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and José Roberto Barbosa1

1Geophysics Department, University of São Paulo, Rua do Matão 1226, 05508-090, Brazil. E-mail: gdicelis@alumni.usp.br
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S U M M A R Y
We investigate a long series of small earthquakes (magnitude < 3) with annual cycles between
2004 and 2010 that occurred in the northeastern Paraná Basin, Brazil. These events were
attributed to pore pressure increase in a fractured aquifer caused by the drilling of several
water wells down to depths of ∼200 m. Because of the poor depth constraints of the initial
study, we relocated ∼1000 microtremors recorded by the local seismographic network using
a more accurate velocity model. To better relocate the events, we based the velocity model
on geophysical survey data obtained using several techniques, including seismic refraction,
surface wave dispersion, vertical electrical sounding, high-frequency receiver functions and the
time-domain electromagnetic method. The best 1-D model was calibrated using a simultaneous
inversion of hypocentres and a velocity model including station corrections. The resulting
focal depths, which are mostly between 100 and 175 m, place the events at depths consistent
with the confined aquifer within the basaltic pack. This result confirms that the earthquakes
are related to geological stress disturbances (pore pressures) in pre-existing fracture zones
within the basalt layer caused by the perforation of water wells used for irrigation. We used
a combination of cross-correlations and arrival times to analyse a cluster of 19 earthquakes.
The improved hypocentre distribution of this cluster allowed the determination of a clear fault-
plane solution, which indicates a normal fault striking WNW-ESE and dipping to the north,
with an NNE-SSW extension (T-axis). This mechanism complements stress data collected in
southeastern Brazil and is consistent with the regional stress regime.

Key words: Hydrogeophysics; South America; Induced seismicity; Seismicity and tectonics;
Intra-plate processes.

1 I N T RO D U C T I O N

Among several studies of water transfer (e.g. reservoir impound-
ment, hydraulic fracturing, fluid injection and extraction, mining
and exploiting aquifers below rock layers), there is a consensus re-
garding the principal mechanism that causes the associated induced
earthquakes: changes in the stress conditions along faults facilitate
failure. This mechanism, initially proposed by Hubbert & Rubey
(1959), suggests that the rise in the pore pressures within nearby
fault zones lowers the effective stress and frictional resistance on
faults, eventually producing earthquakes. In addition, structural or
lithologic inhomogeneities can produce conditions that locally am-
plify the stress conditions on the affected faults; these inhomo-
geneities involve temperature, rock strength, the orientations of
pre-existing faults relative to the local stress field and reservoir

permeability (Simpson & Narasimhan 1990; McGarr et al. 2002;
Shapiro & Dinske 2009; Zoback 2012; Rubinstein & Mahani 2015).

Raleigh et al. (1976) were the first to demonstrate that fluid
pressure may control the rate of earthquake occurrence by adjust-
ing pore pressure at depth. Since this research, many examples of
induced earthquakes and earthquake sequences have been identi-
fied, although most of these studies have focused on earthquakes
induced by deep injections of fluids at high pressures (Ellsworth
2013). Some of the most notable examples include earthquakes in
Ohio, USA (Seeber et al. 2004; Kim 2013); Texas, USA (Davis
et al. 1995; Frohlich 2012); Arkansas, USA (Cox 1991; Horton
2012); Oklahoma, USA (Holland 2013; Keranen et al. 2014; Sumy
et al. 2014); the enhanced geothermal system in Basel, Switzerland
(Deichmann & Giardini 2009); and even the extraction of natural
gas from shallow deposits in the Netherlands (Eck et al. 2006).
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Seismicity triggered by hydraulic stimulation 595

Figure 1. Location, regional geology and past seismicity in the northeastern Paraná Basin (2001–2014). The light yellow (Kb) denotes the Upper Cretaceous
sandstones and green (JKsg) denotes the underlying Lower Cretaceous basalts. The geology from the CPRM (Geological Survey of Brazil). The red circles are
the epicentres from the Brazilian earthquake catalogue (Assumpção et al. 2014). The inset map of Brazil shows the boundary of the Paraná Basin (red line)
and the boundaries of Fig. 1 (black solid box). The black box displays the boundaries of the seismicity map presented in Fig. 3.

However, there are also examples in which wells that inject wa-
ter without added pressure can increase the fluid pressure within
rock formations, thereby potentially inducing earthquakes (e.g.
Rubinstein & Mahani 2015). For example, the majority of the wells
in the Raton Basin, USA, inject water using only gravity and have
induced an earthquake sequence that has been ongoing since 2001
and includes earthquakes of M > 5 (Barnhart et al. 2014; Rubinstein
et al. 2014).

