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a b s t r a c t

This paper documents an investigation on the use of full waveform inversion to retrieve focal mecha-
nisms of 11 micro-earthquakes (Mw 0.8 to 1.4). The events represent aftershocks of a 5.0 mb earthquake
that occurred on October 8, 2010 close to the city of Mara Rosa in the state of Goi�as, Brazil. The main
contribution of the work lies in demonstrating the feasibility of waveform inversion of such weak events.
The inversion was made possible thanks to recordings available at 8 temporary seismic stations in
epicentral distances of less than 8 km, at which waveforms can be successfully modeled at relatively high
frequencies (1.5e2.0 Hz). On average, the fault-plane solutions obtained are in agreement with a com-
posite focal mechanism previously calculated from first-motion polarities. They also agree with the fault
geometry inferred from precise relocation of the Mara Rosa aftershock sequence. The focal mechanisms
provide an estimate of the local stress field. This paper serves as a pilot study for similar investigations in
intraplate regions where the stress-field investigations are difficult due to rare earthquake occurrences,
and where weak events must be studied with a detailed quality assessment.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Knowledge of the crustal stress distribution is fundamental for
understanding tectonics and seismicity, particularly in intraplate
regions (Zoback, 1992). The vast majority of the stress-field esti-
mates in a global scale were determined by using earthquake focal
mechanisms (Heidbach et al., 2004). In Brazil, only few earthquake
focal-mechanism studies have been made due to low seismicity
and sparseness of the seismographic stations. Therefore, little is
known about the state of stress in the Brazilian intraplate. The
stress field in Brazil results from a combination of local and regional
forces. The former are caused by structural heterogeneities in the
lithosphere and thermal anomalies in the asthenosphere
(Assumpç~ao et al., 2004). The latter are related to tectonic forces
originating mainly at the edges of the lithospheric plates, such as
ridge-pushing forces in the Middle-Atlantic Ridge, and resistance
as@unb.br (L.V. Barros), jiri.
forces produced in the contact of Nazca and South-American plates,
causing compressive stress within the intraplate region
(Assumpç~ao, 1992).

The first studies of focal mechanisms in Brazil were carried out
by Mendiguren and Richter (1978), Assumpcao and Suarez (1988),
Assumpç~ao (1998a, 1998b) and Ferreira et al. (1998). More recently
new results were presented by Barros et al. (2009, 2015),
Chimpliganond et al. (2010) and Agurto-Detzel et al. (2014).
Almost all previous fault-plane solutions were obtained by P-wave
first-motion polarities and/or the amplitude ratios of P, SV and SH
phases.

Various computer codes are available to calculate moment
tensors at regional and local distances (e.g. TDMT_INV developed
by Dreger (2003), ISOLA by Sokos and Zahradnik (2008),
FMNEAREG by Delouis et al. (2008) and Maercklin et al. (2011),
KIWI by Cesca et al. (2010), the code of Yagi and Nishimura (2011)).
Nevertheless, their application to weak events is still quite chal-
lenging because, as a rule, the micro-earthquakes (Mw < 2) have a
good signal-to-noise ratio only at relatively high frequencies (above
~0.5 Hz), and such waveforms can be modeled only at near seismic
stations (Fojtíkov�a et al., 2010; Fojtíkov�a and Zahradnik, 2014;
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Benetatos et al., 2012). For moment tensor inversions at very local
distances and very high frequencies, typical for mining applica-
tions, see, for example, Vavry�cuk and Kuhn (2012) and Sen et al.
(2013). In this paper we use the ISOLA software (Sokos and
Zahradnik, 2013) in its version available at http://geo.mff.cuni.cz/
~jz/isola_brasilia/.

Various codes are also available for inverting stress field from
focal mechanisms (e.g., Angelier, 2002; Gephart and Forsyth, 1984
and Michael, 1987). As shown by Vavry�cuk (2014), Michael's
method is reasonably accurate when retrieving the principal stress
directions even when the selection of fault planes is incorrect.
However, the stress-ellipsoid shape ratio (for brevity, hereafter
called shape ratio, Vavry�cuk, 2011) needs more caution. Therefore,
we use the STRESSINVERSE code developed by Vavry�cuk (2014) in
which Michael's method is modified by inverting jointly for the
stress and true fault orientation.

