
ABSTRACT:
The occurrence of earthquakes associated with the opening of groundwater wells is a very rare phenomenon. We present the results from a 
magnetotelluric profile of about 4 km-long that crosses a seismic zone near the town of Bebedouro, in the Northeastern part of the intra-cra-
tonic Paraná basin, in Brazil. The seismic activity is thought to be caused by a raise in pore-pressure within a fractured basalt aquifer due to 
the natural injection of water from the shallow aquifer into the basalt. Regularized 2D inversions of the magnetotelluric data show that the 
basalt layer presents both electric resistivity (60–300 ohm-m) and thickness (400–600 m) within the expected ranges for the study area. 
However, an unforeseen abrupt change (~200 m) in the basalt thickness has been observed. This variation occurs close to the Western limit 
of the seismic zone and it nearly coincides with a geoelectric basement deepening of about 600 m. We interpret these lateral contrasts as a 
fault system that probably controlled the deposition of the Permian to Jurassic volcano-sedimentary sequence under the study area. Our study 
suggests that a preexisting structure affecting the basement and the basaltic layer is determinant in favoring seismicity associated with the 
opening of water wells.
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INTRODUCTION
Water-induced seismicity is a relatively common phenom-

enon, such as those associated with reservoir impoundment 
(e.g., Assumpção et al. 2002, Barros et al. 2018) or injection 
wells (e.g., Ellsworth 2013). Earthquakes induced by pres-
sure-injection well (mainly for waste disposal) are relatively 
common (e.g., Rubinstein & Mahani 2015). However, wells 
injecting fluids without any additional pressure (“gravity feed 
wells”) may also induce earthquakes (e.g., Rubinstein et al. 
2014), but they are less likely to it. Studies of these rarer phe-
nomena or cases of induced seismicity in unusual location are, 
therefore, highly relevant (Ellsworth 2013).

A few cases of earthquakes induced by the opening of new 
wells (i.e., gravity feed) have been reported in the intra-cratonic 
Paraná basin (Yamabe & Berrocal 1991, Yamabe & Hamza 
1996, Assumpção et al. 2010), in Brazil. In the Bebedouro 
region (Fig. 1), a long series of earthquakes, with annual cycles 
from 2004 to 2010, has been attributed to the natural injection 

(“gravity feed”) of water from a surface aquifer into a confined 
aquifer inside a basalt layer pack (Assumpção et al. 2010). By 
integrating data from the seismic monitoring and tempera-
ture logs, Assumpção et al. (2010) explained the observed 
seismicity and annual cycles, in terms of changing patterns in 
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Figure 1. Plot of depth (in kilometers) to the crystalline basement 
depth and seismicity in the Northeastern Paraná basin. Colored 
circles are epicenters from the Brazilian catalog. Red and blue circles 
denote natural and induced earthquakes, respectively. Dashed lines 
are structural lineaments inferred from land remote sensing data 
(Amaral 1977). The inset map of Brazil shows the limits of the 
Paraná Basin (black line) and Figure 1 (black rectangle).
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the groundwater flow within the fractured aquifer, as a con-
sequence of the natural injection of water from the shallow 
aquifer into the basalt at low pressures.

Thousands of water wells have been drilled in the Paraná 
basin to exploit confined aquifers in fractured or inter-trap 
layers in the basalt flows, with no reported seismic activity. 
This means that very special critical conditions are probably 
present in the Bebedouro area that would explain the induced 
earthquakes. Therefore, other geophysical surveys have also 
been undertaken to enhance knowledge of the study area, 
including resistivity (Carlos et al. 2012) and time-domain elec-
tromagnetic soundings (Porsani et al. 2012). The latter have 
especially been useful to determine thickness of the shallow 
sandstone aquifer and variation of electrical resistivity within 
the upper first hundred meters of the basalt layer in the cen-
tral-eastern border of the epicenter zone.

We analyzed magnetotelluric (MT) data from five broad-
band stations along a profile of about 4 km-long crossing the 
concentration of epicenters in Bebedouro. This paper aims to 
characterize the basalt and deeper units in a geoelectrical man-
ner and to verify whether there is some association between 
the mapped electrical structures and the observed seismic-
ity in Bebedouro. The MT method determines the electri-
cal resistivity distribution of the subsurface from the relation 
between amplitudes of natural transient electric and magnetic 
fields measured on the surface simultaneously. By using natu-
ral fields as signal source, MT soundings can penetrate much 
deeper (typically up to tens of kilometers or even more) than 
controlled-source electric and electromagnetic methods (e.g., 
Chave & Jones 2012).