In early 2004, a series of small earthquakes alarmed the local
population of the Andes District, Bebedouroand SE Brazil (Fig. 1).
Shortly afterwards, a local seismographic network was deployed,
and it recorded more than 5000 micro-earthquakes from 2005 until
2009 (Assumpção et al. 2010). This seismic activity, with magni-
tudes as large as 2.9 and Modified Mercalli intensities of V, occurred
near water wells (120–200 m deep) that had been drilled in early
2003 for irrigation purposes. In a previous study, Assumpção et
al. (2010) showed that (1) the water wells allowed water transfer
by gravity from an upper aquifer located in the sandstone layer
to a lower aquifer located in the fractured basalt pack; (2) the
lower aquifer is progressively charged with water during the rainy

season and (3) the spatiotemporal evolution of the seismicity
strongly suggested that it was related to the operation of the wa-
ter wells.

The seismic activity occurred as clustered events with annual
cycles, mostly after the rainy season. When the wells were pumped
for irrigation, no earthquakes occurred (Fig. 2), possibly because
the pumping lowered the water table, reduced pore pressure and
thereby strengthened the faults and suppressed earthquakes. Based
on the cross-correlation, the time phase shift between the rainfall
and earthquakes was estimated to be approximately two months.
The seismic diffusivities calculated by Assumpção et al. (2010)
were mostly in the range 0.1–1 m2 s−1, consistent with the expected
range for reservoir-induced and water-injection seismicity (Shapiro
et al. 1997, 2002).

In Bebedouro, no clear correlation has been found between the
confined aquifer within the basalt pack and the depth of the micro-
seismicity. This lack of correlation was attributed to hypocentral
uncertainties (Assumpção et al. 2010). Thus, improving hypocentre
accuracy is of vital importance for understanding the mechanism re-
sponsible for the seismicity. Beginning in 2005, several geophysical
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596 G. Dicelis et al.

Figure 2. Annual evolution of seismic activity (red line), monthly rainfall (blue line), drilling (open diamonds) and continuous pumping (violet bars) during
the dry season. The red line shows the number of earthquakes detected by the seismic network each month, with magnitudes ranging from ∼0 to 2.9. Note the
striking correlation between the seismic activity and periods without pumping. The red horizontal bar denotes the period when the earthquakes were felt before
the deployment of the seismic network. The solid diamond in 2009 denotes a pumping test in well P7. This figure is based on data published by Assumpção et
al. (2010).

surveys were performed in the Bebedouro area. The geophysical
techniques included shallow seismic refraction, high-frequency re-
ceiver functions, surface wave dispersion, vertical electrical sound-
ing (VES) and the time-domain electromagnetic method (TDEM).
The goal of these studies was to understand the causes of the seismic

activity and to develop a more accurate local velocity model (under-
stood as the variations in seismic P- and S-wave velocity structures),
which could improve the hypocentral estimations in this area. We
tested various absolute location algorithms for the joint and relative
location techniques taken from the available literature: HYPO71

Figure 3. Distribution of seismic network and initial earthquake locations. The red circles represent the preliminary estimated epicentres of the ∼3000
earthquakes recorded from 2005 March to 2010 July. The blue triangles are the seismic stations, orange triangles are VES surveys and white and yellow circles
are the deep-water wells with flow capacities of less and greater than 60 m3 hr−1, respectively. The seismic refraction lines are represented by orange dashed
lines. Seismic stations were moved around during the five years, with up to eight operating simultaneously.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/210/2/594/3785015 by C

N
R

S - ISTO
 user on 21 June 2021



Seismicity triggered by hydraulic stimulation 597

Figure 4. Frequency–magnitude distribution. The number of earthquakes
in magnitude bins of 0.5 units. The blue circles and red squares are the incre-
mental and cumulative frequencies, respectively. The b-value is 0.68 ± 0.05,
for a completeness magnitude of Mc = 0.

(Lee & Lahr 1975), HYPOCENTRE (Lienert et al. 1986; Lienert
& Havskov 1995), VELEST (Kissling et al. 1994), the SEISAN
software package (Havskov & Ottemöller 1999) and the HypoDD2
code (Waldhauser & Ellsworth 2000; Waldhauser 2001). Our si-
multaneous inverse modelling produced a substantial improvement
in the final 1-D model, allowing us to obtain accurate and reliable
locations of the microtremors. The resulting depths confirm the in-
duced nature of the seismicity and indicate that the earthquakes
were related to geological stress disturbances (pore pressures) in
pre-existing fracture zones within the basalt layer.

In addition, we defined the fault plane of a representative cluster
of events by computing their relative locations and a composite
focal mechanism.