On October 8, 2010, an earthquake of magnitude 5.0 mb and
intensity VI (MM) startled residents in the northern region of the
state of Goi�as, Brazil, having also been felt in Brasília and Goiania
cities, situated as far as 300 km away (Barros et al., 2015). The
epicenter was located with a ~5 km accuracy, thus qualifying this
event to be one of the first few GT5 (Ground Truth) earthquakes in
Brazil (Barros et al., 2015). Due to the proximity of the epicenter to
the city of Mara Rosa, hereafter we call it Mara Rosa (or simply MR)
earthquake. This event is the largest ever recorded earthquake in
the Goi�as Tocantins Seismic Zone (GTSZ), so far characterized by
low magnitude events (Fig. 1). Due to the low magnitudes and
sparseness of seismographic stations in GTSZ, only one focal
mechanism has been reported before the MR earthquake, i.e. the
Brasilia event (3.7 mb) of November 20, 2000 (Assumpç~ao et al.,
2014).

The MR event was followed by an aftershock sequence recorded
by a temporary seismic network. The aim of this paper is to inves-
tigate focal mechanisms and moment magnitudes of these weak
events, mainly by waveform inversion, and to make inferences
about the local stress field. In contrast to usual standard pro-
cedures, this paper aims to justify the focal mechanism results as
much as possible using various quality assessments applied both to
input data and output results.
2. Geological and geophysical setting

The study area, shown in Fig. 1, comprises almost the whole
Tocantins Province where the Goi�as Tocantins Seismic Zone (GTSZ)
is located. Seismicity of this zone is characterized by low-
magnitude events with parallel distribution, but not coincident,
with the large-scale TransBrasilian Lineament (TBL). Only one event
of magnitude 5 mb has ever been observed (October, 2010) and the
majority is lower than magnitude 3.5 MD.

The TBL crosses the study area from SW to NE, starting north of
the Parana basin and ending south of Parnaiba basin. It is charac-
terized by high gravity anomalies along the folding track Tocantins
Araguaia (Assumpç~ao et al., 1986; Fernandes et al., 1991). The
lineament, denominated Brasilia belt, is characterized by folds and
thrusts and is a result of the collision and convergence of three
continental plates: the Amazon craton (West), S~ao Francisco craton
(East) and Paranapanema craton (SouthWest), presently covered by
the Parana basin, see Fig. 1 inset. The TransBrasilian Lineament is
composed by a set of geological features formed in the Neo-
proterozoic during the formation of the eastern part of the super
continent Gondwana (Fuck et al., 1994, Fuck, 1994). One of the most
important questions is whether the Mara Rosa sequence activated
some of the known faults of the region, and what is the relation of
these faults to the local stress field derived from seismic data.
3. Local network and data

3.1. Seismic network

A local temporary network comprising of 8 stations (Fig. 2) was
deployed a few days after the Mara Rosa 5.0 mb earthquake. The
network was implemented with broadband (30 se100 Hz) and
short period seismometers (1 se100 Hz), both coupled to a 24-bit
digitizer. All the data was recorded with 200 Hz sampling.
3.2. Location and green function

The seismic sequence following the MR mainshock was moni-
tored by the local network for 8 months, from October 2010 to June
2011. In this period, more than 600 events were detected. For the
events locations, see Barros et al. (2015).

The Green functions were calculated using a local velocity
model, derived from the local network, by Barros et al. (2015),
which is similar to the upper crustal model from Soares et al.
(2006). The density was calculated by a widely used empirical
formula (Eq. (3.78) of �Cervený et al., 1977) and quality factors, Qp
and Qs, were only roughly estimated. Themodel is shown in Table 1
and Fig. 3.
3.3. Selecting events, stations and data quality control

An additional selection was made to find suitable events and
stations for the waveform inversion. The selection criteria were
adopted as follows: events within the group of 53 processed with
HypoDD, magnitudes ranging from 1.2 to 2.0 MD, recorded by more
than 5 local stations (<8 km) and being free from instrumental,
cultural or electronic noise at a minimum three stations.

