated slope’s break points on the main curve of the spectrum (Geosoft 2009). The 382 

values of the number of waves (cycles/km) entered in Equation S3 in the ESM resulted in the values of wavelength 383 

(m, Table 4), which were inserted in the low-pass, band-pass and high-pass filters to generate the corresponding 384 

grids at specific depths (Figure S5 in Appendix A of ESM). The depths were verified in an electronic spreadsheet 385 

and values equal to zero meter were removed, as they are spurious anomalies. 386 

 387 

Table 4 – Parameters from different magnetic sources after the application of the RAPS technique. The values of 388 
the wavenumber were inputs in Equation S3 in the ESM, resulting in the wavelength. The wavelength served as 389 
cut-off parameters to low-pass, high-band and high-pass filters to generate the maps of the different magnetic 390 
depth sources.  391 

 
Magnetic sources 

Deep Intermediate Shallow 

Wavenumber (cycles/km) 0.00 to 0.05 0.05 to 0.42 0.42  to 2.23 

Wavelenght (m) > 20,000 20,000 to 2,380 2,380 to 448 

Median of estimated depth (km)  7.61 0.80 0.32 
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 392 

The deep sources show depths down to 21 km, with a median depth of 7.61 km. For intermediate sources 393 

the largest depths are about 9.32 km, with a median depth of 800 m. For shallow sources, observed depths are 394 

above 2.94 km, with a median depth of 320 m. The sources classified as partial noise have depths down to 1.44 395 

km, and median at 90 m. The total noise data extend down to 1.64 km from the surface, with a median depth of 396 

30 m. The shallow and noise sources were not considered for features analysis due to the low quality of their 397 

signals, making it impossible to extract the gradients accurately. Deep sources’ magnetic signals exceed by far 398 

the depth of the study wells (~ 90 m, Table 1), and are thus assumed not to contribute to the groundwater flow 399 

regime encountered by the wells. Finally, the intermediate sources were chosen as the base-grid for the layout of 400 

the oriented magnetic gradients - OMGs (Figure 8 - A), as it has the best quality among the generated grids and 401 

is likely to be associated with possible structures within the depth range of the study wells. 402 

The Direct-Cosine-DC filter was applied to TMA1 with an entry angle value of 315°, resulting in a second 403 

Total Magnetic Anomaly Field - TMA2. Again, the radially measured power spectrum filter - RAPS2 (Figure S6 404 

in Appendix A of ESM) was applied to TMA2 to define the most representative depths of magnetic sources in the 405 

grid filtered by the cosine. Among the source depths, the intermediate sources map (depths down to 10.62 km, 406 

and median at 740 m) was chosen and reduced to the magnetic north pole-RTP2 and alter, calculated the tilt 407 

derivative-TDR2. The oriented magnetic gradients - OMGs were interpreted based on TDR2 (Figure 8 - B) at the 408 

1:250,000 scale. 409 

According to Figure 8 - A, it is noticeable that the tilt derivative of the magnetic map reduced to the pole 410 

enabled the trace of 968 OMGs which are markedly NW-SE oriented. The same data but filtered to 315° (direct 411 

cosine filter) provided 1,526 OMGs (Figure 8 - B) markedly NE-SW orientation. Both OMGs were integrated, 412 

the duplicated tracks were removed, which resulted in 1,988 OMGs in Figure 8 - C. 413 

 414 
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 415 

 416 
 417 

Figure 8 – Tracing of oriented magnetic gradients (OMGs) on the map of intermediate sources and their respective 418 
rose diagrams (10° between the bars - 18% maximum frequency). A) Tracing with the NW-SE structures 419 
highlighted; B) Layout with the highlighted NE-SW structures; C) Integration of OMGs and spatialization of 420 
wells in the CBAS. The color of wells is based on Table 1. 421 

 422 
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The mapped GMOs were able to elucidate regional geological structures that extend into the subsurface 423 

and semi-quantitative methods were able to estimate their depths. Cavalcante et al. (2020) mapped NW-SE dykes 424 

in the northwestern portion of the CBAS with depths averaging around 300 m, whose wells mostly located close 425 

to this depth do not reach this depth, but their productivity was justified by the authors as being influenced by 426 

primary damage zones caused by the instrumentality of these dikes, allowing the wells to be fed not directly by 427 

the dikes, but by the structures associated with them. Previous work has also similarly assessed the contribution 428 

of intrusions to well productivity (Chevallier et al. 2004; Matter et al. 2006; Mohamed et al. 2015). Although 429 

median values around 700 m in the present study are almost double the values found in Cavalcante et al. (2020), 430 

we believe that the magnitude of the tectonic effects that the region of the crystalline basement has undergone has 431 

enabled the damage zones associated with NW-SE OMGs (Figure 8 - C) to be contributing to the productivity of 432 

several wells in our area as well, such as wells in Red (high throughput), for example, oppositely, for wells in blue 433 