2 L O C AT I O N A N D G E O L O G Y

Our study area is located in the northeastern Paraná Basin, Brazil,
which is a large intracratonic basin that is elongated NNE-SSW
(1750 km long and 900 km wide; see Fig. 1). Ar–Ar ages determined
by Turner et al. (1994) in the Paraná Basin indicate that, from 138
to 127 Ma, volcanism associated with the separation of the South
American continent from Africa released lava flows with a total
thickness of as much as 1.5 km that covered the Botucatu desert
sediments. This volcanism resulted in a sequence of basalt layers
that now traps several fractured aquifers (Milani 2004). The layered
basalt pack also confines the present Guarani aquifer, located in the
underlying Botucatu sediments. After the lava flows were deposited,
a new calciferous sandstone sequence with an average thickness
of 150 m was deposited; this sandstone formed the Bauru Basin
sedimentary rocks and the Bauru surface aquifer (Milani et al.
2007).

Bebedouro lies at the edge of a seismic zone (with many natu-
ral low-magnitude earthquakes) that includes the southern Minas
Gerais state, the Minas Triangle and the northeastern region of
the São Paulo state (Berrocal et al. 1984; Assumpção et al. 2004;
Assumpção & Sacek 2013, Fig. 1). In Bebedouro, the wells cross
a sandstone layer approximately 50–120 m thick and extract water
from a confined aquifer located below in a fractured zone within the
basalt-flow layers. The average thickness of the basalt pack in this
region is approximately 500 m. The confined aquifer was known
to be shallower than 200 m and most shallow wells (Upper Bauru

Figure 5. High-frequency receiver function (RF) at station BEB4B. (a) The
observed RF (black trace) and coloured traces are good-fitting synthetics.
(b) The inverted models coloured according to the goodness of fit (red =
best fit). The black trace is the average for all good-fitting models.

aquifer) penetrate only the upper sedimentary layer, producing low
flows (<10 m3 hr−1), whereas the wells that reach the lower frac-
tured aquifer in the upper part of the basalt pack produce large flows
and are used primarily for irrigation. The out flow varies greatly;
most wells produce flows of 20–30 m3 hr−1, but some reach 150–
190 m3 hr−1 (Assumpção et al. 2010).

3 I N I T I A L E A RT H Q UA K E L O C AT I O N S

From 2005 March to 2010 August, we deployed a network consist-
ing of as many as eight simultaneous three-component short-period
seismic stations and three broad-band seismic stations (Fig. 3). Data
were recorded at a sampling rate of 100–200 Hz in the trigger mode.
The arrival times of the P (longitudinal) and S (transverse) waves
were manually picked from 3113 events (17 831 P and 10 105 S
arrivals) and were assigned weightings based on their quality (sig-
nal/noise ratio, sampling frequencies, distance to stations and three-
component records). Due to the small amount of available informa-
tion for the area, the preliminary hypocentres were obtained with
HYPO71, using a simple two-layer model of sandstone and basalt,
consisting of P velocities of 2.2 km s−1 in the upper 70 m thick sand-
stone layer and 5.4 km s−1 in the basalt pack, based on existing ge-
ological information and a few preliminary tests. An average Vp/Vs
ratio of 1.80 was applied to all layers, based on a Wadati diagram.
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598 G. Dicelis et al.

Figure 6. Data from the TDEM survey and preliminary 1-D interpretation. (a) Apparent resistivities: the three colours are samples from different repetition
frequencies: 30 Hz for measuring shorter decays (red) and 7.5–3 Hz for measuring longer decay times (light and dark blue, respectively). (b) 1-D inversion:
the red line is the best solution; the dashed lines are the range of possible solutions. (c) Geological interpretation: W.T. is the water table. The basalt pack in
this region is an average of ∼500 m thick.

Additionally, station corrections were used to compensate for the
different sandstone thicknesses. Using this preliminary model,
Assumpção et al. (2010) concluded that the epicentres extended
across an area measuring approximately 5 km long and 1.5 km
wide (Fig. 3). The location errors were approximately 200 m for
the epicentres and 200−1000 m for the hypocentral depths. This
large depth uncertainty makes it difficult to verify that the micro-
earthquakes originated within the basalt pack, which is expected to
be ∼500 m thick.

Fig. 4 shows the distribution of the earthquake magnitudes in
Bebedouro. These local magnitudes were estimated from the rela-
tionship between the regional magnitudes mR (Assumpção 1983)
for the stronger events recorded at regional distances and the signal
duration measured by the coda waves (trailing, scattered waves after
the direct S wave) at the local network. Fig. 4(b) shows the cumu-
lative number of events (Nc) for each magnitude bin for a set of
724 events in Bebedouro (Oliveira et al. 2014). Above a complete-
ness magnitude of Mc = 0.0 (i.e. the magnitude above which all
events are recorded by the local network), it can be seen that the cu-
mulative number of events follows the classical Gutenberg–Richter
frequency–magnitude relationship (eq. 1):

log10 Nc = a − bM (1)

where a and b are constants (Gutenberg & Richter 1942). The
a-value indicates the total seismicity rate of the region. The b pa-
rameter or b-value is the slope of the exponential distribution and
relates the number or rate of small to large earthquakes. Several
studies have used b-value as an indirect indicator of the changes of
the stress within fault systems (Wiemer & Wyss 2000; Schorlemmer
et al. 2005; Farrell et al. 2009; Bachman et al. 2012). Over a long
period and across large areas of active tectonics, b tends to be near
1, whereas volcanic systems and induced-seismicity sequences are
generally characterized by a b-value greater than 1.0 (Schorlemmer
et al. 2005; Bachmann et al. 2011).