To prevent biasing the focal-mechanism calculations due to
problematic data, a thorough visual inspection of raw waveforms
was made. We concentrated on several issues, such as, possible
data gaps, clipping, electronic noise, excessive microseismic and/or
cultural noise and low signal-to-noise ratio (SNR). When detected,
the instrumentally disturbed records (see below for more details)
were removed from processing. Examples of these problems are
shown in Fig. 4a and b. Fig. 4a shows the waveforms of the station
MR9, event 10. The signal is from a broadband instrument output,
band-pass filtered (1.5e2.0 Hz) and is contaminated by excessive
cultural noise. Fig. 4b shows the waveforms of the station MR3,
event Ev6. The signal is from a broadband instrument output, band-
pass filtered (1.5e2.0 Hz) and is contaminated with an electronic
monochromatic noise, probably, from equipment malfunction.

Particular attention was devoted to the instrumental distur-
bances described by Zahradnik and Plesinger (2005, 2010) and
Vack�a�r et al. (2015). They can be easily detected by inspecting the
output (raw velocity) without any preliminary band-pass filtering
and prior removal of the instrument response, or, if the distur-
bances are weaker, by inspecting the integrated output (raw
displacement). If overlooked, the disturbances can harm the
moment-tensor inversion. Such disturbances are demonstrated in
Fig. 4c and d. Fig. 4c shows the waveforms from the station MR8,
event Ev6. The signal is from a broadband sensor (raw velocity)
instrument output, unfiltered and uncorrected. Fig. 4d is similar,
showing the station MR11 (short period sensor), event Ev6. All (3)
seismograms with similar detected disturbances were removed
from processing. Finally we arrived at 11 selected events shown in
Fig. 2 and detailed in Table 2. Note that all the events are very
shallow (<2 km).

http://geo.mff.cuni.cz/%7Ejz/isola_brasilia/
http://geo.mff.cuni.cz/%7Ejz/isola_brasilia/


Fig. 1. Seismicity (red circles) of Goi�as-Tocantins Seismic Zone up to 2014 (Brazilian Seismic Bulletin e SISBRA), geological map with structures of the Transbrazilian Lineament
(CPRM, 2004) and regional seismic stations (blue triangles). The yellow star denotes the Mara Rosa mainshock (5.0 mb). The focal mechanisms of the 2000 and 2010 events are
taken from Assumpç~ao et al. (2014) and from Barros et al. (2015), respectively.
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4. Waveform inversion

4.1. Method

The waveform inversion developed by Sokos and Zahradnik
(2008, 2013), implemented in the ISOLA software, is based on the
least-squares calculation of the moment tensor and a grid search of
the centroid position and time. A single point-source approxima-
tion is used, and the moment-rate time dependence is assumed to
be known (in this paper we use the delta function). Complete
displacement waveforms are used (without pre-selecting any
phases); the inversion is made in the time domain. The Earth
response is represented by Green's functions calculated in a 1D
velocity model (same as in the event location), using the discrete-
wavenumber method of Bouchon (1981, 2003) and Coutant
(1990). This method includes near-, intermediate-, and far-field
terms. The grid search of centroids in this work is done with the
epicenter position fixed and varying the depth from 0.4 km up to
2 km, in steps of 0.2 km. The temporal grid search is made ± 1 s
around the location-provided origin time, in steps of 0.09 s. These
parameters were set up after preliminary tests aimed at using the
same processing scheme for all events.