(low throughput), because these damage zones can act as hydraulic barriers (Gleeson and Novakowski 2009; 434 

Bense et al. 2013). 435 

Terrestrial geophysical surveys carried out in other fractured aquifers (Ali et al. 2015; Douagui et al. 436 

2019) can be complemented with the techniques presented here in this work to verify if there is a regional tendency 437 

for the structures analyzed in the field, and vice versa, terrestrial geophysics could complement the regional 438 

analyzes presented here to characterize the exploratory target in detail (Joel et al. 2019). Chandra et al. (2019) 439 

emphasized that GMOs (“Maglins” called for the authors in the work) qualitatively are more attractive for 440 

prospecting than guidelines. In this sense, the use of aeromagnetometry in this work aims to complement the 441 

traditional analysis of lineaments within the theme of water productivity. Also, aeromagnetometry can also 442 

complement studies involving vulnerability to contamination (Denny et al. 2007; Lima et al. 2017; Akintorinwa 443 

et al. 2020), indicating vulnerable areas not identified by lineaments, especially where sediments cover up the 444 

basement; or contribute to the topic of productivity favorability (Souza Filho et al. 2010; Brito et al. 2020), 445 

indicating another layer with a specific weight for GMOs. 446 

 447 

4.4 Hydrolithological units 448 

 449 

The CBAS was separated into hydrolithological units based on concepts in Diniz et al. (2014) by 450 

simplifying the lithologies and faciology according to similarities in the type of aquifer and permeability, therefore 451 

productivity as aquifers (Figure 9). The simplification was carried out exclusively on the MINEROPAR (2006) 452 
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geological map, also used in Figure 2 for the preparation of terranes, while the productivity statistics per 453 

lithological unit prioritized lithological characteristics available in 191 wells log (Table 5). 454 

 455 

456 
Figure 9 – Simplified map of the lithological units used in the correlation of water productivity in the CBAS 457 
region. 458 
 459 

Table 5 –Wells productivity per lithology and productivity of hydrolithological units. Q/s = Specific capacity; 460 
WE = Water entrance (meters below ground). 461 

Hydrolithological 

Units 

Q/s - 

median 

(m3/h/m) 

Number 

of wells 

WE depth - 

median (m) 

Number 

of wells 

with WE 

Number 

of WE 

Median of 

number of 

WE  

Wells with 

lithological 

description 

Quartzites 0.47 2 32.0 1 2 2 2 

Gneisses 0.37 82 36.0 39 110 3 68 

Granitoids (HGM) 0.31 64 34.0 42 108 2 61 

Granitoids (LGM) 0.25 25 42.0 15 36 2 19 

Schists 0.23 10 34.5 4 8 2 10 

Guabirotuba/ 

Gneisses 
0.19 25 41.5 17 44 2 22 

Phyllites 0.19 10 34.0 5 11 2 7 

Volcanics/ 

metasedimentary 
0.16 6 42.0 2 5 2 2 

Total / General 

Median (WE) 
// 224 36.0 125 324 // 191 

 462 
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The productivity of the units is represented in the graph of cumulative frequencies in Figure 10. Although 463 

quartzite has the highest productivity (0.47 m3/h/m), it has no statistical representativeness, as it contains two 464 

wells only. The two wells in this unit are located in the municipality of Adrianópolis. That said, the gneisses were 465 

considered to have the greatest hydrogeological potential, hosting 82 wells (Table 5). Its median productivity is 466 

0.37 m3/h/m, a value above the median of the general database. The unit has 39 wells that sum 110 water entrance 467 

(WE) information. Its median number of water entrance per well equals 3, unlike the other units in which the 468 

median drops to 2 WE per well. 469 

 470 

 471 
Figure 10 – Cumulative frequency graph of wells productivity by hydrolithological units. The units are: 472 
quartzites, gneisses, granitoids (HGM), granitoids (LGM), schists, guabirotuba/gneisses (sedimentary aquifer over 473 
gneisses), phyllites, and volcanics/metasedimentary. The dashed line represents the median productivity of the 474 
general database: 0.29 m3/h/m. 475 

 476 

Although the hydrolithologic unit guabirotuba/gneisses is in the same region of gneisses, it is not very 477 

productive (median of 0.19 m3/h/m). The unit consist of 80 m-thick Guabirotuba sediments that cap the Atuba 478 