This study improves the knowledge on the mechanism of 
earthquakes in Bebedouro by demonstrating that seismic activ-
ity may be favored by the presence of preexisting deep faults. 
In conjunction with pore pressure elevation in the fractured 
aquifer, a given fault would enhance the stress level on a crit-
ically stressed area as should be the case of the northeastern 
part of Paraná Basin.

STUDY AREA
The Bebedouro area, shown in Figure 1, is located in the 

Northeast part of the intra-cratonic Paraná Basin, which cov-
ers the Southern part of Brazil and parts of Argentina, Paraguay 
and Uruguay (Northfleet et al. 1969). This basin consists of a 
Paleozoic and Mesozoic sedimentary sequence, evolved from gla-
cial to marine environments and finally to continental conditions, 
overlain by extensive basaltic lava flows (Serra Geral Formation) 
erupted in the Lower Cretaceous. In the study area, depth of the 
geological basement and thickness of lithological units are poorly 
constrained by sparse wells drilled in the search for hydrocar-
bons. According to extrapolated data from these wells (Milani 
1997), depth to the basement would be in the range from 2,300 
to 3,000 m, and the basalt flows would be about 400–600 thick.

In Bebedouro region, these lava flows are covered by a thin 
(~5–120 m) layer of Upper Cretaceous sandstones and silt-
stones from Bauru Group, which defines a shallow sedimentary 
aquifer characterized by saturated clayey sand sediments. In 

addition to this shallow unconfined aquifer, intense ground-
water exploitation also occurs in confined fractured aquifers 
between basalt flows. Seismologically, the Northeastern part 
of Paraná basin is one of the seismic zones with the largest res-
ervoir-induced events in the country (Assumpção et al. 2002).

DATA ACQUISITION AND PROCESSING
The MT data were acquired using a commercial multi-chan-

nel wide band MT system, with about one day of recording. 
In addition to horizontal components of the electric and mag-
netic fields (Ex, Ey, Hx and Hy), vertical magnetic fields (Hz) 
were also computed in each MT station, with x-direction aligned 
to the magnetic meridian (N20ºW). The telluric field varia-
tions were typically measured with 100-m dipoles configured 
in a cross, with non-polarizable lead-lead chloride electrodes. 
The magnetic fields were measured using induction coils for the 
vertical and two horizontal components. Six sites were occu-
pied during August 2008 on a profile nearly orthogonal to the 
concentration of epicenters (Fig. 2). Impedance tensors and 
geomagnetic single station transfer functions were estimated 
using a robust code (Egbert 1997). Overall, responses are 
smooth over the period range 0.0008–400 s, except for site 4 
(not shown), in which a maximum period of 0.2 s was achieved. 
Figure 3 displays two representative sites. The data appear to 
be of excellent quality, except for some scattering at very short 
periods in apparent resistivity in site 1 for the xy mode.

Geomagnetic transfer functions are usually represented as 
induction arrows. We adopted the Parkinson convention in this 
paper, in which the real part of the arrows point towards cur-
rent concentrations in enhanced conductivity zones. Figure 4 
displays the real components of the induction arrows at four 
representative periods. At short periods (< 5 s), the arrows 
have a relatively small amplitude and are almost E-W oriented. 
This small amplitude is consistent with the fact that the elec-
tromagnetic fields are mainly under influence of conductive  
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Figure 2. Locations of magnetotelluric stations (solid triangles) 
superimposed on best-located epicenters of the earthquakes 
from 2005 to 2008 triggered by water wells opening in the area of 
Bebedouro district. Streams are represented by blue lines.
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Figure 3. Apparent resistivity and phase responses measured in geomagnetic coordinates (X, North; Y, East) with magnetic declination of 
N20ºW, at representative sites 1 and 3.  
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Figure 4. The real induction arrows calculated at four representative periods using Parkinson’s convention, in which the arrows point towards 
lateral resistivity contrast.
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rocks of Paraná basin at such periods. The amplitude of arrows 
increases (and, therefore, depths) with these increasing periods, 
and a counterclockwise rotation in their direction is observed 
in all stations. Arrows become consistently aligned to NE-SW 
direction, except for the longest periods (> 100 s). The general 
behavior of the induction arrows suggests that shallow and 
deep structures have different geoelectric strikes.