The frequency band suitable for the waveform inversion is
constrained by two main factors. The high-frequency limit is given
by the resolution of the velocity model; due to the approximate
nature of the velocity models, only relatively low frequencies can
be successfully modeled. In other words, the modeling is feasible
up to epicentral distances equivalent to a few minimum shear
wavelengths only (Fojtikova and Zahradnik, 2014). When
decreasing the source-station distance, the results are less affected
by the limited accuracy of the crustal model, hence the high-
frequency limit increases. Moreover, if (for simplicity) we assume
that the moment rate is the delta function, the high-frequency limit
is also determined by the corner frequency of the earthquake, i.e.:
the maximum inverted frequency must be lower than the event
corner frequency. The low-frequency inversion limit is given by the
availability of a good signal above noise. As a rule, weak events have
a poor SNR below the microseismic noise peak (~0.2 Hz). A special



Fig. 2. Mara Rosa local seismographic network (triangles) and local seismicity from Oct/2010 to Jun/2011 (magnitudes < 2.0). Red circles are the 53 best located events. The 11
events, from the best located events group, shown in blue are inverted for their focal mechanism in this paper (Two events overlapped to the same location). The star denotes the
mainshock 5.0 mb of October 8, 2010. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Velocity model (Vp/Vs ¼ 1.70).

Depth (km) Vp (km/s) Rho (g/cm**3) Qp Qs

0.0 6.0 2.900 100 50
12.0 6.6 3.020 100 50
25.0 6.8 3.060 100 50
35.0 7.2 3.140 300 150
38.0 8.3 3.360 300 150
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tool exists in ISOLA to calculate SNR in the spectral domain. For
maximumhomogeneity of the processing, wemanaged selection of
events and stations allowing applicability of a constant frequency
range, 1.5e2.0 Hz. When compared to methods based on polarities
and/or P-wave amplitudes, the waveform inversion is much less
demanding with regards to the azimuthal coverage. We refer the
reader to the discussion in Zahradník and Custodio (2012) and to
successful two-station inversions of Sokos and Zahradnik (2013).

In this paper we assume a deviatoric moment tensor. It is rep-
resented by means of the scalar moment Mo or the moment
magnitude Mw, by the strike/dip/rake (hereafter denoted S/D/R)
angles and the azimuth and plunge angles describing the P and T
axes. The shear part of the moment tensor is quantified by the
double-couple percentage (DC%), using Eq. 8 of Vavry�cuk (2001).
The waveform fit between the observed and synthetic displace-
ment records at all used stations is measured by correlation (corr)
and global variance reduction (VR); see Eqs. (9), (11) and (13) of
Krizova et al. (2013). An example of thewaveform fit is presented in
Fig. 5. In that figure the variance reduction of the individual com-
ponents is also shown.

While the above listed issues became already more or less
standard, at least for larger magnitudes, little attention has been so



Fig. 3. Velocity model adopted in this paper for waveform inversion (Derived from
Soares et al., 2006).
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far devoted in various network centers and agency routine reports
to possible errors of the focal mechanisms in terms of their strike,
dip and rake angles. Naturally, a good waveform fit (high VR) rep-
resents a necessary condition to qualify an event as successfully
resolved, but this is not sufficient. If the source-station distribution
Fig. 4. Waveforms quality check showing data problems, including: a) excessive cultural nois
present at all components (EV6, MR3, filtered 1.5e2.0 Hz); c) instrumental disturbance prese
the horizontal components (Ev6, MR11, raw data).
is not favorable, the inverse problem may be ill-posed. This can be
signalized by high values of the condition number (CN), Eq. (18) of
Krizova et al. (2013).

A more detailed insight into the uncertainty of the S/D/R angles
may be obtained by the resolvability analysis proposed by
Zahradnik and Custodio (2012), and we shall use the latter method
to demonstrate the uncertainty of the focal mechanisms by means
of the so-called scatter plots of nodal lines. Using ISOLA, the scatter
nodaleline plot (e.g. Fig. 6 of Sokos and Zahradnik (2013)) is
calculated as a discrete sample of the moment-tensor solutions
inside the theoretical six-dimensional error ellipsoid. The uncer-
tainty of each event is then quantified by a mean value of the Kagan
angle (Kagan, 1991) measured between the S/D/R solution of the
event under consideration and all nodal lines of the scatter plot. For
brevity, this angle is called ‘confidence interval’ in this paper. It
serves as a relative comparison of the uncertainty among the
studied events. It has no strict statistical meaning of the confidence
limits (chapter 15 of Press et al., 1997), because it is difficult to
estimate the input waveforms data error (Michele et al., 2014).
4.2. Results