We found that the b-value for the whole catalogue (Fig. 4) was 0.7.
The low b-value is a not usual for induced seismicity. However, in
relation to hydraulic fracturing sequences, some authors suggest that
higher b-values are associated with micro-earthquakes generated by
the creation of new fractures, whereas lower b-values are associated
with the reactivation of pre-existing faults (Maxwell et al. 2009;
Friberg et al. 2014; Benz et al. 2015). In the Bebedouro sequence, we
believe that the low b-value is related to microseismicity generated
by the reactivation of faults in pre-existing fractured zones within
the basalt pack. At any rate, this deserves further investigation in
the future.

4 A D D I T I O NA L G E O P H Y S I C A L
S T U D I E S

For a more detailed study of the shallow structure, several geophys-
ical surveys were performed; the geophysical techniques included
seismic refraction, surface wave dispersion, VES, high-frequency
receiver functions and TDEM. The high-frequency receiver func-
tions and surface wave dispersions (Dias et al. 2011) indicated
that the thickness of the Serra Geral basalt layer in Bebedouro
ranged from 200 to 400 m. Additionally, the presence of low-
velocity layers could be interpreted as potential fracture zones
or altered layers within the basalt pack (Fig. 5). Fig. 6 shows
a typical resistivity profile from a TDEM survey in Bebedouro.
The VES and TDEM surveys indicated that the 60–70 m thick
surface sandstone layer is generally composed of an upper dry
layer (high resistivity, 70−100 �m) and a lower layer with a
low resistivity (approximately 10 �m), which is interpreted as
the shallow aquifer in the saturated sandstone. Under the sur-
face layer, the surveys indicated the presence of a basalt layer
(high resistivity, 70 �m) containing a very thin zone of low re-
sistivity within the basalt pack (2−5 �m, basalt). Porsani et al.
(2012), based on the high conductivity of the water in the fractures,
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Seismicity triggered by hydraulic stimulation 599

Figure 7. Results of the seismic refraction line near station BEB4A. (a) To-
mographic inversion and (b) reciprocal method. The three layers correspond
to soil, sandstone and basalt.

interpreted this thin zone as the confined fractured aquifer,
which is in general agreement with the results obtained by Dias
et al. (2011).

We performed shallow seismic refraction surveys in four areas
near some seismographic stations (Fig. 3) using 96 14 Hz geophones
at 2 m spacings and a hammer on a metal plate as the source.
Fig. 6 shows the results of the seismic refraction line near station
BEB4A. Moreover, we produced a smooth tomographic inversion
(Fig. 7a) based on the Delta-t-V method using the Rayfract software
(Gebrande & Miller 1985; Rohdewald 1999). Fig. 7(b) shows the
result using the reciprocal method (Hagedoorn 1955). This analysis
indicated the presence of three layers: a soil layer with a P-wave
velocity of 400 ± 200 m s−1 and a thickness ranging from 1 to 12 m;
a second layer (Bauru Group sandstone) with a P-wave velocity
of 2700 ± 500 m s−1 and a third layer with a P-wave velocity of
5200 ± 500 m s−1, corresponding to the Serra Geral basalt. The low
velocity of the sandstone in this region suggests a high porosity and
a high clay content (probably underconsolidated) sandstone (Han
et al. 1986). As a result, we adopted the average layer thicknesses
and average velocities obtained with the seismic refraction analysis
to build an initial three-layer velocity model called ‘mod0’ (see
Table 1).

Figure 8. Vp and Vs in the basalt layer based on the minimal misfit (rms)
in the basalt layer. (a) rms residual for the earthquake locations when Vp is
varied. (b) rms residual for the earthquake locations when Vs is varied.

5 N E W V E L O C I T Y M O D E L A N D
R E L O C AT I O N O F E A RT H Q UA K E S

We selected the 526 events with the highest quality records, eight
or more picks and an azimuthal gap of ≤180◦, to improve the
initial P-wave velocity model, ‘mod0’. We obtained a new 1-D
velocity model, ‘mod1’, by minimizing the traveltime residuals
(rms) through trial and error with 1000 runs of HYPOCENTRE
locations. For this, we compute a repeated random sampling, such
that the P- and S-wave velocities of each layer (soil, sandstone and
basalt) were varied using the variance of the P-wave velocity model
obtained with the seismic refraction analysis as sample limits and
keeping the layers’ thicknesses fixed (see Table 1 and Fig. 8).