Geoelectric strike
We used the tensor decomposition method of Groom 

and Bailey (1989), extended by McNeice and Jones (2001) 
to determine the geoelectric strike of regional structures and 
to estimate the regional two-dimensional (2D) impedance 
tensors. The process of MT data decomposition is required to 
determine if the MT site responses are adequately two-dimen-
sional in character. Thus, they can be modeled validly using a 
2D approach. Once the best electrical strike direction is deter-
mined, the MT responses at each site are modeled in that coor-
dinate system. Decomposition also removes local-scale electrical 
distortion from the MT site responses that might obscure the 
regional 2-D geological response. The Groom-Bailey decompo-
sition assumes that a model of three-dimensional (3D) surfi-
cial distortion overlying a 2D regional conductivity structure 
(3D/2D model) is valid in a certain period range. Initially, the 
data sets were subdivided into period bands one decade wide. 
The best-fitting parameters of period-independent distortion 
and regional strike were determined within each band. Figure 5 
shows the unconstrained strike directions determined in all 
six sites at four representative period bands. Strikes are almost 
north-south (or east-west) oriented for short periods (< 1 s), 
whereas there is a significant counterclockwise rotation in the 

strike angles for long periods (> 1 s). The inherent 90° ambi-
guity in the strike determination was solved using information 
of induction arrows. Considering that arrows must point per-
pendicular to the geoelectric strike in an ideal 2D structure, 
the northwest direction seems to be the most plausible orien-
tation for all the strikes. Although this rotation characterizes a 
3D situation generically, the condition for which the 3D/2D 
model is valid can be found individually within two or more 
period intervals ( Jones et al. 1993). On our case, the 3D/2D 
parametrization is thought to be valid in the two intervals sep-
arated by the period of about 1 s. Thus, we applied the mul-
tisite, multifrequency tensor-decomposition code of McNeice 
and Jones (2001) to each interval in order to determine the 
strike angle that best fits all the sites. The resulting strikes for 
short and long periods were N15ºW and N41ºW, respectively.

DATA INVERSION

Simple resistivity-depth transformation
A first approximation to the true resistivity-depth distribu-

tion beneath the recording location can be obtained by apply-
ing the Niblett-Bostick transformation ( Jones 1983) to the 
observed apparent resistivity and impedance phases at a site. 
This transformation is a simple mapping method, in which, in 
contrast to formal inversion methods, only a single frequency 
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Figure 5. Strike directions using Groom and Bailey (1989) method 
calculated individually at each period band and site. Four representative 
period bands of the impedances are examined. Two distinct strikes 
seem to occur for periods shorter and longer than about 1 s.
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is processed at a time. It is transformed from apparent resistiv-
ity and phase against period to layer resistivity against depth 
using information from the shape of the observed apparent 
resistivity curves and the skin depth relation. Figure 6 shows 
the results of the Niblett-Bostick transformation from sites 1 
and 3 compared with geological and geophysical information 
from the 2-OL-1-SP well (see Fig. 1). This comparison is an 
approximation, because the well is about 50 km to the north-
west of the study area, where the volcano-sedimentary layer is 
expected to be thicker than around Bebedouro. Nevertheless, 
the Bauru Group thickness and the resistivities of Serra Geral 
Formation and underlying sedimentary rocks are well deter-
mined in MT data. This good match indicates that the MT 
data, at least from these two sites, are not significantly distorted 
by small, near surface resistivity features. Distortions of such 
nature, called static shift (e.g., Pellerin & Hohmann 1990), cause 
vertical displacements of apparent resistivity curves without 
affecting phases, leading to misleading interpretations, if not 
considered. Observing all the dataset, we have noticed that the 
phase curves are similar at the first frequencies of each station, 
while the level of apparent resistivity curves is almost the same 
(20–30 ohm-m). This behavior is another indication of little 
static distortion in the data.