Summary of the results for all 11 studied events is in Table 3.
Each event is described by the parameters defined in the preceding
sections, i.e., SNR, DC%, CN, VR, MD, Mw, the location and centroid
depth, S/D/R angles and the P- & T-axes angles. The scatter
nodaleline plot and the confidence interval for each event are
presented in Fig. 6.
e present at all components (Ev10, MR09, filtered 1.5e2.0 Hz); b) monochromatic noise
nt at all components (Ev6, MR08, raw data); and d) instrumental disturbance present at



Table 2
Events selected for the waveform inversion.

Event number Date Origin time Coordinates Depth Magnitude RMS

(yyyy/mm/dd) (UTC) Lat. (�) Long. (�) (km) (MD) (sec)

1 2011/03/30 21:40:15.3 �13.7757 �49.1480 0.8 1.4 0.03
2 2011/04/03 09:19:49.49 �13.7685 �49.1478 1.2 1.3 0.03
3 2011/04/03 15:51:08.60 �13.7667 �49.1585 1.4 1.3 0.04
4 2011/04/04 10:19:46.61 �13.7645 �49.1590 1.3 1.2 0.04
5 2011/04/09 19:52:13.16 �13.7660 �49.1535 1.7 1.5 0.03
6 2011/04/15 03:02:19.55 �13.7743 �49.1440 0.6 1.3 0.03
7 2011/04/15 03:05:35.15 �13.7743 �49.1440 1.4 1.2 0.03
8 2011/04/16 09:01:07.67 �13.7715 �49.1462 1.0 1.2 0.03
9 2011/04/18 06:42:20.83 �13.7723 �49.1695 1.3 1.4 0.02
10 2011/04/18 12:45:13.62 �13.7742 �49.1690 1.2 2.0 0.02
11 2011/04/28 13:16:36.23 �13.7690 �49.1665 0.9 1.4 0.02

Fig. 5. Comparison between the observed (black) and synthetic (red) waveforms. The example refers to Event 9 of Tables 2 and 3 The waveform match is quantified by the variance
reduction values per station components (blue numbers). The horizontal time axis is in seconds, t ¼ 50 s corresponds to 10 s after the origin time. The vertical axis indicates the
displacement amplitude in meters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.3. Inversion quality assessment

Basically, we require inversion results with high values of VR and
low values of CN. Since the studied events are of tectonic origin, we
also assume that the inversions providing high DC% are preferable.
Also preferable are the inversions of high SNR data. As explained in
Sokos and Zahradnik (2013), the output check is difficult because
the quality measures like VR, CN, DC% and confidence intervals are
only relative. Therefore, we first investigate all 11 events, set up the
range of the individual quality parameters and then try to under-
stand which of the results are better or worse in a relative sense.

The SNR values varied from 1 to 7, that is why we consider
preferable the results obtained for SNR � 2, while those where
SNR ¼ 1 are classified as ‘poor’ (Events 2 and 8, marked by blue
color in column 3 of Table 3). The DC% is high for all events, ranging
between 71% and 99%, thus not indicating any event as poor. The
same applies for CN, ranging from 3.8 to 6.4, with exception of
Event 3 (CN ¼ 10.8); the CN interval 3.8e6.4 is narrow because the
source-station configurations are similar and the frequency range is
identical for all events. Also the confidence interval (20.6) of Event 3
is greater than the other events (Fig. 6). Note that Events 2 and 5
have been also processed with as few as three stations only, but
their CN is better (lower) than Event 3 due to different source-
station configurations. It is a good illustration of the fact that the
sheer number of stations in the waveform inversion is not a good
indicator of the reliability of the results.

