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1. Introduction 1 

Dike swarms are crustal structures identified by magnetic anomalies, which 2 

can extend for hundreds of kilometers or more. Aeromagnetic surveys record the 3 

intensity of the Earth’s magnetic field along regular flight lines, the intensity of the 4 

field ranging from about 20 to 50 µT (micro tesla) as modelled by the IGRF 5 

(International Geomagnetic Reference Field) for the position in which the readings 6 

are taken (Blakely, 1996). The magnetic anomalies associated to buried magnetic 7 

structures are a minor fraction of the regional field intensity, usually of some 8 

hundreds of nT (nano tesla) for common airborne surveys developed at about 100 m 9 

above the ground. For dike swarms the magnetic anomalies are generated from 10 

rocks with mafic composition (andesites and dolerites) bearing magnetite as a 11 

secondary mineral in their composition. Despite the minor magnetite concentration 12 

(rarely exceeding 2-3% in rock mass), this kind of ferromagnetic mineral can produce 13 

high amplitude magnetic anomalies (100 nT or more), detectable from common 14 

airborne magnetic surveys. The typical tabular geometry of a dike unit generates a 15 

characteristic linear behavior in gridded magnetic data, which can be regarded as 16 

indicative of a large bulk mass of intrusive rock produced by magma transportation 17 

and/or storage during continental rifting volcanism or large igneous provinces. The 18 

2D behavior of the magnetic lineament allows its interpretation along transversal 19 

profiles in which the magnetic anomaly appears as a pair of positive-and-negative 20 

values, with amplitude and shape depending on magnetization properties (intensity 21 

and direction) and the depth of the dike itself. 22 

 A swarm of dikes can significantly affect the regional groundwater flow with 23 

different effects depending on the specific geological contexts. In permeable 24 

sedimentary rocks, a group of dikes tends to compartmentalize the flow in the 25 
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granular aquifer (da Rosa Filho et al., 2003), often providing preferential flow paths 26 

parallel to the dikes (Babiker and Gudmundsson, 2004). A set of dikes may obstruct 27 

the regional groundwater flow (Comte et al., 2017) or provide zones of enhanced 28 

permeability with preferential groundwater flow along their strike (Senger et al., 29 

2015). For example, Dickson et al (2014) developed a groundwater flow model for a 30 

granular (Triassic sandstone) aquifer to explore the impact of intrusive dike swarms 31 

in the aquifer dynamics by combining field measurements of host rock and dike 32 

properties with airborne and ground magnetic data. 33 

As compared to sedimentary aquifers, where the dike tends to act as a barrier 34 

to groundwater flow, little is known about the roles a set of dikes can play in 35 

crystalline terrains. It is commonly observed that some dike systems are highly 36 

fractured by columnar joints growing transversely to the boundaries due to thermal 37 

contraction during magma cooling (van Everdingen, 1995). This type of anisotropy 38 

tends to generate interconnected fracture systems that in principle may enhance bulk 39 

rock porosity and transmissivity. Woodford and Chevallier (2002) reported that 40 

fractures related to the emplacement of dikes are present within 5–15 m from the 41 

dike produce a structurally complex zone with enhanced fracturing degree. Such 42 

zones of increased permeability along the host rock-intrusion are observed for 43 

outcropping dikes (Matter et al. 2006; Chevallier et al., 2004) and also may exist in 44 

the host rock or roof zone of non-outcropping dikes located at varying depths below 45 

the ground surface. Regarding the regional extension of larger dikes (kilometers or 46 

more), this zone of enhanced fracturing along the intrusive bodies may generate 47 

productive aquifer systems, especially in crystalline terrains with impermeable host 48 

rocks. As fractured aquifers constitute the only available water resource in many 49 

crystalline areas, especially in arid and semi-arid regions (Gustafson and Krásny, 50 
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1994), such distinct productive zones associated with dike intrusions may be 51 

regarded as important targets for groundwater exploration. In crystalline terrains, the 52 

impact of a dike in developing a fractured system favoring the storage and flow of 53 

groundwater may depend on several geological variables such as the nature of 54 

magma intrusion and cooling, the mechanical stresses and properties of the host 55 

medium, among other factors. Considering that dike swarms are commonly 56 

expressions of multiple episodes of dike intrusion under variable geological 57 

conditions, one can expect that different dike units or groups of dikes may yield 58 

distinct hydrological behaviors.  59 

The evaluation of the impact of dike swarms on aquifer systems is even more 60 

difficult for non-outcropping dikes, usually identified from remote geophysical data, 61 

magnetic anomalies mainly. Despite not outcropping, many of such deep-seated 62 

dikes can be intercepted by deeper boreholes, thus affecting their productivity. The 63 

inference of dikes from remote geophysical data, however, is associated with 64 

uncertainty and misrepresentations. Deeper, smaller and closely adjacent dike units, 65 

for example are not well recognized due to associated lower anomaly amplitude and 66 

superposition of the resulting fields (Mendonça et al., 2019; Castro et al., 2019).  67 

To better characterize a set of individual dikes a specialized modelling 68 

procedure is required to limit the number of dikes necessary to explain the observed 69 

data and analyze alternative model solutions to determine mean dike properties in 70 

terms of their magnetization and depth. The main objective of this work is addressing 71 

this combination of problems to better evaluate the impact of non-outcropping dikes 72 

on well productivity, by analyzing a region at the Ponta Grossa Dike Swarm (PGDS) 73 

in southern Brazil. Initially we present a procedure to interpret magnetic anomalies 74 

from dikes by using a set of thin-sheet models, with subsections describing the model 75 
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parameters and the associated procedure for data inversion. A cluster analysis 76 

procedure is then presented to analyze alternative solutions resulting from data 77 

inversion, aiming at the identification of dike mean properties and groups of dikes 78 

sharing common properties. The data inversion and cluster analysis procedures are 79 

illustrated with numerical simulation and then applied to analyze a profile intercepting 80 

the PGDS, by using data of the CPRM-1095 Paraná-Santa Catarina aeromagnetic 81 

survey. The inverted dike models are analyzed with the borehole database of the 82 