Complex gneisses, therefore we define them as an aquifer system where recharge to the gneiss is not directly from 479 

the surface but through clayey-sand sediments and immature conglomerates (Lima et al. 2013). Such sediments 480 

usually have variable permeability that prevents continuous recharge, which may explain the lower water 481 

exploitation favorability. 482 

Granitoids were differentiated according to their tectonic settings. Thus, granitoides HGM 483 

hydrolithologic unit are those intruded in high-grade metamorphic domains, located in the Curitiba, Luis Alves 484 

and Paranaguá Terranes and contain 64 drilled wells with a median specific capacity of 0.31 m3/h/m. The 485 

granitoids LGM is those types intruded in low-grade metamorphic domains. They are located in the Apiaí Terrane 486 

and they have 25 drilled wells with a median specific capacity of 0.25 m3/h/m. 487 
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The schists, phyllites and volcanics/metassedimentary units have the lowest productivity together with 488 

the guabirotuba/gneisses (Table 5) and below the general well median. The metapelitic and volcanic units located 489 

in the Castro Basin (northwest region of CBAS) follow the same hypothesis as the guabirotuba/gneisses unit, 490 

since the metapelitic rocks may be hindering infiltration through the fractures until the underlying rhyolite and 491 

andesite flows.  492 

The greater productivity of granitoides (HGM) can be partly explained by the more competent rheology 493 

of these rocks and their embedding lithologies. Coarser-grained and competent rocks such as quartzites, high-494 

grade metamorphic rocks and granitoids tend to fracture more openly when subjected to a tectonic, unlike low-495 

grade schist rocks in which the stress is partially absorbed in small displacements (Price 1959; Feitosa et al. 2008). 496 

This statement is not valid for other cases, which authors find the schist as the better products, such as Anaba 497 

Onana et al. (2017), who find a higher transmissivity for schists, but the author pay attention to the low number 498 

of wells in this lithology; and Douagui et al. (2019), who find better values of specific capacity for schists (0.21 499 

m3/h/m – value close to our schist unit: 0.23 m3/h/m) against granites. These authors add that the schists are not 500 

very resistant to brittle deformation, and there may be intense fracturing, in addition to the mineralogical 501 

constitution (rich in micaceous minerals) undergoing alterations and consequent filling of the fractures, however 502 

the subvertical/vertical tectonic fractures would be justifying their high productivity in this case. 503 

 The low permeability of the high density zones (Figure 7) can also be justified by spatially coinciding 504 

with these clay-rich mineral rocks (such as shists and phyllites), which circumvent important shear zones (such 505 

as Itapirapuã SZ, Morro Agudo SZ, Ribeira SZ and Lancinha SZ). These SZ are Precambrian fault zones, which 506 

represent the division of tectonic blocks, and which can cause wide damage zones that control drainage, relief 507 

incisions and, consequently, the lines mapped in this work. Because they have been subjected to several phases 508 

of deformation (compression, distension and strike slip faulting), the architecture of these fault core and their 509 

damage zones may have been filled with clay-rich minerals during the brecciation or cataclasis, causing low 510 

permeability in these regions (Caine et al. 1996; Gleeson and Novakowski 2009). 511 

 512 

4.5 Hydrogeological influences from weathering mantle  513 

 514 

The weathered mantle of the rock in situ can mean an important water reserve for the underlying 515 

fractures, where in India Maréchal et al. (2018) attests to low permeability and high porosity for a portion of a 516 

few drawings of meters of saprolite rich in clay minerals that contributes as a reserve for the aquifer; and in the 517 
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USA Setlur et al. (2019) attests that the productivity of the wells is largely associated with the thickness of the 518 

regolith, which is generally higher on granites than on metamorphic rocks. We attested in our work that there is 519 

not a positive linear relationship between specific capacity and weathering mantle from all wells (Figure 11) and 520 

any hydrolithological unit, although there are occasionally some wells with high productivity. It is worth 521 

mentioning that all 224 wells in the region are lined up to the basement, with no water entering the weathering 522 

mantle. This lack of correlation can also be observed in Fernandes et al. (2007); Neves and Morales (2007b); 523 

Athayde (2013); Belle et al. (2019). This demonstrates that in CBAS the productivity of the wells is controlled by 524 

the fracture water reserve, instead of the weathering mantle. However, more detailed analyzes of the type of soil 525 

and regolith are necessary to understand with more certainty the rate of water loss and recharge in the aquifer 526 

system, to know the potential influence of the weathering mantle on productivity of the wells. 527 

 528 

 529 
Figure 11 – Relationship between weathering mantle and specific capacity. The black line is the linear trend from 530 
values and the red line is the median of specific capacity from all wells. 531 
 532 