The next step was to obtain an accurate and representative 1-D
reference velocity model, or minimum 1-D model, using VELEST
(Kissling 1988). This program is based on the coupled hypocentre–
velocity model problem (Crosson 1976; Ellsworth 1977; Thurber

Table 1. Values of Vp (m s−1), Vs (m s−1) and Vp/Vs in the various models. The preliminary model is a simple two-layer model consisting of sandstone and
basalt. The a priori P-wave velocity model,‘mod0’, the initial 1-D reference velocity model,‘mod1’ and the final 1-D velocity model,‘mod2’, consist of three
layers. The best 1-D model was achieved using the methodology of a minimum 1-D velocity model from Kissling et al. (1994).

Preliminary Mod0 Mod1 Mod2

Layer Depth (m) Vp Vs Vp/Vs Vp Vs Vp/Vs Vp Vs Vp/Vs Vp Vs Vp/Vs

Soil 10 – – – 400 227 1.76 400 110 3.63 460 220 2.09
Sandstone 60 2200 1222 1.80 2700 1534 1.76 2700 1150 2.34 3020 1300 2.32
Basalt 500 5400 2777 1.80 5200 2955 1.76 5200 3200 1.62 5150 2710 1.90
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600 G. Dicelis et al.

Figure 9. Final 1-D minimum velocity model,‘mod2’, for the P and S velocities and the Vp/Vs ratio. The dashed line indicates the range of the starting models;
the grey lines indicate the best 5 per cent of the final models and the bold black line is the best final model with the lowest overall rms.

1977) and is used to simultaneously locate earthquakes and invert
1-D (layered) velocity models with station corrections. To measure
the quality of each solution obtained by VELEST, the norm of the to-
tal traveltime differences, called rms residual or misfit, between the
observed and the calculated traveltimes is estimated. Because this
inverse problem is non-linear, the solution is obtained iteratively
and strongly depends on the initial model and initial hypocen-
tre locations. Thus, the inverse problem solution in VELEST is
possibly non-unique, such that the procedure is to search for dif-
ferent solutions with minimal misfits (rmss) by varying the ini-
tial models and hypocentre locations within reasonable but large
bounds (Kissling 1995). To do this, we selected 266 high-quality
events from the previous subset of 526 events, including 1481 P
and 1034 S phases, based on their number of observations (≥8
picks), azimuthal gaps (≤180◦) and rms residuals (≤0.05 s). Next,
we computed 1000 runs with VELEST, varying the initial velocity
models in a simultaneous inversion of hypocentral parameters (ori-
gin time, latitude, longitude and depth), velocity model (Vp and Vs)
and station corrections. This is the standard procedure described by
Kissling et al. (1994) and it allows a posteriori probability density
function of the velocity model to be obtained. For the construction
of the initial velocity models, we produced a suite of 1000 models
that satisfied various measures of fit for the observations, assuming
a thorough sampling of the combinations of velocity values for each
layer within the normal distribution with the estimated parameters
N (μ̂,σ̂ ) derived from the seismic refraction analysis and the results
of ‘mod1’. Fig. 9 shows the range of starting models used (param-

eters space). In the case of the P wave, the velocities parameters
were as follows: 400 ± 200 m s−1 for soil, 2700 ± 500 m s−1 for
sandstone and 5000 ± 400 m s−1 for the Serra Geral basalt. For the
S wave, the following parameters were used: 100 ± 200 m s−1 for
soil, 1100 ± 500 m s−1 for sandstone and 3000 ± 400 m s−1 for
the basalt layer. Fig. 9 also displays the final 1-D velocity model
obtained for both the P and S waves, as well as the Vp/Vs ratio.
The grey lines in Fig. 9 show the best 5per cent of the models with
the smallest rms-misfit, according to the given traveltimes data set.
The spread of these lines indicates the distributions of the parame-
ters being calibrated; in the case of the P velocity in the basalt, it is
possible to identify two narrow regions of local minima. Thus, the
model with the smallest rms-misfit for all earthquakes was accepted
as the best possible estimate of the 1-D reference velocity model,
or 1-D minimum model, ‘mod2’.

The final velocities are consistent with velocities expected in
this area, based on its geology and the seismic refraction surveys.
Elevated Vp/Vs ratios of 1.9–2.3 were found in the basalts of the
Serra Geral aquifer and the sedimentary rocks of the Bauru surface
aquifer, respectively, as is expected of materials with open, fluid-
filled pores/fractures (Mavko & Mukerji 1998; Daley et al. 2004).