Paraná Hydrogeological Map Project to explore correlations between well 83 

productivity and dike proximity. A preliminary conceptual model synthesizing 84 

available geological and geophysical data is developed to explain the observed 85 

association of more productive wells close to a group of shallow dikes. 86 

  87 

2. Material and methods  88 

2.1     Dike swarm representation  89 

As most dikes in the PGDS do not outcrop, we applied magnetic data 90 

inversion to identify a minimum number of dikes necessary to explain the observed 91 

anomalies in the airborne magnetic data, as well as to locate their position along the 92 

profile and to determine the depth to the top and the magnetization properties of 93 

each dike unit. For predominant vertical dikes as in the PGDS, the representation of 94 

dike unities with vertical thin prisms (Ku and Sharp, 1983) simplifies the model 95 

response evaluation and the number of unknown parameters to be determined. A 96 

particular  -th prism in a swarm, for example, can be described with four parameters: 97 

position    along the profile in meters (m); depth to the top    in meters (m); 98 

magnetization strength      (the product of the magnetization intensity   by dike 99 

thickness  ) in ampere (A), and magnetization inclination    in degree. The 100 
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magnetization strength and the dike depth modulate the amplitude of the resulting 101 

fields. The magnetization inclination shapes the symmetry of the observed magnetic 102 

anomaly. To formulate an inverse problem, the unknown parameters describing a 103 

dike can be stored in a 4-dimensional vector                 , a swarm with   104 

prisms, as represented in Figure 1, implies an  -dimensional vector   (    ) such 105 

that               . As developed here, the magnetic data inversion is aimed to 106 

find a model described by a set of   parameters that provides data fitting to the 107 

observed data meanwhile satisfying physical and geological constraints. Constraints 108 

on positivity, for example, are imposed for magnetization strength and depth to the 109 

top since only positive values feature a model with physical significance. Additional 110 

geological constraints can be applied to the magnetization strength by considering 111 

mean values of dike width and magnetization intensity from geological studies. 112 

FIGURE 1 113 

2.2     Sequential magnetic data inversion 114 

Magnetic data inversion can be applied either on the measured anomaly or 115 

fields derived from data processing but with invariant dependence with magnetization 116 

direction. The invariant quantity is usually inverted first to determine the dike 117 

positions, their depth to the top and magnetization strength values for the set of thin 118 

sheets representing the dike swarm. These parameters are then fixed to determine 119 

their respective magnetization inclination by fitting the observed magnetic anomaly. 120 

Common examples of invariant quantities for tabular bodies are the intensity of the 121 

anomalous magnetic vector field (IAVF) (Liu et al., 2015) and the amplitude of the 122 

signal analytic (ASA) (Li, 2006). The sequential inversion approach (Liu et al., 2015; 123 

Tuma and Mendonça, 2007) is useful to lower the number of parameters in particular 124 

steps of data inversion, in addition sparing the need of previous knowledge about the 125 
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magnetization inclination in the first step of the sequential inversion. This guarantees 126 

reliable estimates for position and depth to the top of dike, even for dikes with 127 

different magnetization inclinations, either in normal (i.e., aligned to present local 128 

main field) or in reverse pattern (opposite to the local field). For a swarm with   129 

prisms (   unknowns),    variables are determined in the first step of the sequential 130 

inversion, the remaining ones determined in its second step, when the magnetic 131 

anomaly is inverted. 132 

The importance of using IAVF or ASA in the sequential inversion of a dike 133 

swarm is that it helps to recognize a minimum number of prisms necessary to fit the 134 

observed data because each single prism in the model can be identified by an apex 135 

or inflection in the IAVF are ASA intensity fields. Intervals encompassing 136 

characteristic inflections can be selected to establish intervals into which the 137 

inversion procedure will seek for specific prisms. Due to higher sensitivity of IAVF to 138 

deeper dikes (Li et al., 2010), we inverted this quantity in the first stage of the 139 

sequential inversion. The IAVF in the  -th station along the profile (i.e., at position    ) 140 

is written as         
      

  in which      and      are the   and  -components of the 141 

anomalous magnetic field at position   . Since common magnetic data sets contain 142 

the total field anomaly (TFA),     , a data processing scheme is required to obtain its 143 

respective components   and  . This can be achieved by applying well suited linear 144 

transformations in the Fourier domain (Blakely, 1995), according to conventional data 145 

processing routines available in many software packages (Reeves, 2005; Arısoy and 146 

Dikmen, 2011; Uieda et al., 2013). The total field anomaly      represents the 147 

component of the magnetic anomalous field along direction   defined by the local 148 

main field (Blakely, 1995). 149 
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Finding a set of model parameters   which allow data fitting is accomplished 150 

by minimizing a least-square objective function 151 

          
          

  
    (1) 152 

for   reading points along the profile subjected to physical (positive magnetization 153 

and depth to the top) and geological constraints (       ) for the unknown 154 

parameters. By making      and         (   as the maximum magnetization for 155 

samples from the studied region and    as the maximum dike thickness observed in 156 

the field) the interval constraint         features solutions with both physical 157 

meaning (positive magnetization strength) and consistent with petrophysical and 158 

geological information. As in equation 1,   
  is the observed IAVF at the  -th station, 159 

and         is the equivalent quantity calculated from model   at the same position. 160 

The minimization of      determines model parameters    fitting IAVF data within a 161 

margin error        . As the IAVF is invariant with magnetization inclination, the 162 

inversion of      can be done with arbitrary values for terms    in  , representing the 163 

distribution of magnetization inclination. The solution    gives the position, depth to 164 

the top and magnetization strength for each prism in the model. These values are 165 

then kept when minimizing a TFA objective function 166 

                
               

 

 (2) 167 

in which the magnetization inclination parameters are regarded as unknown 168 

variables. In equation (2),     
  is the observed TFA at the profile  -th station and 169 

             is the corresponding value evaluated from model      . In this 170 

representation,    keeps the model parameters previously determined from the IAVF 171 

inversion, the term    containing the magnetization inclinations being searched in the 172 

interval -90<   <90 (the magnetization inclination range). The minimization approach 173 
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for non-linear functional in equations 1 and 2 was implemented with function 174 

fmin_l_bfgs_b, of the SciPy package, that implements a limited memory version of the 175 

quasi-Newton algorithm (SciPy.org, 2019). To solve a non-linear problem, an initial 176 

model is required to initiate the iterative process of the quasi-Newton algorithm. In 177 

our implementations, the initial solution was chosen randomly within feasible intervals 178 

portraying positivity and interval constraints for the unknown model parameters. The 179 

inversion procedure was repeated at least ten times to identify alternative solutions. 180 