Adopted procedures in the modeling
The 2D resistivity structure of the subsurface in the 

region of Bebedouro was obtained using the reduced basis 
Occam’s (REBOCC) code of Siripunvaraporn and Egbert 
(2000). We ran a set of inversions of the decomposed TE 
and TM apparent resistivities and phases to verify depen-
dences on starting models and inversion parameters. We 
attributed higher error floors for apparent resistivities than 

for phases to reduce a possible influence of static shift effects. 
In some inversions, we strongly reduced the weight of appar-
ent resistivities to virtually invert only the phases. The appar-
ent resistivities recovered in such inversions showed a little 
level difference in relation to the experimental curves, which 
is further evidence of low levels of static distortion in the 
data. The preferred models were obtained with error floors 
of 20% for the apparent resistivities and 4% for phases, using 
a 100 ohm-m uniform half-space as starting model. As previ-
ously explained, the geoelectric strike varies with period in 
the study area. Instead of using a single strike, as for example 
an average of short and long periods, we used two different 
strikes for better image shallow and deep structures. A similar 
procedure was adopted, for instance, on the MT data from 
Southern Canadian Cordillera and Great Slave Lake shear 
zone (Marquis et al. 1995, Wu et al. 2002).

We used only short periods (0.0001–1.1429 s) at a 
strike of N15ºW to image mainly the basalt layer, which is 
close to the structural alignments of the basalt layer inferred 
from TDEM data (Porsani et al. 2012). This period range 
corresponds to penetration depths of about a few meters 
up to 1.5 km.

Inversion results
The resulting shallow resistivity model (Fig. 7) fits the appar-

ent resistivity and phase data with a rms of 1.6. A comparison 
between the data and model responses is shown in Figure 8. 
We selected data from 0.001 to 51.2 s and strike of N41ºW to 
obtain information of deeper structures of the region, partic-
ularly the basin basement. This orientation is very close to the 
general direction of the epicenters. The final model (Fig. 9) 
has a global rms of 1.73. A comparison between the data and 
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Figure 7. The 2D MT resistivity model obtained by REBOCC inversion using both TE and TM mode distortion-decomposed apparent 
resistivity and phase data at periods < 1 s and a regional strike of N15ºW. Error tolerances for apparent resistivities and phases were set at 20 
and 4%, respectively. This model response fits the apparent resistivity and phase data with a rms of 1.69.
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model responses is shown in Figure 10. The most important 
result from model A is a marked thickness variation of the basalt 
layer between sites 2 and 3. From West to East, the basalt layer 
thickness increases from 400 to 600 m. Similar thickening of 
the basalt layer beneath the seismic zone was also seen in the 
time-domain electromagnetic surveys (Porsani et al. 2012). 
Tens of TDEM surveys carried out in the same area showed 
the basalt layer increasing from about 400–450 m West of the 
seismic zone to about 500–650 m towards the East, in which 
the “step” is in basalt bottom roughly in the middle of the seis-
mic zone, near our station 3.

The absolute depth to the geological basement is not 
clearly defined in our resistivity models. The Paraná basin 
basement is composed of crystalline rocks (usually resistive) 
and metasedimentary rocks, whose resistivity is more variable. 
Considering that the oldest sedimentary rocks of the basin 
can be relatively resistive, the sediment-basement interface 
can therefore be gradual. In fact, using six MT profiles in the 
central part of Paraná basin, Stanley et al. (1985) observed a 
considerable increase in resistivity within the Paleozoic sed-
imentary package underneath that region, causing the depth 
to the geoelectric basement to be defined at least 500 m shal-
lower than the geological basement. In cases like that, the 