To test the robustness and location stability of the final 1-D
minimum model, we followed the procedure described by Kissling
(1995), comparing the initial and final hypocentres. We created
a suite of initial hypocentres by randomly shifting the locations
obtained with the minimum 1-D model, and then relocated them
using the minimum 1-D model. If the model proves to be robust, as
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Seismicity triggered by hydraulic stimulation 601

Figure 10. Hypocentral distribution of ∼1000 best events (those with eight or more picks, an azimuthal gap of <180 and rms <0.05 s) based on the use of
different models. (a) and (b) Initial model ‘mod0’, (c) and (d) model ‘mod1’ and (e) and (f) final model ‘mod2’. In all of the right-hand panels (b), (d) and (f),
the black line A–A′ in the map indicates the profile shown on the left.
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602 G. Dicelis et al.

Figure 11. Correlation between the temperature profiles (left) and the distribution of the ∼1000 relocated event depths (right) using the new velocity
model,‘mod2’. Note zones with constant temperatures in all wells indicate water flowing down the well. The change from a constant temperature to temperature
gradient (the ‘kink’ in the profile between 120 and 170 m) indicates the water entering the fractured aquifer. Part (a) is based on data published by Assumpção
et al. (2010).

our results attest that it is (see Appendix), the relocated hypocentres
should converge to their initial locations with negligible variations.
Appendix summarizes the details of this stability test using the set
of the 266 best events.

Fig. 10 shows the distribution of the HYPOCENTRE loca-
tions of ∼1000 events using the three different model scenarios.
Figs 10(a) and (b) show the distribution using the initial model
‘mod0’. The panel of Fig. 10(a) shows that the depth distribution
varies widely (0–2 km), and most of the hypocentres are below
the basalt layer; therefore, no correlation between the hypocentral
depths and geology could be established. The panel of Fig. 10(b)
shows the horizontal spread of the epicentres; they are concentrated
in two regions and vary widely in depth. Figs 10(c) and (d) show
the distribution using the model ‘mod1’. The depth distribution of
the hypocentres produced using ‘mod1’ (Fig. 10c) is within the
narrower depth range of 0.1–0.6 km, and a significant number of
hypocentres are concentrated at a depth of 300 m, which is the
starting depth of the inversion process assigned to the hypocentres
with poor depth resolutions. Figs 10(e) and (f) show a significant
reduction of the uncertainties in the depths using the final model,
‘mod2’, with hypocentres mostly located at less than 500 m depths,
concentrated between 100 and 200 m. This result indicates most of
the events occurred within the basalt layer at the same depths as the
fracture zones that receive extra water from the surface aquifer. Ad-
ditionally, Fig. 10(e) suggests the possibility that there were changes
in depth during the survey period and Fig. 10(f) shows the epicentres
concentrated in a single region.

Fig. 11 shows the comparison of the temperature profiles of six
wells in the Andes district (Fig. 11a, Assumpção et al. 2010) and a
histogram of the hypocentral depths obtained with the final velocity
model,‘mod2’ (Fig. 11b). In the empty (air-filled) parts of the wells,
a variable temperature gradient is observed from the surface down
to 30 m. A drastic change to a constant temperature can then be
observed due to the inflow of water from the surface aquifer into
the well. In those wells, the falling water could be clearly heard
from the wellhead, suggesting the rapid influx of water from the
upper aquifer into the well. A change from a constant temperature
to a strong gradient, that is, a ‘kink’ in the temperature profile, is
evident between 120 and 170 m. This kink indicates the entrance
of cold water into the fractured aquifer in the basalt layers. Below
the kink, the water is still and the temperature tends to resume a

normal geothermal gradient. Assumpção et al. (2010) concluded
that the additional water flowing into the fractured aquifer increases
its pore pressure. The relocated events produced by the final model,
‘mod2’, are concentrated between the depths of 100 and 175 m
(Fig. 11b), which coincide remarkably well with the depth of the
fractured aquifer revealed by the temperature logging. This pattern
would confirm that the seismic activity is positively correlated with
an increase in pore pressure in the fractured aquifer due to the
addition of water from the upper aquifer.

6 F O C A L M E C H A N I S M A N D R E L AT I V E
L O C AT I O N O F A C LU S T E R

To better understand the nature of the Bebedouro seismicity, we
selected and analysed a set of 19 well-recorded foreshocks and
aftershocks that occurred between 2005 March 26 and 30, related
to a magnitude 2.9 event, the largest of the whole series. In this area,
the onset of the P and S arrivals is typically weak and emergent,
which makes it difficult to pick accurate arrival times (Fig. 11). This
is most likely due to one or more factors acting together to scatter
the first arrivals: (1) a loss of energy in the low-velocity sandstone
layer beneath the basalt, (2) diffusion that slightly delays the first
arrivals (e.g. due to propagation in the fractured layer) and/or (3)
the focal mechanism (P rays leaving the hypocentres at low angles
from the nodal plane have weak amplitudes).