Model parameters minimizing least-squares functionals in Equations 1 and 2 were 181 

accepted as solutions, as such as possible representations of the underlying dike 182 

distribution. The alternative solutions were then subjected to cluster analysis. 183 

2.3     Cluster analysis of model solutions 184 

The cluster analysis is aimed to recover central parameters for alternative 185 

solutions obtained from data inversion and identify groups of dikes sharing common 186 

properties. This classification is necessary because dikes with common properties, 187 

as identified by clustering analysis, may have distinct hydraulic properties. The 188 

starting point of the cluster analysis is the construction of a two-mode matrix   189 

(Tucker, 1964) such as 190 

    

          

   
          

 . (3) 191 

 For a model with   dikes, the matrix   has size    , explicitly including in the 192 

cluster analysis the magnetization strength  , magnetization inclination   , and depth 193 

to the top   , for 1:  dikes in the model. The k-means technique to find clusters (Jain, 194 

2010) starts with random values for  -centroids    (     ) to evaluate Euclidean 195 

distances              between candidate centroids    and matrix   rows   . Values 196 

     define a matrix of distances,  , with   x   entries, that associates each row in 197 
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matrix   to a candidate centroid, according to their minimum distances in matrix  . 198 

The centroids are iteratively updated as    
 

 
   

 
    along with the identification of 199 

the   prisms closest to each centroid   ,      . The distance matrix and centroids 200 

updating are repeated until convergence (no change in the centroid evaluations). The 201 

distance matrix is then updated, and the norm of residuals computed according to  202 

               
 
   , (4) 203 

where    is the minimum distance of the  -th line of the matrix   with respect to the 204 

closest centroid identified by the k-means analysis. The k-means algorithm demands 205 

previous knowledge about the number of groups  , which cannot be asserted in 206 

many cases, and indeed is a key parameter to be determined. The number of 207 

clusters can be estimated by evaluating      (equation 4) for different values of   208 

and keeping the number of clusters   such that              . This procedure 209 

defines a lower bound for   and can be identified by plotting      as a function of 210 

trial values for  . A value from which the variation in      goes flat can be accepted 211 

(Tibshirani et al., 2001) as the minimum number of clusters able to explain the 212 

respective data set. To better capture variations in     , the difference       213 

        can be plotted to aid identification of the minimum value of  .  214 

 215 

3.   Numerical simulation 216 

A numerical simulation test was developed to evaluate potentialities and 217 

limitations of the sequential magnetic data inversion for a representative multiple-218 

prism model and the feasibility of applying group analysis in model solutions to 219 

characterize a dike swarm. A simplified dike swarm is represented by a model 220 

comprising a set of 40 thin prisms (160 parameters) distributed in random positions 221 
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   along a profile of 30 km in length. This distribution is compatible with a model 222 

density of 1.3 prisms per km, close to the observed in PGDS. To simulate a random 223 

distribution, meanwhile configuring two groups, the parameter of each prism in the 224 

model was generated from Gaussian distributions with mean values centered at two 225 

reference models, as described in Table 1. This model simulates a dike swarm with 226 

two generations of dikes, each one with different geological attributes as expected 227 

from dikes generated from two intrusive episodes. Synthetic data were evaluated 228 

from model response, then corrupted with zero-mean Gaussian noise with standard 229 

deviation of 1 nT, and subjected to data inversion and cluster analysis for the 230 

inverted models.  231 

TABLE 1 232 

 Figure 2 shows data fitness for alternative models obtained from the 233 

sequential inversion of the synthetic data set, each solution obtained by starting at 234 

distinct, random-chosen trial solutions. All solutions in Figure 2 allow IAVF data 235 

fitness with          and TFA data fitness with           in the first and second 236 

step of the sequential data inversion procedure. These specific threshold values (290 237 

and 640) were determined by applying several data fitness trials and recording the 238 

particular values providing overall data fitness to the respective observed data. The 239 

alternative solutions in Figure 2 were selected by ranking the respective best data 240 

fitting solutions after applying the inversion procedure 400 times, starting from 241 

random models. All model solutions in Figure 2 provide similar data fitting to 242 

modelled data with localized mismatch between model response and the synthetic 243 

data in specific intervals with closer adjacent prisms or at the end of the profile. In all 244 

cases however, the least-squares measuring of the residuals can be regarded as 245 

equivalent, with       [289, 286, 287, 289] and        [615, 638, 608, 613] for 246 
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solutions S1 to S4, respectively. As shown in Figure 2, some close adjacent prisms 247 

are not identified by apices or inflections in the IAVF profile, thus missing paired or 248 

deeper dikes with minor expression in the resulting fields, consequently identifying 33 249 

prisms out of 40 prisms in the model. Despite missing a set of prisms, the remaining 250 

ones are in enough number to provide representative mean values for the centroids, 251 

with accurate estimates for the shallower prisms. Most of the shallower dikes were 252 

found at the correct positions in all the alternative solutions. 253 

FIGURE 2 254 

As shown in Figure 3, the variation      for trial cluster numbers identifies the 255 

correct number of    , all alternative solutions identifying the same number of 256 

clusters and centroids. The minimum number of the clusters is determined after the 257 

variations in      go flat in successive   and     evaluations.  258 

FIGURE 3 259 

Figure 4 shows the cluster analysis of the alternative model solutions obtained 260 

from inverting the synthetic data (i.e., evaluated from the model) representing a dike 261 

swarm. As shown in Figure 4 equivalent estimates for the true centroids are obtained 262 

from the four alternative solutions, a higher accuracy for the centroids found for a 263 

group with shallow dikes. This simulation suggests that, even missing some deeper 264 

dikes or closely adjacent pairs, reliable estimates for cluster centroids can be 265 

retrieved from the subset of dikes the data inversion solutions better recognize. The 266 

cluster analysis then provides an objective criterion to discriminate shallow and deep 267 

dikes, based on the respective centroids for the depth to the top parameter   . In 268 

addition, the cluster analysis recognizes groups of dikes with different magnetization 269 

strength, a key parameter to evaluate dike attributes to a potential aquifer system 270 

because it is closely related to the width of the dike. For dikes with comparable 271 
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magnetization intensity (in PGDS magnetization intensity is usually twice as much), 272 

the magnetization strength can be regarded as an indicator of dike width, as such an 273 

indicator about the aquifer volume and storage capacity.  274 

FIGURE 4 275 

 276 

4.   PGDS dike swarm 277 

4.1 Geological aspects 278 

The PGDS is a striking structure of the Paraná-Etendeka Magmatic Province 279 

(Renne et al., 1996) and regarded as the feeders of the extensive lava flows of the 280 

northern edge of the province (Marques and Ernesto, 2004; Renne et al., 1996). The 281 