4.6 Influence of structural directions on productivity: at the regional scale of lineaments and with 533 

hydrolithological units 534 

 535 

Evaluations of azimuth and productivity were performed for lineaments on a regional scale, 1:100,000 536 

and 1:250,000 and at 1:250,000 scale for OMGs (Figure 12), with a 350 m buffer, with is the reference distance 537 

defined in this work (Figure6). This method made it possible to individualize different lineaments that intercept 538 

one or more wells. This assumption is important due to the possibility that the same structure is influencing the 539 

productivity of different wells. Thus, the 350 m buffer of lineaments at 1:100,000 scale encompass 162 wells 540 

(Figure 12 - A). Specific capacities greater than or equal to 0.50 m3/h/m are associated with the N40W, N10E and 541 

N70E directions. Subsequently, in the directions N70W, N20-30W, N20-30E, N50E and N80E the values vary 542 

from 0.30 to 0.50 m3/h/m. 543 
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We compared the productivity of the wells to the lineaments (Figure 12 - B) and OMGs (Figure 12 - C), 544 

both extracted from the 1:250,000 scale. The most productive directions were NW-SE and ENE-WSW with values 545 

above 0.29 m3/h/m. Other productive directions are different for the two data sets, indicating that each method 546 

may highlight different physical properties of the structures (an erosive feature of lineaments X magnetization 547 

intensity by airborne geophysics). The coincident directions of lineaments and OMG indicate surface structures 548 

that extend to kilometers in to the upper crust. While the structural lineaments N-S or NNW-SSE directions not 549 

coincident to OMGs indicate no magnetized structures. These directions can be related to Late Jurassic to 550 

Cenozoic tectonic that generated the South Atlantic opening and the evolution of the Southeast Brazil margin 551 

(Salamuni 1998; Fernandes and Rudolph 2001; Fernandes and Amaral 2002; Chavez-Kus and Salamuni 2008b; 552 

Rivas et al. 2019). Thermal regimes were not sufficient to reorient or demagnetize mineral fabric along with that 553 

structures. 554 

  555 

  556 

 557 

 558 
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Figure 12 – Relationship between well productivity, number of wells (top of columns) and azimuth classes 559 
encompassed within a 350 m-buffer from lineament extracted at different scales: A) Lineaments at 1:100,000 - 560 
162; B) Lineaments at 1:250,000 - 135 wells; and, C) Oriented Magnetic Gradients at 1:250,000 - 77 wells. 561 
 562 

Further, we compared the productivity of the well in each hydrolithological units with 1:100,000 scale 563 

lineaments, as we considered more representative for this type of analysis. The results showed that there is a clear 564 

difference in the hydrogeological dynamics of tectonic terranes (regional scale), and lithologies (detail scale). The 565 

more and the less productive directions of each units are displayed using the red and blue arrows, respectively 566 

(Figure 13). In the same way, the petals of the rose diagrams have the same colors for values above and below the 567 

general median 0.29 m3/h/m. Table 6 provides for each unit the median productivity of all wells encompassed by 568 

a proximity distance of 350 m to a class of lineament azimuth. 569 

 570 

 571 
Figure 13 - Rose diagram of the 1:100,000 scale lineaments clipped to each hydrolitological units separately. The 572 
red colored arrows and petals indicate the best directions and the blue arrows, the poorest directions associated 573 
with productivity. 574 
 575 
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Table 6 – Relationship between number of wells, median of productivity (m3/h/m) and lineaments azimuth 576 
discriminated by hydrolithological units within CBAS. Qz = quartzites; Gn = gneisses; Gr = granitoids; Sch = 577 
schists; Gua/Gn = Guabirotuba/gneisses; Phy = phyllites; Vol/Met = Volcanics/metasedimentary. 578 

 1:100,000 Qz Gn 
Gr 

(HGM) 