We used a method based on waveform cross-correlations and
relative locations to better define the fault plane of the selected
set. The relative precision of the hypocentres can be improved by
obtaining more-accurate relative arrival-time readings using wave
cross-correlations (Got et al. 1994; Waldhauser & Ellsworth 2000).
The weak signals can be detected based on their consistent shapes
and appearances in multiple seismograms or based on their simi-
larity to a reference wavelet. We used the program CORR from the
SEISAN software package (Havskov & Ottemöller 1999) to com-
pute the cross-correlation between the same stations for all pairs
of the 19 events and combine them in a cross-correlation matrix
(Got et al. 1994). For the correlation analysis of the P waveform,
we used the vertical components; for the S wave, we chose the hor-
izontal component with the best record. We used a bandpass filter
of 20–50 Hz to determine the correlation between all possible pairs
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Figure 12. Stacked seismograms of the vertical component waveforms after they are cross-correlation aligned by P (top) and S waves (bottom) for the clustered
earthquakes at station BEB1. Traces were bandpass filtered between 20 and 50 Hz.

of seismograms. Fig. 12 shows the stacked seismograms aligned by
the P and S arrivals of the 19 correlated events recorded at station
BEB1. The result is a high-precision set of arrival times that serves
as an input for the relative relocation.

We combined the P- and S-wave differential times derived from
the cross-correlations and used the HypoDD2 code to relocate the
events (Waldhauser & Ellsworth 2000). For the relocation using a
relative location method, we assumed that (1) the ray paths between
the source region and a common station are similar along most of
the ray path and (2) the separation between the hypocentres is small
compared with the event-to-station distance (i.e. the events are clus-
tered within a small area). Fig. 13 shows the relocated hypocentres.
Profile A–A′ (left) shows the dip of the fault plane between the
depths of 350 and 600 m. This plane is interpreted as a 500-m-long
fault within the basalt layer pack, cutting along its entire length.
A rupture of ∼500 m is consistent with the magnitude 2.9 (mb)

of the main shock, according to the source parameter relationships
of Nuttli (1983). The hypocentres define a best-fitting plane with a
strike of 260◦ and a dip of 40◦ to the NE.

We also calculated a composite fault-plane solution for the 19
clustered events using P-wave first-motion polarities. Fig. 14 shows
the polarity distributions and two nodal planes. The solid line shows
the best fault-plane solution (normal fault with NS T-axis), with a
247◦ strike, a dip of 50◦ to the NE and −40◦ of rake. This nodal
plane solution is consistent with the fault plane fitted to the relocated
hypocentres (Fig. 13).

7 D I S C U S S I O N A N D C O N C LU S I O N S

Previous works conducted in Bebedouro (Assumpção et al. 2007,
2010; Porsani et al. 2012) indicated that the seismic events oc-
curred due to increased pore pressures in the fractured aquifer. In
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Figure 13. Relocation of the 19 highly correlated events based on the P- and S-wave cross-correlated differential traveltimes. Top panel: map view. Lower left:
cross-section A–A′, which is drawn along the dip direction. Lower right: cross-section B–B′, drawn parallel to the strike. The plane best fitted to the cluster
strikes at 260◦ and dips at 40◦ to the NE.

those studies, the proposed triggering mechanism was that most
wells in this area act as conduits for moving water from an upper
aquifer down to the fractured aquifer, thereby increasing the wa-
ter pressure. The weight of the water column in the well causes
changes in pore pressure and effective stress in the fractured zones
(assumed to be previously under critical stress) within the basalt
pack, eventually generating creep or rupture along the faults. These
conclusions agree with some examples of wells injecting water via
gravity, which increases the fluid pressure and induces earthquakes
(Barnhart et al. 2014; Rubinstein et al. 2014). However, in the
case of Bebedouro, the large depth uncertainty made it difficult to
confirm this hypothesis because it could not be established that the
earthquakes nucleated inside the basalt pack.

Davis & Frohlich (1993) developed three primary criteria to de-
termine if seismicity is induced by fluid injection activities: (1)
coincident locations, (2) coincident timings and (3) adequate fluid
pressures. Figs 9(e) and (f) suggest that using the improved 1-D ve-
locity model, we accurately relocated the events and demonstrated
that most of them occur between the depths of 100 and 175 m, that
is, mostly within the basalt layer, at the same depths as the fracture

zones that receive extra water from the surface aquifer. The adequate
pressures would have been introduced to cause the earthquakes by
disturbances (pore pressure increases) of the geological stresses in
pre-existing critically stressed fracture zones within the basalt layer,
presumably by reducing the effective normal stress (McGarr et al.
2002; Friberg et al. 2014). These findings suggest that the three
criteria were achieved and thus support the hypothesis of seismicity
triggered by hydraulic stimulation in deep-water wells (drilled in
early 2003 and 2006) via a gravity feed.