PGDS was a major corridor for magma transport allowing a huge magma extrusion 282 

(>600,000 km3; Frank et al., 2009) in a rather short interval (<1.2 m.y.; Thiede and 283 

Vasconcelos, 2010) that peaked at 134 Ma (Renne et al., 1996; Thiede and 284 

Vasconcelos, 2010). Four magnetic reversals are recognized in the basalt traps 285 

(Ernesto and Pacca, 1988), this high reversal rate being observed in closely adjacent 286 

dikes of the swarm. Field studies show dikes with mean width of 59 m and variable 287 

profile density of 1.5 to 4 dikes per km (Raposo, 1995). The PGDS is aligned along 288 

the N30W direction with strong magnetic lineaments extending from crystalline 289 

terrains of the coast until below the sediments of the Paleozoic Paraná Basin. The 290 

magnetic susceptibility database presented by Raposo (1995) allows the evaluation 291 

of mean induced magnetization of 0.68 Am-1, for a local field of 25986 nT at the date 292 

of the airborne survey. Assuming a Koenigsberger factor (ratio between induced and 293 

remnant magnetization) equal to 4, the total magnetization for a dike may reach 3.39 294 

Am-1. Koenigsberger factors between 0 (induced magnetization only) and 4 cover 295 

87.5% of the samples analyzed by Ussami et al. (1991). The width for outcropping 296 
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dikes varies from 0.3 m to 500 m (Raposo, 1995) settling the range for the 297 

magnetization strength (product of the dike width and its magnetization intensity). 298 

The lower value to this range then can be set as 0.2 A, corresponding to dikes with 299 

minimum width of 0.3 m and induced magnetization of 0.68 Am-1. In turn, the upper 300 

value can be set as 1695 A, corresponding to dikes with maximum width of 500 m 301 

with simultaneous contributions induced and remanent magnetization of 3.39 Am-1. 302 

The composition of the dikes is essentially tholeiitic but with alkaline contributions 303 

due to coeval alkaline magmatism (Almeida et al., 2018). This combination of distinct 304 

intrusive episodes, dike composition and size generates groups of dikes with different 305 

attributes, possible playing distinct hydrogeological roles. 306 

4.2 Magnetic database  307 

The PGDS at the Paraná State, Brazil is covered by the airborne survey 308 

number 1095 - Paraná-Santa Catarina Survey – distributed by the CPRM-Brazilian 309 

Geological Survey (Lasa, 2011). This database covers an area of 65562 km2, with 310 

flight lines spacing of 500 and 10000 m in the directions N-S and E-W, flight height of 311 

100 m above the ground surface and used a cesium magnetometer with 0.001 nT of 312 

resolution. The selected data window (Figure 5) covers the exposed portion of the 313 

PGDS in the crystalline basement of the Paraná state. The TFA was processed in 314 

the Fourier domain (Whitehead and Musselman, 2007) to produce the IAVF and the 315 

ASA, both fields with centered amplitudes over the magnetic sources. 316 

FIGURE 5 317 

4.3 Wells database 318 

The Hydrogeological Map of Parana State (Souza-Filho and Franzini, 2015) 319 

provides an updated survey of existing boreholes and productivity of water supply 320 

wells in the studied area, including data from SIAGAS (System for Groundwater 321 
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Information, http://siagasweb.cprm.gov.br/) and SANEPAR (Paraná State Water and 322 

Waste Company, http://site.sanepar.com.br). Despite lacking detailed lithological 323 

borehole logs, this database provides reliable information such as flow rate, water 324 

heads, and water level under steady state pumping regime. To compensate for 325 

distortions caused by stagnant water in wells with different depths, we compute the 326 

specific capacity,   , as 327 

    
 

     
, (5) 328 

to compare well productivity. In equation (5)   is the flow rate,    is water level under 329 

steady state pumping regime, and    is the initial water head before pumping. The 330 

available borehole information is presented in Table 2, this database serving to 331 

investigate correlations between dike localization and well productivity, as discussed 332 

in sections 6 and 7. 333 

TABLE 2 334 

 335 

5. Procedure applied to PGDS 336 

5.1 Magnetic data inversion 337 

 The profile A-A’ (Fig. 5) was selected aiming to intercept elongated anomalies 338 

with minor disturbances from localized (not elongated) 3D sources. Fields IAVF and 339 

TFA were then sequentially inverted starting from different trial solutions to provide 340 

alternative representations for the dikes in the northern portion of the swarm. The 341 

number of prisms inferred from apices and inflections in the IAVF was 51, which 342 

corresponds to 204 unknown parameters to be inverted. As discussed in the 343 

numerical simulation tests, this number represents a minimum number of dikes since 344 
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those in deeper levels or tightly spaced can pass missed, with unrecognized 345 

expression in the magnetic anomaly or respective intensity fields.  346 

 Figure 6 shows the solutions obtained from the sequential inversion of the 347 

IAVA and TFA data along profile A-A’. Fields of IAVF and TFA were fitted for the four 348 

alternative solutions with          and           . Best fitting solutions were 349 

selected after running the sequential inversion procedure (400 times), in each case 350 

starting from a random trial solution. The four solutions had equivalent measures of 351 

least-squares of the residuals, with       [787, 798, 795, 799] and        [1118, 352 