The variance reduction is an important quality indicator,
although not simple, because the individual events were processed
with unequal number of records. The variation of VR from 0.27 to
0.94 is large, and we can identify three worst cases (Events 1, 7 and
8); they are characterized by VR < 0.4. Note also that Event 3 dis-
cussed above, with its poor (large) CN value, has a relatively high
VR. This event is a good illustration of the limited meaning of the
high VR values in case of an ill-posed problem, in which data fits
very well, but the solution has very limited reliability. Although
well known in theory, this feature of the moment-tensor inversion
is often overlooked in practice when the number of stations is
small.

The difference betweenMD andMw is between 0 and 1.10 (in the
absolute value sense) and the three worst cases (Events 1, 3 and 10)
have jMD�Mwj � 0.5. The (absolute-valued) difference between the
location depth and the centroid depth is between 0 and 0.9 km. The
two worst cases (Events 3 and 7) have the difference >0.5 km.

Another quality measure of the inversion output is how the



Table 3
Summary of the results. See also Fig. 6. All events were inverted in the frequency range 1.5e2.0 Hz. The boxes markedwith blue color indicate problematic cases. The reference
focal mechanism is the composite mechanism from Barros et al., 2015.

Fig. 6. The uncertainty of the focal mechanisms calculated in the present paper, characterized by the scatter plots of nodal lines and the corresponding confidence intervals.

J. Carvalho et al. / Journal of South American Earth Sciences 71 (2016) 333e343 339
moment-tensor solutions agree with first-motion polarities. The
relatively high-frequency and narrow band inversion, like in the
present paper, might introduce ambiguity to the P & T axes,
accompanied by a half-period error in the centroid time. See, for
example, p. 163 and Fig. 3 of Zahradnik et al. (2005) or p. 2760 of
Zahradník et al. (2008). If all (or most) observed polarities disagree
with the inverted focal mechanism, the correct mechanism could
be found easily by simply changing the computed value of the rake
into rake minus 180�. We have not found any such case in our
analysis. If, however, some polarities are satisfied and some are not,
the focal-mechanism solution is less reliable, and acceptance of the
solution depends on subjective decision of how many polarity
misfits are acceptable. We made careful polarity readings from all
three components and checked their consistency with the source-
station configuration. Unclear polarities, or those projected close
to nodal lines, were discarded. As a result, we obtain four events
with zeromisfit, five events with onemisfit and one event with two
misfits (see column 9 of Table 3). The worst case of Event 6 (two
misfits) is classified as not passing the polarity criterion.

Using all the above criteria, the individual problematic param-
eters are marked in Table 3 by blue color. Most of the 11 studied
events have at least one problematic quality indicator, thus we
arrive at the conclusion that all focal mechanisms are of a compa-
rable quality. In other words, and having in mind that the classifi-
cation is partly subjective, we do not have any strong reason for
discarding any of the events.
4.4. Similarity of events

The composite focal mechanism of the Mara Rosa sequence
(Barros et al., 2015) is shown in the first row of Table 3 and in Fig. 7a.
To measure the similarity between mechanisms, we take the
composite solution as a reference. For each event we calculate its
angular deviation with respect to this reference mechanism (in
terms of the Kagan angle), and present it in the last column of
Table 3. For simplicity, in Table 3 we call this angular deviation
‘Similarity’. It varies between 19� and 49�, with one exception e

Event 11 e characterized by the 61� deviation from the reference.
This comparison has two implications: (i) Events 1 to 10 have a
good degree of mutual similarity, but, as a whole, they have a
certain offset from the composite solution. (ii) Event 11 is clearly
different. The anomaly of Event 11 relatesmainly to its T axis. All the



Fig. 7. Comparison of the focal mechanism solutions: (a) the composite first-motion polarity solution; small symbols are clear polarity data from aftershocks recorded by the local
network; large symbols are clear polarity data of the mainshock at regional stations. (b) the waveform inversion of the present paper (Events 1 to 10 of Table 3). The P & T axes are
represented by squares and circles, respectively, the red line and shading is the same solution as in panel (a). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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focal mechanisms obtained, except Event 11, are summarized in
Fig. 7b. We have no explanation for the anomaly of Event 11,
because its quality control measures are not significantly deviating
Fig. 8. Focal mechanisms derived in this paper and the corresponding horizontal projections
local stress estimate (direct measurement by hydrofacturing) indicating NWeSE compress
colour in this figure legend, the reader is referred to the web version of this article.)
from the other events. It is possible that Event 11 is an off-fault
earthquake.