most reliable parameter determined by MT surveys is the 
basement morphology. In other cases, the geoelectric base-
ment coincides with the top of diabase intrusions that are 
very close to the geologic basement, as seen in a MT survey 
(Padilha et al. 1992) that is about 150 km to the Northwest 
of Bebedouro. A compilation of the results from Stanley et al. 
(1985) and Padilha et al. (1992) shows that a resistivity of about 
200 ohm-m is representative of the basin basement. This value 
is also in agreement with the assumed resistivity for the geo-
electric basement of Chaco-Paraná basin in the Northeastern 
part of Argentina (Favetto et al. 2011). Assuming a resistivity 
of 200 ohm-m, the basement under Bebedouro is inferred to 
be in the depth range of 2,900–3,400 m. However, the base-
ment depth varies unevenly along the profile. Between sites 
2 and 3 of MT, there is a slight high basement compared with 
the western segment. The largest variation, however, occurs 
east of the site 3, where the depth to the basement increases 
about 600 m. This variation causes the conductive layer asso-
ciated with the Permian to Juro-Triassic sedimentary rocks to 
be thicker in the Eastern portion of the profile. Also, this por-
tion of the sedimentary layer is characterized by resistivities 
somewhat lower compared with the western portion, which 
may imply in higher porosity or water salinity.
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Figure 10. Comparison of observed (symbols) and model (solid lines) apparent resistivity and phase data for the model shown in Figure 9.
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INTERPRETATION
Resistivity structures in models A and B are consistent with 

the lithological units expected for the study area. This implies 
that significant distortions, such as static shift, are either 
absent or were corrected during inversion. Therefore, mag-
nitude and depth of anomalies are reliably imaged in the 
resistivity models.

In the top, Bauru Group sandstones are imaged as a thin 
(< 100 m) horizon with relatively low-resistivity (< 70  ohm-m). 
The basalt flows of Serra Geral Formation appear as a layer of 
moderate resistivity (60–300 ohm-m) overlying a low resis-
tivity region (2–10 ohm-m) corresponding to the Permian to 
Juro-Triassic sedimentary bottom sequence of Paraná basin. 
These resistivity ranges are quite similar to those found by 
TDEM surveys (Porsani et al. 2012). The geoelectric basement 
of the basin can be inferred by an increase in resistivity, with 
depth below 2.5 km. In both models, the resistivities associ-
ated with each lithological unit are well within the resistivity 
values observed in other MT studies in the Paraná basin (e.g., 
Padilha et al. 1992, Bologna et al. 2011, Bologna et al. 2013). 
They confirm that our data are free from significant distortions.

Assumpção et al. (2010) showed that the inducing mecha-
nism for the earthquakes involved gravity-driven water injection 
in fractured layers within the basalt pack (such as the confined 
aquifer formed at inter-trap layers between basalt flows). Given the 
fact that earthquakes induced by water wells are extremely rare 
in Paraná basin, one would expect that the basalt layer near the 
earthquake zone would have some anomalous properties, such 
as a much higher content of confined aquifers or higher density 
of fracture zones, to increase the probability of pore pressure, 
reaching critical values at potential faults. Hence, one would 
also expect to find lower resistivities in the basalt layer beneath 
the seismic zone, compared to the aseismic areas. A few of the 
TDEM inverted resistivity profiles of Porsani et al. (2012) indi-
cated a possible very conductive layer with conductance about 
60–80 S within the basalt pack, but probably the MT site spac-
ing did not have enough lateral resolution to detect such nar-
row (< 100 m) conductive features with top at ~200 m depth. 
Our MT inversions indicated a resistive basaltic layer throughout 
the area, with no measurable resistivity anomaly near the seis-
mic zone. However, our analyses strongly suggest the presence 
of a regional fault that may be related to the induced seismicity.

The basement depth variation seen in Model B, at first, does 
not necessarily mean that a corresponding variation should 
occur in the geological basement. For example, the basement 
highness could be explained by the presence of diabase intruded 
into older sediments (e.g., Stanley et al. 1985, Padilha et al. 
1992). However, the fact that the basalt layer and the underly-
ing sedimentary units are also thicker toward east supports the 
existence of a preexisting structure to the deposition of most 
of the volcano-sedimentary sequence. Indeed, remote sensing 
images revealed several regional structural lineaments in the 
Paraná basin (Amaral 1977). Two of them with NNW-SSE 
and NW-SE orientation are very close to Bebedouro (Fig. 1). 
The average direction of these inferred regional faults coincides 
approximately with the N41ºW geoelectric strike of deep struc-
tures and the orientation of the seismic zone.