1181, 1195, 1130] for solutions S1 to S4, respectively. In general, the alternative 353 

solutions show a predominance of dikes with normal magnetization (direction 354 

concordant with the present geomagnetic field). A higher occurrence of dikes is 355 

observed at about 10 km along the profile, peaking to 1.7~1.9 prisms per km. Deeper 356 

prisms are situated at the center of the profile, in this case with a lower density of 0.9 357 

prisms per km.  358 

FIGURE 6 359 

5.2 Cluster analysis 360 

Figure 7 presents function      for a variable trial number of clusters, which 361 

identifies     as the minimum number of clusters explaining the analyzed models. 362 

As shown in this figure, the alternative solutions provide the same estimate for the 363 

centroids. The groups were termed as G1, G2, and G3 according to the enumeration 364 

provided by the analysis k-means. 365 

FIGURE 7 366 

Figure 8 illustrates common properties for the G1, G2, and G3 group of dikes 367 

along profile A-A’. The cluster analysis suggests a G1 group of shallow dikes with 368 

depths clustered around 190 m, but with dikes as shallow as 30 m. Groups G2 and 369 
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G3, with centroids clustered around 410 and 450 m, have shallow dikes close to 310 370 

and 370 m respectively. The centroids for dikes in the groups G2 and G3 indicate 371 

these dikes certainly are not intercepted (or even closely approximated) by the 372 

available borehole coverage. Only dikes of group G1 seems to be within the depth 373 

range of the available wells. Dikes in clusters G1 and G3, in addition, have higher 374 

magnetization strength (284 A and 319 A), which can be indicative of wider dikes. 375 

Such magnetization strength can be associated with wider dikes, but it is a dike 376 

property that also may increase if rock magnetization is higher, as it is the case of 377 

thicker bodies experimented slow cooling rates. The magnetization range of 0.68 to 378 

3.39 Am-1 inferred from data inversion suggests dikes with width between 83 and 469 379 

m, as such within the range of the outcropping dikes described by Raposo (1995). 380 

The variations of the magnetization strength for all groups suggest that dike width 381 

and/or magnetization intensity may vary within groups. Dikes G2 are associated with 382 

the lowest magnetization strength and their centroid for the magnetization inclination 383 

suggests a reverse magnetization (centroid close to zero, with solutions with positive 384 

inclination). The existence of dikes with normal and reverse magnetization is 385 

indicative of different intrusive episodes, with magma cooling when the prevailing 386 

geomagnetic field experienced reversals.  387 

FIGURE 8 388 

 389 

6. Productivity analyses 390 

 The available information for the wells in the test area was compared with 391 

model solutions obtained from data inversion and cluster analysis to seek possible 392 

associations between wells productivity and the distribution of dikes location and 393 

depth. Figure 9 shows the distribution of wells with recorded specific capacity (  > 0 394 
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in the database) with the observed magnetic anomaly (TFA) and geological map in 395 

the background. The more productive wells in the region show    between 1.00 and 396 

2.00 m3h-1m-1. By comparing the mapped outcropping dikes with magnetic 397 

lineaments in the airborne magnetic data, one may conclude that most dikes in the 398 

area are not outcropping (Figure 9). Only three lineaments are associated with 399 

outcropping dikes, most of them with width less than those inferred from ASA, 400 

suggesting that outcropping dikes may constitute apophyses of larger intrusive 401 

tabular bodies seated in deeper levels. The shallow dikes of the group G1 have 402 

mean depth to the top of 190 m (shallow dikes as shallow as 30 m). This mean depth 403 

is below the reach of most wells in the area, with a mean depth of 145 m for a 404 

maximum depth of 330 m. 405 

FIGURE 9 406 

Figure 10a shows the distribution of the dikes according to the k-means 407 

classification in groups G1, G2, and G3. As inferred from magnetic data inversion, 408 

most of the wells along the profile A-A’ only reach the top of the shallow dikes of the 409 

group G1. The water inflows are observed at different levels in this set of wells. In 410 

general, there is a close association of more productive wells with G1 dikes, 411 

considering that most of the deeper wells along this profile (wells 1, 6, 8 and 9) reach 412 

the upper portions of such G1 dikes. Nevertheless, the proximity of a dike is not the 413 

only variable conditioning the specific capacity of a well. The deeper wells 10 and 11, 414 

with depth close to the top of G2 dikes, exhibit low productivity. The same seems to 415 

apply to well 2 and 5, close to G3 dikes. This distinctive behavior of G1 and G2-G3 416 

dikes suggests that parameters determined from data inversion and cluster analysis 417 

may be associated with hydrological parameters affecting groundwater flow and 418 

storage. As shown in Figure 10b, two of the mapped dikes are associated with G1 419 
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dikes, and two with G3 dikes. The group of wells 6a, 6b, 6c and 6d is located along 420 

the same magnetic lineament. The average specific capacity for deeper wells along 421 

this lineament (excluding the shallower well 6c) is 0.24 m3h-1m-1, which is higher than 422 

the mean specific capacity of wells with similar depths in the host rock (0.04 m³h-1m-423 

1). The higher specific capacity of well 6c (1.55 m3h-1m-1) can be attributed to a 424 

combination of effects from a shallow alluvial aquifer and incidence of minor 425 

shallower dikes usually extending from a large intrusive body below. The more 426 

productive Well 9, with specific capacity of 1.29 m3h-1m-1 and depth of 100 m, also is 427 

situated close to a G1 shallow dike. The wells 12 and 13 with specific capacity of 428 