Gr 

(LGM) 
Sch Gua/Gn Phy Vol/Met 

 W Q/s W Q/s W Q/s W Q/s W Q/s W Q/s W Q/s W Q/s W Q/s 

N 90 W 2 0.23   2 0.50 0  4 0.30   0  1 7.55 1 0.03 

N 80 W 1 0.10   1 0.10 1 0.46 0    0  0  0  

N 70 W 10 0.45   5 0.34 0  4 0.24   4 0.45 0  1 0.03 

N 60 W 11 0.14   3 1.40 4 0.17 2 0.05   2 0.12 4 2.26 0  

N 50 W 8 0.14   2 1.44 2 0.08 6 0.31   2 0.05 0  0  

N 40 W 3 1.16   4 0.68 3 0.52 3 0.24   1 0.52 0  0  

N 30 W 7 0.30   3 0.15 4 0.47 1 0.24   1 0.03 0  0  

N 20 W 13 0.34   8 0.35 4 0.47 2 0.11   1 1.29 1 0.61 0  

N 10 W 11 0.17   7 0.17 1 0.14 2 0.03   4 0.40 2 0.19 0  

N 10 E 21 0.53   22 0.49 1 0.04 1 0.03 1 0.16 4 1.38 0  0  

N 20 E 12 0.30   8 1.34 7 0.14 0    3 0.19 0  1 0.08 

N 30 E 9 0.37   4 0.37 4 0.05 2 0.80   2 0.14 2 0.27 0  

N 40 E 9 0.16   6 0.24 1 0.17 1 0.03   1 0.08 1 7.55 2 0.84 

N 50 E 8 0.35   2 0.15 6 0.18 1 0.44   0  2 0.58 0  

N 60 E 10 0.22   11 0.21 3 0.17 4 0.30   0  0  1 0.25 

N 70 E 13 0.60   6 0.40 2 1.05 4 0.53 1 0.16 0  4 0.63 0  

N 80 E 10 0.37 2 0.47 3 0.37 1 0.71 2 0.39   2 0.15 3 3.53 1 0.08 

N 90 E 4 0.28   5 0.35 1 0.32 5 0.40 1 0.35 0  0  0  

Total/ 

Medians 
162 0.30 2 0.47 102 0.36 45 0.18 44 0.27 3 0.16 27 0.17 20 0.63 7 0.08 

 579 

The productive structures identified in the 1:100,000 scale coincide with the direction of several 580 

Precambrian, Meso-Cenozoic and Neotectonic structures. The only two wells completed in the quartzite are close 581 

to a lineament that governs a N80E drainage, corresponding to the Ribeira River. However, the most frequent 582 

direction of the lineaments identified in this unit was N60W. gneissic rocks have more productive directions in 583 

N50-60W and N20E with specific capacity up to an order of magnitude higher than less favorable directions. In 584 

this lithology, the structural directions that aggregate wells with yields above 0.29 m3/h/m are the trends: NW-SE 585 

referring to dykes of Ponta Grossa Arch-PGA; ENE-SW regarding the regional foliation trend; N-S and E-W 586 

referring to Cenozoic reactivations (Salamuni 1998; Fernandes and Amaral 2002; Chavez-Kus and Salamuni 587 

2008b; Rivas et al. 2019). Also, important rivers in the region are oriented in these directions, such as the Iguaçu 588 

River (NE-SE and E-W directions, and its tributaries in the N-S direction). Similarly, granitoides (HGM) have the 589 

most productive direction throughout the regional structuration N70-90E and N20-40W. The NW-SE structures 590 

parallel to PGA and ENE-WSW parallel to Cenozoic and posterior reactivations seem to have a positive influence 591 

on this unit. The low productivity is related to the wide directional range between N10W and N60E, coinciding 592 

with the main structural trend of the Atuba Complex’s gneisses. 593 
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Granitoids (LGM) seem not to be influenced in productivity by PGA dykes, even located in a region with 594 

a high density of lineaments and intersections of this trend (Figure 7). The most productive directions are parallel 595 

to the E-W and NE-SW structures, coinciding with the Cenozoic structures and with the direction of the main 596 

rivers of this basin, such as Ribeirinha, Palmital and Ribeira. The schists unit has low statistical representativeness, 597 

with only 2 wells. The N10E and N70E directions are associated with the least productivity well and intercepted 598 

by the Conceição River with direction NW-SE. The most productive is intercepted a E-W lineament, close to the 599 

Rio Verde towards ENE-WSW, a tributary of the Iguaçu River. The guabirotuba/gneisses unit has a preferential 600 

N-S direction, parallel to the main rivers in the region, and less significantly influenced by NW-SE directions. 601 

The phyllites show associations of good productivity with several directions ranging from E-W to N40E, N60W 602 

and N20W. This unit is also in a region with a high density of lineaments and lineament intersections and close 603 

to the damage zone of the Lancinha-Cubatão Shear Zone of NE-SW direction. This context suggests that phyllites 604 

when close to regional and vertical structures tend to have increased productivity, which depends on the intensity 605 

of brittle deformation generating open, extended and interconnected discontinuities. The small number of wells 606 

drilled in the volcanics/metasedimentary unit limits a confident interpretation. Best productivity is associated with 607 

N40E direction which is observed at two wells separated less than 10 m apart and close to the Piraí River. Other 608 

directions reveal low productivity. This may be related to the clay and arkoses layers inhibiting recharge of the 609 

underlying andesites and riolites volcanics. However, individual productivite wells are observed where the acid 610 

volcanics outcrop near Carambeí city 611 

There is no clear relationship between the frequency of lineaments and wells productivity per 612 

hydrolithological units in the study area. The lack of correlation may indicate the existence of a secondary source 613 

of water recharge to the wells along with the interface between soil/regolith and horizontal/sub-horizontally 614 

fractured rock, since the water entrance is relatively shallow, median of 36 m from the surface, according to Brasil 615 