The general mechanism for inducing earthquakes in pres-
sure-injection wells has been described by Ellsworth (2013) 
and references therein. The mechanism requires high permea-
bility pathway between a permeable reservoir or aquifer and a 
fault. In this case, the earthquakes are induced by the increase 
of pore pressure acting on the fault. However, pre-existing 
near-critical stresses on the fault are also necessary (other-
wise, all wells would induce earthquakes). The occurrence of 
several cases of reservoir-induced activity in the northeastern 
part of Paraná basin (Assumpção et al. 2002, Barros et al. 2018) 
suggests that the upper crust in this region is generally under 
high stresses, which increases the chance that some local areas 
may be near critical conditions. The normal faulting mecha-
nism determined by Dicelis et al. (2017) is consistent with 
the hypothesis that the Bebedouro area is under the same 
regional stress acting in Southern Minas Gerais (E-W com-
pressional and N-S extensional stresses) that is thought to be 
caused mainly by plate-boundary forces and continent-ocean 
spreading stresses (Assumpção et al. 2016).

We propose an additional local factor to explain the 
Bebedouro seismicity: pre-existing stress concentration due 
to a large regional NNW-SSE striking fault, which affects the 
basement as well as the basalt layer. Strong lateral structural 
variations and fault intersections are commonly invoked to 
behave as “stress concentrators” (e.g., Talwani 2014).

Another rare case of seismicity induced by the opening of 
water wells, in which a regional fault could concentrate stresses, 
is Nuporanga, situated 80 km ENE of Bebedouro (Yamabe & 
Hamza 1996). In that area, an elongated negative gravity anom-
aly oriented along the direction NW-SE has been attributed 
to a thickening of up to 600 m of Paleozoic sediments under 
the basaltic lava flows, possibly controlled by local basement 
features (Bologna & Ussami 1994).

The induced earthquakes in Bebedouro do not occur in a 
single major fault, but they occur scattered in a NW-SE oriented 
zone about 5 km long x 2 km wide. Hypocentral depths are not 
well constrained but are within the basaltic layer (Assumpção 
et al. 2010), mostly shallower than 300 m (Dicelis et al. 2017). 
Induced seismicity occurs in small fractures in the basalt layer 
previously under critical stresses, enhanced by the presence 
of a fault system.

CONCLUSIONS
The main result obtained from the analysis of our 2D resis-

tivity models is that the basalt layer presents a marked lateral 
contrast in thickness (~200 m) near the seismic zone, which is 
accompanied by increase in the depth of the geoelectric base-
ment of the intra-cratonic Paraná basin. This lateral contrast 
can be interpreted as a fault that controlled the deposition of 
the Permian to Jurassic volcano-sedimentary sequence.

We propose this preexisting structure affecting the base-
ment and the basaltic layer to be determinant in favoring the 
seismicity associated with the opening of water wells. Areas 
with high crustal stresses, such as the Northeastern part of 
Paraná basin, and near-critical local stresses due to preexist-
ing structures cutting the basement and basalt layer, are most 
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susceptible to the occurrence of induced earthquakes by minor 
increases in pore pressure from gravity-driven injection.

APPENDIX

Sensitivity tests
We have performed sensitivity tests of the most striking 

features of the model to test data sensitivity regarding the 
changes in model parameters. It was mainly tested whether 
both the thickening of the basalt layer and the resistive base-
ment deepening to the west are well constrained by the data. 
The procedure was undertaken by editing the model, comput-
ing the forward response of the modified model, and compar-
ing the results with the measured data.

In the basalt layer test, we extended the depth of this layer 
between sites 1 and 2 to similar depths in the Eastern part of the 
model by fixing a number of blocks to 125 ohm-m. The results 
are displayed in Supplementary Figure A1 for sites 2 and 3. 
This change clearly misfits the TE and TM mode responses 
around 0.01 s at site 2.

In Supplementary Figure A2, the depth to the basement top is 
set at 1.6 to 1.7 km, with a constant resistivity value of 80  ohm-m. 
The forward responses are compared with the observed ones 
at sites 2 and 5. Such imposition generates a clear mismatch in 
the observed and modeled responses at ~1 s at site 5.

In short, both tested structures are required by the data. 
At the Western edge of the seismic region, the change in the 
basalt layer thickness is required to fit the data properly at high 
frequencies. In addition, deepening of the resistive basement 
reduces the misfit at intermediate periods in the Eastern part 
of the model.
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