0.02 and 0.07 m3h-1m-1 are located over alluvial deposits but not along G1 dikes, 429 

reinforcing the association of productive wells with dike locations.  430 

FIGURE 10 431 

In the entire well database, only seven wells (Figure 11) have available 432 

lithological description. Three of these wells (wells 6a, 6b, 6c) are along the same 433 

lineament none of them indicating diabase in their lithological description. Possible 434 

explanation for that is that the top of dike is deep enough to be reached or the 435 

borehole is located close to a contact with a mafic rock but still in the host rock. Two 436 

of the seven wells with lithological description are used to elaborate a conceptual 437 

model as discussed in the section 7. 438 

Figure 11 439 

The dependence of well productivity with the depth of the subjacent dikes, 440 

dikes of the G1 group in particular, is made clear in Figure 12. As the specific 441 

capacity for local wells varies by two orders of magnitude a logarithmic scale was 442 

used in Figure 12, in this case by applying the decibel (dB), normalized logarithm 443 

scale to better account smaller variations from a minimum reference value of 0.01 444 
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m3h-1m-1, accepted as representative of a dry well in the region. A dB equal to 20, for 445 

example, expresses in this case a specific capacity of 0.1 m3h-1m-1, as such 10 times 446 

higher than that from an unproductive well. As shown in this figure, the specific 447 

capacity is inversely proportional to the depth to the top of the subjacent dike. The 448 

regression line                  , with a R2 of 0.8, indeed may be used as an 449 

empirical predictive model for preliminary specific capacity estimates based on dike 450 

depths estimates   . In the expression above     is the value of    calculated in dB 451 

(20log10(  /  )). In this case    = 0.01 m3h-1m-1 is the reference value.  452 

FIGURE 12 453 

As shown in Figure 13, the extrapolation of the outcropping dikes based on 454 

associated magnetic anomaly intercepts a set of more productive wells. The group of 455 

wells marked as 6 in Figure 10 have specific capacity between 0.04 and 0.40 m³ h-1 456 

m-1 , one of them between 1.00 and 2.00 m³ h-1 m-1. It is worthy to note that the wells 457 

with the lowest specific capacity values (0.01–0.04 m³ h-1 m-1) are situated distant 458 

from the dikes inferred from magnetic data inversion. The lack of dike-by-dike 459 

correspondence between mapped dikes in Figure 13 and those ones in the cross-460 

section of Figure 10 may be attributed to many reasons, the main one is the regional 461 

scale of the geological database not accounting for specific dike unities. Also 462 

important is that airborne magnetics is sensitive to non-outcropping dikes thus 463 

usually identifying more dikes than that effectively observed at the ground surface. 464 

Figure 13 in fact contours the ASA half width which in many cases encompass the 465 

anomalies from closed adjacent dikes. To not pollute the picture, the locations of the 466 

multiple dikes in Figure 10 were not represented in Figure 13. 467 

FIGURE 13 468 
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Another variable conditioning the productivity of the wells is the nature of the host 469 

rock into which the dikes intrude. As shown in Figure 13, the wells were subdivided in 470 

two clusters to evaluate their productivity as a function of their occurrence near to a 471 

dike or within the domain of respective host rock. The first cluster (CA) is close to the 472 

town Piraí do Sul, with the host rock mainly composed of sedimentary rocks (Castro 473 

Formation). The second cluster (CB) is near to the town of Castro and the host rock 474 

is composed of plutonic (Cunhaporanga granite) and volcanic rocks. The geological 475 

map in Figure 13 reflects an integration of geological data at the scale of 1:1’000’000, 476 

as such does not representing the detailed lithology described in the well database. 477 

The average specific capacities for domains CA and CB are different. For G1 dikes in 478 

the CA domain, wells completed in the host rock averaged a specific capacity of 0.04 479 

m³h-1m-1; wells completed over the dikes showed a higher average of 0.58 m³ h-1 m-1. 480 

For the CB domain, the wells completed in the host medium have an average 481 

specific capacity of 0.03 m³h-1m-1, and wells completed over G1 dikes show average 482 

specific capacities as high as 0.13 m³h-1m-1. Thus, a distinct variation of specific 483 

capacity can be observed, with wells close to G1 dikes showing higher values of 484 

specific capacity by a factor of 14.5 for the CA domain and a factor of 4.3 for the CB 485 

domain, respectively. Well 10 (in the rhyolite basement) and well 7 (in granite) are 486 

located in areas with no magnetic lineaments and show very low    (0.08 and 0.03 487 

m³h-1m-1, respectively) despite their relative large depths (300 and 84 m).  488 

 489 

7. Discussion 490 

Previous studies have highlighted that dike intrusions may act either as barriers or 491 

provide preferential pathways to groundwater flow. The results of the presented study 492 

for a profile across the PGDS suggest a relationship between the productivity of wells 493 
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and their proximity to dike intrusions, with shallower dikes of group G1 being 494 

associated with more productive wells in the region. Deeper dikes of groups G3 and 495 

G2 and those with less magnetization strength (group G2, probably with thin dikes) 496 

are associated with the least productive wells in their vicinity.  497 

Higher productivity may be related to different aspects, some of them represented 498 

by conceptual models presented in Figure 14. In general, discontinuities created by 499 

the non-outcropping dike intrusions enhance the secondary effective porosity of the 500 

host rock, and hence create a zone of higher permeability and storability in the roof 501 

zone of the igneous body, referred to as primary damage zone (PDZ) in Figure 14a. 502 

Previous studies on out-cropping dike intrusions have identified fractures related to 503 

the emplacement of dikes (Matter et al. 2006; Chevallier et al., 2004), forming a 504 

structurally complex zone of connected fractures along the strike of the intrusion. For 505 

non-outcropping dikes in the study area, a fractured PDZ may extend above the non-506 

outcropping dike at depths, thus providing a larger volume of enhanced permeability 507 

and storage capacity. Considering that the airborne magnetic data indicates that 508 

these non-outcropping dike structures are laterally extensive (over several 509 

kilometers), this fractured zone may provide a productive resource for groundwater 510 

supply wells in the region, in particular when compared to wells completed in the low 511 

permeable host rock. In some geological domains the specific capacity of wells close 512 

to a G1 dike is 4 to 15 times higher the specific capacity of wells in the same domain 513 

but distant to a G1 dike. Water inflow zones (WIZ) are expected at PDZ levels, 514 

possible with wider connectivity between extensive fractures.  515 

Figure 14 aims to develop an explanation for high productive wells close to a dike. 516 

Its inset 14a shows the lithological description of well 4 (   of 0.25 m³h-1m-1), drilled 517 

in siltstones with moderately fractured and altered zones, with observed water 518 
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inflows. In this case, the top of the dike inferred from magnetic data is at 179 m 519 

depth, thus below the bottom of the well with 100 m depth. Well 3 (   of 0.19 m³h-1m-520 