(2015). However, to further assess this aspect, an approach at the scale of the well bore would be required, which 616 

is beyond the scope of this study. 617 

 618 

5. CONCLUSIONS 619 

 620 

This work focused on the geospatial analysis of well productivity, at regional scales, across different 621 

geological conditions present in the Crystalline Basement Aquifer System (CBAS) of the State of Paraná, Brazil. 622 

Furthermore, the methods applied may be transferred to other crystalline terrains in general. We spatially relate 623 
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the specific capacity of the wells with the areas of influence of the lineaments and oriented magnetic gradients 624 

(verified here by means of buffers and densities), hydrolytic units and regional geological structures. Some 625 

conclusions from this study include: 1) the scales of greater detail better assist the geospatial analysis of 626 

productivity; 2) in the CBAS it was possible to identify a limited distance from the vicinity of the lineaments that 627 

most influence the wells; 3) the mapped lineaments that happen to coincide with GMOs can give more certainty 628 

for prospecting in these areas, whereas when they don't coincide, GMOs can suggest new exploratory targets; 4) 629 

the productivity of the hydrolytic units in the region varies according to the direction of the lineaments, proximity 630 

to the regional shear zones and Cenozoic tectonic events; 5) It was not possible to establish a relationship between 631 

productivity and the thickness of the weathering mantle. However, on a regional scale, it is worth noting that the 632 

volcanic/metasedimentary and guabirotuba/gneisses units may be preventing the recharge of the crystalline 633 

basement due to its clay-rich mineralogy. Thus, from the parameters raised in this work, it is possible to indicate 634 

that the most productive locations are close to 350 m from lineaments oriented to N40W, N10E and N70E, 635 

however, high lineament density is not a mandatory premise to any unit except phyllites. First gneisses then 636 

granitoids (HGM) are the most productive units with specific capacity above the general median of 0.29 m3/h/m 637 

under such conditions. The implemented python code (Equation 1 and Equation 2) helped in the statistical analysis 638 

of a large number of structures (a few tens of thousands of lineament traces) and wells (a few hundred points). 639 

The methods and database assessed here is replicable to other places and perspective like mineral prospecting and 640 

geologic risks. 641 

Further works to minimize the exploratory risk in the crystalline aquifers of Paraná must account for: 642 

lineament interpretation at detailed scales (1:50,000 and 1:25,000); field data about recent tectonic reactivations 643 

and interference of deformation tensors among geological terranes, seeking for new wells at regions with low well 644 

density. Another important factor, although it was not the scope of this work, is to have this new data of greater 645 

detail in the future in hand to associate it with hydrogeochemical information and well monitoring, as it 646 

understands the regional flow regime, as well as if there is any type of hydro-structural compartmentalization in 647 

CBAS, would increase the potential for water resources management in this region. 648 
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Supplementary table – RGB color codes 24 

Table S1 - with the RGB color codes of the percentiles used in the classification of the wells. 25 

Percentiles (%) Colors R G B 

99 - max  255 0 0 

98 - 99  255 50 0 

97 - 98  255 150 0 

95 - 97  255 200 0 

93 - 95  255 255 0 

91 - 93  180 255 0 

90 - 91  100 255 0 

85 - 90  0 255 0 

75 - 85  0 255 175 

65 - 75  0 255 255 

50 - 65  0 200 255 

40 - 50  0 125 255 

25 - 40  0 75 200 

15 - 25  0 0 100 

5 - 15  0 0 50 

min - 5  0 0 0 

 26 
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Supplementary Figure – Well’s productivity 28 

 29 

 30 
Figure S1 – Cumulative frequency of the specific capacity of the 224 wells studied at Crystalline Basement 31 
Aquifer System. The black line represents the general median of the wells: 0.29 m3/h/m.  32 

 33 

 34 

 35 
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Supplementary text - Treatment of multi-scale lineaments 37 

 38 

The systematic processing of the lineaments is presented in Figure S1. The tracing of the lineaments was 39 

performed preferably on the negative features of the relief, given the potential for the recharge that these features 40 

of the relief may have, to the detriment of the ridges (Feitosa et al. 2008; Anaba Onana et al. 2017). In addition, 41 

there was a generalization of lineaments whose angles showed difference of < 10 °, to avoid statistical 42 

overestimation (Chavez-Kus and Salamuni 2008). 43 

 44 

 45 
Figure S2 – General flowchart with the synthesis of stages this work. Colored boxes refer to data: red – geophysics; 46 
green – DEM remote sensing; yellow – geologic; blue – water-wells; black – GIS analysis/products.   47 
 48 