The events of Fig. 7b (plus the non-similar Event 11) are also
of their P axes (red bars) for the investigated events of Table 3. Blue bar in the inset is a
ion according to Caproni and Armelin (1990). (For interpretation of the references to



Fig. 9. The HypoDD relocated aftershocks in map view (top) and in a vertical cross-
section (bottom), compared to a plane best fitting their distribution (strike 244� , dip
26�) after Barros et al. (2015). The NNW-SSE cross-section is plotted perpendicularly to
the 244� strike. The red squares and pink circles indicate the shallower and deeper
events, respectively, choosing the limit between them tentatively at a depth of 1.3 km.
One station (triangle) is shown as a reference. The blue square are the events inverted
in this work.
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displayed in Fig. 8, where the solutions are shown in terms of their
P-axes projected onto the horizontal plane. The results are roughly
consistent with the regional stress field (NWeSE maximum
compression) in the large zone of central Brazil, indicated by the
blue bar in Fig. 8, according to theoretical studies (Coblentz and
Richardson, 1996) and in situ measurements performed by
Caproni and Armelin (1990). The anomaly of Event 11 is again
obvious when comparing the ‘beachballs’, but its P-axis orientation
is close to the other events.
Fig. 10. Stress inversion based on focal mechanisms of Events 1 to 11. (a) P (red) & T (blue) a
faults shown by blue crosses. (c) Relative uncertainty of the stress axes resulting from rando
(b).
4.5. Independent validation

Since the focal mechanisms have revealed their mutual simi-
larity, all aftershocks might belong to the same fault system and the
faults were mobilized by stresses with similar orientation. It is
therefore logical to ask which of their nodal planes could be
identified with the fault planes. Excluding Event 11, the ‘first’ nodal
planes (i.e. those in the top rows of columns 10 and 11 in Table 3)
have their strike 196�e280� and dip 25�e55�. These values can be
compared with the spatial distribution of the 53 relocated after-
shocks (previously shown in Fig. 2). Fig. 9 shows that the after-
shocks clustered along the best-fitting plane characterized by strike
244� and dip 26� (Barros et al., 2015). That is why we believe that
most of the studied events might have ruptured along their first
nodal plane, i.e. along the fault planes striking at 196�e280�.

4.6. Stress field

The aftershock focal mechanisms enable us to estimate the local
stress field. To this goal we use the STRESSINVERSE code of
Vavry�cuk (2014). The method is iterative. Each iteration consists of
(i) Michael's linear inversion for the directions of principal stress
axes and a relative size of the principal stresses (the shape ratio), (ii)
subsequent calculation of the so-called fault instability (0e1),
aiming at identifying the fault plane of each event with the nodal
plane which is more unstable. The next iteration makes use of the
obtained fault planes. Since the instability constraint needs the
fault friction, steps (i) and (ii) are repeated on a grid of friction
values, aiming at maximizing the overall fault instability of the all
studied events and, in this way, estimating the appropriate friction
value. Moreover, two optimally oriented planes and slip directions
on them are also determined, collectively referred to as ‘optimally
oriented faults’ (OOF's). The OOF's are characterized by the largest
possible fault instability (¼1) in the studied region, not necessarily
reached by any of the used events.

The stress calculations were performed with all Events 1e11.
The optimum friction is 0.25, the shape ratio is 0.79, and the best-
fitting principal stress axes s1, s2 and s3 (the maximum, inter-
mediate and minimum compression) are shown in Fig. 10a and
Table 4. The s1 and s2 axes are nearly horizontal, while the s3 axis
is nearly vertical, corresponding to the dominant reverse faulting
regime. The two OOF's are also given in Table 4. A strong indication
that the stress inversion results are appropriate is provided by
Fig. 10b; indeed, the identified faults (except Event 11) are well
clustered along the outer Mohr's circle, i.e. in the area of validity of
xes and the stress directions s1, s2 and s3 (green). (b) Mohr's circle with the identified
m perturbation of the input data. The anomalous event 11 is encircled in panel (a) and



Table 4
Principal stress axes and the optimally oriented faults derived from Events 1 to 11.