1) with a total depth of 44 m is drilled in loamy regolith and gray crystalline rocks and 521 

seems to be another similar example of this setting, represented by an underlying 522 

dike inferred close to 150 m depth. Figure 14b illustrates a situation where the dike 523 

intrusion suggests a hybrid model with connected fracture system at a host rock with 524 

enhanced secondary porosity. The area with these characteristics was named as 525 

secondary damage zone (SDZ), composed by fractures associated to close dikes. As 526 

illustrated in Figure 14b, the well 6b (   of 0.14 m³h-1m-1), drilled in the host rock 527 

close to a dike, could be an example of a well in the SDZ. This well is 216 m deep 528 

with most of this section intercepting rhyolites, which includes a possible fractured 529 

zone with observed water inflow at 70 and 97 m depth, which in turn is close to the 530 

top of a nearby dike. Other main water inflows are observed at deeper levels 531 

suggesting a higher degree of fracturing of the host rock close to dike. This well in 532 

particular is more productive than similar wells in the same geological unit.  533 

FIGURE 14 534 

Our work points that shallow dikes have a significant impact on the borehole 535 

productivity (cross plot in Figure 12). The linear relationship between specific 536 

capacity and depth of the dike can be useful to well locations in the PGDS and 537 

possibly in regions with similar geology by considering the proximity to shallow dikes 538 

and drilling into the PDZ or SDZ according to the conceptual models in Figure 14. 539 

8. Conclusions 540 

This study highlights the use of airborne magnetic data for identifying the 541 

location, longitudinal extension and depth of dikes, in particular in areas where they 542 

are not outcropping. A preliminary conceptual model is developed based on available 543 
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airborne geophysical data and the existing well database for the PGDS area to 544 

illustrate possible relationships between well productivity and dike intrusion. Further 545 

studies are recommended to better understand the detailed hydrogeological impacts 546 

associated with dike intrusions in variable rock types because well productivity may 547 

be affected by several properties, such as: host media lithology, dike properties, 548 

regolith coverage, etc. 549 

Some key points deserve further attention to elucidate how magnetic properties 550 

determined from magnetic data inversion are associated with hydraulic parameters 551 

governing groundwater flow and storage. The simple models developed in our study 552 

were based on assumptions that rock magnetization intensity has no large variations 553 

in different dike units (one order of magnitude or more); in this case relating the 554 

magnetization strength (inferred from data inversion) with the width of the underlying 555 

dike. The correlation of dike depths observed in wells and the respective depths 556 

inferred from airborne data requires a better understanding about weathering 557 

processes developed over mafic dikes, because weathering is usually associated 558 

with magnetization loss. In this case, inferences about the magnetic top of the prism 559 

may not coincide with the non-magnetic top of the weathered dike. The thin sheet 560 

representation for a dike may not be representative for ground surveys over shallow 561 

dikes, which require models incorporating thick prisms with variable dip.  562 

We emphasize this study highlights the benefit of joint interpretation of airborne 563 

magnetic data and hydrogeological well data in regions affected by dike intrusions to 564 

identify places with more productive wells. Despite describing a local study at the 565 

PGDS it is likely that similar hydrogeological scenarios may occur worldwide, 566 

wherever mafic dike intrusions enhance the fracturing degree of impermeable hard 567 

rock in crystalline terrains. The observed association of more productive wells 568 
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intercepting the roof zone of non-outcropping dikes must be subjected to further 569 

evaluation at the PGDS or even in other regions when analyzing hydrological and 570 

aeromagnetic data sets in regions with similar geological settings. 571 
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Figure 1: Prismatic model and parameters representing   dikes. For each prism a set of 4 1 

parameters are necessary:    for the prism position along the x-profile,    for its depth to the top,   2 

for its magnetization strength and    for the magnetization inclination. For a generic j-prism, these 3 

parameters can be organized in a 4-dimensional vector                           . A model 4 

composed by   prisms is represented by a  -dimensional prism  ,     , such that  5 

              . 6 

 7 

Figure 2: Alternative solutions (S1 to S4) for synthetic data inversion from model. Data fitting from 8 

each model (lines on top); obtained prismatic models (coloured prism on the bottom) with normal 9 

(red) and reverse (blue) polarization of the magnetization. True model on the bottom of the figure 10 

(colored bars with dashed contour).  11 

 12 

Figure 3: Definition of the number of groups ( ) from alternative solutions of synthetic data 13 

inversion from model. Coloured lines:     , according to equation (4), to the solutions S1 to S4 as 14 

a function of trials numbers of clusters. Black line (trial k) is an approximation to the derivative of  15 

     related to   for S1. 16 

 17 

Figure 4: K-means analysis of the model. Left: results for the parameters   and   ; Right: results 18 

for the parameters   and   . Centroids of the true model (red hollow x) and the correspond 19 

centroids    and     to the alternative solutions (S1 to S4); coloured bars represent the unit’s 20 

standard deviation to each solution. 21 

Figure captions
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 22 

Figure 5: Studied area (black polygon) at Eastern portion of Paraná State. a) Interpolation of the 23 

TFA and window position. b) The calculated IAVF for the window from the computed components 24 

  ,    and   . c) The ASA for the window. The black line marked with A – A’ is the inverted profile. 25 

 26 

Figure 6: Solutions of the inversion for the profile A-A’. On top, the signal refer to the profile A-A’ 27 

is overlaid by the adjusts obtained by the four inversion solutions (S1 to S4). The disposition of 28 

prism obtained from each inversion is on subfigures, S1 to S4 with normal and reverse polarity. 29 

 30 

Figure 7: Definition of the number of groups ( ) for the models obtained by inversion of the profile 31 

A-A’. Coloured lines:     , equation (4), to the solutions S1 to S4 as a function of trials numbers of 32 

clusters. Black line (trial  ) approximation to the derivative of       related to   for S1. 33 

 34 

Figure 8: K-means analysis of the profile A-A’. Left: results for the parameters   and   ; Right: 35 

results for the parameters   and   . Centroids of the alternative solutions (S1 to S4). Coloured 36 

bars represent the unit’s standard deviation to each solution.    to    are the denomination given 37 

to the defined dike groups. 38 

 39 

Figure 9: Distribution of wells with specific capacity    > 0 for the chosen window. Wells over the 40 

lithology (left) and over the TFA (right). Specific capacity classes from 0.01 to 2 m³.h-1.m-1 follows 41 

international standardized productivity classes as defined by SGB/CPRM (DINIZ et al., 2014). 42 