For the azimuth calculation, we used the Add Geometry Attributes tool (Figure S2), resulting in an 49 

attribute table of the lineament shapefile in azimuth projection (0 – 360°). Subsequently, the lineaments were 50 

reclassified at 10° intervals, using Equation S1 inserted in the Field Calculator (Python interface of ArcGIS – 51 

Figure S2), generating course notations (e.g. “N10E”). 52 

 53 
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 54 
Figure S3 - Representation of the Python interface of ArcGIS for insertion of conditional formulas, whose purpose 55 
helped in the reclassifications of the directions of the guidelines and in the construction of statistical productivity 56 
graphs. 57 

 58 

Equation S1 59 

 60 

"N 10 E" if (!Azimute! >= 0 and !Azimute! <= 10) or (!Azimute! >= 180 and !Azimute! <= 190) else "N 20 E" if 61 

(!Azimute! > 10 and !Azimute! <= 20) or (!Azimute! > 190 and !Azimute! <= 200) else "N 30 E" if (!Azimute! > 62 

20 and !Azimute! <= 30) or (!Azimute! > 200 and !Azimute! <= 210) else "N 40 E" if (!Azimute! > 30 and 63 

!Azimute! <= 40) or (!Azimute! > 210 and !Azimute! <= 220) else "N 50 E" if (!Azimute! > 40 and !Azimute! <= 64 

50) or (!Azimute! > 220 and !Azimute! <= 230) else "N 60 E" if (!Azimute! > 50 and !Azimute! <= 60) or 65 

(!Azimute! > 230 and !Azimute! <= 240) else "N 70 E" if (!Azimute! > 60 and !Azimute! <= 70) or (!Azimute! > 66 

240 and !Azimute! <= 250) else "N 80 E" if (!Azimute! > 70 and !Azimute! <= 80) or (!Azimute! > 250 and 67 

!Azimute! <= 260) else "N 90 E" if (!Azimute! > 80 and !Azimute! <= 90) or (!Azimute! > 260 and !Azimute! <= 68 

270) else "N 90 W" if (!Azimute! > 90 and !Azimute! <= 100) or (!Azimute! > 270 and !Azimute! <= 280) else 69 

"N 80 W" if (!Azimute! > 100 and !Azimute! <= 110) or (!Azimute! > 280 and !Azimute! <= 290) else "N 70 W" 70 

if (!Azimute! > 110 and !Azimute! <= 120) or (!Azimute! > 290 and !Azimute! <= 300) else "N 60 W" if 71 

(!Azimute! > 120 and !Azimute! <= 130) or (!Azimute! > 300 and !Azimute! <= 310) else "N 50 W" if (!Azimute! 72 
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> 130 and !Azimute! <= 140) or (!Azimute! > 310 and !Azimute! <= 320) else "N 40 W" if (!Azimute! > 140 and 73 

!Azimute! <= 150) or (!Azimute! > 320 and !Azimute! <= 330) else "N 30 W" if (!Azimute! > 150 and !Azimute! 74 

<= 160) or (!Azimute! > 330 and !Azimute! <= 340) else "N 20 W" if (!Azimute! > 160 and !Azimute! <= 170) 75 

or (!Azimute! > 340 and !Azimute! <= 350) else "N 10 W" if (!Azimute! > 170 and !Azimute! <= 180) or 76 

(!Azimute! > 350 and !Azimute! <= 360) else "other" 77 

 78 

To assist in calculating the productivity of the directions in spreadsheets, a second operation (Equation 79 

S2) was repeated in a new column of the attribute table of shapefile called “Classes” (Figure S2), generating 18 80 

classes of intervals between 10° and 180° to represent the 18 textual classes of the directions presented here 81 

between N90W and N90E. 82 

 83 

Equation S2 84 

 85 

10 if (!Azimute! >= 0 and !Azimute! <= 10) or (!Azimute! >= 180 and !Azimute! <= 190) else 20 if (!Azimute! > 86 

10 and !Azimute! <= 20) or (!Azimute! > 190 and !Azimute! <= 200) else 30 if (!Azimute! > 20 and !Azimute! 87 

<= 30) or (!Azimute! > 200 and !Azimute! <= 210) else 40 if (!Azimute! > 30 and !Azimute! <= 40) or (!Azimute! 88 

> 210 and !Azimute! <= 220) else 50 if (!Azimute! > 40 and !Azimute! <= 50) or (!Azimute! > 220 and !Azimute! 89 

<= 230) else 60 if (!Azimute! > 50 and !Azimute! <= 60) or (!Azimute! > 230 and !Azimute! <= 240) else 70 if 90 

(!Azimute! > 60 and !Azimute! <= 70) or (!Azimute! > 240 and !Azimute! <= 250) else 80 if (!Azimute! > 70 and 91 

!Azimute! <= 80) or (!Azimute! > 250 and !Azimute! <= 260) else 90 if (!Azimute! > 80 and !Azimute! <= 90) or 92 