Fig. 2 shows additional evidence that supports this hypothesis: the
timing of the earthquake activity peaks approximately two months
after the annual peak in rainfall, due to a delay in the diffusion of
the pore pressure increase in the fracture zone; when the pore pres-
sure is reduced by pumping, the activity ceases. This process will
likely persist as long as pore pressures changes in the hypocentral
region continue to exist, as described by Ellsworth (2013). How-
ever, the observed trend of the decreasing amplitudes of the earth-
quake peaks (as suggested by Fig. 2) may indicate that the avail-
able stresses were eventually relieved after approximately seven
years.
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Figure 14. Composite focal mechanism solution: P-wave first-motion polarities: upward (x) and downward (circles). Solid lines are the nodal planes based on
the P-wave polarities.

The use of cross-correlation and relative hypocentral locations
allowed a clear determination of the fault-plane solution of one of
the largest events: a normal fault striking WSW-ENE, with a dip
to the north and a NNW-SSE extension (T-axis). The analysis of
several focal mechanisms in the southern Minas Gerais state (a few
hundred kilometres NE of Bebedouro, in the same regional seismic
zone) indicated that the regional stress consists of E-W compression
and N-S extension (Assumpção 1998; Assumpção et al. 2016).
The normal faulting observed in Bebedouro is consistent with this
regional stress.

Our findings improve our understanding of the mechanics of the
seismicity triggered by water wells in the Paraná Basin and may
contribute to future environmental policies regarding underground
water exploration. However, to potentially reduce the seismic ac-
tivity and advance risk mitigation, more work is needed to better
understand the atypical earthquake sequences caused by gravity
feeds, like that in Bebedouro. More information about the geolog-
ical conditions, the state of the stress and especially the industrial
activity of the wells would be necessary (Petersen et al. 2016) and
would require collaboration between scientists and well owners. Al-
though the inversion procedure used to obtain the best 1-D model
was standard, the use of shallow geophysical surveys to constrain
some of the parameters in the initial models proved to be very
important.

The Bebedouro sequence was unusual in its persisting yearly
cycles. However, a large number of wells are drilled every year in
the Paraná Basin, and many small, short-lived earthquake sequences

also occur. It could be that seismicity induced by drilling water wells
is more common but other cases may have gone unnoticed due to a
lack of detailed studies.
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Got, J., Fréchet, J. & Klein, F.W., 1994. Deep fault plane geometry inferred
from multiplet relative relocation beneath the south flank of Kilauea,
J. geophys. Res., 99, 15 375–15 386.

Gutenberg, B. & Richter, C.F., 1942. Earthquake magnitude intensity, en-
ergy, and acceleration, Bull. seism. Soc. Am., 32, 163–191.

Hagedoorn, J., 1955. Templates for fitting smooth velocity functions
to seismic refraction and reflection data, Geophys. Prospect., 3,
325–338.

Han, D., Nur, A. & Morgan, D., 1986. Effects of porosity and clay content
on wave velocities in sandstones, Geophysics, 51(11), 2093–2107.
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Milani, E.J., 2004. Comentários sobre a origem e a evolução tectônica da
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A P P E N D I X : T E S T I N G T H E
RO B U S T N E S S O F T H E V E L O C I T Y
M O D E L

To test the robustness and location stabilities of our final model,
we computed a systematic test of 100 runs of VELEST, randomly
shifting the initial hypocentral locations obtained using ‘mod2’ by
as much as ±1.5 km horizontally and ±0.15 km vertically, while
overdamping the velocity and station corrections. If the results
of this test show a robust 1-D velocity model, we should obtain
negligible variations of the 1-D model and the shifted hypocen-
tres should be relocated back to their original positions (Kissling
1995; Husen et al. 1999; Agurto et al. 2012). As expected, most
of the hypocentres were relocated to near their original positions.
The relocated latitudes and longitudes have standard deviations of
±72 m and ±106 m, respectively (Figs A1b and c). The average
σ of the depth (Fig. A1a) is ±76 m, which, despite being a rela-
tively large standard deviation that corresponds to the 90 per cent
confidence interval, is ∼10 times better than those of ‘mod0’ and
‘mod1’.
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Figure A1. Hypocentre stability test. Black dots and errors bars are the average relocations and standard deviations for each event after a series of tests
consisting of randomly shifting the latitude, longitude and depth of the original (initial) hypocentres. The blue and red dots show the maximum positive and
minimum negative random shifts, respectively. (a) Test in depth. (b) Test in latitude and (c) Test in longitude.
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