 43 

Figure 10: Projection of wells near profile A-A’ over the dike distribution obtained from data 44 

inversion and cluster analysis. Specific capacity (  ) values (m³.h-1.m-1) at the bottom of the wells 45 



3 
 
symbols.  Prisms depth corrected by the profile A-A’ topography. a) Prisms clustering according to 46 

k-means analysis of solution S1:    (magenta),    (blue),    (yellow). Weathered layer depth 47 

(black dashed line) and points of water entrance (red triangles) according to the database. Wells 48 

discussed on the text (numbers above the wells). b) Prism model obtained by inversion with 49 

geological background above the profile A-A’. Faults marked in red, wells with lithological 50 

description highlighted (numbers above) and andesite apophyses (blue dashed lines). 51 

 52 

Figure 11: Lithological description available for seven wells. Each well was drawn on its own 53 

scale. The boreholes have labels used along the paper (above each one). Water inflows 54 

positioned with arrows and highlighted (red dashed lines).  55 

 56 

Figure 12: Specific capacity    of well’s and depth to the top of subjacent dikes coloured 57 

according G1 to G3 groups. Decibel scale according to [20log10(  /0.01)].  58 

 59 

Figure 13: Specific capacity    on hosting rocks and dikes. Wells classified by specific capacity 60 

(circles); cluster of wells (red dashed) close to the Piraí do Sul town (CA); cluster of wells (dashed 61 

blue) near to the Castro town (CB); magnetic profile A-A’ position; extrapolation of some group-1 62 

dike positions based on the half width of the ASA lineaments (dashed gray). Wells discussed on 63 

the text (Arabic numbers) with group of wells 6 marked as 6a to 6d. 64 

 65 

Figure 14: Conceptual models of dikes and well productivity. Highly, moderate and low fracture 66 

zones are marked as HFZ, MFZ and LFZ (dashed lines). The water inflow zones (WIZ) are 67 

composed by fractures with more connectivity and extension. Dike chilled margin (CZ) and the 68 

contact metamorphosed zone (CMZ) are also marked in the figure. SIAGAS lithological description 69 

for wells used to construct the simplified conceptual models are show (wells 4 and 6b). a) A well 70 



4 
 
intercepts fractured/damaged host rock (black lines) above the dike emplacement. This area was 71 

nominated as primary damaged zone (PDZ). b) A well intersects a mixed zone, with fracturing in 72 

the hosting rock caused by the presence of closer dikes. This area was nominated as secondary 73 

damaged zone (SDZ).  74 
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Table 1: Parameters used to generate the synthetic model. G1 and G2 are the two groups of 1 

prisms with 20 units each. The central values and the percentage of deviation for the parameters   2 

(magnetization strength),    (depth of the top of the prisms) and    (inclination of the 3 

magnetization) are show. The individual unity parameters are aleatory chosen.  4 

 5 

Table 2: Parameters for the wells used in this work. Identification of the wells commented 6 

(id_figs), identification of the wells on the databases (id_wells), latitude coordinates (lat), longitude 7 

coordinates (lon), easting UTM coordinates (X), northing UTM coordinates (Y), elevation of the 8 

wells (elevation), depth of the wells (depth), water level under steady state pumping regime (  ), 9 

water heads (  ), flow rate ( ), specific capacity (  ), weathering front (wf), water inflow 1 (wi1), 10 

water inflow 2 (wi2), water inflow 3 (wi3). The wells with id_wells of ten numbers belong to 11 

SIAGAS database and can be consulted in www.siagasweb.cprm.gov.br, the ones with four 12 

numbers belongs to SANEPAR database and can be requested in www.sanepar.com.br.   13 

Table captions

http://www.siagasweb.cprm.gov.br/
http://www.sanepar.com.br/


Well productivity in the Ponta Grossa Dike Swarm, Brazil: An integrated 

study with magnetic data inversion and clustering analysis of model 

solutions  

 

Felipe Lisbona Cavalcantea (felipe.cavalcante@usp.br) 

Carlos Alberto Mendonçaa (camendonca@usp.br) 

Ulrich Ofterdingerb (u.ofterdinger@qub.ac.uk) 

Oderson Antônio de Souza Filhoc (oderson.souza@cprm.gov.br) 

 

aIAG-USP. Rua do Matão 1226, São Paulo, Brazil 

bQUB. David Keir Building, Stranmillis Road, Belfast, United Kingdom 

cSGB/CPRM – CEDES/PR. Rua Voluntários da Pátria 475, 1º andar, sala 10, 

Centro, Curitiba, Brazil. 

Title Page



1 
 

Abstract 1 

 2 

Dike swarms are mega-structures observed in different geological contexts which may affect 3 

groundwater flow systems.  These structures are well recognizable from airborne magnetic, 4 

however it is difficult to obtain quantitative information about distribution and mean properties of 5 

dikes that generate the observed magnetic anomalies. This work presents a procedure to perform 6 

magnetic data inversion along profiles transecting the Ponta Grossa Dike Swarm (PGDS) and 7 

determine its mean properties with application of cluster analysis to obtained solutions. Next, the 8 

mean model solutions are correlated with a regional database of borehole productivity suggesting 9 

that more productive wells are found close to a group of shallow dikes of the PDGS in 10 

Southeastern Brazil. For the area mainly composed by sedimentary rocks, the wells situated over 11 

shallow dikes show higher values of specific capacity by a factor of 14.5 than those not close to a 12 

dike in the same domain. For the area mainly composed by granitic rocks, the productivity of wells 13 

over dikes is still higher, a factor of 4.3 higher than those with no dikes. A conceptual model is 14 

presented to explain the higher productivity of wells close to the dikes, as resulting from fracturing 15 

on host rock caused by dikes emplacement. Only a group of shallow dikes seems to be associated 16 

with more productive wells. 17 
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 Stepped magnetic inversion to model a dike swarm transect 

 Clustering analysis of model solutions to determine mean dike properties 
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