(!Azimute! > 260 and !Azimute! <= 270) else 100 if (!Azimute! > 90 and !Azimute! <= 100) or (!Azimute! > 270 93 

and !Azimute! <= 280) else 110 if (!Azimute! > 100 and !Azimute! <= 110) or (!Azimute! > 280 and !Azimute! 94 

<= 290) else 120 if (!Azimute! > 110 and !Azimute! <= 120) or (!Azimute! > 290 and !Azimute! <= 300) else 130 95 

if (!Azimute! > 120 and !Azimute! <= 130) or (!Azimute! > 300 and !Azimute! <= 310) else 140 if (!Azimute! > 96 

130 and !Azimute! <= 140) or (!Azimute! > 310 and !Azimute! <= 320) else 150 if (!Azimute! > 140 and !Azimute! 97 

<= 150) or (!Azimute! > 320 and !Azimute! <= 330) else 160 if (!Azimute! > 150 and !Azimute! <= 160) or 98 

(!Azimute! > 330 and !Azimute! <= 340) else 170 if (!Azimute! > 160 and !Azimute! <= 170) or (!Azimute! > 99 

340 and !Azimute! <= 350) else 180 if (!Azimute! > 170 and !Azimute! <= 180) or (!Azimute! > 350 and !Azimute! 100 

<= 360) else "other" 101 

 102 
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For the evaluation of productivity associated with each direction class, we identified a proximity zone, in 103 

which the median productivity of all wells within that zone is calculated. The attributes table of this lineament 104 

shapefile was exported to an electronic spreadsheet where graphs of accumulated frequency were constructed to 105 

allow comparison of lineament azimuth classes with specific capacity of wells. 106 

About the relation between productivity and directions, a reference distance (as buffer) was chosen from 107 

the most meaningful productivity distance evaluated in the previous steps. Then, the “intersect” tool (Figure S2) 108 

created a shapefile of points with information inherited from both the well and the lineament (in this case, the 109 

azimuths already reclassified) files. We exported the attribute table of this new point shapefile generated to 110 

spreadsheet for the calculating the productivity. 111 

The calculation of the azimuth values of the lineaments in the rose diagram was performed with the 112 

AzimuthFinder tool (Queiroz et al. 2014), installed as an extension in ArcToolbox, and the rose diagram was 113 

generated with the software OpenStereo v. 0.1.2 (Grohmann and Campanha 2010). 114 

The resulting raster map from kernel densisty was reclassified, using the “reclassify” tool, into quantile 115 

values, from which the wells were cut using the “extract values to points” tool. The shape attribute table generated 116 

after this operation was exported to the spreadsheet, calculating the cumulative frequency and productivity of the 117 

wells for each quantile. 118 

  119 
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Supplementary text – Aeromagnetic data 120 

 121 

 122 
Figure S4 – Flowchart of the stages for the treatment of aeromagnetic data: treatment from an initial geodatabase, 123 
gridding, qualitative analysis (enhancement techniques - filters) and semiquantitative (depth estimation), 124 
geospatial analysis of productivity of oriented magnetic gradients and method validation. Colored boxes refer to 125 
data: red – geophysics; blue – water-wells. The superscript numbers in the boxes mean that there were two steps 126 
in the processing of the data using the same techniques but from different data. 127 
 128 

For the calculation of Radially Average Power Spectrum (RAPS) we used the Equation S3. 129 

  130 

Equation S3 131 

U = (1/w) * 103, where: 132 

 133 

“w” is the wavenumber (cycles/km);  134 

“103” is the constant used for transformation between units from kilometers to meters, necessary for insertion in 135 

the program filters; and  136 

"U" is "land units" (m), which are the values to be manipulated in the appropriate filters. 137 

 138 

 139 

  140 
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Appendix A – Radially Average Power Spectrum (RAPS) 141 

 142 

 143 
Figure S5 – Radially measured power spectrum (RAPS1). The sources were broken down into deep, intermediate, 144 
shallow and noise (partial and total) from the first total magnetic anomalous field - TMA1. 145 
 146 
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 147 
Figure S6 - Radially measured power spectrum (RAPS2). The sources were broken down into deep, intermediate 148 
and shallow from the second total magnetic anomalous with NW-SE - TMA2 directional cosine filter. 149 
 150 

  151 
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Appendix B – Magnetic Sources 152 

 153 

 154 

 155 
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 156 

 157 
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 158 

 159 
Figure S7 – Map of magnetic sources broken down according to depth: A) Total magnetic anomalous (TMA1); 160 
B) Deep sources; C) Intermediate sources; D) Shallow sources; E) Partial noise; F) Total noise.  161 
 162 
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