Stress axis Azimuth (�) Plunge (�)

s1 155 16
s2 63 4
s3 319 73

Optimally oriented faults Strike (�) Dip (�) Rake (�)

1 (lower Mohr's semi-circle) 254 22 101
2 (upper Mohr's semi-circle) 60 54 85
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CoulombeMohr failure criterion (p. 75 of Vavry�cuk, 2014). All 11
events are situated in the lower semi-circle, implying that only
ruptures close to one of the two optimally oriented faults of the
region were activated, i.e. close to the OOF striking at 254�, weakly
dipping at 22�, with rake 101�. Note that these strike and dip values
deviate from the location-derived fault in Fig. 9 by only 10� and 4�,
respectively. If the anomalous Event 11 is removed from the
inversion, the shape ratio drops to 0.44, friction is still low at 0.35,
and the principal stress directions and OOF's remain almost un-
changed (each angle of Table 3 changes by less than 8�).

The uncertainty estimate (a relative confidence) of the stress
axes provided by the STRESSINVERSE code is shown in Fig. 10c. It
represents the variation of the stress axes when the input mecha-
nisms are randomly varied 500-times, assuming normal distribu-
tions of the P and T axes, each one with 25� standard deviation. The
best resolved stress direction is s1. The s2 and s3 directions have a
small trade-off, possibly interpreted as dominant reverse regime
with a minor strike-slip component (The latter result is invariant
with respect to inclusion/exclusion of the nearly strike-slip Event
11.) The shape ratio varies broadly between 0.4 and 1, representing
the least resolved parameter.

The activated optimally oriented fault system striking at 254�

deviates by ~25� with respect to the main trend of the Trans-
brazilian Lineament (TBL). Note that future events in the same re-
gion might, in principle, activate also the second optimally oriented
fault system (strike 60�, dip 54�), which is closer to the TBL trend.
5. Discussion and conclusions

Two aims of this paper were formulated in the Introduction, i.e.
(i) to investigate focal mechanisms of Mara Rosa aftershocks, and
(ii) tomake inferences about local stress field. These two goals were
achieved. A specific innovative feature of this study was a non-
standard approach based on various quality criteria applied both
to the input and output data in order to maximize the credibility of
the results. Careful relocation of the sequence, and thorough data
inspection and selection resulted in 11 events, for which the
moment magnitudes and reliable focal mechanisms (including
relative uncertainty estimates) were obtained by means of the
waveform inversion method. The results provide encouragement
for similar investigations of weak events in Brazil and/or in other
intraplate regions of low seismicity where as many events as
possible must be deeply investigated. ISOLA software in its most
recent version, plus customized quality criteria proved to be help-
ful. The main results are summarized in Table 3 and Figs. 6e8. Most
earthquakes (except Event 11) have similar focal mechanisms
which are in agreement with the aftershock geometry and identify
an activated reverse low-dip fault dipping to NNW.

The number of the studied events is small, thus only a rough
estimate of the local stress field is possible. Nevertheless, the di-
rections of principal stress axes were determined well (Table 4 and
Fig. 10a and c). The study also indicated that from two optimally
oriented faults (Table 4), existing in the given stress field, only one
was activated during the Mara Rosa sequence (strike 264�). The
second one (strike 57�), closer to the general trend of the Trans-
Brazilian Lineament, but having probably a somewhat larger dip,
may activate during future events in the studied region.

The paper is encouraging for similar studies of weak events and
stress in intraplate regions. It clearly shows that focal mechanisms
and moment magnitudes of the well located events Mw ~1e2 can
be calculated by full waveform inversion at ~1e2 Hz when a few
near stations (hypocentral distance <5e10 km) are available.
Naturally, this is mainly the case of aftershocks monitored by a local
network.
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